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PREFACE

More than 30 years ago, the Monsanto Company distributed a picture that
hangs in my study. It showed four books' with several weed seedlings emerg-
ing from each. It was a good picture that portrayed the beginnings of books
relevant to weed science. Two (Ahlgren et al. and King) were textbooks, and
two (Muenscher and Fernald) were plant identification books. They were the
beginning of a now greatly expanded literature on weed science.

Many, but not all, textbooks written for undergraduate weed science courses
lack an ecological-management perspective on the rapidly developing science
of weeds and their control. This book does not ignore the history of weed
science and the development of chemical weed control, but it strives to include
herbicides as one management technique among many rather than the primary
method of choice to solve most weed problems.

Science, of all kinds, is not in favor these days. Scientists, including weed
scientists, eagerly accepted the credit when in 1945, after World War II, many
advances in societal development were widely regarded as contributions of
science. The public regarded these advances, which included herbicides and
other pesticides, as desirable and benign. Now science is held responsible for
many problems that have grown out of its linkage with technology. Herbicides
are no longer regarded as benign but rather as threats to humans and the
environment and are seen by many as undesirable scientific creations. The
public’s attitude toward science and scientists has become a mingling of awe

'"The books pictured were Ahlgren, G.H., G.C. Klingman, and D.E. Wolf. 1951. Principles of
Weed Control. J. Wiley & Sons, New York, 368 pp.; Fernald, M.L. 1970. Gray’s Manual of Botany.
8th ed. American Book Co. New York, 926 pp.; King, L.J. 1966. Weeds of the World: Biology and
Control. Interscience Pub., Inc. New York, 526 pp.; and Muenscher, W.C. 1935. Weeds. The
Macmillan Co. New York, 577 pp.
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and fear. The practice of science is constrained because while it claims to be
an end in itself, it is publicly supported and tolerated because of its utility and
its practical value, and it is feared because of its well-known undesirable con-
sequences. Weed science is not atypical, and because of its close identification
with chemical herbicides, it may be regarded with more apprehension than
some other areas of agricultural science. The public’s lack of understanding
or its misunderstanding of what weed scientists do will not lessen the need
for what is done, and it increases the responsibility of weed scientists and
educators to be clear about the problem of weeds and proposed solutions. The
responsibility is not so much to educate the public about “what we do” as it
is to engage in a conversation (a dialogue, not a monologue) with the public.
It is an engagement in public scholarship, whereby original, peer-reviewed
intellectual work is fully integrated with the social learning of the public
(Jordan et al., 2002).2

This book includes herbicides’ and their use as an important aspect of
modern weed management, but it strives to place them in an ecological frame-
work. Any book that purports to discuss the present state of the practice (and
art) of weed management would be of little consequence and limited value to
students and others who wish to know about weed management, as it is now
practiced, if it omitted discussion of herbicides. Many weed scientists believe
agriculture is a continuing struggle with weeds. That is, they believe that
without good weed control, good, profitable agriculture is impossible and
herbicides are an essential component of success. Each agricultural discipline
sees itself as central to agriculture’s success and continued progress, and weed
scientists are no exception. While not denying the importance of weed man-
agement to successful agriculture, its role in the larger ecological context is
emphasized. The role of culture, economics, and politics in weed management
are mentioned but are not strong themes.

This, the third edition, is not a complete revision of the original text, but
it has been changed in several significant ways while maintaining an overall
ecological framework. Some references in the first edition have been omitted,
but 494 new references have been added, 294 of which are work published
after 1999, and 89 of them are from the ecological literature. The literature
review for this edition was completed in early 2006.

The chapters are arranged in a logical progression. Chapter 1 addresses the
question “Why should we study weeds?” The book guides discussions of
why weeds are important. The second chapter pursues the discussion of the

Jordan, N., J. Gunsolus, R. Becker, and S. White. 2002. Public scholarship—linking weed
science with public work. Weed Sci. 50:547-554.

*Common names of herbicides will be used throughout the text except in some tables where
they may be paired with one or more trade names.
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definition of weed that began in Chapter 1, and it presents the characteristics
and harmful aspects of weeds. It concludes with a discussion of what weeds
cost. Chapter 3 classifies weeds in several ways, and Chapter 4, unique among
weed science texts, discusses the fact that not all plants that are weedy in some
environments are all bad. Many plants have uses that are known to and studied
by ethnobotanists. Weed reproduction and dispersal and the very important
topics of seed germination and dormancy are presented in Chapter 5. Chapter
6 is important because it presents the fundamental ecological base of weed
science, including plant competition and the interactions of weeds and other
pests. Chapter 7, an extended discussion of the role and importance of invasive
plant species, is new in this edition and also unique among weed science
textbooks. It is followed by a discussion of allelopathy in Chapter 8—a subject
included as a minor point in many weed science texts. Having established the
ecological base of weed science, the significance of weed-crop competition is
presented in Chapter 9.

Chapter 10 begins with a consideration of weed management. For many
this is the essence of weed science, the fundamental topic: How are weeds
controlled? Weed problems are created, and those who wish to control them
need to ask why the weed is there as well as how to manage or control it
(Zimdahl, R.L., 1999. My View Weed Sci. 47:1). Key concepts of prevention,
control, and management are presented in Chapter 10, followed by presenta-
tion of mechanical, nonmechanical, and cultural control techniques, as well
as the new topic (in this edition) of herbicide-resistant crops. Chapter 11
continues discussion of control but by biological means. Chapter 12 intro-
duces important concepts related to chemical control of weeds, and Chapter
13, one of the longest and most difficult, classifies herbicides based on how
they do what they do—their mode of action and their chemical family. Chap-
ters 14 and 15 are central to understanding of the interactions of herbicides
and plants and herbicides and soil. Herbicide application is covered briefly in
Chapter 14. Herbicide formulation is presented in Chapter 16.

Chapter 17 returns to the ecological theme, but this time with information
on the interaction between herbicides and the environment, including effects
on water, humans, and global change. A central, and intentionally unanswered,
question is how one balances and judges the potential harmful and beneficial
aspects of herbicide use. The chapter concludes with a discussion of herbicide
safety. Chapter 18 presents the legislative decisions that were required to
address some of the questions raised in Chapter 17.

Chapter 19 brings things together by discussing weed management systems,
many of which are largely conceptual and not yet prescriptive. They evolve
and improve with time. New sections on the influence of molecular biology
on weed management and weed management decision aids have been added.
Finally, Chapter 20 presents a view of the future of weed science. It is meant
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to provoke thought and discussion. It is not an infallible prediction of what
will be.

There is a strong, growing trend in weed science away from exclusive study
of annual control techniques toward understanding weeds and the systems
in which they occur. Control is important, but understanding endures.
Herbicides and weed control are important parts of the text, but it is hoped
that understanding the principles of management and the biology and ecology
of the weeds to be managed will be seen as the dominant themes. That is the
primary objective of the book: to introduce the concepts fundamental to weed
science and provide adequate citations so interested readers can pursue
specific interests and learn more.

The study of weeds, weed management, and herbicides is a challenging,
demanding task that requires diverse abilities. Weed science involves far more
than answering the difficult question of what chemical will selectively kill
weeds in a given crop. Weed science includes work on selection of methods
to control weeds in a broad range of crops, on noncrop lands, in forests,
and in water. Weed scientists justifiably claim repute as plant physiologists,
ecologists, botanists, agronomists, organic and physical chemists, molecular
biologists, and biochemists. However, lest the reader be intimidated by that
list of disciplines, I hasten to add that this text will emphasize general princi-
ples—the fundamentals—of weed science and not attempt to include all appli-
cable knowledge. It is tempting, and would not be much more difficult, to
incorporate extensive, sophisticated knowledge developed by weed scientists.
While this knowledge is impressive and valuable, it is beyond the scope of an
introductory text.

It is hoped that the book conveys some of the challenges of the world of
weeds and their management and the importance of weed problems to agri-
culture, society, and to meeting the demand to feed a growing world popula-
tion. The aim has been to include most aspects of weed science without
exhaustively exploring each. The book is designed for undergraduate weed
science courses. It is hoped that the text is not too simple for sophisticated
readers and that omissions of depth of coverage do not sacrifice accuracy
and necessary detail. Readers should note that in nearly all cases I have used
units of measure from the original reference rather than changing all to one
measurement system.

Several colleagues provided helpful suggestions on this and earlier editions
of the Fundamentals of Weed Science. 1 thank all of them, even though some
comments were difficult to hear. The first edition had some inaccuracies, and
those have been corrected. I thank the following colleagues for suggestions
and critical review of portions of the manuscript included in this and earlier
editions: Dr. Kenneth A. Barbarick, Dr. K. George Beck, Dr. Cynthia S. Brown,
Dr. Sandra K. McDonald, Dr. Philip Westra, Dr. Scott J. Nissen, and Mr. Steven
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Markovits of Colorado State University; Dr. William W. Donald USDA/ARS,
University of Missouri; Dr. David L. Mortensen, Pennsylvania State University;
Dr. Robert F. Norris, University of California—Davis; Dr. Gregory L. Orr,
Fort Collins, CO; Dr. Keith Parker, Syngenta Corp., Greensboro, NC; Dr.
Alan R. Putnam, Gallatin Gateway; Montana, Dr. Albert E. Smith Jr., University
of Georgia; Dr. Malcolm D. Devine, formerly University of Saskatchewan,
presently Research Director, National Research Council, Plant Biotech Inst.,
Saskatoon, Canada; and Dr. Steven Brunt, BASF Corp, Research Triangle
Park, NC. The book has been improved because of their efforts. Any errors of
interpretation of fact are solely my responsibility.

Robert L. Zimdahl
Fort Collins, Colorado
2006
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How little we know of what there is to know.
I wish that I were going to live a long time . . .
I'd like to be an old man and to really know
I wonder if you keep on learning or if there is
only a certain amount each man can understand.
I thought I knew about so many things that I
know nothing of. I wish there was more time.
For Whom the Bell Tolls by Ernest Hemingway
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CHAPTER

Introduction

See them tumbling down,

Pledging their love to the ground

Lonely but free I'll be found

Drifting along with the tumbling tumbleweeds.

Cares of the past are behind

Nowhere to go but I'll find

Just where the trail will wind

Drifting along with the tumbling tumbleweeds.

I know when night has gone
That a new world’s born at dawn.

I'll keep rolling along
Deep in my heart is a song
Here on the range I belong
Drifting along with the tumbling tumbleweeds.
“Tumbling Tumbleweeds” Composed in 1932 by Bob
Nolan and recorded by the Sons of the Pioneers

Everybody knows what weeds are. Songs and poems have even been written
about them, but weeds have never received the recognition and respect they
deserve. The fact that many people earn a living and serve society by control-
ling and managing weeds is often greeted with amusement, if not outright
hysterical laughter. Even scientific colleagues who work in other esoteric
disciplines find it hard to believe that another group of scientists could be
concerned exclusively with what is perceived as a mundane and ordinary part

of the environment.

Weeds have been with us since the advent of settled agriculture some
10,000 years ago. It has been suggested that the most common characteristic
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of the ancestors of our presently dominant crop plants is their weediness”—
their ability to proliferate and thrive in disturbed habitats, most notably around
human dwellings (Cox, 2006). Bailey (1906, p. 199), to whom agricultural
science owes so much, spoke of the Sisyphean battle against Russian thistle in
the western United States:

What I have thus far stated is only a well-known truth in organic evolution—
that the distribution of an animal or plant upon the earth, and to a great extent the
attributes of the organism itself, are the result of a struggle with other organisms.
A plant which becomes a weed is only a victor in a battle with farm crops; and if
the farmer is in command of the vanquished army, it speaks ill for his generalship
when he is routed by a pigweed or a Russian thistle.

I am never surprised when a student who enrolls in a course about weeds
questions why the course is recommended, or even required, and what it is
about. Students who enroll in chemistry or English have a reasonably good
idea of what they will learn in the class and how it fits into their curriculum.
But this is not the case for weed science students. Of course, students who live
on farms and ranches already know a lot about weeds and the problems they
cause, but they do not always comprehend the complexities of weed manage-
ment or the generalship required. Therefore, in this course, it is important that
the subject be established and connected to students’ prior knowledge of agri-
cultural, biological, and general sciences. From the beginning, a textbook, the
teacher, and the student should strive to establish relationships among weed
science, agriculture, and society. This book introduces the fundamental con-
cepts of weed science and explores how they have changed over the years.

The story of agriculture is a story of struggle. It is the story of struggles—
those that have ensued “in consequence of the sudden overturning of estab-
lished conditions, and the substitution therefor of a very imperfect and
one-sided system of land occupancy” (Bailey, 1906, p. 200). This is what we
know as modern agriculture. Agricultural history, although a fascinating
subject, is too large a topic to address adequately in this book, so only small
bits are included. Those who are interested in studying agricultural history are
referred to Goodwin and Johnstone (1940) and Rasmussen (1975). The history
of weed control was reviewed by Timmons (1970, republished in 2005) and
Appleby (2005).

Formidable obstacles have been placed between humans and a continuing
food supply. These include physical constraints such as a lack of good highways
and transportation, economic constraints such as a lack of credit and opera-
tional funds, environmental constraints such as too much or too little water or
too short a growing season, and biological constraints such as problems with
fertility, varieties, soil pH, or salinity. One of the most formidable environmen-
tal constraints has been what are known as pests. Surveys by the Food and
Agriculture Organization of the United Nations (1963, 1975) showed that in
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the 1960s and 1970s more than one-third of the potential annual world food
harvest was destroyed by pests. The $75 billion lost was equivalent to the value
of the entire world’s grain crop (about $65 billion) and the world’s potato' crop
(about $10 billion). This means that insects, plant diseases, nematodes, and
weeds deprived humans of food worth more than the entire world crop of
wheat, rye, barley, oats, corn, millet, rice, and potatoes. These losses were only
up to harvest and do not include damage during storage—another huge quan-
tity. Current, less-complete estimates show that losses due to pests of all kinds
have increased since the first FAO estimates were made.

History is filled with examples of human conflicts with pests, from biblical
to modern times. Examples include locusts (Melanoplus spp.), which still
plague the world, to late blight [Phytophthora infestans (Mont.) D. By.], which
caused the Irish potato famine of the 1840s. The continuing worldwide pres-
ence of Colorado potato beetles (Leptinotarsa decemlineata Say) and the 1970s
epidemic of Southern corn leaf blight (Helminthosporium maydis Nisik and
Miyake) illustrate that the battle goes on. In fact, the battle has become even
more intense as agriculture has changed, with the introduction of chemical
pesticides and as an increasing population creates demand for ever greater
demand for high-quality food.

One must respect the prescience of writer Jonathan Swift (1667-1745; see
Williams, 1937), who said the following:

Hobbes clearly proves that every creature
Lives in a state of war with nature,

So, Nat'ralists observe, a Flea

Hath smaller Fleas that on him prey;
And these have smaller Fleas to bite ’em:
And so proceed ad infinitum.

De Morgan (1850), who probably had read, but did not cite, Swift’s poem,
expressed the ubiquity of pests several years later:

Great fleas have little fleas upon
their backs to bite ’em,

And little fleas have lesser fleas,
and so ad infinitum,

And the great fleas themselves, in
turn, have greater fleas to go on;
While these again have greater still,
and greater still, and so on.

!Common and scientific names of all crops and weeds are listed in Appendixes 1 and 2.
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The subject of this book is weeds, visible but unspectacular pests, whose
presence may be formidable but whose effects are not. Weeds have always
been with us and are mentioned in some of our oldest literature:

Cursed is the ground for thy sake;
in sorrow shalt thou eat of it all the days of thy life;
thorns and thistles shall it bring forth to thee;
and thou shalt eat the herb of the field.
Genesis 3:17-18

Ye shall know them by their fruits. Do men gather grapes
of thorns, or figs of thistles?
Matthew 7:16

And thorns shall come up in her palaces, nettles and
brambles in the fortresses thereof. . . .
Isaiah 34:13

Jesus also spoke of weeds in his parables (Matthew 13:18-23). The biblical
“thistles, thorns, and brambles” are common weeds and have been identified
as such by biblical scholars (Moldenke and Moldenke. 1952). Weeds were and
are still considered serious threats in the continuing battle to produce enough
food for the world’s inhabitants. The “tares” in the following parable (Matthew
13:24-30) are the common weed poison ryegrass, a continuing problem in
cereal culture:

The kingdom of heaven is likened unto a man which sowed good seed in his
field: But while he slept, his enemy came and sowed tares among the wheat, and
went his way. But when the blade was sprung up, and brought forth fruit, then
appeared the tares also.

The Greek word tares is translated as “darnel”—a weed that grows among
wheat. It is a grass that resembles wheat or rye but has smaller, poisonous
seeds. The weed called tares in Europe today is a different species.

No agricultural enterprise or part of our environment is immune to the
detrimental effects of weeds. They have interfered with human endeavors for
all of history. In much of the world (including my garden), weeds are control-
led by hand or with a hoe. The figure of a person holding a hoe may be as
close as we can come to a universal symbol for “farmer,” even though most
farmers in developed countries no longer weed with hoes. For many, both the
hoe and the weeding done with it symbolize the practice of agriculture. Con-
trolling weeds is probably the farmer’s most arduous task, as expressed by
Edwin Markham in his poem “The Man with the Hoe”:
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Bowed by the weight of centuries he leans

Upon his hoe and gazes on the ground,

The emptiness of ages in his face,

And on his back the burden of the world.

Who made him dead to rapture and despair,

A thing that grieves not and that never hopes,
Stolid and stunned, a brother to the ox?

Who loosened and let down this brutal jaw?
Whose was the hand that slanted back this brow?
Whose breath blew out the light within this brain?

O masters, lords and rulers in all lands,

How will the future reckon with this man?
How answer his brute question in that hour
When whirlwinds of rebellion shake all shores?

Four major advances in agriculture have significantly increased food

production:

1.

The introduction of mineral fertilizer. Early work on plant nutrition and
soil fertility proceeded directly from the pioneering studies of Justus von
Liebig (1942), who questioned prevailing theories about plant nutrition.

. Agricultural mechanization, which began in the United States with Eli

Whitney’s invention, the cotton gin, in 1793, McCormick’s reaper in 1834,
and Deere’s moldboard plow in 1837.

. Genetic research in plant and animal production. The Austrian monk Gregor

Mendel, who pursued his studies in quiet and seclusion, had no dreams of
pragmatic application or economic gain. His discoveries, most notably in
the development of plant hybrids, have had a huge, generally positive, effect
on our ability to produce food. The nearly simultaneous and independent
rediscovery of Mendel’s work by De Vries in Holland, Correns in Gemany,
and Tschermak in Austria in 1900, while examining the literature to confirm
their own discoveries, produced enormous benefits for agriculture.

. The use of pesticides and plant growth regulators. These moved beyond

mechanization to the chemicalization of agriculture and led to the develop-
ment and growth of weed science. Weed science did not develop exclusively
because of herbicide development, nor is its continued development de-
pendent on herbicides, although they are an important part of knowledge
of weeds and their management.

Weed science is vegetation management—the employment of many tech-

niques to manage plant populations in an area. This includes dandelions in
turf, poisonous plants on rangeland, and johnsongrass in soybean crops. Weed
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The introduction of mineral fertilizer increased food production.

science might be considered a branch of applied ecology that attempts to
modify the environment against natural evolutionary trends. Natural evolu-
tionary or selection pressure tends toward the lower side of the curve (see
Figure 1.1; Shaw et al., 1960) toward what ecologists call climax vegetation,
the specific composition of which will vary with latitude, altitude, and environ-
ment. A climax plant community does not, and probably cannot, provide the
kind or abundance of food 6.5+ billion humans want or need. Therefore, we
attempt to modify nature to grow high-value crops for food and fiber.

In the beginning, there were no weeds. If one impartially examines the
composition of natural plant communities or the morphology of weed flowers,
one can find beauty and great aesthetic appeal. The flowers of wild onion,
poison hemlock, dandelion, chicory, sunflower, and several of the morning
glories are very attractive and worthy of artistic praise for symmetry and color.
But what right do we have to call plants with beautiful flowers “weeds”? Who
has the right to say a certain type of plant should be destroyed? By what
authority do we so easily assign the derogatory term weed to a plant and accuse
it of interfering with agriculture, increasing costs of crop production, reducing
yields, and maybe even detracting from our quality of life?

Nature does not regard weeds as a separate category. One widely accepted
definition is a plant that grows where it is not wanted (Buchholtz, 1967).
Students should be aware of the anthropocentric dimension of this definition.
Desire is a human trait, and therefore a particular plant is labeled a weed only
in terms of human attitude. Ecologists speak of “weedy plants,” but often their
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Mechanization has increased agricultural productivity.

FOOD PRODUCTIVITY POTENTIAL

1 1 i 1 1 i L
CLIMAX woooY PERENNIAL ANNUAL LOW-VALUE MIGH-VALUE
VEGETATION SHRUBS GRASSES AND WEEDS CROPS CROPS

VEGETATIVE COMPOSITION

SCIENTIFIC TECHNOLOGY ———b
4—em—— NATURAL SUCCESSION

FIGURE 1.1. The food productivity potential of vegetation (Shaw et al., 1960).
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The flowers of many weeds are beautiful and have great aesthetic appeal. This is the flower of
wild carrot or Queen Anne’s Lace.

use of the term is influenced by preconceptions of the role of vegetation on a
particular site. People decide that a plant that grows in a certain location is
not desirable and is therefore a weed. Weeds are regarded as the lowest of the
kingdom of flowering plants not because they are innately harmful but because
they are harmful to us.

Homeowners have been the ones to declare that dandelions and crabgrass
are unacceptable in their lawns. Does grass really care what other plants it
must share the soil with? Hayfever sufferers blame ragweed or sagebrush in
the western United States for their misery. And only those who get an itchy
rash from poison ivy insist that it should be eradicated. Farmers claim, with
economic justification, that they want their crops to grow in a weed-free
environment because it will maximize their yield and profits. So it is people
who decide what plants are weeds and when, where, and how they will be
controlled.

This book discusses many aspects of weeds, their biology, and their con-
trols, but it differs from other weed science texts in significant ways. Most
current weed science textbooks devote at least 50% of their content to herbi-
cides and their use; in some, it is as much as 75%. One notable exception is
Aldrich and Kremer’s book (1997), which does not include any major section
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The dandelion is considered a weed by many.

on herbicides. Because of the undeniable success of chemical weed manage-
ment, however, this author believes that it deserves a place in any complete
weed science textbook. Omitting that topic will produce students who are only
partially prepared for modern weed management. This book discusses herbi-
cides and their use but only as part, albeit an important part, of the fundamen-
tals of weed science. This book also claims that killing weeds with herbicides
is the modern way, as opposed to first understanding their biology and ecology.
Weed control has been a major concern almost since the beginning of farming.
The Weed Science Society of America has recently identified 17 important early
publications on weeds (from 1895 to 1965), 12 of which dealt with their
destruction, control, or eradication. As you read this book, you will see that
although these important topics are included, the primary emphasis is on
understanding everything about weeds.

One can establish a relationship between pesticide use and agricultural
yield. Perhaps a better way to put it is that one can find a relationship between
good pest management (regardless of how it is accomplished) and agricultural
yield. One should not always equate good weed control with herbicide
use. Good weed control depends on cultural knowledge—what a good farmer
or plant grower knows. Cultural knowledge is different from the scientific
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knowledge that leads to herbicide development and successful use. Both kinds
of knowledge—scientific to tell us what can be done and cultural to tell us
what should be done—are essential to good weed management.

One can also postulate a relationship among the way weeds and other pests
are controlled, the practice of pest management, and a nation’s food supply.
Figure 1.2 shows the world’s tropical and subtropical areas, their major crops,
and the percent of the world’s total crop grown in each area. The region’s
ability to control weeds is shown in Figure 1.3, with data for the world and
four major areas. Each segment in Figure 1.3 is divided into good, moderate
or acceptable, low, and very poor weed management. The world’s tropical and
subtropical regions (Figure 1.2) are home to a majority of the world’s popula-
tion and produce most of some of the world’s most important crops. But
although pest management science has made remarkable progress since Figure
1.2 was prepared in 1971, these areas identified still suffer from underdevelop-
ment of weed science and other agricultural technology (Figure 1.3). In a
UN/FAO survey (Labrada, 1996) of 70 countries in Asia, Africa, and Latin
America, which had 43.7% of the world’s arable land and 65.8% of the world’s
people, an almost total lack of weed control technology and knowledge were
found.

The founder of Latin prose, Cato the Elder, reminds us in his work on
agriculture that “it is thus with farming: If you do one thing late, you will be
late in all your work.” We are late in implementing advanced weed manage-

FIGURE 1.2. Crop production in the world’s tropics (Holm, 1971).
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FIGURE 1.3. The level of weed control practices in the world and four regions (Labrada,
1996).

ment techniques in much of the world, and agriculture cannot progress to its
full potential without them.

The agricultural productivity of the developed world is not an accident. US
agriculture and that of other advanced nations grew out of a propitious com-
bination of scientific advancement, industrial growth, and abundant resources
of soil, climate, and water. One should not regard it as just good luck that we
Americans can pay our food bills and still have money left over while many
folks in the world are starving.

In much of the world, weeds are controlled by hand or with crude hoes.
The sizes of a farmer’s holding and yield per unit area are limited by several
things and paramount among them is the rapidity with which a family can
weed its crops. More human labor may be expended to weed crops than on
any other single human enterprise, and often much of that labor is expended
by women. Weed control in the Western world and in some other areas is
performed by sophisticated machines and by substituting chemical energy for
mechanical and human energy. There is a relationship between the way farmers
control weeds and the ability of a nation to feed its people. Weed science is
part of that relationship. Good weed management is one of the essential ingre-
dients to increasing food production.

The early flights of the Apollo spacecrafts and subsequent space flights gave
those back on Earth a view of the whole planet, floating in the great, black
sea of space. Many had imagined but had never seen such a view before. Space
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exploration opened exciting new vistas and opportunities for someday living
on other planets, but, for now, we are confined to Earth. About 1965, world
food production began to lose the race with an expanding population, just as
T.R. Malthus (1798) predicted it would. Each year, the apocalypse that Malthus
predicted is prevented, but it remains a daily specter for many in the world.
The world’s population now exceeds 6.5 billion people, and it will continue
to grow, albeit at a slower rate. More than 85% of the world’s people live in
poor, developing countries, and about 95% of the population growth will occur
in those countries. As world population expands, food production is barely
keeping pace and often slipping behind. About 10% of the world’s 33 billion
acres of land are arable, and while the area devoted to productive agriculture
can be expanded, the cost will be great. One must also recognize that the world
may lack the social and political will to handle the complex problems that may
arise from expansion onto previously untilled land. Such expansion is certainly
part of the solution to the world food dilemma, but an equally important one
is to use appropriate, available technology and to develop new technology. If
all the world’s people are going to enjoy higher standards of living and be able
to watch their children mature without fear of debilitating disease, malnutri-
tion, or starvation, we must use intelligently all present agricultural technology
and continue to develop better, safer technology. Shared technology and
knowledge will permit our neighbors in this world to farm in ways that realize
full agricultural and human potentials.

Weed science is not a panacea for the world’s agricultural problems. The
problems are too complex for any simple solution, and students should be
suspicious of those who propose simple solutions to complex problems. In
fact, the goals should be not to solve but to diminish, not to cure but to allevi-
ate, and to at least anticipate the “brute question” and have some answers
when “whirlwinds of rebellion strike all shores.” The work of the weed scien-
tist is fundamental to solving problems of production agriculture in our world.
Weeds have achieved respect among farmers who deal with them every year
in every crop. Weeds and weed scientists have achieved respect and credibility
in academia and the business community. The world’s weed scientists are and
will continue to be in the forefront of efforts to feed the world’s people.
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CHAPTER 2

Weeds—The Beginning

FUNDAMENTAL CONCEPTS

¢ The most basic concept of weed science is embodied in the term weed.

¢ Weeds are defined in many ways, but most definitions emphasize behavior
that affects humans.

¢ All weeds share some characteristics.

e Weeds express their undesirability in at least nine distinct ways.

e Although it is difficult to estimate total weed cost, in the United States, losses
due to weeds exceed $8 billion per year.

OBJECTIVES

¢ To understand the definitions of weeds.

¢ To identify the common characteristics of weeds.

¢ To understand how weeds cause damage

e To appreciate the enormous cost of weeds and how costs are estimated.

... and nothing teems

But hateful docks, rough thistles, kecksies, burs,

Losing both beauty and utility.

And as our vineyards, fallows, meads, and hedges

Defective in their natures, grow to wildness;

Even so our houses, and ourselves, and children,

Have lost, or do not learn, for want of time,

The sciences that should become our country.

King Henry V, Act 5, Scene 2. Play by William Shakespeare
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I will go root away the noisome weeds,
which without profit suck the soil’s fertility from wholesome
flowers.

Richard II, Act 3, Scene 3. Play by William Shakespeare

There are laws in the village against weeds

The law says a weed is wrong and shall be killed

The weeds say life is a white and lovely thing

And the weeds come on and on in irrepressible regiments.
“Weeds” Poem by Carl Sandburg

I. DEFINITION OF THE WORD WEED

To be fully conversant with a subject, one must understand its basic concepts,
and the most basic concept of weed science is embodied in the word weed
itself. Each weed scientist has a clear understanding of the term, but there is
no universal definition that is accepted by all scientists. In 1967 the Weed
Science Society of America defined a weed as “a plant growing where it is not
desired” (Buchholtz, 1967). In 1989 the Society’s definition was changed to
define a weed as “any plant that is objectionable or interferes with the activities
or welfare of man” (Humburg, 1989, p. 267; Vencill, 2002, p. 462). The
European Weed Research Society defined a weed as “any plant or vegetation,
excluding fungi, interfering with the objectives or requirements of people”
(EWRS, 1986). Although the definitions are clear, they are not accepted by all
scientists. These definitions leave their interpretations with people, so they
must be the ones to determine when a particular plant is growing where it is
not wanted or where it interferes with their activities or welfare.

The Oxford English Dictionary (Little et al., 1973) defines a weed as a “her-
baceous plant not valued for use or beauty, growing wild and rank, and
regarded as cumbering the ground or hindering the growth of superior vegeta-
tion.” The human role is again clear because it is we who determine use or
beauty and which plants are to be regarded as superior. It is important that
weed scientists and vegetation managers remember the importance of defini-
tions as determinants of their views of plants and attitudes toward them.

How one defines something largely determines his or her attitude toward
the thing defined, and, for the weed scientist and vegetation manager, deter-
mines which plants are weeds and therefore must be controlled. Weeds, like
other plants, lack consciousness and cannot enter the court of public opinion
to claim rights. Humans can assign rights to plants and serve as their counsel
to determine or advocate their rights or lack thereof in our environment. Our
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attitude toward weedy plants need not always be shaped by another’s definition

because people seldom agree on definitions.

Once in a golden hour,

I cast to earth a seed.
Upon there came a flower,
The people said a weed.

Read my little fable:

He that runs may read

Most can raise the flowers now,
For all have got the seed.

And some are pretty enough,
And some are poor indeed:
And now again the people
Call it but a weed.

“The Flower” Poem by Alfred
Lord Tennyson

Not all people agree about what a weed is or what plants are weeds. Harlan
and de Wet (1965) assembled several definitions to show the diversity of
definitions of the same or similar plants. The array of definitions emphasizes
the care weed scientists and vegetation managers must take in equating

how something is defined with a right or privilege to control.
Definitions from plant scientists

W.S. Blatchley 1912 “A plant out of place or growing where it is not wanted.”

A.E. Georgia 1916 “A plant that is growing where it is desired that something

else shall grow.”

W.W. Robbins et al. 1942 “These obnoxious plants are known as weeds.”

W.C. Muenscher 1946 “Those plants with harmful or objectionable habits or
characteristics which grow where they are not wanted,

usually in places where it is desired that something else

should grow.”

J.L. Harper 1960 “Higher plants which are a nuisance.”

E.J. Salisbury 1961 “A plant growing where we do not want it.”

G.C. Klingman 1961 “A plant growing where it is not desired; or a plant out of
place.”

Definitions by enthusiastic amateurs

R.W. Emerson 1912 “A plant whose virtues have not yet been discovered.”

F.C. King 1951 “Weeds have always been condemned without a fair trial.”

Ecological definitions

A.H. Bunting 1960 “Weeds are pioneers of secondary succession, of which the

weedy arable field is a special case.”
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W.S. Blatchley 1912 “A plant which contests with man for the possession of the
soil.”

T. Pritchard 1960 “Opportunistic species that follow human disturbance of the
habitat.”

EJ. Salisbury 1961 “The cosmopolitan character of many weeds is perhaps a

tribute both to the ubiquity of man’s modification of
environmental conditions and his efficiency as an agent of
dispersal.”

Godinho (1984) compared the definitions of the French words d’aventice and
le mauvaise herbe with the English weed and the German unkraut. No single
definition was found for weed and unkraut because both words have two
distinct meanings:

1. In the ecological context, weed, unkraut, and d’aventice mean a plant that
grows spontaneously in an environment that has been modified by man.

2. In the weed science context, weed, unkraut, and malherbe (Italian) or le
mauvaise herbe mean an unwanted plant.

In some languages weeds are just bad (mal) plants. In Spanish, it is mala hierba
or malezas, and in Italian, malherbe. One must agree with Godinho (1984),
Fryer and Makepeace (1977), Anderson, (1977), and Crafts and Robbins
(1967) that neither the word weed nor the plants to which the word is assigned
are easy to define.

Aldo Leopold (1943, as cited in Falder and Callicott, 1991) made the point
well in an article written in 1943 that was critical of the 1926 bulletin Weeds
of Iowa. Many of the native plants of lowa are included in the bulletin, and
Leopold noted that these plants, in addition to their inherent beauty, have
value as wildlife food, for nitrogen fixation, or as makers of stable plant com-
munities. He admits that many of the plants people consider weeds are common
in pastures, but soil depletion, overgrazing, and needless disturbance of
advanced successional stages often make control necessary. Leopold (1943)
argues that the definition of weed is part of the problem because not all plants
that some call weeds “should be blacklisted for general persecution.” Leopold’s
view is supported by McMichael (2000), who noted, with supporting evidence,
that “in many rural cultures, noncrop plants (often termed weeds) represent
food, fodder, and medicine.

About 3,000 of the 350,000+ recognized plant species have been or are
cultivated, and one cannot assume that the rest are weeds. Specific, unknown,
and noncultivated plants must also be considered.

The ulterior etymology of the word weed is unknown, but an exposition of
what is known was provided by King (1966). He traced the word to a Germanic
romance language and Asian roots, but he concluded that weed is an “example
of language as an accident of usage.” He was unable to find a common word
in any ancient language for the collective term weed.
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It is logical to assume that even if one cannot define weed, it should still be
possible to identify the origin of individual species and determine certain
characteristics of weeds. They come from both native and naturalized flora.
Some plants succeeded as weeds because they were able to evolve forms
adapted to disturbed environments more readily than other species. Baker’s
(1965, 1991) definition emphasizes success in disturbed environments, a point
he reiterated in the later paper:

A plant is a “weed” if, in any specified geographical area, its populations grow
entirely or predominantly in situations markedly disturbed by man (without, of
course, being deliberately cultivated plants). Thus, for me, weeds include plants
which are called agrestals by some writers of floras (they enter agricultural land)
as well as those which are ruderals (and occur in waste places as well as along
roadsides). It does not seem to me necessary to draw a line between these categories
and accept only the agrestals as weeds (although this is advocated by some agricul-
turally oriented biologists) because in many cases the same species occupy both
kinds of habitat. Ruderals and agrestals are faced with many similar ecological
factors, and the taxa which show these distributions are, in my usage, “weedy.”

If one considers weeds in the Darwinian sense of a struggle for existence,
they represent one of the most successful groups of plants that have evolved
simultaneously with human disruption of areas of indigenous vegetation and
habitats and creation of disturbed habitats (King, 1966).

Aldrich (1984) and Aldrich and Kremer (1997, p. 8) offered a definition that
does not deny the validity of others but introduces a desirable ecological base.
A weed is “a plant that originated in a natural environment and, in response to
imposed or natural environments, evolved, and continues to do so, as an inter-
fering associate with our crops and activities.” This definition provides “both
an origin and continuing change perspective” (Aldrich, 1984). Aldrich wants
us to recognize weeds as part of a “dynamic, not static, ecosystem.” His defini-
tion departs from those that regard weeds as enemies to be controlled. Its eco-
logical base defines weeds as plants with particular, perhaps unique, adaptations
that enable them to survive and prosper in disturbed environments. Navas
(1991) also included biological and ecological aspects of plants and effects on
man in his definition. A weed was defined as “a plant that forms populations
that are able to enter habitats cultivated, markedly disturbed or occupied by
man, and potentially depress or displace the resident plant populations which
are deliberately cultivated or are of ecological and/or aesthetic interest.”

Although all do not agree on precisely what a weed is, most know they are
not desirable. Those who want to control weeds must consider their definition.
When the term weed is borrowed from agriculture and applied to plants in
natural communities, a verification of negative effect on the natural commu-
nity should be a minimal expectation. Simple yield affects are not acceptable,
but the effects of the presumed weed in a natural community can be estimated
in terms of a management goal such as establishment of presettlement
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conditions, preserving rare species, maximizing species diversity, or maintain-
ing patch dynamics (Luken and Thieret, 1996). Many recognize the human
role in creating the negative, often deserved, image. Weeds are detrimental
and often must be controlled but only with adequate justification for the site
and conditions.

II. CHARACTERISTICS OF WEEDS

Crop agriculture is based on a very few plants that thrive in a disturbed habitat
(a cropped field) and produce an abundance of seed. Weeds also thrive in
disturbed habitats and produce an abundance of seed that is not useful to
humans (Manning, 2004, p. 55). Why is it that some plants that thrive in dis-
turbed habitats are weeds? What is it that makes some plants capable of
growing where they are not desired? Why are they difficult to control? What
are their modes of interference and survival? The most consistent trait of
weedy species is not related to their morphology or taxonomic relationships.
It is, as Baker (1965) noted, their ability to grow well in habitats disturbed by
human activity. They are plants that are growing where someone does not
want them, and often that is in areas that have been disturbed or altered inten-
tionally. Weeds grow especially well in gardens, cropped fields, golf courses,
and similar places. Their ability to grow in habitats that have been disturbed
by man makes them a kind of ecological Red Cross: They rush right into dis-
turbed places to restore the land.

Two nonindigenous species, kudzu and purple loosestrife, illustrate the
ability of weeds to spread to new areas and habitats. (See Chapter 7 for a dis-
cussion of the role of these plants as invasive species.) Both were introduced
to the United States, and both now grow all over the country (see Figure 2.1;
U.S. Congress, 1993).

Not all weeds possess every single characteristic that is considered undesir-
able, but in addition to growing in disturbed habitats, all have at least some
of the following characteristics (see Baker, 1965):

1. Weeds have rapid seedling growth and the ability to reproduce when
young. Redroot pigweed can flower and produce seed when less than 8
inches tall. Crops cannot do either.

2. Quick maturation or only a short time in the vegetative stage. Canada
thistle can produce mature seed two weeks after flowering. Russian thistle
seeds can germinate very quickly between 28° and 110°F in late spring
(Young, 1991). It would spread more, but the seed must germinate in
loose soil because the coiled root unwinds as it pushes into soil and is
unable to do so in hard soil.
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Kudzu (Pueraria lobata) 1990

A

Purple Loosestrife (Lythrum salicaria) 1985

FIGURE 2.1. US distribution of kudzu and purple loosestrife (U.S. Congress, 1993; Thompson
et al., 1987; also see Anonymous, 1990).

3. Dual modes of reproduction. Most weeds are angiosperms and reproduce
by seed. Many also reproduce vegetatively (e.g., Canada thistle, field bind-
weed, leafy spurge, quackgrass).

4. Environmental plasticity. Many weeds are capable of tolerating and
growing under a wide range of climatic and edaphic conditions.

5. Weeds are often self-compatible, but self-pollination is not obligatory.

6. If a weed is cross-pollinated, pollination is accomplished by nonspecial-
ized flower visitors or by wind.

7. Weeds resist detrimental environmental factors. Most crop seeds rot if
they do not germinate shortly after planting. Weed seeds resist decay for
long periods in soil and remain dormant.

8. Weed seeds exhibit several kinds of dormancy or dispersal in time to
escape the rigors of the environment and germinate when conditions are
most favorable for survival. Many weeds have no special environmental
requirements for germination.
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. Weeds often produce seed that is the same size and shape as crop seed,

making physical separation difficult and facilitating spread by man.
Some annual weeds produce more than one seed crop per year, and seed
is produced as long as growing conditions permit.

Each generation is capable of producing large numbers of seed per plant,
and some seed is produced over a wide range of environmental
conditions.

Many weeds have specially adapted long- and short-range seed dispersal
mechanisms.

Roots of some weeds are able to penetrate and emerge from deep in the
soil. While most roots are in the top foot of soil, Canada thistle roots
routinely penetrate 3 to 6 feet and field bindweed roots have been recorded
over 10 feet deep. Roots and rhizomes are capable of growing many feet
per year.

Roots and other vegetative organs of perennials are vigorous with large
food reserves, enabling them to withstand environmental stress and inten-
sive cultivation.

Perennials have brittleness in lower stem nodes or in rhizomes and roots,
and, if severed, vegetative organs will quickly regenerate a whole plant.
Many weeds have adaptations that repel grazing, such as spines, taste, or
odor.

Weeds have great competitive ability for nutrients, light, and water
and can compete by special means (e.g., rosette formation, climbing,
allelopathy).

Weeds are ubiquitous. They exist everywhere that we practice
agriculture.

Weeds resist control, including resistance to herbicides.

In spite of the anthropomorphic aspects of the definitions of weed and the
multiple traits that weeds share, weed scientists have a clear idea of which
plants are weeds. It seems that weeds are everywhere in almost every place,
and many books have been written about weeds:

Common weed seedlings of the Central High Plains (Nissen and Kazarian,
2000)

Major Weeds of the Philippines (Moody et al., 1984)

Major Weeds of Thailand (Noda et al., 1985)

Striga Identification and Control Handbook (Ramaiah et al., 1983)

The Arable Weeds of Europe—with their Seedlings and Seeds (Hanf, 1983)
The Identification of Weed Seedlings of Farm and Garden (Chancellor, 1966)
Weeds of Colorado, A Comprehensive Guide to Identification (Zimdahl,

1998)

Weeds of Hawaii’s Pastures and Natural Areas (Motooka et al., 2003)
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Weeds of Karnataka (Krishna Sastry et al., 1980)

Weeds of Nebraska and the Great Plains (Stubbendieck et al., 1994)
Weeds of North India (Arora et al., 1976)

Weeds of Rice in Asia (Caton et al., 2004)

Weeds of the West (Whitson et al., 1991)

The Weed Science Society of America has published a weed identification CD
that includes an interactive format for identification of 1,000 weeds of North
America (https:/timssnet.allenpress.com/ECOMWSSA/timssnet/products/tnt_
products.cfm), click on identification, photo gallery.

III. HARMFUL ASPECTS OF WEEDS

Definitions of weeds usually include trouble with crops, harm to people, or
harm to animals. Most people do not consider plants to be bad. They are
assigned the descriptive, derogatory term weed because of something they do
to us or to our environment; they interfere with the activities or welfare of
man. If they were benign we wouldn’t be so concerned about them because
there would be no detrimental effects. The nature of weeds’ harmful effects
will be explored briefly in this section. That harmful effects exist is not ques-
tioned. It is important to understand specific effects so appropriate action can
be taken.

A. PLANT COMPETITION

From an agricultural perspective, we are concerned about weeds because they
compete with crop plants for nutrients, water, and light. If they did not, those
who grow things would be more willing to tolerate their presence. Weed-crop
competition will be discussed in Chapter 6. If weeds did not compete, they
would not need to be managed because crop yield would not be affected by
their presence. But it is, and often complete crop failure (100% loss of market-
able yield) can occur if weeds are not controlled.

B. ADDED PROTECTION COSTS

Weeds increase protection costs because they harbor other pests. A partial
listing of diseases, insects, and nematodes that use weeds as alternate hosts is
in Tables 2.1, 2.2, and 2.3. Weeds harbor a wide range of organisms thereby
increasing opportunities for those organisms to persist in the environment and
reinfest crops in succeeding years.



TABLE 2.1.

Plant Diseases Harbored by Specific Weeds.

Plant disease

Weed host

Crop infested

Reference

Blackleg

Wilt diseases

Stem canker

Soft rot

Powdery mildew

Stripe mosaic virus
Leaf curl virus

Cucumber mosaic virus

Potato virus X and
leaf roll virus

Maize dwarf mosaic virus

Maize chlorotic dwarf
virus

White rust
Early blight
Leaf spot
Vascular wilts
Cottony rot
White mold
Watery rot

Leaf spot and
Leaf blight
Stalk rot
Vascular wilt
Damping off
Soft rot

Stem rust
Leaf spot and
Leaf blight

White rust
Banana
Leaf spot
Takeall
Stem rust
Rusts

Black nightshade
Common Lambs
quarters
Mare’s tail
Redroot pigweed
Smartweed

Netseed lambs
quarters

Common purslane

Redroot pigweed

Netseed Lambs
quarters

Annual sowthistle

Dayflower

Common Lambs
quarters

Wild oats

Common Lambs
quarters

Common Lambs
quarters

Black nightshade
Redroot pigweed

Johnsongrass

Redroot pigweed

Tall morning glory

Cocklebur

Canada thistle

Potato

Potato, alfalfa

Potato, beans

Chinese cabbage
and other
vegetables

Wheat, oats, barley
Barley

Sugarbeet

Several

Potato

Corn

Potato, tomato,
annual vegetables
and flowers,
beans, cabbage,
carrot, peanut

Sugarbeet, celery,
peas, peanut,
corn, tobacco,
beans, fruits and
vegetables

Wheat, barley, rye,
celery, beets,
tomato, soybeans

Crucifers, banana,

wheat, rye, barley,

legumes, beans,
peas, fava bean

Dallyn and Sweet, 1970

Oshima et al., 1963

Oshima et al., 1963

Kikumoto and
Sakamoto,
1969

Eshed and Wahl, 1975
ARS, 1966

ARS, 1966

ARS, 1966
ARS, 1966

Bendixen et al., 1979

Commers, 1967

Commers, 1967

Commers, 1967

Commers, 1967
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TABLE 2.2. Insects Harbored by Specific Weeds.

Insect Vector of Weed host Crop infested Reference

Cabbage maggot Blackleg Common lambsquarters Potato Bonde, 1939

Seed

Corn

Colorado potato Black nightshade Potato Brues, 1947
beetle Buffalobur

Beet leaf hopper Curly top Russian thistle Sugarbeet Brues, 1947
Corn borer

TABLE 2.3. Nematodes Harbored by Specific Weeds.

Nematode Weed host Crop infested Reference

Criconemoides onoensis

Ditylenchus dipsaci

Heterodera glycines

Heterodera marioni

Heterodera schachtii

Hoplolaimus columbus

Meloidogyne incognita

Pratylenchus sp.
Trichodorus spp.

Nutsedges, Junglerice

9 weeds from 7
genera

Bittercress

Common foxglove

Common pokeweed

Oldfield toadflax

Purslane

Rocky Mountain
beeplant

Spotted geranium

47 weeds from 42
genera

Black nightshade
Lamb’s quarters
Mustards
Purslane
Redroot pigweed
Saltbush

Henbit
Johnsongrass
Purple nutsedge
Yellow nutsedge
Chickweed
Johnsongrass
Purple nutsedge
Yellow nutsedge

Johnsongrass

19 weeds from 18
genera

Rice
Soybeans,
snapbeans, peas

Soybeans

Pineapple

Sugarbeet

Soybeans, cotton

Soybeans, cotton

Corn

Potato

Hollis, 1972

Edwards and Taylor,
1964

Riggs and Hamblen,
1966

Godfrey, 1935

Anderson, 1977

Bendixen et al., 1979
Bird and Hogger, 1973
Hogger and Bird, 1974

Bird and Hogger, 1973
Hogger and Bird, 1974

Bendixen et al., 1979

Cooper and Harrison,
1973
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Weeds that exist on the edges of crop fields serve as hosts when crops are
not present and as sources of reinfestation. Volunteer wheat is a primary host
of wheat streak mosaic virus. Its presence can be seen in disease transmission
up to one-quarter mile from a stand of volunteer wheat. A virus carried by
wheat curl mite (Aceria tulipae) causes the disease, and volunteer wheat must
be controlled three weeks before planting to eliminate the mites and prevent
crop infection. This is a complex management problem in which a disease, an
insect, and a weed host interact. Another illustration is spread of potato black-
leg disease (Erwinia carotovora var. atroseptica) and potato soft rot (Erwinia
carotovora var. carotovora) by Erwinia bacteria via enduring infestations of
common lambsquarters, redroot pigweed, or black nightshade that harbor the
disease organisms (Cooper and Harrison, 1973).

In addition to direct attack on crops, insects are a primary means of disper-
sal for many pathogenic organisms. Aster yellows virus is carried by the leaf-
hopper Macrosteles fasifrons from lettuce to broadleaf plantain after lettuce
emerges and during lettuce harvest. Several aphids carry pepper veinbanding
mosaic virus and potato virus Y from weeds to crops (Broadbent, 1967).
Fungal spores such as the conidia of Claviceps purpurea (the cause of ergot in
rye) are transported by fungal gnats. The insects are attracted to sticky sub-
stances secreted by wounds. The fungal disease caused by the spores infects a
wide range of grasses, including wild species. Piemiesel (1954) found that
leathoppers and curly top virus of sugarbeets used weeds as breeding grounds
to increase inoculum density for later crop infection.

A classic case of a weed serving as a host for a pathogen is the heteroecious
stem rust fungus (Puccinia graminis var. tritici) of wheat which uses European
barberry as an alternate host. King (1966) estimated that wheat yield losses
from this fungal disease were over 600 million bushels per year in the early
1960s.

Over 20 years, from the 1970s to the 1990s, wheat rust has caused $100
million in crop losses annually. Eradication of European barberry and related
species dramatically reduced stem rust and consequent epidemics. Several US
states joined in an effort that was estimated to have saved farmers well over
$30 million per year (Stakman and Harrar, 1957).

Russian thistle (Table 2.2) is an alternate host for the curly top virus of
sugarbeets and tomatoes (Young, 1991) and the beet leathopper (Circulifer
tenellus) (Goeden, 1968). Goeden (1968) points out that hosting a potentially
damaging insect may not be a sufficient reason to control a weed. Russian
thistle hosts 32 economically important insects from five different orders.
These are not all harmful because some may be entomophagous enemies of
harmful insects, both of which are hosted by Russian thistle.

Crested wheatgrass is widely planted in the western United States for soil
conservation. It and other species of Agropyron harbor the Russian wheat aphid
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(Diuraphis woxia), an important wheat pest (U.S. Congress, 1993). Johnson-
grass, a major weed in the southern United States, can hybridize with culti-
vated sorghum to produce the annual weed shattercane. Thus, a weed produces
another weed (Mack, 1991).

C. REDUCED QUALITY OF FARM PRODUCTS

Most grain growers are familiar with weed seed in grain crops and resultant
decreases in quality and losses from dockage and cleaning. Weed seed in grain
crops perpetuate the problem when the crop seed is replanted. A particularly
bad problem is wild onion or wild garlic in wheat. Seeds and aerial bulblets
of these weeds are similar in size to wheat grains and difficult to separate. They
impart an onion flavor to flour made from grain and an onion odor to milk
after cows have grazed them or eaten feed containing them.

Wild oats affect the quality of bread and other wheat products and infest
many acres of small grains, most notably spring wheat. Wild oats also infest
barley used for feed and for malting, and any brewer will verify that wild oats
make bad beer.

Weeds reduce the quality of seed crops. Purchasers of hybrid or certified
seed expect to receive a high-quality product that will give high yields and not
be infested with weed seed. This necessitates weed control in seed crops, and
failures lead to high cleaning costs before sale.

Weeds cause loss of forage and reduce the carrying capacity of pastures and
rangeland. Surveys in the 1990s by the Nebraska Department of Agriculture
showed over 2 million acres infested with musk thistle and over 400,000 with
leafy spurge. Rangeland and pasture were the dominant sites, and carrying
capacity (number of animals supported by the land) was reduced 8 to 100%
by musk thistle and 10 to 70% by leafy spurge.

D. REDUCED QUALITY OF ANIMALS

Many acres of western US rangeland are infested with poisonous larkspur that
causes cattle death because cattle like it and often eat it selectively. In early
growth stages as little as 0.5% of an animal’s weight ingested as larkspur can,
within an hour, lead to toxicity, and 0.7% may be fatal (Kingsbury, 1964).
Locoweeds and crazyweeds are important poisonous range weeds. All rumi-
nants are susceptible to loco poisoning but only when large amounts are con-
sumed over weeks or even months. Horses are also poisoned, and symptoms
appear at lower levels of intake for shorter periods of time than is true for
ruminants (Kingsbury, 1964).
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Halogeton grows on arid, alkaline soils and is found in many parts of the
world, including the western United States. It is especially toxic to sheep due
to its high oxalate content. Photosensitization or excessive sensitivity to light
by cattle can be caused or aggravated by St. Johnswort and Mock bishopsweed
(Anonymous, 1977).

Weed science usually emphasizes the negative effects of weeds on animals
grown for profit and human food, but game animals are also affected by weeds.
In western Montana, elks’ use of rangeland decreased as spotted knapweed
increased. On native bunchgrass sites, 1,575 pellet groups were found on each
acre. On sites infested with spotted knapweed, there were only 35 pellet groups
per acre (Hakim, 1975).

Poisonous plants may contain one or more of hundreds of toxins from
nearly 20 major chemical groups, including alkaloids, glucosides, saponins,
resinoids, oxalates, and nitrates (Kingsbury, 1964). There is no way to deter-
mine if a plant may be poisonous by noting where it grows, when it grows, or
how it changes during growth.

Because poisonous plants can occur in many habitats, one must learn to
recognize the important ones in each area. There are no good antidotes after
ingestion of poisonous plants by humans or animals. Signs of poisoning differ
in intensity, depending on the species, its stage of growth, when it is eaten,
the soil the plant grew in, the amount of other food eaten with or before the
poisonous plant, and each individual’s tolerance. Once they have been identi-
fied, poisonous weeds can be managed. A few of the common poisonous weeds
found in the United States, their toxic principle, the plant source, and some
clinical signs of poisoning are shown in Table 2.4.

Weeds can affect animals by providing an inadequate diet or a diet that is
unpalatable because of chemical compounds in the weed. They can directly
reduce the quality of animal products by affecting milk production and fleece,
or hide quality. Reproductive performance is affected through toxins that
cause abortion or kill animals (see Table 2.4).

In addition to direct poisoning, weeds cause mechanical damage to grazing
animals. Sharp spines on seed-bearing burs of puncture vine and sandbur are
strong enough to penetrate tires and shoe-leather. Anyone who has ever
stepped on a seed bur in bare feet can appreciate the pain and damage it can
cause to tender mouth tissues. Seed burs of these weeds and those of common
cocklebur and burdock also become entangled in the sheep’s wool, decreasing
cleanliness and saleability.

It is well known that many plants are poisonous to mammals. What is more
interesting is that green plants dominate the terrestrial landscape. There are
numerous insect and herbivore species that feed on plants, and it is interesting
that the plants somehow still dominate the landscape. As this section notes,
weeds can and do reduce the quality of animals through their toxic principles,
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TABLE 2.4. Characteristics of Some Poisonous Weeds (Evers and Link 1972;

Kingsbury 1964).

Name Toxic principle Source Signs
Arrowgrass Hydrocyanic Leaves Nervousness, trembling,
acid spasms or convulsions
Bouncing bet Saponin Whole plant seeds Nausea, vomiting, rapid pulse,
are most toxic dizziness
Bracken fern Unknown Fronds Fever, difficulty in breathing,
salivation, congestion
Buffalobur Solanin Foliae and green berries  Most serious in nonruminants
Buttercup Proto-anemonin  Green shoots Loss of condition, production
drops, reddish milk,
diarrhea, nervousness,
twitching, labored breathing
Chokecherry Glucoside- Leaves Rapid breathing, muscle
and other amygdalin, a spasms, staggering,
cherries cyanogenic convulsions, coma
compound
Cocklebur Hydroquinone Seeds and seedlings Nausea, depression, weakness,

Corn cockle

Horsetail

Indian
tobacco

Jimsonweed

Larkspur

Nightshade

Ohio buckeye

Water hemlock

Whorled
milkweed

A glucoside
githagin and
a saponin

Thiaminase
activity—an
alkaloid

Alkaloids similar
to nicotine

Alkaloids

Alkaloid

Solanine—a
glycoalkaloid

Alkaloid

Cicutoxin

A resinoid—
galitoxin

Seeds

Shoots

Leaves and stems

All parts

All parts

Foliage and green
berries

Sprouts, leaves, nuts

Young leaves and roots

Shoots, especially
near top

especially in swine
Poultry and pigs are most

affected, inability to stand,

rapid breathing, coma

Loss of condition, excitability,
staggering, rapid pulse,
difficult breathing,
emaciation

Ulcers in mouth, salivation,
nausea, vomiting, nasal
discharge, coma

Rapid pulse and breathing,
coma

Staggering, nausea, salivation,
quivering, respiratory
paralysis

Usually in sheep, goats, calves,
pigs, and poultry, anorexia,
nausea, vomiting, abdominal
pain, diarrhea

Uneasy or staggering gait,
weakness, trembling

Convulsions

Poor equilibrium, muscle
tremors, depression and

then nervousness,
slobbering, mild convulsions
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but it is worthy of note that the toxic principles also protect plants from severe
predation by insects and herbivores. Plants that are relatively harmless to
humans and other mammals may be and often are highly toxic to other
animals, birds, fish, and especially to insects (Harborne, 1988). These defen-
sive toxicities of weeds and other plants are important determinants of ecologi-
cal relationships. The harm that may be caused is trivial to humans and our
animals but vital to ecological stability, which explains why plants dominate
the terrestrial landscape.

E. INCREASED PRODUCTION AND
PROCESSING COSTS

We are concerned about weeds because they do things to us or our products
and increase production costs. Any weed-control operation, from hand hoeing
to herbicide application, costs money. These costs are often necessary to
prevent greater crop loss or even crop failure and are regarded as necessary to
gain a profit. However, if the weeds weren’t there, there would be no control
cost. Unfortunately, the complete absence of weeds is rare, and the costs of
their competition and control must be included when calculating profit or loss.
Costs of control are relatively easy to calculate if hourly labor, equipment, fuel,
and herbicide costs are known. It has been estimated that the cost of tilling
cultivated land may equal as much as 15% of a crop’s value. While tillage may
be required on some soils for crop production, most is done only for weed
control. There are sound agronomic reasons for tillage, including seedbed
preparation, trash burial, soil aeration, promotion of water infiltration, and, of
course, weed control. The ascendancy of minimum and no-tillage farming and
availability of appropriate herbicides have brought many traditional tillage
practices into question. Prior to herbicides, an experiment to investigate effects
of tillage was always confounded by weeds and the need to control them by
tillage. Experiments with herbicides in many soils have shown little benefit
from tillage other than weed control.

There are other, less-obvious costs associated with weeds. Wild oats seed
in wheat or barley, or black nightshade fruit in beans, leads to increased costs
due to the necessity of cleaning. Failure to remove these can lead to loss in
quality, dockage losses at the point of sale, or even loss of the crop if it should
heat and spoil in storage because of unripened weed seed. If a harvested crop
has large amounts of weed seed in it, one can assume that some of the crop
was lost in the field from weed competition and that some additional quality
was lost due to weeds at harvest and consequent harvest difficulty. Another
cost of weeds at harvest is wear and tear on machinery. The extra bulk of
weedy plants that pass through mechanical harvesting systems is bound to
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TABLE 2.5. Soybean Harvest Losses from Two Weeds (Nave and Wax, 1971).

LOSS (%)
Weed Header Threshing and separating TOTAL
Redroot pigweed 535 .73 6.08
Giant foxtail 1.55 .81 2.36

cause machinery to break down more frequently and wear out sooner. These
kinds of things are not usually attributed to weeds because they are not rec-
ognized as contributors to increased costs of machinery breakdown, repair,
and replacement. Weeds also cost money when they remain in the field and
interfere with harvest (see Table 2.5).

F. WATER MANAGEMENT

Weeds interfere with water management in irrigated agriculture. Water is
consumed and flow is impeded by weeds growing in and along irrigation
ditches. Weeds consume water intended for crops, cause water loss by seepage
via root channels, transpire water, and reduce water flow in irrigation ditches,
leading to increased consumption by weeds and more evaporative water loss.
Aquatic weeds may impede navigation and can ruin fisheries.

Terrestrial criteria for assessing weed competition cannot be employed in
aquatic environments. There are no known appraisals of direct crop losses due
to aquatic weeds. However, Timmons (1960) reported nearly five decades ago,
that manmade lakes above dams across major rivers in Africa, Asia, and Central
and South America became so badly infested with weeds within 5 to 10 years
of construction that their usefulness for power development, boat transport,
and irrigation was greatly reduced, and, therefore, one must conclude that
national development was impeded by weeds. Aquatic weeds quickly reduced
designed flow of some irrigation canals in India by 40% to 50% and in others
up to 80% (Gupta, 1973). Submerged weeds retard water flow up to 20 times,
whereas floating weeds only retard it 2 times (Gupta, 1976). Decreased flow
reduced the possibility of irrigating distant fields and accelerated opportunities
for leakage and evaporation. In addition to agricultural concerns, those who
use water for recreation or enjoy the aesthetic appeal of aquatic habitats are
often disturbed by weeds. Aquatic weeds are often ugly, and their rotting
remains are smelly, but the more important problem is that their presence and
inevitable decay hasten eutrophication. There is more public concern about
aquatic weeds in recreational waters than in agricultural waterways.
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G. HUMAN HEALTH

Those not associated with agriculture may often think of weeds, if they
think of them at all, as plants that impair human health. One who has never
experienced the runny nose, sneezing, and watery eyes of plant allergies
(often called hay fever) cannot fully appreciate the animosity sufferers may
develop toward plants. The pollen that causes hay fever often (but not
always) comes from weedy plants. Ragweed and goldenrod are common
causes in many parts of the United States. Sagebrush is a leading cause in
the western United States. While allergies may be an obvious weed menace
to some people, others would choose poison ivy as the worst weed. Swelling
and itching after contact with poison ivy are always bothersome and can
lead to serious discomfort. The rash can be caused by contact with
any portion of live plants or with smoke from fire in which plants are
burned. Most people are quick to put poison ivy or poison oak in the
category of unwanted plants after one or the other has disturbed their picnic
or camping trip.

Many plants that poison when consumed are common garden plants that
can be especially hazardous to children. Some weedy species can lead to
aberrant behavior or death when consumed by people. Examples of household
plants that are poisonous when consumed include narcissus, oleander, lily-
of-the-valley, and iris.

Dead and dry weeds can be serious fire hazards, as anyone in the arid
western United States knows. Fires spread rapidly in dry plants. Fire preven-
tion is why weeds are controlled on roadsides, in vacant areas, and around
homes in forested areas.

H. DECREASED LAND VALUE AND REDUCED
CROP CHOICE

Perennial weeds (field bindweed, johnsongrass, or quackgrass) or the annual
parasitic weeds dodder, witchweed, or broomrape can lead purchasers to
discount offers to buy or bankers to reduce the amount of a loan because
each recognizes a loss of productive potential. They also recognize the costs
required to restore otherwise valuable land to full productivity. These weeds
reduce land value and sale price because they restrict crop choice and increase
the costs of crop production. Severe infestations of almost any perennial or
parasitic weed will reduce yield of most crops, and dodder may completely
eliminate successful growth of some crops.
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I. AESTHETIC VALUE

Weeds in recreation areas often must be controlled. No one wants their soccer
field or baseball diamond to be weedy. Weeds are fire hazards around power
substations and equipment, oil, or chemical storage areas. A very practical
need for weed control exists near traffic intersections, where, in addition to
being aesthetically unappealing, weeds reduce visibility and may contribute to
vehicular accidents. Weeds can have serious environmental/ecological effects
when they replace native vegetation (see Chapter 7 for a discussion of invasive
species).

IV. COST OF WEEDS

There are no completely accurate estimates of the total cost of weed control
and losses in agriculture due to weed competition, although several attempts
have been made. One of the first estimates is reported in the 1969 United
Nations Food and Agriculture Organization (FAO) International Conference
on Weed Control. For example, US losses due to weeds in potatoes were esti-
mated to be $65,000,000 in 1969 (Dallyn and Sweet, 1970).

In 1967, weeds caused an estimated 8% loss of potential US agricultural
production (Irving, 1967). In 1967, Cramer summarized losses attributed to
pests of all kinds in the world’s major crops. He calculated that 9.7% of poten-
tial world crop yield was lost due to weeds. Parker and Fryer (1975) used
Cramer’s data and calculated that weeds eliminated 14.6% of the world’s
potential crop production. They estimated that weeds eliminated 11.5% of
world crop production in 1975 (Table 2.6). A comparison made in 1980
(Ahrens et al., 1981) for wheat and rice shows losses were still about 10%,
despite developments in control. Combellack (1989) estimated the total cost
of Australian weeds to be $2 billion in 1986, of which $137 million was for
herbicides.

An estimate of crop yield losses from weeds in Canada in 1935 was $69
million (Hopkins, 1938). In 1949, the cost had risen 2.7 times to $186.2
million (McRostie, 1949), and it rose to $255 million in western Canada alone
(Wood, 1955). By 1956 the total loss was estimated to be $468.6 million, a
150% increase over 1949 (Anderson, 1956).

Friesen and Shebeski (1960) estimated the annual loss due to weeds in
Manitoba grain fields was $32.3 million in 1959. Renney and Bates (1971)
estimated losses due to weeds in British Columbia were $72 to $78 million
per year in 1969. Their study showed that 38 to 42% of weed-caused yield
losses in British Columbia were due to yield reduction of agricultural crops,
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TABLE 2.6. Estimated Food Losses Caused by Weeds in Three Classes of Crop Production.

Relative Loss as  Estimated food
Total production of world loss per

Class cultivated per unit Total food Loss to food year (metric
of crop area area production  weeds supply tons X
production (%) (%) (%) (%) (%) million)
A. 20 Xx1.5 30 5 1.5 37.5
Most highly

developed
B. 50 x1.0 50 10 5.0 125.0
Intermediate
C. 30 X0.67 20 25 5.0 125.0
Least

developed
Total 100 100 11.5 287.5

Note: Estimates in this table are not based on any firm statistical data but are approximations
suggested by the authors. Where food loss is estimated in terms of metric tons, this is based on
an approximate world total food production of 2,500,000,000 metric tons per year (Parker and
Fryer, 1975).

TABLE 2.7. Estimated Average Annual Losses Due to Weeds in Several Commodity Groups
(Chandler et al., 1984).

United States Western Eastern
Canada Canada

Average Annual

Commodity group Loss ($ x 1,000)

Field crops 6,408,183 616,331 69,647
Vegetables 619,072 20,972 29,956
Fruits and nuts 441,449 8,418 —
Forage seed crops 37,400 75,661 —
Hay — — 89,507
TOTAL 7,506,104 722,634 189,110

increased insect and disease problems, dockage, harvest losses, and costs of
control. If forest weeds were included, losses in yield and costs of control
accounted for an additional 45 to 49% of total loss. By 1984, Canadian losses
were estimated to be $911.7 million per year (722.6 + 189.1; see Table 2.7)
in 36 crops, nearly double what they had been in 1956.
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A US soybean loss survey (Anonymous, 1971) found weed competition
caused an estimated 3.3 bu/A yield reduction in 28 states. Weeds were respon-
sible for a 12% crop loss each year. Chandler (1974) summarized other esti-
mates and concluded that weed competition in some southern US states caused
as much as 20% soybean yield loss. For the entire country, 5% was regarded
as an optimistically low level of loss, except on perhaps half of the most inten-
sively farmed acreage.

Peanut farmers in the southeastern United States spend about $50 per acre
for weed control. Annual losses from weeds were estimated to be $20,000,000
in Alabama, $8,000,000 in Florida, and $72,000,000 in Georgia in 1991
(Dowler, 1992). There are good herbicide choices for peanut weed control,
so the reasons for the large losses are of concern to farmers and weed
scientists.

A US Department of Agriculture report for the 1950s (Agric. Res. Serv.,
1965) estimated annual losses due to reduced crop yield and quality and costs
of weed control in the United States were $5.1 billion. This value, an educated
guess, became enshrined in early weed science textbooks. While the estimate
was never proven wrong, changes in the value of crops and inputs, as well as
methods employed to arrive at such figures, have increased the loss due to
weeds. In 1954, it was estimated that weeds caused an annual loss >$2 billion
in 11 major US agronomic crops (Anonymous, 1962).

In the 1970s, poisonous plants alone may have caused a $118 million loss
to livestock producers in the Great Plains area of the United States (Deloach,
1976). Shaw (1976) estimated that weeds caused a loss of 10% of the value of
food, feed, and fiber crops and ornamental plantings. The total annual loss
was >$6 billion. He also projected that $2.7 billion was spent for cultural,
ecological, and biological control and another $2.3 billion for chemical control.
The total cost of weeds was estimated to be $11 billion per year. In 1980, Shaw
(1982) raised the estimated total annual loss to $18.2 billion, with $12 billion
due to competitive loss, $3.6 billion for chemical control, and $2.6 for other
controls.

From 1975 to 1979, the competitive loss due to weeds in US agriculture
for 64 crops was estimated to be $7.5 billion per year (see Table 2.7; Chandler
et al., 1984). In a separate publication, Chandler (1985) estimated total losses
of $14.1 billion, with $8 billion due to weed competition, $2.1 billion to her-
bicide cost, and $4 billion for equipment and labor.

Bridges (1992) estimated the cost of weeds in the United States from 1989
to 1991. The report covered all US states, except Alaska, and 46 crops, includ-
ing field crops, vegetables, fruits, and nuts. Research or extension weed scien-
tists from each state estimated the percent yield loss from weeds competing in
crops where the current best-management practices were employed. The
same scientists also estimated losses with best-management practices without
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herbicides. The loss was $4.2 billion annually, just in field, nut, and fruit crops,
with best-management strategies, and 82% of the total was lost in field crops.
Without herbicides the loss rose to $19.6 billion. Total losses with best-
management practices were $6.2 billion, and costs of control were above $9
billion, for a total loss of $15.2 billion per year.

By any measure, this is a large amount of money and significantly greater
than the 1984 estimate. Pimentel et al., (2000) estimated that at least $5 billion
is spent annually in the United States to control nonindigenous weeds intro-
duced to the United States that are in pastures, and another $1.5 billion is
spent just on lawns, gardens, and golf courses. Control costs for nonindige-
nous weeds in crops were estimated to be $3 billion, and weeds caused an
additional $23.4 billion in crop losses (yield not obtained) and damage to
crops. While the paper (Pimentel et al., 2000) specifically addresses nonindig-
enous weeds, the results can be applied to weeds in general because so many
are nonindigenous. All estimates (by definition) are not absolutely accurate,
but they are the best information available. Because they are estimates (edu-
cated guesses) rather than quantitative experimental data, they cannot be
regarded as absolutely true.

Regional or more local estimates are often more accurate but extrapola-
tion to other areas, while tempting, is often unwarranted. For example,
leafy spurge now occupies more than 150 million acres of rangeland in the
northern US Great Plains. Direct livestock production losses and indirect
economic effects approached $110 million in 1990 (Bangsund and Leistritz,
1991). In North Dakota, losses of income by cattle producers due to leafy
spurge were $8.7 million, and the producers reduced personal spending
$14.4 million. That translates to reduced income for merchants who sell to
cattlemen.

In 1990 leafy spurge reduced cattle-carrying capacity about 580,000 animal
unit months, or by 63,100 cows over a 7.5-month grazing season. The total
annual direct grazing land losses were $23.1 million. Indirect grazing land
losses were $52.2 million, and wildland losses were $2.9 million. A 40% leafy
spurge infestation reduced rangeland-carrying capacity by 50%, and leafy
spurge can reduce carrying capacity 75%. Due only to leafy spurge, North
Dakota lost $87.3 million and 1,000 jobs in 1980 (Leistritz et al., 1992).

World literature concerning domestic and international food production
leaves no doubt that weeds cost money—Iots of money! They are ubiquitous,
and their effects on yield create large losses borne by producers and by con-
sumers because production costs are inevitably reflected in food price. Present
globalization trends and lack of a world or country database for each crop
make it unproductive to attempt more accurate estimates of world, country,
region, or crop losses due to weeds, even though present estimates lack
precision.
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Weed costs are calculated in dollars associated with commodities. There
are other ways to estimate costs and associated benefits of weed management.
One is to examine the number of acres of crops treated for weed control. This
estimates the value of weed-management to farmers and is an accurate estimate
of the extent of market penetration by herbicides (Table 2.8). These data do
not estimate the use of other weed management techniques. Table 2.9 shows
losses due to weeds by comparing weeded and unweeded crops in the Philip-
pines and other Asian countries (Mercado, 1979) and more recent information
(Baltazar, 2006) confirms the scale, if not the actual cost, of the 1979 estimates.
The percent increase in yield due to weeding is an impressive statement about
the value of weeding, regardless of the technique by which it is done. Similar
data are shown in Table 2.10 for studies done on several crops in India where

TABLE 2.8. Percentage of Crop Acreage Treated with Herbicides and Total Herbicide Use in
the United States in 1971 and 1982 (Chandler, 1985).

Proportion of hectares

treated with herbicide Herbicide applied
Commodity 1971 (%) 1982 (%) 1971 (%) 1982 (million kg ai)
Row Crops
Corn 79 95 45.8 110.4
Cotton 82 97 8.9 7.8
Sorghum 46 59 52 6.9
Soybeans 68 93 16.6 56.8
Peanuts 92 93 2.0 22
Tobacco 7 71 0.1 0.7
Total 71 91 78.6 184.8
Small Grain Crops
Rice 95 98 3.6 6.3
Wheat 41 42 53 8.2
Other grain 31 45 2.5 2.7
Total 38 44 11.4 17.2
Forage Crops
Alfalfa 1 1 0.2 0.1
Other hay “ 3 0.3
Pasture and range 1 1 4.8 23
Total 1 1 4.0 1.7
TOTAL 17 33 94.0 204.7

“Included in alfalfa.
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TABLE 2.9. A Comparison of Yield in Weeded and Unweeded Crops (Mercado, 1979).

Yield (T/ha)

Crop Weeded Unweeded Increase from weeding (%)

Lowland rice

Transplanted 3.9 29 34
Direct-seeded 4.1 1.0 310
Upland rice 2.8 0.6 367
Corn 5.1 0.53 862
Soybean 1.15 0.48 140
Mung bean 0.75 0.57 32
Transplanted tomato 9.2 5.5 67
Direct-seeded tomato 5.1 15 240
Transplanted onion 10.8 0.44 2,355

TABLE 2.10. Benefits from Weed Control at Various Dryland Centers in India, 1971-1981.

Crop yield with

Location Crop Traditional weed Improved control (kg/ha) Increase (%)
Varanasi Upland rice 1,700 2,700 59
Dehra Dun Maize 1,760 4,600 161
Hyderabad Sorghum 1,500 3,740 149
Sholapur Pearl millet 180 950 428
Dehra Dun Soybean 920 1,840 100
Bangalore Peanut 420 1910 355

Unpublished data from Friesen, G.—Manitoba.

improved methods may mean only better cultivation and are not to be inter-
preted as a recommendation for all modern technology.

THINGS TO THINK ABOUT

1. What commonalities and differences can be found in the several definitions
of the word weed?

2. How does the way we define something determine our attitude toward it?

3. What taxonomic, biological, morphological, and physiological traits do
weeds share?
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4. What is the best estimate of what weeds cost in the United States?
5. How are cost estimates obtained?
6. What are the problems with estimates of the cost of weeds?
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CHAPTER 3

Weed Classification

FUNDAMENTAL CONCEPTS

e The order in the world of weeds is recognized through systems of
classification.

¢ Weeds can be classified in at least four ways. The most important and oldest
system is based on phylogenetics or evolutionary ancestry.

OBJECTIVES

¢ To learn the fundamentals of weed classification based on phylogenetics or
ancestral relationships.

¢ To learn why and how other weed classification systems are used and why
they are important to weed management.

e To understand the unique habitat and role of parasitic weeds.

¢ To know the major groups of parasitic weeds.

e To understand the importance of a plant’s scientific name.

One of the great, often unspoken, hypotheses of modern science is that there
is order in the world. With careful study, scientists believe they can discover
and describe the order. With each discovery and consequent description,
science will improve our understanding of how our world functions. Among
those who study the order in the natural world are taxonomists, who describe
and classify species. Although not everyone agrees on whether a particular
plant is a weed or exactly what a weed is, as members of the plant kingdom,
most weeds have been classified by plant taxonomists.

There are at least 450 families of flowering plants and well over 350,000
different species. Only about 3,000 of them have been used by humans for
food. Fewer than 300 species have been domesticated, and of these, there are
about 20 that stand between humans and starvation. There are at least 100
species of great regional or local importance, but only a few major species

Fundamentals of Weed Science
Copyright © 2007 by Academic Press, Inc. All rights of reproduction in any form reserved. 43



44 Fundamentals of Weed Science

dominate the human food supply. Only about 15 plants provide most of the
food that humans have consumed for many generations.

Twelve plant families include 68% of the 200 species that are the most
important world weeds (Holm, 1978). These weeds share certain characteris-
tics, including the following:

1. Long seed life in soil

2. Quick emergence

3. Ability to survive and prosper under the disturbed conditions of a cropped
field

4. Rapid early growth

5. No special environmental requirements for seed germination

They are also competitive and react similarly to crop cultural practices. Weeds
are usually defined primarily by where they are and how that makes someone
feel about them. The fact that they may have shared characteristics means
we may be able to define and classify them based on what their genotype
enables them to do. Some characteristics that weeds share are discussed in
Chapter 9.

Table 3.1 lists the 12 plant families that include 68% of the world’s impor-
tant weed problems. The Poaceae and Cyperaceae account for 27% of the
world’s weed problems, and when the Asteraceae are added, 43% of the world’s
worst weeds are included. Nearly half of the world’s worst weeds are in only
3 families, and any 2 of these include over a quarter of the world’s worst weeds.

TABLE 3.1. Families of the World’s Worst Weeds (Holm, 1978).

Family Number of species Percent of total*
Poaceae 44 | | |
Cyperaceae 12 | 27 [ |
Asteraceae 32 | | 43 |
Polygonaceae 8 | |
Amaranthaceae 7 |
Brassicaceae 7 | 68
Leguminosae 6 |
Convolvulaceae 5 |
Euphorbiaceae 5 |
Chenopodiaceae 4 |
Malvaceae 4 |
Solanaceae 4 |

Total 138%*
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The Poaceae is the family with the most weedy species and also the family that
includes many of the important crops that feed humans: wheat, rice, barley,
millet, oats, rye, corn, sorghum, and sugar cane.

About two-thirds of the world’s worst weeds are single-season or annual
weeds. The rest are perennials in the world’s temperate areas, but in the
tropics, they are accurately called several-season weeds. The categories annual
and perennial do not have the same meaning in tropical climates, where growth
is not limited by cold weather but may be limited by low rainfall. About two-
thirds of the important weeds are broadleaved or dicotyledonous species. Most
of the rest are grasses, sedges, or ferns. The United States has about 70% of
the world’s important weeds and they may be classified in different ways.

I. PHYLOGENETIC RELATIONSHIPS

Weeds are classified by taxonomists and weed scientists the same way as all
other plants and species. Based on phylogenetic (from the Greek phylo or
phulon, meaning “race” or “tribe,” plus the Greek gen, meaning “be born of”
or “become”) relationships, ora plant’s ancestry. All good identification manuals
include a key to the species, and all keys are based on a classification developed
over many years and, for plants, brought near its present form by the Swedish
botanist Carl von Linné [or in its Latinized form, Linnaeus (1707-1778)], who
established the binomial system of nomenclature (Genus + species) that is
based, primarily, on floral characteristics, especially the presence, number, and
characteristics of stamens and pistils. Prior to Linnaeus, all creatures were
described in Latin with names that were what Bryson (2005, p. 448) calls
“expansively descriptive.” Bryson’s example is the common weed cutleaf
groundcherry, which botanists now agree is known as Physalis angulata L.
Before Linnaeus, it was known as Physalis amno ramosissime ramis angulosis
glabris foliis dentoserratis. Students may abhor binomial nomenclature, but, as
difficult as it is, it is much easier than descriptive names in Latin with eight
terms.

Phylogenetic keys to plant species, based on ancestry and ancestral similar-
ity, include division, subdivision, class, family, genus, and species. A brief
description of a plant key for weed species follows:

Division I—Pteridophyta
Description—Fernlike, mosslike, rushlike, or aquatic plants without
true flowers. Reproduce by spores.
Representative families:
Salviniaceae
Equisetaceae
Polypodiaceae
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Division II—Spermatophyta
Description—Plants with true flowers with stamens, pistils, or both.
Reproduce by seed containing an embryo.
Subdivision I—Gymnospermae
Description—Ovules not in a closed ovary. Trees and shrubs with
needle-shaped, linear, or scalelike, usually evergreen leaves.
Representative families: Pinaceae, Taxaceae
Almost no weedy species.
Subdivision II—Angiospermae
Description—Ovules borne in a closed ovary that matures into a fruit.
Class —Monocotyledoneae
Description—Stems without a central pith or annular layers but with
woody fibers. Embryo with a single cotyledon. Early leaves always
alternate. Flower parts in threes, or sixes, never fives. Leaves
mostly parallel veined.
Representative families:
Poaceae
Cyperaceae
Juncaceae
Liliaceae
Commelinaceae
Class II—Dicotyledoneae
Description—Stems formed of bark, wood, and pith with the wood
between the other two and increasing with annual growth. Leaves
net-veined. Embryo with a pair of opposite cotyledons. Flower
parts mostly in fours and fives.
Representative families
Polygonaceae
Chenopodiaceae
Convolvulaceae
Asteraceae
Solanaceae

All classified plants have a genus and specific name. By convention, the
genus is always capitalized (e.g., Amaranthus) and is commonly written in
italics or underlined. The species name is not capitalized.

II. A NOTE ABOUT NAMES

The first question one asks about a weed is “What is it?” Of course, the most
logical and best answer to this question is the weed’s name. But which name?
Most plants have several names. Each has its own, distinctive scientific name
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plus one to several common names. Common names vary between languages
and between regions that share a language. For example, Zea mays is the plant
Americans call corn, but the British, and most of the rest of the world’s people,
call the plant maize or (in Spanish) maiz. In England, wheat and other small
grains are often known as corn. The weed Vulpia myuros (L.) K.C.Gmel. is
called rattail fescue in the United States but silvergrass in Australia. When
common names dominate, more confusion arises when two different weeds
share a common name. Southern sandbur and bristly starbur are different
plants but have the same common name in the north and south of Brazil.

Reluctantly, but for the reader’s convenience, common names have been
used throughout this book. The scientific names for all plants mentioned in
the book are included in Appendices A and B. The scientific name is accepted
throughout the world or, at least, it is the name that can be used to resolve
confusion that often occurs when just the common name is used.

Students resist learning scientific names because they are regarded as
useless, boring, and perhaps even nonsense words designed to confuse and
make remembering more difficult. The arguments against learning them are
manifold. The first defense is that the names are difficult because they are in
Latin, which, after all, is a dead language. Outside of the Roman Catholic
Church, few speak it, and knowing Latin certainly doesn’t score many points
with one’s peers. Besides, the argument continues, common names are widely
accepted and convey real meaning. Latin is difficult, but difficulty should be
dismissed as an objection not worthy of one engaged in higher education.
Similar to most worthy goals, obtaining an education will not be achieved
without some effort. Latin is dead, but therein lies its advantage as a medium
to name things. A dead language doesn’t evolve and assume new forms as
daily use modifies it and introduces variation. The rules are fixed, and while
the language can be manipulated, it is not pliable like a living language
(Zimdahl, 1989).

As opposed to common names, scientific names have a universal meaning.
Those who know scientific names will be able to verify a plant’s identity by
reference to standard texts or will immediately know the plant in question
when the scientific name is used. Those who do not share the same native
language can make use of Latin, an unchanging language, to share information
about plants.

Scientific plant names have been derived from a vocabulary that is Latin in
form and usually Latin or Greek in origin. Other peculiarities that make sci-
entific nomenclature difficult are the frequent inclusion of personal names,
Latinized location names, and words derived from other languages. Taxono-
mists have developed and accepted rules for name creation that provide
latitude for imagination and innovation but not license for their neglect
(Zimdahl, 1989).
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III. CLASSIFICATION METHODS

Other common, and less systematic classification methods for weeds are based
on life history, habitat, morphology, or plant type. Knowledge of classification
is important because a plant’s ancestry, length of life, the time of year during
which it grows and reproduces, and its method or methods of reproduction
provide clues about management methods most likely to succeed.

A. TYPE OF PLANT

The type of plant or general botanical group is an essential bit of knowledge
but not very useful as a total classification system. It is important that we know
whether a weed is a fern or fern ally, sedge (Cyperaceae), grass (monocotyle-
don), or broadleaved (dicotyledon). One should not even begin to attempt
control or try to understand weedy behavior until this has been determined.
However, when one knows the general classification, other questions about
habitat or life cycle must be answered to acquire understanding necessary to
control the weed or to create a weed management system.

B. HABITAT

Cropland

The first, and most important, weedy habitat is cropland, where many annual
and perennial weeds grow. While it is important to know the crop and whether
it is agronomic or horticultural, it is not particularly useful. It tells us where
the weed is, but it doesn’t tell us much about it. It is not a precise way to clas-
sify because there is so much overlap among crops. Few, if any, weeds grow
exclusively in agronomic or horticultural crops or in just one crop. Redroot
pigweed, velvetleaf, Canada thistle, and quackgrass are commonly associated
with agricultural crops. Others such as crabgrass, common mallow, prostrate
knotweed, dandelion, and creeping woodsorrel commonly associate with hor-
ticultural crops. Each can occur in many different crops and environments.

Rangeland

Some weeds are almost exclusively identified with rangeland, a dry, untilled,
and extensive environment. Sagebrush and gray rabbitbrush are rarely weeds
in corn or front lawns. Only the worst farmer or horticulturalist would create
an environment in which these weeds could thrive. Range weeds include those
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TABLE 3.2. Rangeland Weeds.

Weed Life cycle Family

Big sagebrush Perennial Asteraceae

Sand sagebrush Perennial Asteraceae
Fringed sagebrush Perennial Asteraceae
Broom snakeweed Perennial Asteraceae

Gray rabbitbrush Perennial Asteraceae
Yucca Perennial Liliaceae
Greasewood Perennial Chenopodiaceae
Halogeton Annual Chenopodiaceae
Mesquite Perennial Leguminosae
Locoweed Perennial or annual Leguminosae
Larkspur Perennial Ranunculaceae

shown in Table 3.2, and while the list is not exhaustive, it shows that rangeland
weeds are commonly perennial and include many members of the Asteraceae.
There are poisonous weeds such as locoweed and larkspur on rangeland and
many others including thistles (of several species), dandelion, groundsel, but-
tercup, vetch, and so on, but these also occur in other places.

Forests

There are over 580 million acres of forest in the United States, and in addition
to common herbaceous annual and perennial weeds, there are others, unique
to the forest environment (see Table 3.3). The woody perennials such as alder,
aspen, bigleaf maple, chokecherry, cottonwood, oaks, and sumac, and the
herbaceous perennial bracken fern (common in the acidic soils of Pacific
Northwest Douglas fir forests) are unique forest weeds.

Red alder was nearly eliminated by herbicides from Douglas fir forests in
the 1970s. Red alder can fix atmospheric nitrogen in soils that are deficient in
nitrogen, and Douglas fir will grow better with than without red alder. In the
1990s, red alder wood increased in value, and some companies now cultivate
it. Some weeds do so well that they become crops! Red alder has been the
target of biological control with a fungus (Dorworth, 1995).

Aquatic

Agriculture is the largest user of fresh water in the world, and crops are sensi-
tive to supply variation. Most of the world’s major cities are located on a lake,
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TABLE 3.3. Aquatic Weeds.
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Growth habit Weed Life cycle Family

Free floating Waterhyacinth Perennial Ponterderiaceae
Salvinia Annual/Perennial Salviniaceae
Waterlettuce Perennial Araceae
Duckweed Annual Lemnaceae

Submersed Hydrilla Annual/Perennial Hydrocharitaceae
Elodea, Western Perennial Hydrocharitaceae
Pondweed Perennial Potamogetonaceae
Eurasian

watermilfoil Perennial Haloragaceae

Coontail Perennial Ceratophyllaceae

Emersed Cattail Perennial Typhaceae
Alligatorweed Perennial Amaranthaceae
Arrowhead Perennial Olismataceae

ocean coast, or major river. Water, a finite resource, has been and will continue
to be essential for urban and agricultural development. Aquatic weeds (Table
3.3) interfere with crop growth because they impede water flow or use water
before it arrives in cropped fields. They can interfere with navigation, recrea-
tion, and power generation. Free-floating plants (e.g., waterhyacinth) attract
attention because their often massive infestations are so obvious. They move
with wind and floods, and some have stopped river or lake navigation. They
float free and never root in soil. Submersed plants (e.g., hydrilla) complete
their life cycle beneath the water. Emersed aquatic weeds (e.g., common
cattail) grow with their root system anchored in bottom mud and have leaves
and stems that float on water or stand above it. They grow in shallow water,
but all can impede flow, block boat movement, clog intakes of electric power
plants and irrigation systems, and hasten eutrophication.

Environmental Weeds

This category includes plants particularly obnoxious to people, such as poison
ivy and poison oak, both of which cause itching and swelling when many
people come into contact with them. Other plants in the environmental group
are goldenrod, ragweed, and big sagebrush—primary causes of hay fever-type
allergies.
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Parasitic Weeds

Parasitic weeds are often placed in other sections in weed science texts. They
are here because theirs is a particular and peculiar habitat. Phanerogamic
parasites, from the Greek phaneros, meaning “visible,” and gamos, meaning
“marriage,” include more than 3,000 species distributed among 17 families,
but only 8 families include important parasitic weeds. The economically
important species (see Table 3.4) that damage crop and forest plants are all
dicotyledons from five families (Sauerborn, 1991). Parasitic weeds from four
families will be discussed briefly. Those who want more detailed information
are directed to Parker and Riches (1993).

The Cuscutaceae, dodders, are noxious in all US states except Alaska and
are distributed throughout the world’s agricultural regions. A mature dodder
plant, a true parasite, is a long, fine, yellow, branching stem. A single stem
of field dodder, one of the most important species, can grow up to 10cm in
one day. It is nonspecific regarding hosts, and it coils and twines on many
plants. Dodder flowers and reproduces by small, sticky seeds. Haustoria pen-
etrate a host’s cortex to the cambium, and the fine stems dodder (tremble)
when the wind blows. Dodder seed emerges from as deep as 4 feet in soil as
a rootless, leafless seedling. The fine, yellow stem, 1 to 3 inches long, emerges
as an arch, straightens and slowly rotates in a counterclockwise direction
(called circumnutation) until it touches another plant, which must be within
about 1.25 inches. Seeds have sufficient resources to search for a host for
four to nine days, after which they die (Sauerborn, 1991). After contact and
attachment, the soil connection withers, and dodder lives as an obligate stem
parasite.

The most important parasite in the Loranthaceae is mistletoe. Mistletoes
occur in two families: the Loranthaceae and the Viscaceae. Some taxonomies

TABLE 3.4. Important Families of Parasitic Weeds.

Family Genera Common name
Cuscutaceae Cuscuta Dodder
Loranthaceae/Viscaceae Loranthus Mistletoe
Arceuthobium Mistletoe
Viscum Mistletoe
Orobanchaceae Orobanche Broomrape
Aeginetia Orobanche
Schrophulariaceae Striga Witchweed

Alectra Witchweed
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combine both families in the Loranthaceae. Dwarf mistletoe is a photosyn-
thetic, flowering plant that parasitizes ponderosa pine in the southwestern
United States. It occurs on the trunk and branches as a dense tangle of short
brown to yellow-brown stems. Seeds are dispersed by birds or by explosion of
seed pods and expulsion of sticky seeds that adhere to adjacent trees. Seeds
that burst from pods can travel up to 60 mph over 45 feet. The seeds are usually
dispersed in August or early September in southwestern United States.

Witchweed is one of three weedy hemiparasitic species of the Scrophular-
iaceae in the world. It is called witchweed because it damages crop plants
before it even emerges from the ground. There are 35 species of Striga; 23 are
found in Africa, and at least 11 of them parasitize crops (Parker and Riches,
1993). Other important Striga species are S. hermonthica, which parasitizes
sorghum, millet, and corn in Africa, and S. gesnerioides (cowpea witchweed),
which is the only one that parasitizes dicots. The latter is important on
cowpeas and groundnut in East and West Africa and Asia.

The desert locust (Schistocerca gregaria) gains a great deal of publicity
when it swarms in Africa. Massive efforts are made to combat it, but in any
single year, witchweed is more destructive to crops in Africa than desert
locusts. The genus has the narrowest host range of the important parasitic
weeds and a narrower range of distribution than dodder. Witchweed is a
root parasite on corn, sorghum, and other grasses in Africa, India, and Asia.
In the United States, it is limited to parts of North and South Carolina.
Witchweeds are widely distributed in the world’s tropical and subtropical
regions. Secretions from corn (and some other grasses) roots encourage ger-
mination of witchweed seed. After parasitization, the corn is stunted, yellow,
and wilted because of loss of nutrients and water. Many weeds, including
crabgrass, serve as alternate hosts. Witchweed seeds are small (about .2 X
.3mm). Therefore, 1,000 to 1,500 seeds placed end to end would be only 1
foot long. They survive up to 14 years in soil, and one witchweed plant can
produce up to 58,000 seeds. It easily parasitizes corn because its 90- to 120-
day life cycle is similar to corn’s. One corn plant can support up to 500
witchweed plants. Witchweed seed will not germinate in soil without the
host-excreted stimulant, but it may be induced to germinate with the artifi-
cial stimulant ethylene gas. USDA regulations currently have witchweed
under quarantine in North and South Carolina to prevent its spread through-
out the United States. The quarantine has been successful, and the infested
area is decreasing.

Plant parasites such as witchweed have not been controlled in susceptible
crops with standard herbicides or weed management methods prior to the
occurrence of damage. Crop seed coating with the benzoate herbicide pyrithio-
bac or the imidazolinone herbicide imazypyr offers promise for control of
witchweed in Africa (Kanampiu et al., 2003). Maize seeds were coated with
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very low rates of one of the herbicides to achieve season-long control of striga
and three- to fourfold increases in maize yield over no striga control.

The Orobanchaceae (from the Latin orobos, meaning “bitter vetch, and the
Latin anchein, meaning “to strangle”) or broomrapes include over 100 species,
5 of which are important, obligate root holoparasites (lacking all chlorophyll)
that attack carrots, broadbeans, tomatoes, sunflowers, red clover, and several
other important small-acreage crops in more than 58 countries (Parker and
Riches, 1993; Sauerborn, 1991). The broomrapes have the broadest host range
of the parasitic families. They cause major yield losses and often complete loss
of some crops in many developing countries where control is not possible.
They are the most important weed of cool-season food legumes (e.g., cowpea,
fava bean). Broomrape is found in California but is not a concern in most of
the United States. It is, however, important in South and East Europe, West
Asia, and North Africa. Seeds of some species can live in soil for up to 10 years.
One plant can produce up to 200,000 seeds that are as small as witchweed
seed, and 1 gram of seed contains up to 150,000 seeds. Similar to witchweed,
germination of Orobanche seed is stimulated by secretions from the host’s root
or from roots of nonhost plants. Germination will not occur in the absence of
host-excreted chemical stimulants. Most damage from root parasites occurs
before the parasite emerges, and only 10 to 30% of attached parasites emerge
(Sauerborn, 1991).

An important aspect of parasitic weeds is the present inability to manage
them with other than sophisticated chemical technology or extended fallow
periods. It has been noted that as little as 100 grams of glyphosate per ha (a
sublethal dose) applied three times after rimsulfuron (a sulfonylurea herbi-
cide) selectively reduced broomrape shoot numbers in potato (Haidar et al.,
2005). Many of the world’s people live in areas where food is scarce and agri-
cultural technology is not sophisticated. These are the same places where
parasitic weeds cause the greatest yield losses. Fields have been taken out of
production, and production area of some crops has been reduced severely due
to parasitic weeds.

C. LIFE HISTORY

Another way to classify weeds is based on their life history. A plant’s life history
determines in which cropping situations it might be a problem and what
management methods are likely to succeed. All temperate weeds can be catego-
rized as annual, biennial, or perennial. These groups are easy to define and
observe and are very useful in temperate zone agriculture. As just mentioned,
the concept of perennation is not as useful in tropical agriculture, where
seasons do not change as they do in temperate zones.
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Annuals

An annual is a plant that completes its life cycle from seed to seed in less than
one year or in one growing season. They produce an abundance of seed, grow
quickly, and are usually, but not always, easier to control than perennials.
Summer annuals germinate in spring, grow in summer, flower, and they die
in fall, and thus go from seed to seed in one growing season. Many common
weeds such as common cocklebur, redroot pigweed and other pigweeds, crab-
grass, wild buckwheat, and foxtails are annuals. The typical life cycle of an
annual weed is shown in Figure 3.1. Weed ecologists are working to quantify
many of the steps in this cycle. The sequence of events is qualitatively accurate,
but neither rates nor quantities are defined for most annual weeds. For example,
it is known that not all seeds produced by a weed survive in soil. Some die
from natural causes at an unknown rate. Others suffer predation by soil organ-
isms or enter the soil seed bank, where their life may be prolonged by dor-
mancy. Quantitative understanding of the steps in a weed’s life is essential to
wise management.

Winter annual weeds germinate in fall or early winter and flower and
mature seed in the spring or early summer of the following year. Downy
brome, shepherd’s-purse, pinnate tansymustard, and flixweed are winter
annual weeds. They are particularly troublesome in winter wheat, a fall-seeded
crop, and in alfalfa, a perennial.

Some parts of the world (southern European and North African Mediterra-
nean countries) have a winter rainy season with little snow or subfreezing
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FIGURE 3.1. Life cycle of an annual weed.
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temperatures. This is followed by a long, dry period. Crops are planted in the
fall when, or just before, the rains begin, so the crops and their weeds begin
to grow with the rain. Because the rains don’t begin until late fall, the annual
weeds live into the next calendar year, and their life cycle fits part of the defi-
nition of a winter annual. They are, however, best regarded and managed as
annuals because their growth is continuous and not interrupted by a cold
period when plants live but do not grow.

Biennials

Biennials live more than one but not more than two years. They should not
be confused with winter annuals, which live during two calendar years but
not for more than 12 months. Musk thistle, bull thistle, and common mullein
are biennials. It is important to know that one is dealing with a biennial rather
than a perennial. Spread of a biennial can be prevented by preventing seed
production, which is not true for creeping perennials.

Perennials

Perennials are usually divided into two groups: simple and creeping. Simple
perennials spread by seed and by vegetative reproduction. If the shoot is
injured or cut off, simple perennials may regenerate a new plant vegetatively,
but the normal mode of reproduction is seed. Simple perennials include dan-
delion, buckhorn and broadleaf plantain, and curly dock. Creeping perennials
reproduce by seed and vegetatively. Vegetative reproductive organs include
creeping above-ground stems (stolons), creeping below-ground stems (rhi-
zomes), tubers, aerial bulblets, and bulbs. The life cycle of a typical perennial
plant is shown in Figure 3.2. An excellent summary of the characteristics of
28 perennial weed species can be found in Anderson (1999). The following
are the important kinds of vegetative reproduction and the weeds that use
them (Leakey, 1981):

A. Rooting of detached shoots

1. turion A scaly, often succulent shoot produced from a bud
on an underground rootstock.
Eurasian watermilfoil

B. Creeping stems

1. layers Shoots that contact soil root at nodes
annual bluegrass
2. runner A plagiotrophic (tendency to grow obliquely or hori-

zontally) shoot that may root, in some shoot areas,
when in contact with soil
European blackberry, hedge bindweed
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FIGURE 3.2. Life cycle of a perennial weed that produces seed and vegetative progeny (Grime,

1979).

3. stolons

4. rhizomes

5. rhizomes and
stolons

6. tubers

C. Creeping roots

Horizontally growing stems that root at stolon nodes
creeping buttercup, creeping bentgrass, waterhyacinth
Horizontal subterranean stems that give rise to aerial
shoots

leafy spurge, quackgrass, field bindweed, johnsongrass

bermudagrass
Swollen portions of underground stems
purple and yellow nutsedge

Creeping roots that give rise to new shoots
Canada thistle, field bindweed, Russian knapweed

D. Taproot reproduction

Roots that generate a new plant from root fragments
dandelion

E. Modified shoot bases

1. Bulbs

2. Corms

Underground storage organs composed of swollen
leaf bases or scales

wild garlic

Swollen stems with dormant bulbs in the axils of
scale-like leaf remnants

bulbous buttercup, tall oatgrass
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THINGS TO THINK ABOUT

1. How are weed classification systems used?

2. What classification system is most likely to be used by horticulturalists,
agronomists, and weed scientists?

3. Why are parasitic weeds such difficult problems, and where do they
exist?

4. 1f parasitic weeds are not important problems in most developed countries,
why do we bother to study them?

5. Why should we bother to learn the scientific names of plants?

6. How are the scientific names of plants created?
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CHAPTER I

Ethnobotany

FUNDAMENTAL CONCEPTS

e Many weeds are also useful for food, animal feed, or medicine.

¢ Some weeds may be useful for fuel or insulation.

¢ The same plant can be a weed in one place and a beneficial crop in
another.

LEARNING OBJECTIVES

¢ To understand the many ways weeds can be used.
¢ To encourage thought about the importance of doing research to find uses
for weeds.

There are laws in the village against weeds.

The law says a weed is wrong and shall be killed.

The weeds say life is a white and lovely thing

And the weeds come on and on in irrepressible regiments.
“Weeds” Poem by Carl Sandburg

Ethnobotany is the study of the relationship between plants and people (Balick
and Cox, 1996). It includes study of the uses of plants by man and the
relationship between man and vegetation. It examines our dependence on
plants and our effects on them. If weeds are just plants out of place and
properly regarded as useless by humans, is it possible they could also be
useful? Can a single species be both weedy and useful?

Fundamentals of Weed Science
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One longs for a weed here and there, for variety;
A weed is no more than a flower in disguise,
Which is seen through at once, if love give a man eyes.
“A Fable for Critics” Poem by James Russell Lowell (1890)

Ethnobotanical studies in Bolivia (Bentley et al., 2005) illustrate the multi-
ple roles weeds play and affirm that the answer to the preceding question is
yes! First, some plants are weeds, and farmers actively work to control them
in crops. Some weeds are also used as cattle fodder, especially in areas where
cultivated land is limited and holdings are small. Bolivian farmers are very
familiar with the weeds and do not manage crops to preserve them. Some
weeds are used as fodder when they grow on fallow land but are hoed out and
left to rot when they grow in crops. Weeds are also used as construction mate-
rial (cylindrical graneries), toys made by or for children, and as medicine
(Bentley et al., 2005).

I. FOOD FOR HUMANS

There is much interest in possible uses for weeds. It is a sobering thought that
only one new major food crop, the soybean, was discovered in the 20th
century. It was first domesticated in China over 1,000 years ago. What would
be the benefit of another food crop like the soybean? Would it be worth a
mission to the Moon or a Trident submarine? I suggest it would be. It would
be very wise to rediscover some of the crops grown by indigenous people in
several world areas and to study the potential food or industrial value of weeds.
There are sources of information to assist the search that range from an article
in Reader’s Digest (Daniel, 1974) to books on edible native plants (Harrington,
1967), edible weeds (Duke, 1992; Hatfield, 1971), potential dietary uses of
wild and cultivated plants (Hylton, 1974), medicinal products (Swerdlow,
2000), ethnobotany (Balick and Cox, 1997), new crops (Janick, 1996, 1999),
and many articles in the scientific and popular literature.

The tradition of using indigenous plants for human food is regarded by
some as vegetarianism or food faddishness, but if looked at in its historical
context, a long history of potentially useful food sources can be discovered.
The world has more than 300,000 species of seed-bearing plants. Perhaps as
many as 30,000 of these have been used to some extent by humans as a food
source. Many of these have been lost or forgotten. Fewer than 300 seed-bearing
plant species have become more or less domesticated, and of these, only about
30 are used to provide the majority of human food. Nine of these belong to a
single plant family: the grasses. Vietmeyer (1981) calls these past foods “poten-
tial food sources.” They are America’s forgotten crops. The food crops include
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the tepary bean, groundnut, and amaranth. His article also includes jojoba,
whose oil has potential as an engine lubricant, skin moisturizer, livestock feed,
and leather softener, and guayule, a potential source of natural rubber. The
advantage of each of the forgotten crops Vietmeyer identifies is that they grow
well in arid soils where few present food crops do well.

Of 158 weed species collected from rice fields in two districts of West
Bengal, India, 124 had economic importance to farmers (Vega, 1982). Young
pigweeds may be eaten as salad greens, and pigweed seeds can be eaten raw
or parched. Several species of amaranth grow rapidly and contain abundant,
high-quality protein (Hauptil and Jain, 1977). Leaves of some species contain
up to 33% protein, and their seeds have 16% to 19% protein (Hauptil and Jain,
1977). Young leaves of shepherd’s-purse are eaten as greens, and dried roots
can be eaten as a substitute for ginger or candied by boiling in a sugared
syrup.

Instead of agonizing over dandelions in turf, why not learn to love and use
them? In the late 1970s, Mayor Patrick R. Fiorello proclaimed his city—
Vineland, New Jersey—to be the world’s dandelion capital, a claim the city no
longer makes. At one time, a cookbook with recipes ranging from dandelion
jello to dandelion soup was available from the mayor’s office (Anonymous,
1979). Although Fiorello’s book is no longer available, others can be found in
your library or bookstore (Gail, 1990; Wilensky, 2000). Dandelions are har-
vested and sold for conversion to dandelion corn chowder, wine, or Italian
dandelion casserole. Some say dandelion flowers are quite good when dipped
in batter and deep fried. Dandelion roots make a caffeine-free coffee substitute.
Dandelions are part of the national cuisine of at least 54 countries (Gail, 1990,
p. 12). Koreans can use them in kimchi (a pickled or fermented mixture of
cabbage, onions, and fish with various seasonings). Germans make dandelion
gravy to use on potatoes. The French use them in salads, and the Italians, who
call them chigoda, use them in many dishes. The leaves are rich in vitamins A
and C. More than 100,000 pounds of dandelion are imported to the United
States annually for use in patent medicines (Duke, 1992). The root contains
a diuretic (an old European common name for it is piss-a-bed). If you don’t
like the taste or price of your current brew, try some dandelion beer (Hatfield,
1971, p. 65).

Common purslane contains high levels of fatty acids, vitamin E at six times
the level of spinach, and other nutrients. Europeans eat it in salads, and it
could be developed as a new vegetable crop (Anonymous, 1992). Omega-3
fatty acid has been linked in some studies to reduced heart disease, and purs-
lane contains more than any other green, leafy vegetable (Anonymous, 1992).
It is well adapted to arid areas and could be an alternative crop. One farmer
in Congerville, Illinois, grows common lambsquarters, common purslane, and
many other plants that weed scientists (Patterson et al., 1989) consider to be
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undesirable weeds, and he sells his produce to high-end Chicago restaurants
(Hale-Shelton, 2004).

Barnyardgrass seeds may be eaten dry or parched and have been ground
into flour. Some thistle seedlings may be eaten raw in salads if the spines are
removed. Young Canada thistle roots can be peeled and the pithlike interior
eaten raw or as a condiment in some cooked dishes. There are recipes for
thistle-leaf tea. Seeds of wild oat can be ground into flour, and wild oat seeds
can be used to make fly lures for fly fishing. Seeds of crabgrass, green foxtail,
wild oat, and the common reed have been eaten whole.

Iroquois Indians ate burdock leaves as greens and used its dried roots in
soup (Duke, 1992). Before Viagra became available, Martin (1983) and Duke
(1992) reported that eating raw burdock stems was supposed to increase libido
and improve sexual virility. Duke (1992) wrote about its sale in Japan as an
herb for sexual problems.

Wild mustard leaves have a hot, spicy flavor that blends well in salads with
lettuce and dandelion. Wild onion has been used as a relish, to flavor cooked
foods, and to improve the taste of gamey meat (Ross, 1976).

Martin (1983) reported that some Japanese eat kudzu root. It is ground into
a fine powder and used as a condiment. The leaves are also eaten. Kudzu was
promoted extensively by the US Department of Agriculture in the 1930s to
stabilize eroding land (see Chapter 7). The Chinese have long relied on simple
kudzu root extract to stop human craving for alcohol. It is sold as an over-
the-counter drug in China and is 80% effective when taken for two to four
weeks. The extract was evaluated in the United States and apparently did not
gain approval for treatment of alcoholism. Weed scientists will not welcome
fields of kudzu, but other priorities may prevail.

Before hops were used in beer, leaves of ground ivy, also called gill-over-
the-ground (gill from the French guiller, meaning “to brew”) were added to
the brew to clarify and enhance flavor (Martin, 1983).

Alligatorweed is one of the worst weeds of waterways across the world
(Holm et al., 1997). It is generally found in the warm tropics and warmer
regions of the temperate zones. It forms dense mats, kills aquatic fauna, and
reduces water flow and quality. Alligatorweed and the related, but not as vigor-
ous, weed sessile joyweed are both used in vegetable dishes in southeast Asia.
Using these plants as human food is not a problem, but when some Australians
discovered that alligatorweed was being cultivated as an herb or green vegeta-
ble, concern heightened because of the great possibility of escape and rapid
spread.

Duckweed is one of the world’s tiniest flowering plants, but it has potential
in the fight against world hunger. Rich in protein, with high levels of all
essential amino acids save one, duckweed is nutritious and abundant. It is
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found in temperate and tropical regions growing in thick green masses on
surfaces of ponds and lakes. People in Thailand have eaten duckweed for
generations. It can be harvested every three to four days and eaten in soups
or stir-fried with other vegetables and meat. Duckweed could become a valu-
able livestock feed as well. Ten acres of duckweed could supply 60% of the
nutritional needs of 100 dairy cows for one year. Considering that more than
100 million people each year suffer from severe protein/calorie malnutrition,
the food potential of duckweed should be studied carefully.

N. W. Pirie of Rothamsted Experiment Station in England conducted exper-
iments on juice pressed from a random collection of jungle plants. He was able
to extract a juice with 50 to 75% protein that, when coagulated, made a taste-
less product that could be textured to resemble cheese.

The use of edible weeds is not new (see Duke, 1992, and Hatfield, 1971).
DeFelice (2002) describes yellow nutsedge as “the snack food of the gods.”
Holm et al. (1977) classified it as one of the world’s worst weeds. Both are
right! This erect, perennial, aggressive, weedy herb came from the eastern
Mediterranean and has spread to all continents, except Antarctica (DeFelice,
2002). Its tubers make it an especially difficult-to-control weed, but they are
quite tasty after roasting. In fact, it was imported to the United States as a
potential vegetable crop in 1854 (DeFelice, 2002), illustrating that not all
imports have been good ones. Nevertheless, eating the roasted tubers—com-
monly known as chufa—can be traced to ancient Egypt. The tubers are not
commonly available in the United States but are readily available in markets
in West Africa.

The University of Nebraska has an active research program to assist farmers
in the development of chicory as a crop. Nebraska farmers plant and harvest
750 to 1,000 acres of chicory each year (Howlett et al., 2006). Chicory has
been grown in Nebraska since the latter part of the 19th century, primarily for
use as a flavoring in hot drinks such as coffee. It is now grown as a source of
inulin (a root-borne carbohydrate used to manufacture fructose (a very sweet
sugar), which is subsequently used in the manufacture of pet foods. The roots
can also be roasted for use in coffee.

Readers are cautioned that these examples are intended to be illustrative of
the range of potential uses for plants and are not a recipe book or set of
recommendations. Because of the danger of poisoning or digestive upset,
specific references should be consulted before casual experiments lead to
unanticipated problems.

Increased agricultural production has relied on low-cost energy and rapid
genetic improvement for several decades (Boyer, 1982). These have allowed
farmers to use dense plant populations adapted to high production on soil
amended with purchased resources. Weeds grow well in cropped fields and in
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some environments with limited resources. Weeds have been self-selected to
do well with both limited and abundant resources. Their genetic abilities may
be important resources for plant breeders and crop producers.

A natural stand of giant ragweed in Champaign County, Illinois, had an
above-ground biomass similar to corn and greater than soybeans. Its seed
biomass was lower than corn or soybeans but equal to the average soybean
grain yield in the United States in 1975 (1,610 Kg/ha). Giant ragweed is not a
food crop and won’t become one, but its high productivity with low inputs
provides a valuable lesson for the future of food crops (Boyer, 1982) as energy
and water resources decline or are directed away from agriculture.

II. FEED FOR ANIMALS

Weed seed screenings are used in many US states as animal feed, a practice
with some disadvantages (see Chapter 5). Some rangeland plants are weeds,
but cattle grazing on native blue grama and buffalo grass range achieved better
gains when weeds and shrubs constituted 10 to 70% of total vegetation. One
should not neglect the contribution of sagebrush and other weedy range
species to the diet of browse animals such as deer, elk, and antelope.

Cattle ranchers in the western United States often use kochia hay as feed.
When immature, its protein content can be 17%—equal to alfalfa. However,
it becomes woody as it matures, and because it is an annual, it will not reseed
when harvested immature for hay. An important warning is that it can accu-
mulate high amounts of nitrates, and cattle may become intoxicated and lose
weight when kochia is 90% or more of their diet.

The forage and nutritional value of many weed species is equal to that of
cultivated forage crops. Marten and Anderson (1975) and Temme et al. (1979)
reported that the annual broadleaved weeds redroot pigweed, common lamb’
squarters, and common ragweed had digestible dry matter, fiber, and crude
protein concentrations about equal to good alfalfa hay when alfalfa and weeds
were harvested at the same growth stage. Giant foxtail, Pennsylvania smart-
weed, shepherd’s-purse, and yellow foxtail all had lower nutritional value than
alfalfa. Dutt et al. (1982) concluded that yellow rocket reduced the feeding
value of alfalfa hay, but white campion and dandelion didn’t. Yellow rocket
reduced nutritive value index, animal intake, and digestibility.

The perennial quackgrass is a serious weed problem in the perennial crop
alfalfa. It invades and decreases hay consumption by cattle. While its nutri-
tional value is high, its palatability is lower than alfalfa or smooth bromegrass
(Marten et al., 1987). A biotype, selected for broad leaves, was equal or supe-
rior to smooth bromegrass and equal to alfalfa in palatability in Minnesota
(Marten et al., 1987). Marten et al. (1987) investigated the forage value of nine
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perennial broadleaved and grass weeds compared to alfalfa and smooth
bromegrass. Smooth bromegrass and quackgrass consistently had more neutral
detergent fiber, less crude protein, and an in-vitro digestibility similar to
alfalfa. Jerusalem artichoke, Canada thistle, dandelion, and perennial sowthis-
tle had crude protein and in-vitro digestibility equal to or greater than alfalfa
(Marten et al., 1987). Broadleaved species generally had lower palatability than
alfalfa or smooth bromegrass. Jerusalem artichoke, Canada thistle, curly dock,
and hoary alyssum were completely rejected by grazing lambs and are there-
fore always weedy species in sheep pastures.

Weed forage and hay quality are correlated with plant maturity. More
mature plants have lower forage quality. Marten et al. (1987) showed this to
be true for nine perennial species in Minnesota, where forage quality measured
as digestible dry matter, fiber, or crude protein declined with maturity. Crude
protein of curly dock declined 22% from the vegetative to the mature seed
stage (Bosworth et al., 1985). In hay crops, the decision to control weeds must
be site specific and is dependent on the weeds present and their growth stage
when hay is to be cut. Alfalfa stands often become weedy because of death of
alfalfa plants, not because weeds crowd them out (Sheaffer and Wyse, 1982).
Control may reduce hay yields and produce hay of lower quality if all weeds
are controlled just because they are perceived to be weeds and therefore unde-
sirable. As just illustrated, some weeds make good pasture and forage.

The ragweeds are palatable to grazing animals, with common being more
so than giant ragweed. Equally as important, seeds of both species of ragweed
and many other weedy species provide food for finches and other birds in the
winter in the US midwestern states.

Balick and Cox (1996, pp. 34-35) list 50 drugs used in human medi-
cine that have been discovered from ethnobotanical leads. The list
includes seven species that are also listed in the Weed Science Society
of America (WSSA) composite list of weeds (Patterson, 1989) and five
other plants from genera that are included in the WSSA list. One wonders
how many common weeds may be sources of new pharmaceuticals.

Until the early 1960s, a diagnosis of childhood leukemia was a death
sentence. Now the long-term survival for victims of childhood leukemia
is 90+% (Swerdlow, 2000). The common weed (in the WSSA view)
Madagascar or rosy periwinkle changed certain death from childhood
leukemia to probable complete recovery. The pharmaceutical potential
of vinblastine (a vinca alkaloid) was one of the most significant discover-
ies of ethnobotany. Researchers at the Eli Lilly Company screened a
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collection of 400 potentially medicinal plants against cultures of P-38
mouse-cell leukemia and found that Madagascar periwinkle killed leuke-
mia cells. Up to 250 kilograms of leaves are required to make a single
500-milligram dose, and this is unlikely to make the plant an effective
folk medicine, but it was a healer’s claim of its effects against diabetes
that led to further investigation (Balick and Cox, 1997, p. 33).

Rosy periwinkle is one of more than 10,000 known plant species in
Madagascar, a Texas-sized island off the southeastern African coast.
Many are not known elsewhere. In the past 40 years, there have been
few new pharmaceutical drugs developed from plant sources. Part of the
reason is the cost of finding the plants and verifying potential utility.
Second, there are the manufacturers’ legitimate concerns about unpre-
dictability and lack of scientific verification. Rosy periwinkle worked as
a folk medicine for diabetes (as a tea it lowers blood sugar), but not for
leukemia; that test was a random stroke of luck. Science-based develop-
ment, testing, and formulation are more sure routes to commercial
success. But two-thirds of the world’s people rely on the healing power
of plants and the healers that use them. They could not afford modern
medicines even if they were available (Swerdlow, 2000).

Many plants contain bioactive chemicals with potentially beneficial
effects on humans and animals. Many of them may be just weeds. We
will never know until we listen to healers and study their plants.

ITII. MEDICAL USES

Plants move in one place but do not move in space while growing, as animals
do. Because they are immobile and cannot escape from predators, they have
evolved elaborate chemical defenses. Plants are full of mostly unknown, fre-
quently unusual chemical compounds that may have medicinal properties (see
Swerdlow, 2000). Most (perhaps as many as 99% of the flowering plants) have
never been tested (Bryson, 2005, p. 461). A few are known to traditional tribal
healers (often called shamans). Scientists have been interested in the actual
and potential use of plants in medicine for a long time. Henkel (1904) wrote
one of the early publications that included medical uses for 26 common weeds.
She notes that farmers in their fight to exterminate weeds may also be able to
“turn some of them to account.” In a reflection of the cultural attitudes of the
time, she says that “the work of handling and curing them is not excessive
and can readily be done by women and children.” Stepp and Moerman (2001)
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showed the significant representation of weeds in the medicinal floras of the
Highland Mayas in Chiapas, Mexico, and in the medicinal flora of native North
Americans. The frequency of the appearance of weeds as pharmaceutical prod-
ucts is significantly larger than would be predicted by the frequency of the
appearance of weedy species in the general flora.

Plants and plant extracts have been used to treat almost every ailment
known to humans, ranging from venereal disease and rheumatism to colds
and bleeding. Plants with the word officinale (or its derivatives) were at one
time included on an official drug or medicinal list. Wort, a common suffix in
plant names (e.g., common St. Johnswort), means “healing.” A plant with bane
added to its common name (e.g., henbane) was probably once used for medici-
nal purposes. You can probably think of plants that fit in one or more of these
categories. St. Johnswort is now a nonprescription natural remedy for mild
depression.

Roots of yucca can be chopped and soaked in water to extract a soapy sub-
stance that western American Indians used for washing and cleaning. One
must assume this is a source of the common name soapweed. The next time
you get stung by a bee, try to be standing near a curly dock plant. Quickly rub
some of its leaves between your hands and press them, with their juice, against
the sting. Within 10 to 20 minutes the stinging sensation will be gone. Curly
dock has more vitamin C than oranges, and extracts of its yellow root have
been used to treat jaundice. (Plantain has similar properties.) Curly dock
leaves have also been boiled in vinegar to soften the fibers and then combined
with lard to make an ointment for treatment of inflammations.

A persistent human problem is the common cold. If you boil a few ounces
of sunflower seed in a quart of water, add some honey and gin, and drink the
mixture three or four times a day, irritating mucus will be discharged from
the nose and mouth. (Of course, you have to ask whether the sunflower seed
extract or the gin, which is also a plant product made by distilling rye or other
grains with juniper berries, is really what's making you feel better.)

Yarrow and big sagebrush have been used as a tea to relieve the fever that
accompanies a cold. Yarrow leaves were chewed by western pioneers to settle
an upset stomach. Extracts were also used to regulate menstrual flow and to
stop blood flow from a wound. Modern medicine has confirmed its efficacy
(Martin, 1983).

The common European herb/weed queen-of-the-meadow has long been
used in folk medicine to treat fever and pain (Balick and Cox, 1997, p. 32). It
is also (and, according to Balick and Cox, incorrectly) known as mead-
owsweet. In 1839 (Balick and Cox, 1997) salicylic acid was isolated
from flower buds of queen-of-the-meadow. Pure salicylic acid was used for
pain relief but frequently caused stomach problems. In 1899, the Bayer
Company combined acetic acid and salicylic acid to create acetylsalicylic acid,
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the effective painkiller and still one of the world’s most widely used analge-
sics. The name aspirin was derived from “a” for acetyl and “spirin” from the
genus Spirea (Balick and Cox, 1997, p. 32). Aspirin was first synthesized by
Felix Hoffmann in Germany in 1897, patented in February 1899, and mar-
keted the same year as aspirin by Bayer Chemical Company. It was a success
because it had better pharmacological activity and fewer side effects than pure
salicylic acid. Salicylic acid is also found in the bark of the willow tree (Salix).
North American Indians would chew willow bark to relieve pain.

Dandelion has been used as a laxative, and shepherd’s-purse and common
St. Johnswort have been used to control diarrhea. Common burdock has been
used to make a tonic and a diuretic. Young shoots and the pith of young leaf
stalks can be eaten raw with salt or after boiling in salt water. Water-lettuce
has been used to cure coughs and heal tubercular wounds. The Chinese use
its leaves as external medicine for boils; American Indians used the leaves to
cure hemorrhoids (Harrington, 1967). Extracts or preparations of several
weeds have been used as sedatives including poison hemlock, jimsonweed,
poppies, and, marijuana, which has achieved rather widespread use and popu-
larity (albeit illegal) for its sedative and relaxant properties. Many people have
experienced the latter.

Healers used to grate the dried root of wild carrot and apply it to burns.
Modern science has shown that the roots contain carotin, and when mixed
with oil, it can help burns heal (Martin, 1983). Modern science has also proven
the utility of extracts of bouncing bet to treat jaundice and liver problems
(Martin, 1983). Backpackers and campers should know bouncing bet. When
torn or bruised leaves are added to cold water, a bubbly lather ensues. This
source of soap has been known since the Middle Ages (which ended about AD
1450). Its unusual name comes from the white, reflexed petals that someone
apparently thought resembled the posterior view of a washerwoman (named
Bet?) with her petticoats pinned up.

Drury (1992; based on Gerard, 1597) reported that sprigs of common tansy
were placed in beds and bedding to discourage vermin. Tansy tea tastes terri-
ble, but it has been used to treat a variety of illnesses and to cure rheumatism
and intestinal worms (Martin, 1983). Scientists in the Philippines have studied
antifertility and abortive characteristics of the common weed sensitiveplant.

IV. AGRICULTURAL USES

Kochia, as just mentioned, is a good source of protein for ruminant animals.
It is a self-seeding, high-yielding, water-efficient plant with no serious disease
or insect pests. It is a serious annual weed in many crops and common in
many parts of the United States. Kochia can accumulate high levels of nitrate



Ethnobotany 69

and will escape from cultivation and become a weed. It may cause photosen-
sitization in cattle. In some experiments cattle have lost weight, and some have
even died when fed only kochia.

At least one farmer has used kochia as a cover crop to suppress wild proso
millet (Cramer, 1992). A thick stand of unirrigated kochia grew through the
summer and was mowed before seed set. It was hard to plow because of all
the biomass, but millet was suppressed effectively the next year.

Farmers in southeastern Mexico classify plants as crops or noncrops
(Chacon and Gliessman, 1982). The latter are classed according to potential
use and their effects on soil or crops. Chacon and Gliessman (1982) argue that
local farmers understand the contribution of noncrop plants to agriculture.
The authors contrast the farmers’ view with the dominant view in developed
countries that a weed is any plant other than the crop (see Chapter 2).

Weeds have practical, but often unappreciated, value when used as ground
cover for wildlife or for prevention of soil erosion on sites that cannot be
cropped or otherwise managed by man. Weeds can conserve nitrogen in some
situations. Weeds have been introduced in many places because someone
thought they would be useful (see Chapter 7 for other examples). Cogongrass
was introduced into the United States in Grand Bay, Alabama, and McNeil,
Mississippi (Tabor, 1952). At Grand Bay in 1912, bare-root satsuma orange
plants were boxed for shipping with cogongrass, and then the grass was dis-
carded. The McNeil introduction was part of a search for a superior forage.
Cogongrass is now a weed in many southern US states. Catclaw mimosa was
introduced to Thailand from Indonesia in 1980 as a green manure cover crop
in tobacco plantations and for control of ditchbank erosion (Thamsara, 1985).
It was successful for both things, but then it spread and became a weed
problem. The aggressive, weedy annual paragrass was introduced into Africa
from several tropical countries for fodder, pasture, and as a cover crop in
banana plantations. There are many examples of plant introductions that
someone thought would be helpful, only to discover that they would be prob-
lems as well (see Chapter 7).

V. ORNAMENTAL USES

Many species of weeds have been used as ornamentals, and several species that
are now weedy were first imported into the United States for ornamental pur-
poses (see Chapter 7 for a discussion of invasive species). One US study
(Williams, 1980) documented 33 imported species that became weedy. Of
these, 2 were imported as herbs, 12 as hay or forage crops, and 16 as orna-
mentals. Henbane was imported for its potential medicinal value. One was
imported for use in aquaria (hydrilla), one as a fiber crop (hemp or marijuana),
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TABLE 4.1. Plants to Avoid in Gardening, Reclamation, and Restoration.

Type Name Problem

Forb Purple loosestrife Displaces native wetland or marsh plants

Forb Mediterranean sage Forms monoculture and outcompetes native plants

Forb Yellow toadflax Displaces native vegetation

Grass  Timothy Competes with native plants in arid areas

Shrub  European buckthorn Competes with native vegetation in riparian areas

Shrub  Scotch broom Displaces native vegetation in US west coast area

Tree Tamarisk or salt cedar ~ Uses large amounts of water and displaces native vegetation
Tree Russian olive Seed dispersed by birds; displaces native plants

and one privately, just for observation (wild melon). Imported plants, includ-
ing bermudagrass, jimsonweed, kochia, musk thistle, johnsongrass, and water-
hyacinth, have become some of our most detrimental weeds. Some people use
weeds as ornamentals in spite of, or in ignorance of, their weedy nature.

Several forbs, grasses, shrubs, and trees have been and still are used in gar-
dening and landscaping, reclamation, or restoration. Some are widely acknowl-
edged as weeds, and others may become weedy because of their ability to
invade and dominate. All show the ability to escape their intended habitat (see
Table 4.1). Not everyone may agree that the plants shown are weeds or could
become weedy. At present, there is no civil or criminal penalty for planting
any of them. The choice of what to plant is the landowner’s. When an escape
occurs, everyone pays the price if the species becomes weedy.

VI. INSECT OR DISEASE TRAPS

A disadvantage of weeds is that they can shelter insects and disease organisms.
They can also be used intentionally in agriculture as traps for insect or disease
pests (see Table 4.2). They do this in one of the following three ways (see
Norris, 1982; Norris and Kogan, 2000):

1. As hosts for adult insect parasites

2. As hosts for noneconomic insects that serve as alternate hosts or food for
parasites or predators

3. By increasing effectiveness of biological control organisms and thereby
reducing damage to crops

Norris and Kogan (2000) provide an extensive review of the interactions
between weeds, arthropod pests, and natural enemies in managed ecosystems
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TABLE 4.2. Weeds and Control of Other Pests.

Cropping system Weed species Pest regulated Reason
Beans Goosegrass Leafhoppers Chemical repellency and
Red sprangletop (Empoasca kraemeri) masking
Vegetable Wild carrot Japanese beetle Increased activity of the
Crops (Popillia japonica) parasitic wasp Tiphia
popilliavora
Corn Giant ragweed European corn borer Provision of alternate host
(Ostrinia nubilalis) for the tachinid parasite
Lydella grisesens
Cotton Common ragweed  Boll weevil (Anthonomus  Provision of alternate
grandis) hosts for the parasite

Eurytoma tylodermatus

(i.e., cropped fields). Their review identifies more than 90 insects that are
involved in resource and habitat-driven interactions. A separate table identifies
more than 50 resource and habitat-driven influences of weeds on beneficial
arthropods. The extensive review also illustrates the effects of beneficial and
detrimental effects of tillage and several herbicides used for weed management
on arthropod populations. Norris and Kogan (2000) cite Altieri (1994, p. 40),
who in turn cited Bendixen and Horn (1981) to report that more than 70
families of arthropods are known to be potential crop pests and that the
members of these families are primarily associated with weeds. Some associa-
tions may be beneficial to crops, but most are not. Without much more under-
standing of these associations and how management of one pest may affect
other pests and crops, integrated pest management programs are less likely to
be successful.

Johnsongrass is an alternate host of the sorghum midge (Contarinia
sorghicola Coquillet), an important pest of grain sorghum. Larvae develop and
feed in the sorghum spikelet and prevent normal seed development. Johnson-
grass maintains the first two or three generations of the insect until grain
sorghum flowers are available. Time and duration of johnsongrass flowering
(that can be determined by management) may affect the sorghum midge popu-
lation (Holshouser and Chandler, 1996).

Showy crotalaria, a legume weed in Hawaii, is used in macadamia nut
orchards to attract Southern green stinkbugs (Nezara viridula L.) away from
macadamia nut trees. Showy crotalaria was introduced to Florida in 1921 as
a green manure crop because, as a legume, it fixes nitrogen. However, the
foliage and seed are toxic, especially to poultry. It is a weed in soybeans in the
southern United States, where, because of the toxicity of its seeds, contami-
nated soybean seed cannot be sold.
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In parts of California, wild blackberries are grown with grapes as hosts of
a noneconomic leathopper that hosts a parasite of the grape leathopper (Eryth-
roneura elegantula Osborn). Japanese farmers graft tomato scion (shoot or bud
tissue) onto the rootstock of some weedy members of the Solanaceae to avoid
root diseases. Other examples of this kind of use can be found in Altieri (1985),
Norris and Kogan (2000), and Zandstra and Motooka (1978).

Chapter 2 described how weeds serve as hosts for damaging insects and
diseases. It is important to realize that not all insects or microorganisms
damage other plants. If one plant harbors harmful organisms, it is only logical
to assume that other plants may harbor beneficial organisms. The preceding
examples verify this, and Altieri (1985) and Norris and Kogan (2000) provide
many other examples.

The agricultural quest for high-yielding monocultures has reduced plant
diversity to the point where beneficial insects have been reduced in crop fields.
One way to regain a desirable diversity in crop fields is to manipulate the
abundance and composition of the weed flora. Weed borders, occasional
weedy strips, or weeds at certain times in the crop growth cycle are all possi-
bilities. Weed scientists and farmers may even want to consider planting weeds
in attempts to optimize plant protection and crop yield while striving to mini-
mize other inputs.

VII. POLLUTION CONTROL

In addition to the foregoing uses, which most weed scientists would
readily acknowledge, there are other, less well-known, perhaps esoteric, but
interesting and potentially valuable, uses that a few creative minds have
explored.

Star chickweed has been used as a vegetable and is a good source of vitamins
A and C. In Elizabethan England, it was used to reduce fever (Martin, 1983).
Martin reported it has been used to predict rain. If it blooms fully there will
be no rain for at least four hours. If blossoms shut, rain is on the way (although
if you look at the sky, you could get the same prediction).

Waterhyacinth will remove the heavy metals selenium, manganese, and
chromium from water and may be useful to detect them. It concentrates heavy
metals up to 2,000 times the level found in water. Waterhyacinth can be used,
in what is called bioremediation, to remove nutrients from water and reduce
eutrophication (Murray, 1976; Rogers and Davis, 1972). One hectare of water-
hyacinth growing under optimum conditions could absorb the average daily
nitrogen and phosphorus waste of over 800 people if maximum uptake and
plant growth for a whole year were assumed. The hectare would contain 1.6
million plants and capacity would be reduced to 300 to 400 people if less than
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year-round growth was achieved. Under optimum growth conditions one
hectare of waterhyacinth produces 8 to 16 tons of plant material per day that
can be dried, ground, and added to corn silage for cattle feed. The supplemen-
tary feed value is comparable to cotton seed meal or soybean oil meal. Anaero-
bic fermentation of the plant residue produces methane gas that can be used
for heating or light. One pound of dried plants yields up to 6 cubic feet of
methane or up to 2 million cubic feet of gas per acre of plants per year. There
are problems because waterhyacinth does best in warm water and warm cli-
mates, and cold weather can Kkill it (fortunately). There are questions about
the cost of establishing and maintaining a processing facility. An obvious
problem if waterhyacinth is to be used for bioremediation is disposal of plants
and prevention of eutrophication of ponds if no use for the plant residue has
been developed.

Because waterhyacinth can be used for bioremediation when there is heavy
metal pollution, others have looked at it as a way to harvest valuable heavy
metals. Limited research indicates that an acre of waterhyacinth could yield
0.45kg of silver every four days, and work on gold harvest has been done
(Anonymous, 1976).

In India and Indonesia, researchers have made paper products (blotting
paper, cardboard) from waterhyacinth mixed with rice straw. India may have
as much as 4 million hectares (9.8 million acres) of water infested with
(covered with may be more accurate) waterhyacinth. The average yield is 50
tons per hectare, which means, if all were harvested as much as 200 million
tons of nonforest raw material could be available for paper production. If only
half were used and there was only a 10% conversion efficiency, 10 million tons
of paper could be produced from waterhyacinth. This has not happened, but
it is possible if factories were built and harvest procedures were developed.
Paper making seems to be a better option than enduring the weed’s bad effects
or continuing to try to control it, which has been largely unsuccessful.

The bulrush has been identified as a way to remove pollutants from water
(Zandstra and Motooka, 1978). Sudanese tribesmen have used it cheaply and
effectively. Muddy water from the Nile River is stored in jars containing
bulrush, and soon one has clean, pure water. A German company designed a
municipal water treatment facility using bulrushes to take up pollutants such
as phenols, cyanide, phosphates, and nitrates. Commercialization may not be
possible, but we should be cognizant of potential uses for the plants we so
easily call weeds. Germans have also experimented with Sakhalin knotgrass,
which takes up cadmium and lead without self-injury. They hope it will be
useful to reclaim soil treated with metal-contaminated sewage sludge so crops
can be grown.

During the 1970s, there was great interest in developing systems to use
plants to process sewage. Jewell (1994) reported on a hydroponic or nutrient
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film technique originally developed in England. The technique does not require
deep water or a growth-supporting medium. Most terrestrial plants can be
grown in a nutrient film system. Cattails, a common weedy species, have been
a good choice for the initial stages of sewage treatment in a nutrient-film
system (Jewell, 1994).

VIII. OTHER USES

Bliss (1978) includes 50 common weeds that can all be used to make dye.
Some produce quite durable colors; some, in Bliss’s words, produce “more
exciting and richer shades”; and some produce colors that are more resistant
to fading in light. None of those she identifies are rare or endangered; some
are invaders, some native, and some are introduced—but they are all just
weeds. Plants useful as a source of dye include common ragweed, showy
milkweed, dandelion, field bindweed, leafy spurge, musk thistle, redroot
pigweed, and yellow sweetclover.

The common water reed, ground into powder, can be used as a home
heating fuel, according to Swedish scientists (Bjork and Graneli, 1978). One
kilogram of dry reeds will yield 5 kilowatts of energy. About 10 times more
energy can be obtained from the powder than is required to cultivate, harvest,
grind, and transport it. Cultivation of the weed could greatly increase produc-
tion per unit area and may have the added advantage of preserving and using
some portions of wetlands now threatened by development. Preservation of
such lands has positive environmental benefits in terms of habitat for marsh
animals and waterfowl.

Scientists at the University of Arizona have compressed Russian thistle to
make fireplace logs (Tumble Logs™) with an energy value equal to lignite.
Scientists are also investigating the biomass potential of mesquite, saltbush,
and johnsongrass for energy production.

During World War 1I, allied forces lost the world’s Far Eastern sources of
natural rubber. The war could not be fought without rubber for tires, and there
was a great effort in the early 1940s to develop alternative sources or substi-
tutes for natural rubber. Gray rabbitbrush and guayule (wy-oo-lee) were among
the plants studied. Gray rabbitbrush contains a high-grade rubber called chrysil
that vulcanizes well (Ross, 1976). One-fourth of guayule’s entire weight is
natural rubber. It can be grown on land not suited for many other crops and
can be mechanically harvested. There is interest in guayule and other plants
as sources of hydrocarbons for replacement of expensive and increasingly
scarce petroleum oil. There are several latex-bearing plants from the Euphor-
biaceae (spurge) and Asclepiadaceae (milkweed) families. Many are common



Ethnobotany 75

weeds or perhaps just plants that aren’t even sufficiently noticed or bothersome
to be raised to the defined category of weed.

For a brief period, the US military used “down” from mature cattail heads
(actually part of the female flower) to fill life jackets, which had been filled
with kapok, the silky fiber from the fruit of the silk-cotton tree. It has also
been used to insulate clothing and as stuffing for quilts and pillows. Western
Indians ate young shoots, roots, stem bases, and seeds. The same “down,” the
pappus from female flowers, was used to make dressings for burns, for padding,
and in talcum powder.

If none of these ideas interests you and you like plants, buy a few acres of
land and plant milkweed, a hardy perennial that competes well with most
plants and, once established, should thrive with care and pest control. A crop
of milkweed can be grown with about three-quarters of the inputs and about
one-quarter of the water that corn requires. For years most agriculturalists
have regarded milkweed not as a crop but as a persistent, perennial, hardy
weed. One must grant that it is a survivor but also that it has never been an
aggressive invader or a troublesome weed in crops. It is commonly found in
pastures, roadsides, and open fields. There are at least 107 species of milkweed
(Schwartz, 1987). The genus propagates by seed and by vegetative buds on
the spreading underground root system. The interaction between milkweed
and the monarch butterfly is a classic in ecological studies. Monarchs feed on
milkweed foliage and store its toxic alkaloids in their tissues, which makes the
butterfly unpalatable to birds (Morse, 1985). But it can be and is being grown
as a crop in western Nebraska (Witt and Knudson, 1993; Witt and Nelson,
1992). Milkweed was first grown as a crop after research by Melvin Calvin in
California suggested that plant biomass could be used to produce oil. Milk-
weed was attractive because its seeds contained high quantities of compounds
from which oil could be extracted. Standard Oil of Ohio began a research
program and found that the cost of producing synthetic crude from milkweed
was too high and the yield was too low to make the operation profitable. The
work also revealed that the seed pappus (floss) had potential as a substitute
for goose down and for use in disposable products that required absorbency
(e.g., diapers).

Milkweed’s produce, in the form of the seed pod, can be harvested, carded
to remove seeds, dried, and the pappus or floss can be used as an acceptable
substitute for expensive goose down in jackets, sleeping bags, and other items
designed to trap air and keep us warm (Lione, 1979); it also has absorbance
qualities. Natural Fibers, Inc. of Ogallala, Nebraska, has made great strides
toward commercial production of milkweed fiber for use in down comforters
and pillows. Their advertisements proclaim, “Nothing warms you up like
Ogallala down.” (Further information about the company can be found in the
1992 US Department of Agriculture yearbook.)
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THINGS TO THINK ABOUT

1. How many uses can you think of for a plant you thought was just a
weed?

Are there situations where we ought to encourage weed growth in crops?
3. Should genetic engineering be used to create useful weeds?

N
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CHAPTER 5

Weed Reproduction
and Dispersal

FUNDAMENTAL CONCEPTS

¢ The soil seed bank in most agricultural soils includes millions of weed seeds
per acre and is the primary source of yearly weed problems.

¢ There are many methods for dispersal of weed seeds in space. These involve
plant mechanisms, man-aided, mechanical, water-aided, and animal-aided
systems of dispersal.

¢ Continued development of understanding of the processes of seed germina-
tion and the physiological and environmental factors that affect it is essential
to development of good weed management systems.

¢ Seed dormancy is dispersal of seeds in time.

e Vegetative reproduction creates some of the most difficult weed manage-
ment problems because vegetative reproductive organs are hard to reach
with available control measures.

OBJECTIVES

e To learn the size and role of the soil seed bank and aerial seed sources.

e To understand how seeds are dispersed in space.

¢ To understand how seeds are dispersed in time via seed dormancy.

¢ To understand the causes, classification, and role of weed seed dormancy.

¢ To know the methods of vegetative reproduction and understand its role in
weed management.

Indeed, as I learned , there were on the planet where the little
prince lived—as on all planets—good plants and bad plants.
In consequence, there were good seeds from good plants, and
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bad seeds from bad plants. But seeds are invisible. They sleep
deep in the heart of the earth’s darkness, until some one
among them is seized with the desire to awaken. Then this
little seed will stretch itself and begin—timidly at first to push
a charming little sprig inoffensively upward toward the sun.
If it is only the sprout of radish or the sprig of a rose-bush.
One would let it grow wherever it might wish. But when it is
a bad plant one must destroy it as soon as possible, the very
first instant that one recognizes it.

The Little Prince by Antoine de Saint-Exupéry

Look at the seed in the palm of a farmer’s hand. It can be
blown away with a puff of breath and that is the end of it.
But it holds three lives—its own, that of the man who may
feed on its increase, and that of the man who lives by its
culture. If the seed dies, these men will not, but they may not
live as they always had. They may be affected because the
seed is dead; they may change, they may put their faith in
other things.

West With the Night by B. Markham

Weed biology is a part of weed science devoted to the study of the growth,
development, and reproduction of weeds. While this is not a book about weed
biology, biological knowledge is essential to understanding the fundamentals
of weed science and to the development of appropriate weed management
systems. It is widely agreed among weed scientists that weed biology is an
important but, sad to say, largely ignored part of weed management (Forcella,
1997).

This chapter is divided into four sections that examine the reproduction
and dispersal of weeds. The first section discusses seeds and their production,
the second includes dispersal of seeds in space, and the third deals with seed
germination and dispersal of seeds in time or seed dormancy. The last section
covers vegetative or asexual reproduction.

I. SEED PRODUCTION

Seeds are alive, and they are a source of life. A seed is a mature fertilized ovule
or plant embryo that has stored energy reserves (sometimes missing) and has
a protective coat or coats. It is a small plant, packaged for shipment. Survival
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of many flowering plants depends on production of a sufficient number of
viable seeds. This is especially true for annual weeds that reproduce by
seed, and, therefore, prevention of seed production is the key to elimination
of future problems. Failure to prevent production of weed seed results in
increasing numbers of seed in soil and, subsequently, weeds in crops and
landscapes.

The damage done to soil by the moldboard plow and how such plowing
made the weed problem worse were not discovered in the last few decades,
with the advent of minimum tillage and no-till farming. Faulkner (1943)
questioned the very basis of agriculture: the plow. Organic material was not
well incorporated into soil by the moldboard plow, but weed seeds were.
Faulkner proposed that farmers should be able to farm without weeds. It was
what he called a “fantastically improbable” proposition, and it may still be
regarded as highly improbable. He suggested that what the moldboard plow
did was bury weed seeds “for future recovery every time” the land is plowed.
For him it was the secret of weed perpetuation and more recent research
indicates he was right. In a five-year lowa study, prior to plowing a hay sward,
weed seeds were concentrated in the upper 10 cm of the soil. After moldboard
plowing, weed seeds were uniformly distributed throughout the upper 20 cm
of soil (Buhler et al., 2001). Farmers thus became victims of their system of
handling the land and many still are. Weed seeds are difficult to manage
because they are (1) small, (2) abundant, and (3) produce a lot of seed.

A. SEED SIZE

Seeds produced by most weeds are small. For example, broadleaf plantain has
over 2 million seeds per pound, and shepherd’s-purse nearly 5 million. Small
seeds are easily dispersed by wind and water, and their size precludes easy
detection until they germinate and a plant emerges above the soil surface.

B. SEED ABUNDANCE

The number of weed seeds in arable soil is large. Koch (1969) estimated
that the average arable soil has 30,000 to 350,000 weed seeds per square
meter (300 million to 3.5 billion per hectare, or 120 million to 1.4 billion
per acre).

In lowland (paddy or irrigated) rice fields in the Philippines, 804 million
seeds from 12 different species (sedges dominated) were found over 1 hectare
6 inches deep (Vega and Sierra, 1970). Samples of soil on Minnesota farms
averaged 1,600 seeds per square foot, 6 inches deep, or 70 million seeds per
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acre (Robinson, 1949). Other estimates range from 10.8 to 332 million seeds
per hectare (Klingman and Ashton, 1982).

C. SEED PRODUCTION

In a 15-acre field that had been regularly cropped for several years, seven
species were 90% of the total weed population. Good weed control reduced
this up to 54% in continuous corn (Schweizer and Zimdahl, 1984b) and 26%
in rotational crops in one year (Schweizer and Zimdahl, 1984a). Redroot
pigweed populations declined 99% from 1.07 billion to 3 million seeds per
hectare 25 centimeters deep (10 inches) after six years of weed control in
continuous corn. Common lambsquarters declined 94% from 153.6 billion to
8.6 million seeds per hectare 25 centimeters deep. The total number of seeds
declined 98% from 1.3 billion to 20.7 million seeds per hectare, 25 centimeters
deep (Figure 5.1). Despite this great reduction, there would still be 192 weeds
per square foot of soil if all seeds germinated in one year, but that never
happens. The seed bank, enormous at the beginning of the experiment, was
still large after six years of good weed management. It is generally assumed
that 2% to 10% of weed seeds in the soil seed bank emerge each year. With
192 weed seeds per square foot, we would expect 4 to 20 plants per
square foot—still a weed problem that must be dealt with. Emergence from

DECLINING NUMBER OF WEED SEED BY YEAR
0%

WEED SEED REDUCTION
AS A % OF NUMBERS IN 1975

All Weed Species Redroot Pigweed Common Lambsquarters

FIGURE 5.1. Percentage decline in the number of weed seeds for all weed species, redroot
pigweed, and common lambsquarters after six years of continuous corn. Standard errors shown
for each weed species and year (Schweizer and Zimdahl, 1984a). Reprinted with permission of
Weed Sci. Soc. Am.
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weed seed banks from Ohio to Colorado and Minnesota to Missouri showed
for 15 species found on three or more sites; average percent emergence varied
from 0.6 for prostrate knotweed to 31.2 for giant foxtail. Six species had greater
than 15% emergence in three or more years, four had between 5 and 8.5, and
five others had less than 3.5% emergence (Forcella et al., 1992, 1997). Two
to 10% is a reasonable average emergence percentage, but there is large varia-
tion among species.

In a study with continuous corn (Schweizer and Zimdahl, 1984b), when
atrazine was discontinued as the primary herbicide after three years, redroot
pigweed seed numbers rose to 608 million (Figure 5.2). Common lamb’s
quarters rose to 22.8 million, and the total number of seeds rose to 648.1
million per hectare 10 inches deep. This contrasts with a steady decline with
continued weed management (Figure 5.2). The point is that in this system,
and in all cropping systems, if weeds are neglected even for just one cropping
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FIGURE 5.2. Number of redroot pigweed seeds present in soil each spring following conven-
tional tillage and atrazine use in continuous corn. In weed management system Ia, 2.2 kg/ha atra-
zine was applied preemergence for six consecutive years, beginning in 1975. In weed management
system Ib, the same rate of atrazine was applied for the first three years, and then discontinued
(Schweizer and Zimdahl, 1984a). Reprinted with permission of Weed Sci. Soc. Am.
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season, soil seed populations and the annual weed population rebound
rapidly.

In rotational crops of barley, corn, and sugarbeets, the total number of weed
seeds declined 96.4% from 1.4 billion to 50 million per hectare 10 inches deep
after six years of weed management (two rotational cycles) (Schweizer and
Zimdahl, 1984a). The number of redroot pigweed seeds declined over the six-
year period, but the percentage of Chenopodium species increased because
oakleaf goosefoot was more tolerant of cultivation and to the herbicides used
than common lamb’s quarters.

After one cropping year, the decline in the number of redroot pigweed and
Chenopodium species seeds was 34 and 22%, respectively (Figure 5.3). The
next significant decline did not occur until after the fourth cropping year. After
the sixth cropping year, the decline in the number of redroot pigweed and
Chenopodium sp. seeds was 99 and 91%, respectively (Schweizer and Zimdahl,
1984a). These data illustrate that weed seed populations can be reduced
quickly, but continued attention is required to prevent a rapid increase when
a few plants survive.
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FIGURE 5.3. Percentage decline in the number of weed seeds for (A) all weed species,
(B) redroot pigweed, and © Chenopodium spp. when averaged over cropping sequence and weed
management systems after six years of crop rotation. Standard errors shown for each weed species
and year (Schweizer and Zimdahl, 1984a). Reprinted with permission Weed Sci. Soc. Am.
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Some weeds can produce viable seed by apomixis (nonsexual reproduction,
e.g., dandelion), and others are wholly self-fertile (e.g., shepherd’s-purse).
Weather before or during flowering is not important because with apomixis,
seeds are set without pollination and with self-fertility, fertilization occurs
before flowers open. These plants escape normal photoperiodic effects on
flowering.

When one examines the seed-producing capacity of several weed species,
it is not surprising that a few survivors rapidly increase the number of seeds
in the soil bank. Data from single, undisturbed plants are shown in Table 5.1
(Stevens, 1932). The data purport to show maximum seed production and
illustrate that production potential is high for many common weeds. These
data have been cited in many weed science textbooks and are regarded as
accurate, but there are reasons to question their accuracy. Stevens’s (1932,
1957) work on 234 species was done with seed collected from diverse habitats
in several US states. If the studies were redone with carefully controlled condi-
tions, identified seed sources, and plants growing in isolation with free root
growth, seed production would likely be higher.

TABLE 5.1. Number of Seeds Produced per Plant and Number of Seeds per Pound for
Several Common Weeds (Adapted from Stevens, 1932, 1957).

Plant common name Number of seeds per plant Number of seeds per pound”

Stevens 1932

Barnyardgrass 7,160%¢ 324,286
Black nightshade 8,460 197,391
Buckwheat, wild 11,900 64,857
Charlock 2,700 238,947
Common cocklebur 440 2,270
Toadflax 2,280 3,242,857
Dock, curly 29,500 324,286
Dodder, field 16,000° 585,806
Field bindweed 50 14,934
Foxtail barley 2,420 403,555
Giant ragweed 1,650 26,092
Kochia 14,600 534,118
Common lambsquarters 72,450 648,570
Black medic 2,350 378,333
Common mullein 223,200 5,044,444

(Continues)
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TABLE 5.1. (Continued)
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Plant common name

Number of seeds per plant

Number of seeds per pound*

Black mustard
Yellow nutsedge
Wild oats

Redroot pigweed
Broadleaf plantain
Common evening primrose
Prostrate knotweed
Common purslane
Common ragweed
Sandbur
Shepherd’s-purse
Pennsylvania smartweed
Leafy spurge
Stinkgrass

Common sunflower
Canada thistle
Witchgrass

Stevens 1957
Annual bluegrass
Catchweed bedstraw
Chicory

Common chickweed
Common milkweed
Dandelion

Giant foxtail

Prickly sida
Prostrate knotweed
Redroot pigweed
Toothed spurge
Velvetleaf

Venice mallow

Wild radish

13,400
2,420¢
250"
117,400°
36,150
118,500
6,380
52,300
3,380
1,110
38,500%¢
3,150
140
82,100
7,200
680"
11,400

d

2,050
105
4,600
600
600/stem
12,000
4,030
510
4,600
229,175
835
4,300
58,600
1,875

267,059
2,389,484
25913
1,194,737
2,270,000
1,375,757
672,593
3,492,308
114,937
67,259
4,729,166
126,111
129,714
6,053,333
69,050
288,254
698,462

2,270,000
59,737
567,500
1,173,127
77,080
709,375
238,947
142,320
504,444
1,335,294
97,634
51,885
181,600
53,412

“Calculated from the weight of 1,000 seeds.

bMany immature seeds present.

“Many seeds shattered and lost prior to counting.



Weed Reproduction and Dispersal 87

Barnyardgrass illustrates the point. Stevens (1932) reported that one plant
produced 7,160 seeds. Barrett and Wilson (1981) reported 18,000, and Holm
et al. (1977) up to 40,000. Research in California (Norris, 1992) predicts that
barnyardgrass growing in sugarbeets averages nearly 100,000 seeds/plant and
some larger plants produce more than 400,000. Reeves et al. (1981) found that
wild radish produced 1,030 seeds per plant with only one plant per square
meter. When there were 247 wild radish plants on each square meter, seed
production dropped to 67 per plant. Russian thistle plants typically produce
about 250,000 seeds (Young, 1991).

Research in irrigated row crop rotations suggests cropping sequence is the
dominant factor that influences species composition of the soil seed bank (Ball,
1992). Herbicides and other cultural techniques vary between crops and shift
seed bank composition in favor of less susceptible species. In irrigated row
crops dominant species were more prevalent near the surface after chisel as
opposed to moldboard plowing (Figure 5.4). The number of species increased
more after chisel plowing, and there was a greater decrease after moldboard
plowing (Ball, 1992). In a similar study, weed seed numbers dropped more
under continuous corn and increased in mechanically weeded plots (Posner
et al., 1995).

Forcella et al. (1992) studied weed seed bank size in eight US corn belt
states and found total density ranged from 600 to 162,000 seeds/square meter
for three annual grasses, redroot pigweed, and common lambsquarters and
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FIGURE 5.4. Influence of primary tillage on vertical distribution of total weed seed to a 15cm
depth in the soil after a dry bean crop (Ball, 1987). Reprinted with permission Weed Sci. Soc.
Am.
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that 50 to 90% of the total seedbank was dead. Seedling emergence was
inversely related to rainfall and air temperature in April and May, presumably
because anoxia from high water content and high soil temperature induced
secondary dormancy or Kkilled the seeds. Forcella et al. (1992) found viable
seedlings were less than 1% of the seedbank for yellow rocket to 30% for giant
foxtail.

II. SEED DISPERSAL

Weed problems would be much less complicated if weed seeds just fell off
plants and gravity determined their destination. One of the most obvious fea-
tures of many weed seeds is some structure that gives seed buoyancy in air or
the ability to attach to something.

A. MECHANICAL

The long, slender awn of needle and thread grass moves about easily by attach-
ing to socks and other articles of clothing or to an animal’s fur. The hooks on
the aggregated cluster of flowers, properly called the capitulum, that form the
burlike structure of cocklebur (the fruit) and hold its seeds (achenes) facilitate
transport.

Burs of sandbur consist of one to several spikelets surrounded by an
involucre of spiny, scabrous bristles. The burs of sandbur and the spines on
the fruit of puncturevine penetrate shoe leather and tires. Bicycle riders are
familiar with the hazards of puncturevine and sandbur because the bristles
so easily penetrate bicycle tires. Seed transport is facilitated by their sharp
spines.

The seed pod of devil’'s-claw is 2 to 4 inches long, with a curved beak longer
than the body of the pod. At maturity, the pod divides into two opposite in-
curved claws with an inwardly hooked, pointed tip to form an ice tong-like
structure that easily attaches to livestock or equipment. The seed pods of
devil's-claw, a stout, much-branched, bushy plant, fall to the ground at matu-
rity. When they dry and dehisce, those in-curved hooks can easily grab socks
or legs and enlist them, involuntarily, to move their seeds. Another form of
mechanical transport of seed is illustrated by curlycup gumweed, a biennial
or short-lived perennial that reproduces by seed. The flower heads are bright
yellow, %2 to 1 inch across and covered with a sticky resin. The sticky achenes
facilitate seed transport.
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The bristly capitulum of cocklebur.

The spikes of puncturevine seed pods.
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In 1948, a Swiss amateur mountaineer and inventor, George de Mestral,
was walking with his dog in the mountains near Geneva. When he
returned, he noticed that he had burdock burs attached to his pants,
jacket, and wool socks, and they were also in his dog’s fur. De Mestral
must have been a good observer—the type of individual who sees what
he is looking for when it’s there, who does not see what he is looking
for when it’s not there, and who sees what he is not looking for when
it is there. De Mestral did not go walking just to collect burdock burs
on his clothing. However, he saw them and observed what he was not
looking for when it was there. Microscopic examination revealed the
unique hook of the burdock bur that allowed it to attach to the wool of
his clothing. Following his observation, and after more than seven years
of study, he duplicated the grasp of the bur with nylon, and in 1955, he
patented his invention, Velcro™ (from the French velour, meaning
“velvet,” and cro, meaning “croc or crochet” hook). De Mestral formed
Velcro industries, which was able to sell more than 60 million yards of
Velcro each year. Now Velcro is a generic term, and Velcro fasteners seem
to be everywhere in modern society: children’s clothing, airplanes, shoes,
and artificial heart valves. It is worth considering that this amazing
invention was the result of a good observer’s interest in how one weed
disperses its seed into space.

B. WIND

Many seeds have structural modifications that permit transport by the wind.
One commonly observed example, although not a weed, is the winged seed of
maple trees. Among the weeds examples of modification for transport by wind
include the silky, white pappus on dandelion achenes, the white, downy
pappus on Canada thistle achenes, and the tuft of silky hairs on seed of showy
milkweed. Many people have seen seed of one or more of these species moving
with a summer breeze. Most seed is light (see number per pound in Table 5.1)
and can move over great distances with very light winds. The data in Table
5.2 illustrate seed dispersal by wind. On bombed sites in London after World
War 11, 140 different species of flowering plants were observed, and those that
established first, about 30% of the total, were distributed by wind (Salisbury,
1961).

Another method of wind dispersal is found in Russian thistle or tumble-
weed. A mature Russian thistle plant is nearly round. When mature, it breaks
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TABLE 5.2. Rate of Fall of Seeds Through Still Air
(Salisbury, 1961).

Time to fall 10 feet (seconds)

Plant Average Range
Coltsfoot 21.3 14-45
Annual sowthistle 8.5 4.5-12
Groundsel 8.0 6.0-12
Smallflower galinsoga 3.4 2-5

off at the base, and because it’s round, it can tumble or roll with the wind.
The seeds, held by a series of twisted hairs, are released gradually as the plant
rolls and bumps and the hairs break. Other plants that roll to disperse seed
include tumble pigweed and witchgrass. In the latter case, only the inflores-
cence breaks off and rolls.

C. WATER

In the western United States and other areas where irrigation is common, many
seeds are dispersed by water. In Nebraska, Wilson (1980) found seeds of 77
different plant species in three main irrigation canals over two seasons. He
collected a total of 30,346 seeds. Approximately 30% were viable, and about
26 times more were found at the end than the beginning of canals. Most seed
floated. Redroot pigweed was 40% of the total seed. He estimated 120,000
seeds per acre per year entered fields from irrigation water. In the western
United States, surface water irrigates more than 19 million acres each year and
is an often unrecognized source of weeds in irrigated fields.

It is not illogical to assume that because seeds are living organisms they
will die quickly when submerged in water. In fact, seeds live a long time
under water (Table 5.3). The curly dock fruit is a winged achene, and the
entire structure floats a long time before sinking. When seeds are deposited
in water, the potential problem hasn’t disappeared, it's moved. A Washington
study (Comes et al., 1978) found 82 species in irrigation water. Twenty-four
species lost viability after storage in water for 12 months or less; however,
27 endured more than 12 and some as long as 60 months. After 12 months,
seed of 22% of annual monocotyledons germinated, and seed of 75% of
perennial monocotyledons and annual and perennial broadleaved species
germinated.
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The dandelion seed ready for wind dispersal.

TABLE 5.3. Germination of Weed Seeds After Storage in Fresh Water (Sources: Bruns and
Rasmussen, 1953, 1957, 1958).

Species Period of storage (months) Germination (%)
Field bindweed 54 55
Canada thistle 36 About 50
54 None
Russian knapweed 30 14
60 None
Redroot pigweed 33 9
Quackgrass 27 None
Barnyardgrass 3 Less than 1%
12 None
Halogeton 33 Less than 1%
12 None
Hoary cress 2 5

19 None
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D. HUMAN-AIDED

Even though humans have the burden of controlling weeds in our crops, we
are a primary source. We fail to screen or clean irrigation water and facilitate
spread by mechanical means. The pattern in which the United States was
populated offered a unique opportunity for spread of weeds from the east to
the west coast and from the two coasts inland. Fogg (1966) pointed out the
predominance of species of European origin in the United States. Fogg found
that about 12.5% (1,051) of the flowering plants and ferns of central and
northeastern United States and adjacent Canada in Gray’s Manual of Botany
were of foreign origin, and 692 of these were from Europe. About 14% (1,200)
of the species in Gray’s manual are recognized as weedy, and European species
dominate. Not all of them are weeds, but 60% of the 1,200 plants are from
only seven plant families (Table 5.4). The species in the seven plant families
are primarily herbaceous (not woody), produce abundant seed, and are aggres-
sive invaders or pioneering plants (see Chapter 7)—that is, they have some of
the traits that make weeds successful.

The United States, a major recipient of weeds because of immigration, has
also distributed weeds to others. A good example is parthenium ragweed,
imported to India from the United States with shipments of grain during the
early 1960s. It is an annual that has spread over large areas of southern India
and is especially problematic because it contains an irritating, human skin
toxin. The weed’s common name in parts of India is AID weed, from its iden-
tification with grain distributed by the US Agency for International Develop-
ment (US/AID). Weeds and their seeds have been imported to many countries
in forages and feed grains.

TABLE 5.4. Families of Introduced Weed Species
Introduced from Europe to the United States (Fogg, 1942,
1966; Hill, 1977).

Number of species introduced

Family from Europe
Asteraceae 112
Poaceae 65
Brassicaceae 62
Labiatae 60
Leguminosae 54
Caryophyllaceae 37

Scrophulariaceae 30
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There is a story, perhaps apocryphal, that Canada thistle was brought
from Canada to the United States to feed the horses in British General
John B. Burgoyne’s army during the Revolutionary War. The British
plan in 1777 was to divide the states by the line of the Hudson River.
General Burgoyne was to proceed from Canada by way of Lake Cham-
plain, which forms part of the boundary between northern New York
and Vermont. The campaign began in January, and Burgoyne was
defeated on October 7 at the second battle of Bemis Heights (near
Saratoga, New York). He surrendered his entire force on October 17.
Burgoyne had to feed his army’s horses and brought hay contaminated
with Canada thistle from Canada. The weed is now ubiquitous in
the northern United States. It is worth noting that Canada thistle is
called California thistle in Australia, a name indicative of where the
Australians think it came from.

Weed seeds are also regularly transported in feed for cattle. Millers usually
clean seed received for storage or processing. Screenings can contain weed seed
and are routinely transported and used as cattle feed. There is nothing wrong
with their nutritional value. Seed viability can be destroyed by cooking, but
screenings are of low value, and this is usually not done; the seeds are fed
whole. Tables 5.5 and 5.6 show examples of seed screenings that have been
transported into Colorado. It is obvious that these sources of animal feed can
be important sources of weed seed, and similar examples can be found for
most places.

Grinding in a hammer mill does not completely destroy seed viability
(Zamora and Olivare, 1994). Less than 1% of spotted knapweed, sulfur
cinquefoil, timothy, and alfalfa seeds were intact after passing a 1 mm screen in
a hammer mill. Of the four plants, only sulfur cinquefoil failed to germinate.

It is common for farmers to assume that once a crop is harvested and weeds
are ensiled (stored in a silo) weed seed can be forgotten about. In general, this
is true (Table 5.7). The pH of corn silage is between 4.5 and 5.8 and decreases
with age. Most seed will completely lose germination after three weeks’ storage
in silage. It is also true that the organic acid content of silage is 1.5 to 2%, and
silos quickly become anaerobic, both of which lead to seed death (Table 5.7).
Downy brome, foxtail barley, and barnyardgrass lost all viability after being
ensiled for eight weeks or undergoing rumen digestion for 24 hours (Black-
shaw and Rode, 1991). The same study showed 17% of green foxtail seed was
viable after 24 hours of ruminant digestion. No wild oats survived rumen
digestion in the first year, but 88% did in a second year of the study. This was
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TABLE 5.5. Composition of Seed Screenings Analyzed by the Colorado State
Seed Laboratory.

Seed Number/pound Number in average truckload (x10%
Common Lambsquarters 155,700 6,228
Redroot pigweed 9,225 369
Kochia 1,800 72
Russian thistle 900 36
Common sunflower 225 9
Foxtail
Yellow 225 9
Green 1,575 63
Total noxious 2,700 108

TABLE 5.6. Composition of Seed Screenings Analyzed by the Colorado State
Seed Laboratory.

Item Number/lb. Number of seeds in shipment (><106)
Sample 1

Noxious weed seeds 13,511 540.4

Common weed seeds 142,650 5,706.0

Crop seeds 8,280
Sample 11

Noxious weed seeds 2,700 113.4

Common weed seeds 279,665 11,745.9

Crop seeds 30,150 1,266.3

TABLE 5.7. Effect of Ensiling on Viability of Weed Seeds (Tildesley, 1937).

Percent germination

Weed species Month before 2 Weeks after 4 Weeks later
Quackgrass 99 0 0
Barnyardgrass 61 0 0
Yellow foxtail 20 0 0
Wild buckwheat 64 0 0
Common lambsquarters 82 34 0
Cowcockle 68 0 0
Field pennycress 77 0
Wild mustard 93 0
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attributed to the different diet in the two years of the study that changed the
rumen bacterial population.

E. ANIMAL-AIDED

One might think that if seed is fed to cattle, there is no problem because cattle
chew things and rumen digestion is thorough. There is, however, a potential
problem. In one experiment (Beach, 1909), a Jersey cow was fed 6 pounds of
flax seed containing 212,912 weed seeds per pound. The seed had 26.4% via-
bility—not atypical for weed seed in feed. The cow voided 40 pounds of feces
per day, and 1 ounce of feces contained about 1,000 weed seeds, of which
4.5% were viable. Harmon and Keim (1934) confirmed that passage through
an animal’s digestive tract reduces but does not eliminate weed seed viability,
with viability after digestion ranging from 6.4% for sheep to 9.6% for calves.
Chickens destroyed all but 0.2% of viable seed.

Even after weed seeds have been voided in manure, they can reinfest soil.
Seeds left in cattle manure in the field had only 3.1% germination, whereas
top-dressed manure hauled directly from the barn had 12.8%. Plowing under
fresh manure increased seed germination to 23% (Oswald, 1908).

Ridley (1930) listed 124 species whose seeds were dispersed by cattle. In
36 samples of cattle manure from 20 New York dairy farms, viable seed from
13 grasses and 35 broadleaved species were found (Mt. Pleasant and Schlather,
1994). Four of the farms had cattle manure with no weed seed, while the
others averaged 75 to 100 weed seeds/kg of manure. The authors concluded
that manure can add seed to fields, but the numbers are small compared to
the soil seed bank. In contrast, in Iran, sheep manure added 10 million seeds/
hectare each time it was put on soil and was a more important source of new
weed seed than the crop seed the farmer planted (182,000 seed/ha) or irriga-
tion water (120 seed/ha) (Dastgheib, 1989).

Other research from several areas confirms the successful passage of weed
seed through cattle (Atkeson et al., 1934; Burton and Andrews, 1948; Dore
and Raymond, 1942; Gardner et al., 1983). Data from a study (Thill et al,,
1986) of common crupina, an introduced winter annual invader of range-
lands in Idaho, show that its seed can be spread by cattle, deer, horses, and
pheasants, but achenes were not found in sheep feces. The data support the
contention that weeds are spread by game birds, wildlife, and domestic
livestock.

The previous data established that many weed seeds can pass through the
digestive tract of several different animals without loss of viability. Some seed
remains viable even after passage through the digestive tract and storage in
manure (Harmon and Keim, 1934) (Table 5.8). These data are confirmed by
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TABLE 5.8. The Effect of Storage in Cow Manure on the Viability of Weed Seeds
(Harmon and Keim, 1934).

Viability after storage for months (%)

Viability before

Weed storage (%) 1 2 3 4
Velvetleaf 52.0 2.0 0 0 0
Field bindweed 84.0 4.0 22.0 1 0
Sweetclover 68.0 22.0 4.0 0 0
Peppergrass 34.5 0 0 0 0
Smooth dock 86.0 0 0 0 0
Smartweed 0.5 0 0 0 0
Cocklebur 60.0 0 0 0 0

TABLE 5.9. Germination Tests on Weed Seeds Before and After Passing Through the
Digestive Tract of Cattle and After Three Months’ Storage in Manure (Atkeson et al., 1934).

Percentage Percentage
germination decrease
Percentage after 47 hours due to
Percentage germination digestion plus manure
germination after 47 hours storage in storage and
Weed species before feeding digestion manure digestion
Redroot pigweed 98 36.0 115 88
Common lamb- 70 58.0 22.0 69
squarters
Alfalfa 86 17.0 80.0 7
Buckhorn plantain 94 16.0 0.0 100
Curly dock 95 58.0 3.0 97
Green foxtail 21 19.5 0.0 100
Wild oats 74 10.0 0.0 100

studies that show the effect of digestion and manure storage on germination
of seed of several different species (Table 5.9).

Common crupina seed (Thill et al., 1986) passes through the digestive tract
of pheasants without loss of viability. Other data (Proctor, 1968) show that
viable seed can be retained 8 to 12 hours in the digestive tract of birds. Seed
smaller than 1 millimeter in diameter and having a hard seed coat can be
retained more than 100 hours. Birds are agents for weed seed distribution. Still
viable field bindweed, little mallow, and smooth sumac seeds were regurgitated
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from the digestive tract of killdeer (Chiradrius vociferus) after 144, 152, and
160 hours, respectively. Velvetleaf seed was intact for 77 hours. Seed of many
species can remain intact and viable in the intestinal tract of some birds long
enough to be transported several thousand miles.

F. MACHINERY

An important source of weed seed is the farmer’s grain drill box. A 1965 study
on the western slope of Colorado included 42 drill box samples, obtained by
going to the farmer’s field during planting. A grain probe removed a sample
from the drill box in the field, and analysis of the 42 samples showed that 33%
contained prohibited noxious weed seed and 74% contained restricted noxious
weed seed. The farmers surveyed were planting an average of 2,300 noxious
weed seeds per acre. One farmer was planting 13,000 field bindweed seeds and
another 14,000 wild oat seed per acre. A second Colorado study included 22
random samples. Fourteen percent of the drill boxes had prohibited noxious
weed seed, and 77% had restricted noxious weed seed. The average was 6,600
noxious weed seeds planted per acre. An Iowa study showed 73% of oat seed
was combine-run and had greater than 20 weed seeds per pound. Sixty-three
percent of all the oats tested contained prohibited or restricted noxious weed
seed.' In Minnesota, 343 drill box samples averaged 150 weed seeds per pound.
One sample of red clover had 24,000 dodder seeds per pound and was, there-
fore, 10% dodder (Dunham, 1973).

The wide availability of certified seed has reduced this problem, but it still
exists. As late as 1988, 31.3% of wheat, barley, and oat samples taken from
grain drills in Utah were infested with an average 313 weed seeds/pound of
grain (Dewey and Whitesides, 1990). The worst sample found had 11,118
weed seeds in each pound of grain. Non-noxious weed seeds were found
in 107 samples (23.8%), and noxious weeds were in 76 samples (16.9%).
Wild oats were the most common noxious weed seed, occurring in 14% of
samples at an average density of 2,136 seed per 100 kg of crop seed (Dewey
and Whitesides, 1990). A decline from 52% of contaminated drill boxes in a
1958 survey was noted.

The cardinal rule of weed management is to buy and plant clean seed. Most
farmers in the world’s developed countries buy seed from a dealer and are
confident it is free of weed seed and diseases and has high germinability. This
is not true in most of the world’s developing countries, where farmers keep
harvested grain for planting the next year. Seed is often contaminated when
harvested with weed seeds and seed-borne pathogens, and the harvested grain

'Personal communication. Colorado State Seed Laboratory, Colorado State Univ.
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may have poor germination. The best, the most efficient weed management
method in these situations is one that emphasizes prevention of the problem
before it occurs rather than weed control in the following crop.

Another important way people affect weed seed dispersal is through move-
ment of farm machinery, especially itinerant grain combines and accompany-
ing trucks. Spread of many weeds is aided by itinerant combine harvesters that
move from field to field, often across large areas of the country. Itchgrass has
grown wild in Louisiana sugarcane since the 1920s. It started to migrate when
soybean farming expanded. Sugarcane has long been grown in Louisiana, and
cane processing machinery is a likely vector, but it rarely leaves a farm.
Soybean farming has expanded, and because soybean harvesting machinery is
often itinerant, itchgrass has spread with itinerant soybean combines.

Some weeds are dispersed by combines because weeds are harvested with
the crop, and weed seed is dispersed by the combine as straw is spread on the
field. Other weeds (e.g., wild mustard and field pennycress) shed seed before
harvest in the US Northern Great Plains. Wild oats, downy brome, and Canada
thistle shed seed before and during harvest. Green and yellow foxtail,
barnyardgrass, quackgrass, redroot pigweed, kochia, wild buckwheat,
common lamb’s quarters, field bindweed, and Russian thistle shed seed during
and after harvest, and combine harvesting facilitates seed dispersal (Donald
and Nalewaja, 1991). These weeds make harvest more difficult by accumulat-
ing on the harvester’s cutting bar and adding weight and green material to the
combine’s load and to harvested grain.

Movement and storage in combines are of concern because it has been
shown that seed of slimleaf lambsquarters, venice mallow, and curly dock grew
better when collected from combines that were harvesting hard red winter
wheat than when the seed was harvested by hand from weedy plants in the
same field (Currie and Peeper, 1988). Mechanical abrasion or scarification in
the combine was the likely cause.

Johnson and Mullinix (1995) suggest that soil tillage distributes weed seed
because it affects weed emergence and hence seed production. Crop cultiva-
tion, a useful weed management tactic, has been correlated with midseason
emergence of Florida beggarweed in peanut (Cardina and Hook, 1989).
Mechanical control is discussed more fully in Chapter 10.

The number of weed seeds in the plow layer of soil can be reduced by
repeated tillage (Chancellor, 1985). With optimum rain, 50% of the weed seed
in the plow layer of vegetable crop fields germinated within six weeks of cul-
tivation (Bond and Baker, 1990). Egley and Williams (1990) increased weed
emergence with frequent tillage over four years. Subsequently tillage had no
effect on emergence, suggesting the seed bank had been depleted. In Minne-
sota, wild mustard seed in soil was reduced 97% after seven years of tillage
(Warnes and Anderson, 1984). In Alabama, purple nutsedge was eradicated
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after five months of weekly or biweekly harrowing (Smith and Mayton, 1938).
Therefore, it is logical to conclude that soil tillage plays an important role in
the availability of seed for dispersal by encouraging seed germination and in
reducing seed production by destroying emerging seedlings.

G. MIMICRY

Gould (1991), in discussing the evolutionary potential of crop pests, said “Of
all the crop pests, weeds boast the longest recorded history of adapting to
agricultural practices.” Weeds use two mechanisms to survive between
cropping seasons: seed dormancy and crop seed mimicry. The second tech-
nique is basically hiding in crop seed to be planted the next year. It was the
easiest technique because it avoided all the perils of remaining in the field,
exposed to the environment and to predators. Weedy plants, by evolving to
mimic the seed size, shape, or color of the crop they infest, are passed on by
humans who plant contaminated seed. Gould (1991) cites mimicry of lentil
seeds by common vetch, flax seed by species of falseflax, and rice by barn-
yardgrass. In the latter case, the mimicry is in plant morphology and growth
habit, not seed (Barrett, 1983). Because the plants are very hard to distinguish
visually, they are not removed by hand. The foregoing examples are of unre-
lated plants, but Gould (1991) also cites mimicry in closely related wild and
domestic rices.

H. OTHER

Other sources of weed infestations are associated with human activities. It has
been suggested that downy brome first entered California in packing material
for glassware shipped from Europe. We also spread weeds growing in nursery
stock and ornamentals. Highway construction that demands “fill” soil can
easily spread weeds and their seed over wide areas.

I. CONSEQUENCES OF WEED DISPERSAL

It is useful to know that weeds are dispersed in many ways, but it is more
important to understand that dispersal of seeds has real consequences. For
example, data from the US Bureau of Land Management show that alien plants
(some of which may be weeds) are expanding their territory by 14% each year
or, in other terms, 2,300 acres each day (Culotta, 1994). Leafy spurge landed
in the Great Plains in 1909 and found no natural enemies. It now covers 1.2
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million acres in North Dakota (McGrath, 2005). More than 60% of the 1,350
acre Devil’'s Tower National Monument in Wyoming has been taken over by
leafy spurge which some regard as the worst of the bad weeds. Leafy spurge
cost the Dakotas, Montana, and Wyoming an estimated 140 million dollars
each year in lost revenue and control costs (McGrath, 2005).

Rush skeletonweed, originally from the Balkans, was first spotted near
Banks, Idaho, in 1954. In 10 years it had invaded 40 acres, and by 1994 it was
on 4 million acres in Idaho alone (Culotta, 1994). The land occupied by rush
skeletonweed now has very low species diversity and high soil erosion.

Weeds don’t just affect crop and rangeland. The Sellway-Bitterroot Wilder-
ness in Idaho has prime stream habitat for salmon, but some areas of riverbank
are covered with spotted knapweed. Other species don’t grow with spotted
knapweed, so the soil is bare between the plants. When it rains, erosion
increases, soil enters the water, and the quality of the salmon spawning area
declines (Culotta, 1994).

The weedy tree melaleuca (see Chapter 7) has invaded and taken over more
than 450,000 acres of the Everglades and tropical wetlands of south Florida
(Schmitz, 1995). Melaleuca is a native of Australia, where it is kept in check
by over 400 insect species. It is expanding its range in Florida by 50 acres a
day.

In their book, Randall and Marinelli (1996) describe 83 foreign invaders
and correctly note that they can “change fundamental ecosystem processes
such as the frequency of wildfires, the availability of water or nutrients, and
the rate of soil erosion.” Weedy invaders such as melaleuca “change the rules
of the game.” Invaders that don’t change basic ecosystem processes cause
other problems. In forests, invading trees and vines can grow into the canopy
and shade desirable species. Shrubs can dominate midstory areas, and herba-
ceous species can colonize and dominate the forest floor. Prairies and other
grasslands across the United States and in other countries are severely infested
by nonnative weedy species that are also crop weeds, such as leafy spurge and
yellow starthistle. Randall and Marinelli (1996) also point out that on wet-
lands in the northern third of the United States and southern Canada, purple
loosestrife has formed large, dense stands that have displaced native plants
and changed, and in many cases eliminated, waterfowl habitat. Chapter 7 is a
presentation of the relationship between invasive species and the fundamen-
tals of weed science.

ITI. SEED GERMINATION—DORMANCY

So far, two steps involved in plant reproduction have been considered: seed
production and seed dispersal in space. The third aspect of reproduction of



102 Fundamentals of Weed Science

concern to weed managers is seed germination. What is really of interest is
not the fact that seeds germinate but the fact that they do not germinate because
they are dormant. Dormancy is dispersal in time as opposed to dispersal in
space. Dormant seeds can be dispersed in space without losing their dormancy.
Dormancy is not well defined. To be dormant is to be sleeping or inactive. In
biology, it’s regarded as a state of suspended animation—alive but not actively
growing. Thus, dormancy is defined as something that seeds don’t do—germi-
nate—as opposed to something they do. Scientists have described types of
dormancy but because the basic regulatory processes are unknown, it is diffi-
cult to define types of dormancy or to extrapolate from one species to another
(Dyer, 1995).

The interaction of several factors that affect seed germination and seed-
ling survival is illustrated well by the work of Rice (1985, 1987, 1990)
on Erodium species in California. He examined (1985) the role of ger-
mination cueing in the dynamics of introduced broadleaf filaree and a
second species (Erodium brachycarpum) populations exposed to local
environmental variation in California grasslands. Temperature fluctua-
tions were more important than temperature maxima for increasing
germination rates. Light during germination had no effect on germina-
tion rate. There was a significant adaptive value for germination cueing
in both species. Increased germination observed for both species exposed
to temperature fluctuations supported the contention that high tempera-
tures and temperature fluctuations were major factors that promoted the
softening of hard seed. Softening (dormancy breaking) was most affected
by temperature fluctuations. The persistence of both species was
enhanced by periodic soil disturbance by pocket gophers (Rice, 1985,
1987). Small mammal (voles and pocket gophers) herbivory prevents
Erodium from colonizing areas of disturbed soil in grasslands that have
not been grazed by sheep. Vigorous herbivory of seedlings and flowers
by small mammals has a strong negative effect on Erodium growth.
Grasslands protected from sheep grazing do not have either species of
Erodium. Sheep grazing, because it removes surface litter on which small
mammals feed, is an important factor in preventing Erodium colonization
of gopher mounds that occurs in the absence of sheep grazing. Sheep
grazing promotes growth of Erodium populations.

Reproductive inequality of both species increased with increasing
plant density and productivity (Rice, 1990). Seed production was
controlled by rainfall. The magnitude of reproductive inequality was
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dependent on the interactions of sowing density and rainfall distribu-
tion. The importance of rainfall as a determinant of population is illus-
trated by the observation that at low sowing density, rainfall pattern had
no effect on reproductive inequality. Rainfall’s effect was seen only at
the highest sowing density. “Effective population number was relatively
insensitive to increases in population density because of increased
inequality in reproduction at higher population densities” due to the
rainfall effect.

A. CAUSES

Chepil (1946) was one of the first to report on periodic seed dormancy and
germination among weeds. The phenomenon has since been documented for
seed of many annual weeds (Dyer, 1995; Karssen, 1982). Dormancy is a highly
developed specialization and a complex research problem. Most seed will ger-
minate when proper environmental conditions exist, but not all do. Soil dis-
turbance may or may not initiate special germination mechanisms. Changes
in soil temperature, soil water content, light, surface drying and wetting, or
percent of oxygen or carbon dioxide in soil air can create or break dormancy.
Soil microflora play a role, as they control oxygen and carbon dioxide content
of soil air. One microsite location, a habitable site, may provide appropriate
conditions for germination, while a nearby, uninhabitable site may not. There
is a range of special requirements for germination and other special conditions
that impose dormancy.

If one wants to become famous in weed science—indeed, in agricultural
science—it could be accomplished by figuring out how to do one of two things.
The first is to make most (perhaps all) weed seed in soil or those shed from
plants dormant forever. The second is to make most or all weed seed in soil
germinate immediately. Because seed dormancy is a complex environmental/
physiological/biochemical phenomenon, it is unlikely any magic bullet solu-
tion will ever be found. As weed science moves closer to understanding seed
dormancy, it could greatly reduce the need to control annual weeds and peren-
nials that reproduce by seed. It would take time to deplete soil seed banks,
but once that was done, the need to control most annual weeds would decrease.
If we could make most seed of annual weeds in the soil seed bank germinate
just before frost in the temperate zones, frost would kill most of them. In the
tropical dry season, weeds could be managed with tillage. Because weeds have
periodicity of germination, timing of tillage and planting is now altered when
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possible to encourage or discourage weed seed germination (Dyer, 1995;
Gunsolus, 1990).

Weeds share many traits with what ecologists call early successional species
(Roberts, 1982). Indeed, they are often the same species. For early successional
species, seed germination is closely linked to soil disturbance that ensures the
availability of resources for growth. Germination soon after soil disturbance
reduces the probability of competition with later successional species or crops.
Early successional species and many weed seeds usually require light for seed
germination, and exposure to light is increased by tillage. Seed germination is
favored by fluctuating temperatures and low carbon dioxide concentrations,
and it may be affected by alternate wetting and drying cycles that tend to break
seed coats. All of the conditions favorable for seed germination occur on dis-
turbed sites, and cropped fields are good examples of disturbed sites.

Seeds of early successional species and many weeds are dormant when shed
and can quickly develop secondary dormancy. Induced dormancy (dependent
on environmental interaction) is common. Early successional species grow
rapidly above and below the soil and thereby escape the surface zone of
maximum environmental variability and stress. Early successional species have
a high photosynthetic rate over a wide range of soil water conditions. Photo-
synthetic rate and environmental resource demand decline quickly with
declining soil water potential, permitting survival. Weeds and successful early
successional species compress environmental extremes. They are able to main-
tain constant leaf temperatures to ameliorate stress. They also acclimate rapidly
to variable environments. Genotypic plasticity facilitates their adaptation.

Seed dormancy is the most important characteristic for perpetuation of
annual weed species and perennials that reproduce by seed. Seeds of annual
weeds germinate under a narrow range of environmental conditions; they are
specialists in utilizing their opportunities.

Most weed control techniques treat symptoms rather than the problem
itself. Weed control acts on problems either just before they appear (preemer-
gence) or after they have appeared (postemergence). There are no reliable
methods for eliminating weed problems by preventing seed dormancy or
encouraging germination of dormant seed. Improved weed management
depends on better understanding of seven environmental conditions that cause
or terminate seed dormancy.

Light

Of the known causes of dormancy, light may be the most important. At least
half of the annual weeds in crops have seed that requires light for germina-
tion. This is especially so for small-seeded annual weeds. Length of day and
the quality of light are also important. The light requirement is regarded as
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an evolutionary advantage for small-seeded plants that may not survive ger-
mination from lower in soil (Pons, 1991). Light only penetrates 1 or 2mm
in soil, so dormancy can be induced even by shallow burial. Germination of
mullein, curly dock, common evening primrose, and buttercup seed is favored
by light. Seed of common chickweed, common purslane, johnsongrass,
kochia, lambsquarters, prostrate knotweed, and redroot pigweed require light
for germination. However, seed germination of wild onion and jimsonweed
is favored by darkness. Dormancy of crop seed has been nearly eliminated
by breeding light response out of the genome, and most germinate in light
or dark.

The phytochrome group of photoreceptors, the primary system responsible
for light interactions in plants, controls breaking dormancy with light. In a
simple, but accurate, sense, phytochrome exists in two forms: a promoter and
inhibitor. The promoting form is favored by red light and the inhibitor by
far-red light. This is the same general response and the same pigment that is
involved in flowering. The quantity of each form of phytochrome present at a
given time is related to light and more precisely to the ratio of red to far-red
light. Sunlight has abundant red light and promotes germination of imbibed
seeds. Seeds do not respond to light unless they have taken up water
(imbibed).

Light effects on phytochrome and seed germination

Inactive form (P,) + red light, 600-680nm — Py and germination promotion

Active form (Py) + far-red light, 700-760nm —
P, and germination inhibition

Light is needed for seed germination of many species, though it is clear that
burial in soil will inhibit germination and should be used as a weed control
technique. Continued seed burial is encouraged when farmers shift to minimum
and no-tillage practices.

Unfiltered light contains a preponderance of the red wavelength that shifts
phytochrome to the active (P;,) form and promotes seed germination. Leaf
canopies filter red light because chlorophyll absorbs it strongly. A leaf canopy
shifts light transmission toward far-red and depresses germination of seeds
below.

Immature Embryo

A second cause of dormancy is the presence of an immature embryo. Smart-
weed and bulrush seeds are typically shed from the plant with an immature
embryo and are incapable of immediate germination. This is another example
of a mechanism evolved to prevent germination at the wrong time.
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Impermeable Seed Coat

Seeds of redroot pigweed, wild mustard, shepherd’s-purse, and field pepper-
weed often have seed coats impermeable to water, oxygen, or both, and the
seeds are called “hard.” It is another dormancy mechanism. The seed coat can
be changed (often referred to as “broken”) by scarification, action of acids, or
microbes. A hard seed coat presents mechanical resistance to germination
because the radicle can’t penetrate it. Even though water and oxygen can be
absorbed, the hard seed coat prevents germination. In the laboratory, scarifica-
tion or breaking of a hard seed coat can be accomplished by rubbing on sand-
paper, dipping in acid, or pricking with a pin. Such techniques are obviously
inappropriate for the field, but the same thing is accomplished by tillage.
Anything that stirs or moves soil will inevitably move seeds and abrade seed
coats.

Inhibitors

Some seeds are shed with endogenous (internal) germination inhibitors (e.g.,
abscisic acid). These varied and complicated chemical inhibitors prevent seed
germination until they are removed by leaching with water or by internal
metabolic activity. There are also exogenous (external) germination inhibitors
that will be discussed in Chapter 8.

Oxygen

Partial pressure of oxygen affects seed dormancy. Percent oxygen in soil varies
from less than 1% in flooded soil to 8 or 9% in a soil with good tilth, cropped
with corn. Soil carbon dioxide content may vary from 5 to 15%. One of the
reasons most seed germinates only near the soil surface is higher oxygen con-
centration. Soil compaction reduces seed germination, and the mechanism
may be reduction of the partial pressure of oxygen.

Temperature

There is a minimum temperature below which no seeds will germinate and a
maximum temperature above which germination will not occur. The precise
minimum and maximum vary among species, as does the optimum tempera-
ture for germination. In late spring, Russian thistle seed germinates readily
between 28° and 110°F (Young, 1991). Wild oats will germinate at 35°F
(1.7°C), which is lower than the temperature at which seed of wheat or barley
germinate. Temperatures of 40° to 60°F (4° to 15°C) are required for ger-
mination of seed of some winter annual weeds. Higher temperatures lead to
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dormancy. Redroot pigweed seed kept in a germinator at 68°F (20°C) will
remain dormant up to six years. It can be induced to germinate at any time
by alternating storage temperature or by partial desiccation. Germination can
be induced by raising the temperature to 95°F (35°C) for a short time, rubbing
the seed, and then lowering the temperature to 68°F.

After-Ripening Requirement

There is an after-ripening requirement for some seed. This is not the same as
an immature embryo. It is a poorly understood physiological change. A seed’s
embryo is fully developed, but it will not germinate even if oxygen and water
are absorbed in the appropriate concentration. Everything appears to be
normal, but the seed will not germinate until it has ripened.

B. CLASSES OF DORMANCY

Dormancy classifications are based on observed seed behavior, not, as men-
tioned earlier, on complete understanding of the physiology or biochemistry
of seed dormancy. Two classification systems will be presented. In the first, a
seed dormant when shed from the plant has primary dormancy. All other
manifestations of dormancy are secondary. After primary dormancy has been
lost, secondary dormancy may be induced by environmental interactions or
other special conditions.

The second system of classification includes three types of dormancy
(Harper, 1957). The first is innate and has three possible causes. It could be
an inherent property of the ripened seed based on genetic control when the
seed leaves the plant. There may be an after-ripening requirement, perhaps
dependent on receipt of a specific environmental stimulus. There could be a
rudimentary or physiologically immature embryo, which is not fully developed
when seed is shed, such as smartweed. Innate dormancy can also be caused
by impermeable or mechanically resistant seed coats—that is, hard seed.
Redroot pigweed, several species of mustard, and all species of wild oats have
innate dormancy. A third cause is the presence of endogenous chemical inhibi-
tors. Some species of sumac and fireweed proliferate after forest fires because
fire creates permeability in the seed coat and rain leaches out the inhibitor.
The amount of an inhibitor is often adjusted to the rainfall of an area. In its
simplest form, the presence of an endogenous chemical inhibitor restricts
germination to the temperature range where survival is assured. Innate dor-
mancy interacts with the environment because for some species, hot, dry
weather during seed maturation yields less dormancy than cool, moist condi-
tions that are more favorable to seedling survival.
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When a seed develops dormancy after exposure to specific environmental
conditions such as dryness, high carbon dioxide concentration, or high tem-
perature and the acquired dormancy persists after the environmental condi-
tions change, Harper (1957) said it had induced dormancy. Seed of winter
wild oats and white mustard have induced dormancy that often develops in
late spring in temperate climates and persists into fall. Seed buried by tillage
may not germinate when brought to the soil surface because of induced
dormancy.

Induced dormancy develops due to environmental interaction after seed has
been shed from the plant and persists after environmental conditions change.
Enforced dormancy also depends on environmental interaction but does not
persist when conditions change. In the latter case, dormancy can be caused by
lack of water, lack of oxygen, low temperatures, and so on. When this external
limitation is removed, the seed germinates, and, according to Harper (1957),
the seed had enforced dormancy. There is a positive correlation between ter-
mination of dormancy and predictable environmental changes.

Wild oats exhibit all three of Harper’s classes of dormancy. Harper’s system
is a classification of mechanism, not of species. In general, termination of
dormancy requires exposure to cool, moist conditions, the normal attributes
of the transition from summer to fall in temperate zones. Seeds in tropical
climates have less and sometimes no seed dormancy.

Figure 5.5 shows how common ragweed succeeds as an early successional
plant and a weed. It illustrates integration of Harper’s (1957) three dormancy
classes (Bazzaz, 1979). Early and late successional environments are different
with respect to light intensity and spectral quality. Seed of early successional
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plants (many of which are common weedy species) are sensitive to light, and
seed germination is inhibited by light filtered through plant leaves (P, form).
This is not a problem for weeds that germinate early in the season before crop
leaves filter light. Their germination is favored by fluctuating temperatures and
low carbon dioxide concentrations in soil. They are not sensitive to soil-water
fluctuations and other conditions commonly encountered in cropped fields.

C. CONSEQUENCES OF WEED SEED DORMANCY

Dormancy is important because seeds survive for long times in soil and are a
continuing source of infestation. It ensures survival for many years, and the
aphorism that one year’s seeding equals seven years’ weeding is reasonably
accurate. One of the first experiments to investigate consequences of seed
dormancy was conducted by Duvel near Rosslyn, Virginia (Toole and Brown,
1946). In 1902, the seeds of 107 different species were buried 8, 22, or 42
inches deep in porous clay flowerpots covered with clay saucers. Samples
removed at intervals showed no effect of depth of burial on survival but a
tendency toward longer survival at 42 inches than at 8 inches. The results,
summarized in Tables 5.10 and 5.11 show significant seed survival for 38
years. Even after 38 years, 91% of jimsonweed seed was still viable and pre-
sumably capable of quickly reinfesting a cropped field.

In 1879, William ]J. Beal (Darlington, 1951), a pioneer in development of
high-yield corn hybrids, began an unusual experiment. He buried 20 pint
bottles, each containing 1,000 seeds of 20 weed species near his lab on the
campus of Michigan State University. His aim, in an era before scientific weed
control began, was to find out how long seed buried by plowing could survive
and thus how long fields had to be left fallow to ensure a weed-free crop when
replanted. Over 100 years later, we know the answer to Beal’s question: a very
long time!

TABLE 5.10. Number of Weed Species Surviving
(Toole and Brown, 1946).

Burial period Species germinating
1 year 71
6 years 68
10 years 68
20 years 57
30 years 44

38 years 36
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TABLE 5.11. Germination of Weed Seeds After 38 Years
(Toole and Brown, 1946).

91% of Jimsonweed

48% of Mullein

38% of Velvetleaf

17% of Evening primrose
7% of Lambsquarters

1% of Green foxtail

1% of Curly dock

TABLE 5.12. Results of Beal’s Buried Seed Study
(Darlington, 1951).

Elapsed time (years) Species still viable

70 Curly dock (8)*
Evening primrose (14)
Common mullein (72)

50 Black mustard

Marshpepper smartweed

40 Common ragweed
Common purslane
Redroot pigweed
Virginia pepperweed
Broadleaf plantain

30 Foxtail
Shepherd’s-purse

*( ) = % germination

Beal buried bottles upside down, uncorked, and at an angle so water and
oxygen but not light could enter. Initially, bottles were dug up every five years,
and since 1950, every 10 years. Results for 30, 40, 50, and 70 years are reported
in Table 5.12. After 70 years, curly dock, common evening primrose, and
common mullein still germinated. In 1960, three species germinated. In 1970,
only one species germinated. In 1980, seeds were planted as usual in soil
sterilized by steam. At first, nothing happened. After several weeks, the first
seedling emerged; within five months, 29 seedlings had germinated, and 6
died. Of the survivors, 21 were common mullein, 1 was another species of
mullein, and 1 was a mallow species that had not germinated since 1899.
Enough bottles remain to carry on Beal’'s experiment until 2040. His work
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shows that fallowing is not a feasible method of weed control for all species,
at least in northern temperate climates.

A study in England (Lewis, 1973), in undisturbed soil, showed that seeds
reveal their survival potential during the first four years of burial. Rarely did
a species that survived four years not survive 20 years. Seed deterioration
occurred more rapidly in acid peat soil than in loam. Seed of the Poaceae were
generally short-lived, except timothy. Legumes generally persisted for the full
20 years. The weeds that survived best were common lambsquarters (23%),
curly dock (18%), and creeping buttercup (53%).

In Mississippi, seeds of several species were buried in plastic, porous bags
to simulate natural conditions and avoid the clay pots of Duvel’s experiment
and the glass jars of Beal’s study (Egley and Chandler, 1983). In contrast to
Beals’s northern temperate study, the primary lesson of the Mississippi experi-
ment is that only about six of the species investigated remained viable after
five years’ burial if no new seed was introduced (Table 5.13).

Seed of 41 economically important weed species of the Great Plains region
of the United States were buried 20 cm deep (plowing depth) in eastern and
western Nebraska in 1976 (Burnside et al., 1996). There were 11 annual grass,
14 annual broadleaf, 4 biennial broadleaf, and 12 perennial broadleaf species.
Seeds were exhumed after 1, 9, 12, and 17 years. After 1 year, germination
was 57% for all annual grasses, 47% for all annual broadleaf species, 52% for
biennials, and 36% for perennial broadleaf species. Germination dropped
steadily with time for each class. After 17 years, germination was 4% for annual
grasses, 11% for annual broadleaf species, 30% for biennials, and 8% for peren-
nial broadleaf species. No explanation was offered for why biennial species
survived so well. A conclusion of this study is that after burial at plow depth,
germination of annuals will decline rapidly, but biennial species will survive
well and become problems in crops. The species with the highest survival after

TABLE 5.13. Viability of Weed Seeds After Burial (Egley and Chandler, 1983).

Mean viability after burial for years %
Species 0 1.5 3.5 5.5
Velvetleaf 99 89 71 30
Purple moonflower 100 84 65 33
Hemp sesbania 100 77 60 18
Common cocklebur 99 27 10 01
Redroot pigweed 96 24 2 01
Common purslane 99 21 2 01

Johnsongrass 86 75 74 48
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17 years was common mullein with 95% germination in western Nebraska.
Common mullein was one of the species that survived longest in the
Beal (Darlington, 1951) experiment. Weed seed germination tended to be
greater in the low rainfall and more moderate soil temperatures of western
Nebraska.

Soil in Alaska is cold for more of the year than soil in temperate areas. Two
studies in Fairbanks, Alaska (Conn, 1990; Conn and Farris, 1987), showed
viability was higher after burial in mesh bags, 15 rather than 2cm deep after
21 months and after 4 to 7 years. Four of 17 species had 5 to 10% viable seed
after 4.7 years, and 8 species ranged from 21 to 39%. Viability of American
dragonhead did not change during 4.7 years, whereas viability of common
hempnettle and quackgrass was zero after 2.7 and 3.7 years, respectively, and
viability of two other species was less than 1%.

Taylorson (1970) found initially that nondormant seed of several weed
species lost viability after burial sooner and to a greater extent than initially
dormant seed. Zorner et al. (1984) found the same thing for kochia seed. Initial
rates of loss were much greater in nondormant than in buried dormant popula-
tions. After 24 months of burial, the number of viable seed remaining and the
depletion rates were similar for the two populations.

Woolly cupgrass seeds are dormant at physiological maturity and lose dor-
mancy while after-ripening over winter. Seeds buried below the soil surface
were less dormant than those that remained on the soil surface (Franzenburg
and Owen, 2002).

Studies in Michigan and Indiana showed that seed mortality of giant foxtail
and velvetleaf were greatest in soil managed conventionally (using recom-
mended rates of fertilizer and herbicide) and less in soils prepared with reduced
management (nutrients from compost or organic amendments and weed
control only by cultivation) (Davis et al., 2000). However, it is interesting to
note that no measured soil properties were associated with seed mortality.
Only management history and the soil fungal population were related to seed
mortality. A 35-year study of the effect of tillage and rotation on soil weed
seed banks in Ohio showed that the weed seed population in soils with a corn-
oat-hay rotation differed in structure and composition from those developed
under a corn or corn-soybean system (Sonoskie et al., 2006). Germinable weed
seed populations differed in soils tilled conventionally with no tillage or with
minimum tillage. One assumes that such things will be true but it is always
nice to have confirming data. Because such studies prove that crop sequence
and tillage system affect weed seed populations and community structure, it
follows that this information can be used to develop weed management
systems.

An important problem in all buried seed studies is the necessity of recover-
ing seed from soil, a complex medium. It is hard to find seed, and if longevity
is to be estimated, one must be sure the seed found is the seed that was buried.
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Therefore, all studies use containers. Recent studies use porous, mesh bags
that allow transfer of air and water but don’t allow other natural processes,
such as abrasion. Because seeds are concentrated, microbial action and
seed interactions may be abnormal. It is generally thought that burial studies
overestimate seed longevity. Seed dormancy is a major cause of continuing
weed problems, and while a great deal is known about what causes dormancy
and how to break it, no one knows how to create it, or use it to manage
weeds.

In the laboratory, it is easy to create or break dormancy with a variety of
seed treatments (Anderson, 1968). These include abrasion, temperature
manipulation, and chemical methods. Abrasive methods include rubbing,
dehulling, dipping in sulphuric acid, and alternate wetting and drying to break
the seed coat. Temperature manipulation is useful to break dormancy and is
common in nature. Alternate freezing and thawing often break dormancy.
Stratification or exposure to extremely low temperatures will break dormancy
in some seed. Stratification is commonly required to break dormancy in tem-
perate weed species but rarely works for tropical species. It may act by
decreasing the level of an endogenous inhibitor. Finally, chemical methods
are used. Leaching with water may remove a chemical inhibitor, and exposure
to light will create chemical changes in seed. Chemicals such as potassium
nitrate, gibberellic acid, cytokinins, and auxins are all used and their
action is considered to be directed at overcoming the action of or inactivating
an inhibitor.

In the field, breaking dormancy, on demand, is more difficult. Laboratory
methods are obviously not suitable to field operations where seed can’t be seen.
Plowing soil is a good way to break dormancy, and, conversely, not disturbing
soil is a good way to maintain dormancy of buried seed. Tillage exposes seed
to light (see Chapter 10) and temperature changes. Field methods are nonse-
lective and affect all seeds, so in some species dormancy may be promoted,
while in others it is broken. Weed management will continue to emphasize
weed control until a better understanding of weed seed dormancy is obtained
and methods are developed to use that understanding in weed management.

Kremer (1993) points out that “successful weed management in agroeco-
systems depends on manipulating the weed seed bank in soil, the source of
annual weed infestations.” In spite of the many successful methods for control-
ling weed infestations each year, they inevitably appear, and Kremer (1993)
correctly suggests the source is the persistent soil weed seed bank. His work
describes the many interactions of soil microorganisms and weed seeds. Figure
5.6 shows the potential interactions. The interactions are important to study
to understand the survival of weed seeds in soil. But they are also important
because, as Kremer (1993) suggests, they reveal that microorganisms may
be used to deplete the weed seed bank, an unexploited method of weed
management.
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FIGURE 5.6. Relationship of microorganisms and weed seeds in the soil environment. Several
methods for depleting the weed seed bank with potential for integration with an approach includ-
ing microorganisms are indicated. Source: Kremer, 1993. Reprinted with permission.

IV. VEGETATIVE OR ASEXUAL
REPRODUCTION

Perennial weeds reproduce vegetatively, a most unfortunate aspect of weed
management. Simple and creeping perennials also reproduce by seed, but the
importance of seed production varies. A good example is waterhyacinth, whose
pretty flowers produce seed pods with up to 300 seeds that can live 5 to 15
years submerged in water. But vegetative reproduction can double the size of
an infestation in open water in 10 to 15 days (Leakey, 1981) and produce
floating mats that can weigh up to 200 tons per acre. Transpired water losses
from mats of waterhyacinth will be three to five times the loss from an open
water surface.

The reproductive organ, the depth to which it penetrates soil, and the
importance of seed production for several important perennial weeds are
shown in Table 5.14. Seed production is not of great importance for Canada
thistle, which is dioecious and while the pappus is always produced, it does
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TABLE 5.14. Characteristics of Important Perennial Weeds (Roberts, 1982).

Reproductive parts and

Depth of vegetative

Importance of

Species overwintering state reproductive parts” reproduction by seed
Bermudagrass Creeping rhizomes, Shallow Moderately
decumbent stems
spread laterally
Bracken fern Rhizomes; leaves die Deep Reproduces by spores
Canada thistle Creeping roots Deep Occasionally produced
overwinter; shoots die
Coltsfoot Rhizomes; leaves die Very deep Important

Common nettle
Creeping bent

Creeping
buttercup
Curly dock

Dandelion

Field
bindweed

Field horsetail

Hedge
bindweed

Hoary cress

Japanese
knotweed

Leafy spurge
Oxalis sp.
(woodsorrel)

Perennial
sow thistle

Quackgrass

Red top

Rhizomes; short green
shoots overwinter

Aerial creeping stems
overwinter

Procumbent stems; a few
leaves overwinter

Tap roots; rosette of
leaves overwinter

Fleshy tap root; few
leaves overwinter

Creeping roots overwinter;
shoots die

Rhizomes with tubers that
overwinter

Rhizomes overwinter;
shoots die

Creeping roots; small
rosettes of leaves
overwinter

Rhizomes, dormant
underground buds;
shoots die

Creeping roots overwinter

Bulbils, tap roots, and
rhizomes; leaves

Creeping roots; shoots die

Rhizomes with dormant
underground buds;
shoots overwinter

Rhizomes with dormant
underground buds;
shoots overwinter

Very shallow
Above ground
Above ground
Very shallow 7
to 10cm
Shallow
Very deep
Deep

Deep

Deep

Shallow

Very deep
Shallow

Very deep

Shallow

Shallow

Very important
Unknown

Very important

Very important
Important

Important
Reproduces by spores
Rarely produced

Important

None produced

Very important
Important in some

Important

Moderately

Very important

(Continues)
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TABLE 5.14. (Continued)

Reproductive parts and Depth of vegetative Importance of
Species overwintering state reproductive parts” reproduction by seed
Roughstalk Short stolons; a few Above ground Very important
bluegrass leaves overwinter
Slender Stems creeping on the Above ground None produced
speedwell surface
Wild onion Offset bulbs and bulbils Aerial or very Rarely produced
overwinter shallow
Yarrow Stolons; terminal rosettes Very shallow Very important

of leaves overwinter

aDepth varies: Very shallow, 6-10 in.; shallow, 12-18 in.; deep, down to 40 in.; very deep, greater
than 120 in.

not always have viable seed attached. On the other hand, seed production is
important for leafy spurge, nettles, and curly dock.

Many methods of vegetative reproduction are found among weeds. Stolons
or creeping above-ground stems are found in creeping bentgrass and yarrow.
Rhizomes are found in Bermudagrass, quackgrass, red top, hedge bindweed,
and field horsetail. Bulbs and aerial bulblets are found in wild onion and wild
garlic. Goldenrod has corms—thickened, vertical, underground stems that are
reproductive organs. Tubers are produced by yellow and purple nutsedge and
Jerusalem artichoke. Vegetative reproduction of simple perennials, such as
dandelion, is from their taproot.

A seedling of a perennial species growing from seed has not yet assumed
perennial characteristics (especially the ability to regenerate vegetatively)
when it first emerges from soil, and it can be controlled more easily than after
it assumes these characteristics. It is generally considered that quackgrass
assumes perennial characteristics within six to eight weeks of emergence and
johnsongrass after only three to six weeks. Field bindweed becomes a peren-
nial when it has about 20 true leaves and yellow nutsedge four to six weeks
after it emerges from seed. These young plants can be controlled by tillage or
hoeing before they assume perennial characteristics.

Seed production of perennials may be unimportant relative to vegetative
reproduction (Table 5.14), but it should not be neglected. In April 1990, one
field bindweed seed was planted in a small planter and on April 25, the two-
leaf seedling was transplanted to a 2 by 4 by 16 foot box. The plant was har-
vested on October 19 by opening the box and washing all the soil away with
water. The seedling had colonized the entire box, and 197 vertical roots, each
about 4 feet long, grew a total of 788 feet. Horizontal root runners from the
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tap root numbered 34, averaged 4 feet long, and totaled 136 feet of length.
They had produced 141 new plants. The creeping roots of field bindweed can
grow up to 1 and %2 yards in a little more than three months (Frazier, 1943).
One little seed produced a major new weed.”

A similar experiment was conducted in Colorado’ with Canada thistle. One
seed was planted in a 2 by 4 by 8 foot box of soil in April 1994. In July 1995,
the plant was harvested. If the height of all 142 shoots was added together the
plant would have been 157 feet tall. There were 331 flowers on 60 shoots.
Vegetative buds producing new shoots were found up to 4 feet below the
soil surface. Total root length was estimated to be 1,700 feet. Canada
thistle roots have been reported to spread up to 5 yards in a single season
(Bakker, 1960).

Tillage can worsen the problem after plants become perennial. Canada
thistle spreads by creeping roots, and pieces as small as '/, inch long have
produced new plants. Field bindweed spreads by creeping roots, and while
they seldom emerge from greater than 4 feet, they can emerge from 20 feet.
Pieces as small as 1 inch that contain a bud can produce a new field bindweed
plant. Most quackgrass plants, developed from rhizomes, emerge from the top
12 inches of soil. Deep plowing may therefore be a control method if rhizomes
can be permanently buried. Most quackgrass roots are 2 to 4 inches below the
surface, and shoots do not emerge from deep in soil. The ability of root seg-
ments to produce new plants varies with season and is highest in spring and
lowest in fall (Swan and Chancellor, 1976). Many root segments produced
shoots but regeneration of roots was largely from vertical roots.

Leafy spurge roots penetrate up to 20 feet deep. Over 56% of the total root
weight is in the upper 6 inches of the soil profile, and the majority of leafy
spurge shoots originates from buds in the top foot of soil. Shoots emerge freely
from 172 feet deep, and some emerge from as deep as 6 feet.

Vegetative buds are not killed by winter freezes. Studies in Iowa on the
winter activity of Canada thistle roots showed that buds on horizontal roots
continued to develop new shoots until soil was frozen 50cm deep (Rogers,
1929). When soil finally froze, the shoots were killed but the root bud was
not. In January when soil was still frozen the latent buds on large roots were
larger than they had been in December. By mid-January these buds had devel-
oped thick, vigorous shoots up to 20mm long. By February, shoots were 4 to
7cm long, and each had roots 10 to 20 cm long. When the soil thawed, root
growth increased rapidly, and green shoots appeared by mid-April. Rogers
(1929) noted the cycle of bud and root formation in field bindweed and
skeletonleaf bursage was similar to that described for Canada thistle.

*Adapted from Agrichemical Age, May 1991, p. 16.
*Westra, P. 1995. Colorado State University. Personal communication.



118 Fundamentals of Weed Science

THINGS TO THINK ABOUT

1. What is a reasonable range for the number of weed seeds likely to be found
in the plow layer of a cropped field?

Describe the influence of seed dormancy on weed management.

How many different ways are weeds dispersed in space?

What are the causes of seed dormancy?

What are the classes of seed dormancy? How can these classes be used?
How many types of vegetative reproductive organs do weeds possess and
why do they make weeds hard to control?

Ok W
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CHAPTER 6

Weed Ecology

FUNDAMENTAL CONCEPTS

¢ Weed ecology is the study of the adaptive mechanisms that enable weeds to
do well under conditions of maximum soil disturbance.

e There is a strong human influence on weed ecology.

e There are good reasons for the shift toward ecologically based weed manage-
ment systems.

e Ecological theory has gradually assumed a more prominent role in the
development of weed management systems.

¢ Species are products of natural selection that interact with their environ-
ment to obtain the resources for growth. The rate of supply and amount of
resources determine growth.

¢ Plant competition occurs when two or more plants seek what they need and
the immediate supply is below combined demand.

¢ Some plants possess characteristics that make them more competitive than
others.

e The effect of weeds on crop yield is best described by regression analysis
that yields a straight line relationship for lower densities but a curvilinear
relationship over all possible densities.

¢ Mathematical models are used in research studies of weed management but
are not yet widely used by farmers to manage weeds. Models will be used
more in the future as they are perfected and tested against biological
knowledge.

LEARNING OBJECTIVES

e To understand the importance of ecological relationships to weed manage-
ment systems.
¢ To know the components of the weed-crop ecosystem.
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¢ To understand weed-environment interactions.

e To know the factors affecting weed-crop associations.

¢ To understand the role of fundamental ecological concepts in weed manage-
ment and weed establishment.

e To be able to define plant competition and to know what resources plants
compete for.

e To understand the characteristics that make a plant competitive.

e To appreciate the magnitude of crop yield loss from weeds.

e To understand the current and potential role of mathematical models in
crop-weed interference research and weed management recommendations.

American scientific interest from the 18th to the 20th century

was dominantly focused not on theory but on the immense

practical benefit to be derived from discovering the secrets of
the natural world.

Freethinkers—A History

Of American Secularism Book by S. Jacoby

Plant ecologists study the reciprocal arrangements between plants and their
environment. The goal is to understand how climate, soil or edaphic, and
biotic factors affect plant growth, development, and distribution. Weed scien-
tists are concerned with how weed management affects weed and crop growth
and development. For many years, ecologists emphasized only natural envi-
ronmental factors in studies of reciprocal arrangements, plant distribution, and
behavior. Ecologists and weed scientists now realize the importance of the role
people play in ecological interactions. The human role is particularly evident
with weeds. Integration of ecology and weed science is increasing and will
benefit both disciplines.

Ecology is the study of the interactions between individuals and their
environment. Weed ecology differs only in that the organisms being
studied are weeds (Booth et al., 2003). It gives special emphasis to the adaptive
mechanisms that enable weeds to survive and prosper under conditions of
maximum soil disturbance. Weed ecologists study the growth and adaptations
that enable weeds to exploit niches in environments disturbed by people who
must practice agriculture. The most successful weed management programs
will be developed on a foundation of adequate ecological understanding. The
special questions asked by weed ecologists are those posed by Booth et al.
(2003, p. 11):
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1. Are there specific characteristics or traits of weed populations?

2. Do weeds function in a certain way within communities?

3. Does the invasion by a weed change plant community structure or function
in a predictable way?

4. What types of communities are easier to invade?

High food production from annual crops requires repression of ecological
succession (to the left in Figure 1.1). Production of food for humans from
natural vegetation is presumed to be low (Figure 1.1). Fiber and food crops
have high food production potential, but the fields in which they are grown
are disturbed ecological sites. Farming must often work against, rather than
with, the natural order to produce high-value food and fiber crops useful to
humans. Perennial crops (coconuts, apples) may create a permanent pre-
climax state and, although more ecologically stable, will revert to the left side
of the curve in Figure 1.1 if not managed to maximize production of what
humans want.

Rangelands, forests, and other areas of native vegetation present relatively
closed habitats that may resist but are not immune to invasion (see Chapter
7). Most agricultural weeds are not good invaders of natural sites and may not
be weedy in the ecological sense on those sites. The dominantly monocultural
cropping systems of developed world agriculture seldom use all the moisture,
nutrients, or light available in a given field and create open ecological niches
that weeds occupy. There are fewer open niches, although there may be
unused resources, in undisturbed prairies and forests.

I. HUMAN INFLUENCES ON WEED ECOLOGY

Those who grow crops try to provide pure culture conditions for them and
limit the incidence and spread of weeds. The task is complicated because
people have carried weed seed across the globe while traveling, in grain, in
seed shipments, with armies, and when moving animals. As discussed in
Chapter 5, many weeds of temperate Europe and North America migrated west
from the early centers of civilization in the eastern Mediterranean region to
Europe and hence to the United States with immigrants from Europe to the
new world. That is a major reason many (not all) of the dominant US weeds
can be traced to Europe rather than Asia. A few examples of people’s major,
but usually unwitting, influence on weed ecology follow.

When the first settlers came to the US Great Plains and parts of the Pacific
Northwest, they found bluebunch wheatgrass and blackseed needlegrass
dominating the sides of wagon trails. When roads were cut, downy brome
invaded and dominated roadsides. When chemical weed control became
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available, roadsides were sprayed with the triazine herbicide, simazine, to
control downy brome. Simazine worked well, and because it persists in soil,
it prevented reinvasion by downy brome and other grasses. It does not control
sandbur, which became the dominant species on many western roadsides
(Muzik, 1970).

Downy brome had arrived in the interior Pacific Northwest by 1889 (Mack,
1981). It was deliberately introduced at least once in the search for new grasses
for overgrazed, denuded range. By 1928 it reached its present distribution
(Mack, 1981), although not its current density or ubiquity on over 100 million
western US acres (Devine, 1993). Devine calls it the nation’s most destructive
plant. Downy brome has more than half of the 12 features that Baker (1974)
considered characteristics of the ideal weed (Mack, 1981). It thrived in two
human-created ecosystems of the intermountain west: winter wheat and range-
land. It persisted as land was converted from one use to the other.

Russian thistle was introduced in grain imported from Russia to a farm in
Bonhomme County, South Dakota, about 1877 (Dewey, 1894). By the 1890s
the infestation was so extensive in North Dakota that the value of wheat
production lost exceeded the taxes collected by the state (Young, 1988). Agri-
culture created the conditions for the weed’s success and humans aided its
dispersal. Without agriculture it would have survived but remained innocuous
(Young, 1991). The pioneer farmer’s practice of destroying tall and midheight
prairie grass land to plant cereal grains created the right ecological niche to
ensure Russian thistle’s success. Russian thistle, similar to many annual weeds,
competes poorly with established plants. It cannot tolerate shade or long
periods of high moisture (Young, 1991). But it thrived on dry, disturbed, cereal
grain land that often was fertilized.

An examination of early weed science literature reveals that the dominant
weed problem in many different crops, and especially in small grain crops such
as wheat and barley, was annual broadleaved weeds. After the development
and widespread use of selective phenoxy acid herbicides (e.g., 2,4-D, MCPA),
there was a gradual shift from annual broadleaved weeds, which are controlled
effectively by the phenoxy acid herbicides, to annual grass weeds and broad-
leaved species not susceptible to phenoxy acid herbicides. This induced eco-
logical change was not intentional, but it was inevitable. A similar change has
been seen in corn, where the widespread use of triazine herbicides eliminated
many annual broadleaved and grass weeds and created an ecological niche for
invasion by annual and perennial grass weeds and yellow nutsedge.

Green revolution cultivars created during the 1960s helped feed the world
and prevent starvation in many of the world’s developing countries. The new
cultivars changed the architecture (the shape) of wheat and rice plants and
led to higher grain yields when appropriate production needs (fertilizer and
irrigation) were provided. The green revolution cultivars also changed the
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harvest index (proportion of the total plant harvested as grain). Snaydon
(1984) posits the main factor leading to an increase in harvest index over
several years was selection for shorter straw length, which had important
effects on weeds. Short stiffer straw (stems) was less likely to lodge with higher
rates of nitrogen fertilizer. This same characteristic also opened the plant
canopy to more light and changed the light environment for weeds. This
change in plant architecture had the potential to worsen the weed problem by
providing more light to stimulate seed germination and growth of seedling
weeds. In fact, while weed problems may not have become worse, they did
change as new weeds emerged in the changed habitat.

Agricultural practice nearly always has changed for reasons of convenience,
to save labor, or to increase profit. Rarely has it changed to intentionally reduce
weed growth. The opposite has happened. Indian balsam, a Himalayan wet
woodland native, is a showy plant, 2 meters tall, with pink flowers. It found
the European climate favorable and escaped but did not become a common
weed in Britain until about 1930 when use of artificial fertilizer became
widespread. Until then, in attempts to maximize yield, hay was harvested right
up to riverbanks where Indian balsam flourishes. When fertilizer was used,
yields increased, and harvest of river banks was no longer necessary. The weed
then flourished along previously harvested riverbanks. It has been reported
that Indian balsam is invading river banks in the Czech Republic and moving
to wet woodlands, where it crowds out the forest’s less aggressive species
(Anonymous, 1995). A shift from annual to perennial weeds has been docu-
mented in Japanese rice culture and attributed to the extensive use of herbi-
cides that controlled annual weeds.'

United States agriculture has shifted from a mix of crops on a farm to
extensive monoculture. Wheat is the dominant crop in the central Great Plains
of the United States and soybeans and corn dominate the midwestern states.
Cotton and soybeans dominate in the southern states. These monocultural
environments create ecological changes that determine what weeds will
succeed.

Conscious introduction, multiplication, and release of parasites and preda-
tors for biological control of pests are also ecological change. To date, this is a
less important shift in ecological relationships than those just mentioned, but
the careful weed manager must be aware that such changes may affect weeds.

Each agricultural practice has a potential to influence the density and sur-
vival of species in a cropped field. The foregoing is a few examples of how
human activity influences weeds. Production practices that influence weeds
are shown in Table 6.1 with an estimate of the relative importance of each to
species composition and weed density.

'Ttoh, K. Mat. Agric. Res. Center, Isukuba, Ibaraki, Japan, personal communication.
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TABLE 6.1. Components of Production Systems Controlled by Man That Are Relevant to
Weed Management.

Influence on*

Component Species composition Density

Soil tillage

Water—irrigation

Nutrient supply—fertilization
pH—liming

Date of planting

Growing period of crop
Shading period and intensity
Seed dispersal at harvest

Seed cleaning before planting

O A~ W O O NN O O O O
O NN Ul 0 W N Ul Ut o

Weed control

Source: Koch, W., 1988. Personal communication.
*Influence is ranked on a scale of 0 to 10, with 0 indicating no influence and 10 equaling maximum
influence.

Ghersa et al. (1994) state that “in modern agriculture, social and biological
systems have diverged” in their influence. Weed management practices are
more and more uncoupled from biology. They are controlled and designed by
social and economic forces that are often devoid of a biological base. This
represents the ultimate human influence on weed ecology because it is neglect
of ecology.

II. THE WEED-CROP ECOSYSTEM

Herbicide use has masked the importance of weed prevention and the need to
understand weed-crop ecology. Understanding weed-crop ecology will lead to
more effective weed prevention, management, and control. The shift toward
ecologically based weed management systems is occurring for at least six
reasons:

1. Weeds highly susceptible to available herbicides have been replaced by
species more difficult to control.

2. Herbicide resistance has developed in many weed species, and some weeds
are resistant to several herbicides. Multiple resistance to herbicides from
chemical families with different modes of action has occurred.
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3. There are weed problems in monocultural agriculture that cannot be solved
easily with present management techniques.

4. New weed problems have appeared in reduced and minimum tillage
systems.

5. Economic factors have forced consideration of alternative control
methods.

6. There is increased awareness of the environmental costs of herbicides.

Aldrich (1984, p. 17) diagramed the weed-crop ecosystem (Figure 6.1). For
too long, weed scientists have focused primarily on weed-crop interactions
and on protecting crops from weeds. Aldrich strongly suggests that weed
management must deal with interaction of all factors rather than just two.
There is a lack of knowledge about these interactions. It is not the intent of
this book to discuss all ecological interactions in depth; other available books
do that well (Aldrich, 1984; Aldrich and Kremer, 1997; Booth et al., 2003;
Cousens and Mortimer, 1995; Harper, 1977; Radosevich and Holt, 1984; and
Radosevich et al., 1997). It is the intent of this book to introduce the funda-
mental concepts essential to development of improved weed management
systems. Consulting one or more of the preceding seven books will permit
those who want to pursue weed ecology in depth to do so.

Weed science has been dominated by control technology that focused on
how to control (usually kill) weeds in a crop. As weed management systems
are developed, ecological knowledge will be essential and the complexity
shown in Figure 6.2 must be considered. As complex as Figure 6.2 is, it is too
simple to represent all factors that affect weed-crop relationships that should
be considered as management systems are developed.

From genes to organisms (individuals) to populations and communities,
relationships are the essence of life. The weed-crop system is a product of

> Weed <t

A ¥ A

Natural
environment

P

FIGURE 6.1. The weed-crop ecosystem (Aldrich, 1984).
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FIGURE 6.2. The interaction of weeds and other components of the agricultural production
system (Norris, 1992).

interactions—its essence is relational as illustrated in Figures 6.1 and 6.2. All
levels of life are interdependent, and no level can exist independent of another.
The individual cannot survive for long independent of its population, nor can
a population survive without individuals. Weed management systems directed
only at weeds are founded on error and while they may succeed temporarily,
they are doomed to fail.

ITI. ENVIRONMENTAL INTERACTIONS

There are three important weed-environment interactions: climate, soil, and
biota or living organisms. These will be discussed separately but cannot be
separated in nature, which is characterized by interactions.

A. WEEDS AND CLIMATE

The important factors that determine a weed’s ecological interactions are light,
temperature, water, wind, humidity, and their seasonal aspects—the climate.
Yellow nutsedge does well in the subhumid tropics and warm, temperate
regions. It does not survive well in temperate areas with prolonged frost.
Purple nutsedge thrives in the humid tropics and subtropics with some excur-
sions into subhumid temperate regions. Halogeton thrives under desert condi-
tions of low rainfall and sometimes high alkalinity. Waterhyacinth, an
important aquatic weed in the tropics and subtropics, has not yet invaded
temperate waters.

Weeds are found in the environment they prefer, and weed control or weed
management often may be aided by changing the environment. Irrigation and
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tillage are major environmental changes that lead to shifts in species composi-
tion in the affected areas. Changes in tillage practices employed for weed
management can affect populations of other crop pests and such changes may
also affect weeds (Norris, 2005). Light intensity, quality, and duration affect
weed presence and survival. Photoperiodic responses govern flowering and
determine the time of seed maturation. If light is too intense or days too long
or short, particular plants won’t flower and a species may not endure. Light
and temperature response determines a species latitudinal limits. Some weeds
tolerate shade well and their ability to grow under a crop canopy is one reason
they succeed. The length of frost-free period or the time soil is frozen deter-
mines any plant’s ability to survive in an environment; it determines its
ecological relationships. Soil temperature is a primary determinant of seed
germination and survival, especially where soil freezes. Freezing also affects
winter survival of vegetative reproductive organs. Air and soil temperature are
important determinants of species distribution and ecological interactions.
Common chickweed survives well in cold climates because it continues to
grow in winter without injury (King, 1966). When temperature is below freez-
ing, common chickweed is often erect, and it continues to flower, although
the flowers are cleistogamous (without petals and closed). The self-pollinated
seeds are fertile.

Karibaweed is sensitive to salinity and grows only in fresh water. The
government of Kuttanad, Kerala, India, wanted to develop rice produc-
tion. Kuttanad is close to the sea, and salt water decreases or eliminates
rice production. Traditionally, farmers had built soil barriers across
canals and rivers to prevent incursion of heavier salt water during the
growing season. After the harvest, the barriers were removed to allow
incursion of sea water. Experts in the government planning office “knew”
the farmer’s practice was not going to be adequate for extensive rice
production. Therefore, they built a spill-way channel into the open sea,
and salinity was regulated with a 1,400-meter-long regulator channel
that checked the advance of salt water. The channel and regulator worked
well, and the advance of salt water was halted. Invasion of karibaweed
was encouraged because salt water no longer invaded the land annually
and killed the weed. Karibaweed stopped rice production because engi-
neers were very good at building structures to stop the sea but knew
nothing about weed ecology. The weed won.
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Seasonal distribution and total supply of water determine species’ survival.
Shortage of water at critical stages is often responsible for reproductive failure,
death, or both. The world’s arid areas would produce far less food if we did
not affect seasonal distribution and total supply of water by irrigation.

Wind can affect water supply through evaporation and an increase of tran-
spiration loss. Wind also affects the microclimate within a plant canopy and
the relative concentration of carbon dioxide and oxygen.

Climate will change because of increasing concentration of CO, and other
tri-atomic gases that interact with radiant energy. There are reliable scientific
data that show the world is warming and these changes will affect weeds.
Agriculture has always been aided and hindered by climate. Crops are vulner-
able to unfavorable weather and weed management may be more difficult
during rapid climate change (Patterson, 1995b). It is likely that the negative
effects of all agricultural pests will increase with rapid climate change, particu-
larly in less intensively managed production systems. Crops affected by envi-
ronmental (global warming) stress will be more vulnerable to attack by insects
and diseases and less competitive with weeds (Patterson, 1995b).

B. EDAPHIC FACTORS

Edaphic comes from the Greek edaphos, meaning “soil” or “ground.” Soil
water, aeration, temperature, pH, fertility, fertility source, and the cropping
system and associated practices imposed on a soil determine what weeds
survive to compete. Many weeds do well in soils too low in fertility for crop
production, but others grow only in well-fertilized soil. Few weed species
associate with a soil type. Most weeds can be found in soils differing widely
in physical characteristics, moisture content, and pH. This adaptability explains,
in part, why they are successful weeds. Some species of Asteraceae and Polygo-
naceae grow in soils with 1.2 to 1.5% sodium chloride, and while this may not
make them better weeds, it illustrates their ability to adapt to diverse environ-
ments. Kochia grows well in alkaline or saline soils but not in acidic soil.
Saltgrass can be a weed in turf in alkaline areas where soil pH is 8 or above.
Alkaliweed grows only at pH 8 and above. Other species, including common
mallow and plantain, are relatively intolerant of alkaline conditions. Crabgrass,
a turf weed, grows well on acid soil. Kentucky bluegrass is sensitive to acidity,
and common chickweed is not common in acid soil (King, 1966).

Soil pH is an important determinant of what plants grow in an area. However,
no generalizations can be made about the influence of pH on weeds. LeFevre
(1956) reviewed the pH tolerance of 60 weeds and grouped them into Basophile
(love high pH, e.g., sow thistles, green sorrel, quackgrass, and dandelion),
acidophile (love acid soil, e.g., red sorrel, corn marigold), and neutrophile
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(e.g., shepherd’s-purse, prostrate knotweed, and common chickweed). Some
nutrition is essential for plant growth, but most weed species are valueless as
indicators of soil reaction or fertility. Luxuriant weed growth does not indicate
a potentially highly productive agricultural soil. Weed growth is determined
by many factors in addition to a soil’s physical and chemical properties. These
include field cropping history, proximity of sources of infestation, the weed
seed population present or supplied to a field, water supply, and growing
season conditions. The effects of soil structure, water-holding capacity, and
nutrient level are more important than soil type.

Flooding is a method of weed control. Some water is required for seed
germination and plant growth. Too much water changes soil ecology and can
control some weeds, as it has in rice for centuries. Several species are adapted
to flooding and rice is not free of weeds. No crop plants and few weeds do
well in water-logged soil or compact soil with poor aeration.

Warm, moist soil conditions are best for germination of weed seed and
seedling growth. Seed dormancy, in temperate regions, is usually associated
with cold, freezing conditions.

C. WEEDS AND BIOTA

Association of weeds and crops is determined largely by the degree of competi-
tion offered by a particular crop and weed. It is also determined by cultural
operations and rotational practices associated with each crop. The factors
contributing to association include:

Similarity of Seed Size

If a weed’s seed is similar in size to a crop’s seed, it can be a common, unno-
ticed companion when planting. It will also be more difficult to clean or sepa-
rate the weed’s seed from the crop’s seed (see Chapter 5). Weeds have a long
record of adapting to agricultural practice. A striking example of seed size
mimicry is that of lentil seeds by common vetch (Gould, 1991). Lentil seed
is lens shaped, and vetch seed is usually more rounded. In Europe, vetch
seed evolved to mimic the shape of lentil seed and made separation
nearly impossible.

Time of Seed Germination and Formation

If a weed’s seed germinates just before or only slightly after a crop’s seed, the
weed’s chances of successful competition are enhanced. If weeds flower and
set seed before the crop is harvested that may ensure presence in the next crop.
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These things do not guarantee successful competition but they are not deter-
rents to it. A weed whose life cycle is similar to that of the crop will usually
be a more successful competitor than one whose life cycle is much shorter or
longer than the crop with which it associates.

Tillage, Rotation, and Harvest Practices

Dandelions are common weeds in turf, as are several species of spurge and
common chickweed. These are weeds of turf because they are adapted to turf’s
cultural practices and withstand mowing. The perennial grass quackgrass
grows well in the perennial crop alfalfa. The association of wild oats and green
foxtail with small grain crops and wild proso millet with corn is related to all
of the preceding factors. They have a similar seed size, their time of germina-
tion and ripening is nearly identical, and they easily withstand the tillage
and harvest practices of the crops. It is unlikely that a weed adapted to
survive in plowed fields will do equally well in no- or minimum-till fields
(Gould, 1991).

Some weeds germinate after a crop is laid by (after the last tillage has
occurred). These include johnsongrass, some of the foxtails, and barnyardgrass.
They often germinate later than broadleaved species and elongate rapidly to
compete in row crops. Downy brome competes effectively in winter wheat
because it germinates in the fall after wheat has been planted, survives over
the winter, and develops and sheds seed the next spring, before wheat has
completed its life cycle. It is also an effective competitor during the fallow
year in a wheat-fallow rotation because it is shallow-rooted, not affected by
many cultural operations, and competes for water before the crop has been
planted.

Other plants and animals modify the environment; grazing animals deter-
mine weed survival in pastures. Knowledge of crop competition and the rela-
tionship of weeds and biota is required to develop better control techniques
and management strategies.

Plant environments, and especially cropped fields, are very heterogeneous.
A height difference between the top of a furrow and the bottom of only 5cm
may represent a factor of 250 for the smallest weed seeds (Aldrich, 1984).
When fields are irrigated, fertilized, or cultivated, we perceive uniformity, but
across a large or even a small area, weed seeds experience a nonuniform
environment. Nonuniform (random) seed distribution in soil is the rule, not
the exception. We also know that our management techniques, including
herbicides, are not applied uniformly.

There are significant differences in soil temperatures determined by small
amounts of litter cover or shading of soil. There are even greater influences
on soil moisture and relative humidity of air just above the soil surface,
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determined by litter and shading. These small environmental differences
explain why several different plant species occupy a single environment.
Differences in growth form are often unobserved ecological interactions.
These external expressions of a plant’s ability to sample its environment are
illustrated in Figures 6.3 to 6.8. The differences enable plants to occupy dif-
ferent ecological niches. Weeds create and occupy ecological niches and change
the environment through their germination, growth, and death. They affect
moisture, temperature, nutrient supply and ultimately organic matter in soil.
Weeds are active, not passive, participants in the agricultural environment.

e e e

e

FIGURE 6.3. The upright, narrow, unbranched leaves of jointed goatgrass.
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FIGURE 6.4. The upright, branching, broad leaves of jimsonweed.

IV. FUNDAMENTAL ECOLOGICAL CONCEPTS

A. SPECIES

Species is the fundamental biological classification. It is a subdivision of genus,
and each is composed of a number of individuals with a high degree of physi-
cal similarity that can generally interbreed only among themselves, and show
persistent differences from other species. The species retroflexus (redroot
pigweed) of the genus Amaranthus is consistently different from the species
spinosus (spiny amaranth), and they do not interbreed. Species are products
of natural selection and genetic manipulation that create new gene pools. That
is what happens, but the more important, and more interesting, question is
why does it happen? Organisms are controlled in nature by the total quantity
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FIGURE 6.5. The climbing, twining growth of field bindweed.

and variability of the supply of things essential for growth. All plants have
a minimum requirement for various growth factors and interact with their
physical and chemical environment to obtain them. Plants also have a limit
of tolerance to various environmental components. The why question is
usually answered in terms of rate and amount. Plant presence and growth are
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FIGURE 6.6. The prostrate growth of prostrate knotweed.

controlled by too little or too much of the things needed for growth and by
the conditions under which they are available.

Weeds have been continually exposed to conditions that encourage specia-
tion. The major models of speciation are the allopatric and sympatric models.
In allopatric speciation, parent species become physically separated into
daughter populations by geographic separation that restricts or eliminates gene
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FIGURE 6.7. The taproot of redroot pigweed.

flow between the populations. This occurs because of continual movement of
people and plants from continent to continent or to different regions within
a continent. When weeds are introduced between continents, species develop-
ment is a long-term process. Allopatric speciation is the primary mechanism
for development of new species. Darwin’s Galapagos Islands finches are an
example of allopatric speciation. Although many weeds may have originated
from allopatric speciation there are no good examples. Weeds have been
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FIGURE 6.8. The fibrous roots of downy brome.

imported to many places (see Chapters 5 and 7) but there has been little to
no study of allopatric speciation of weeds. We assume that is what has
happened.

In sympatric speciation, a parent species differentiates in the absence of
physical restriction on gene flow. Sympatric speciation is a local, short-term
process. The continual disturbance of land and changing agricultural practices
provide numerous opportunities for hybridization, selection, and response to
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imposed and shifting environmental conditions. Species development has not
stopped, and weeds in a crop are different today from what they were several
years ago and they will continue to evolve. However, once again, there are few
examples of weeds that have evolved due to sympatric speciation. One is
species of the genus Passiflora or passionflower (Harper, 1977). There are
about 350 species and The Weed Sci. Soc. of America (Patterson, 1989) lists
three as weeds. Nearly every species is unique from others. Leaf shape varies
enormously, as do leaf surface characteristics. They are distinguished by
feeding habits of the monophagous butterflies of the genus Heliconius.

The ready development of ecotypes, or physiological races adapted to
various climatic conditions around the world, has occurred in common chick-
weed and is responsible for its worldwide distribution (Figure 6.9).
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FIGURE 6.9. The average germination obtained over 100 days for lots of seed from three eco-
types of common chickweed: 1, arctic, alpine latitudes; 11, oceanic latitudes; 111, maritime regions
in northern latitudes (Peterson, 1936, cited in King, 1966).
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Ecotypes exist in dandelion and in members of many other genera. Their
development has implications for weed management. Control techniques that
work in one place may not work for the same weed in another place because
it isn’'t the same weed, it's an ecotype. Ecotype development is sympatric
speciation as locally adapted populations are changed. Aldrich (1984) sum-
marized examples of the development of ecotypes for a wide variety of weed
species, including johnsongrass (Burt, 1974; McWhorter, 1971; McWhorter
and Jordan, 1976; Wedderspoon and Burt, 1974), Canada thistle (Hodgson,
1964), common ragweed (Dickerson and Sweet, 1971), yellow nutsedge (Yip,
1978), purslane (Gorske et al., 1979), annual bluegrass (Warwick and Briggs,
1978), and medusahead (Young et al., 1970).

Weeds and other plants have two survival strategies called K and r that
define a population’s response to disturbance. Both terms are derived from
terms in the logistic growth equation, where K = environmental carrying
capacity and r = the intrinsic rate of population increase. The so-called r
reproductive strategy is characterized by production of a large number of seeds
(or vegetative reproductive units) and high dispersability. It is the potential
rate of increase of a population for a given set of environmental conditions
where there is no shortage of resources or any other constraints on growth.
The r strategy dominates among annual weeds and is expressed in competitive
ability, seed germination, seed dormancy, and seed longevity.

Plants adopting the K reproductive strategy depend on exploitation. They
have fewer reproductive units, relatively low dispersability, and strong exploit-
ative ability. K measures an upper size limit beyond which populations cannot
go. The limit is determined by available resources and other constraints on
population growth. Large-seeded annual weeds (some authors consider sun-
flower to be a good example, but others disagree) and many perennial weeds
generally utilize K reproductive strategy. Plants with K strategy are usually not
first colonizers.

Some species combine K and r strategies. Canada thistle, for example, is r
for vegetative growth because it produces a large number of vegetative buds,
and its creeping roots disperse plants. At the same time, Canada thistle is K
for seed production. It is a dioecious plant and usually produces few seeds
that have high dispersability but are not strongly exploitative.

It is important to point out that survival strategy as depicted by K and r
reproduction is not equivalent to, and should not be confused with, competi-
tive ability, which is controlled by other factors.

Undisturbed plant communities generally have a large number of a few
species and a few individuals of many different species. Undisturbed commu-
nities are more complex than disturbed communities. Farmers in developed
countries want fields to be dominated by a single species—they plant and
disturb (plow, cultivate, control weeds, etc.) fields to achieve that goal. Crop
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dominance is favored by weed control. Weed management systems that rely
on single control techniques stabilize weed populations, one hopes at a low
population level, and encourage emergence of weeds that are not affected by
the control technique.

B. THE COMMUNITY

The crop-weed community is important to weed management because it’s the
organizational level where change occurs. Change can occur within a species
through mutation and ecotype development or by replacement of one species
with another. There are at least four reasons (Harper, 1977) why two or more
species coexist:

1. Different nutritional requirements as illustrated by legumes and grass coex-
isting in pasture and hay fields.

2. Different causes of mortality observed in pastures where animals selectively
graze.

3. Different sensitivity to environmental toxins (allelochemicals) and human
applied toxins (herbicides).

4. A different time demand for growth factors. Many plants require the same
things to grow, but they don’t demand them at the same time. This may be
the most common reason for coexistence.

Plant communities are assembled in logical, predictable ways that can be
studied. Community assembly is a branch of ecology that studies how plant
communities are assembled over time. Booth and Swanton (2002) propose that
assembly theory should be applied to weed management because it has the
potential to change the approach to weed management. The present approach
emphasizes control of individual or a series of co-occurring weeds (a popula-
tion) in a crop (that is a series of weeds in a crop at a site). This approach has
been very successful given its aim to manage the weeds that occur. The broader
approach advocated by Booth and Swanton (2002) asks why weeds occur
where they do and how they interact in communities. The population approach
inevitably leads to instability because as the present population is controlled
successfully, as sure as night follows day, another weed or weed complex will
appear. A community assembly approach leads to understanding and balancing
the crop-weed community rather than destroying one weed community so
another can arise. It demands knowledge of environmental (climatic extremes
such as flood or drought, and variation) and weed dispersal (identity of arriv-
ing species, arrival sequence, and rate and frequency of invasion) constraints
that control the species that can enter an ecological pool. Booth and Swanton
(2002) cite the work of Derksen et al. (1993, 1994, 1995) and several others,
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not included herein, to illustrate the effect of what Booth and Swanton call
filters (biotic and abiotic constraints) on the trajectory of community develop-
ment. Derksen et al. found that no-till, minimum-till, and conventional-tillage
systems had different weed communities and that the weed associations varied
among years and sites. Tillage filtered community composition but herbicides
acted as an additional, strong filter that directed composition back to the
original pretillage condition. Booth and Swanton (2002) used the work of
Derksen et al. (1993, 1994, 1995) to illustrate how “the multivariate approach
of community analysis may bring out patterns not evident when each weed
species is analyzed separately.”

C. ECOLOGICAL SUCCESSION

Ecological succession is a natural, continuous process. In agriculture, it occurs
in continually disturbed areas from which the natural community has been
removed. Agricultural ecosystems have a desired, predetermined structure and
function, and management success is based on crop yield (Booth and Swanton,
2002). Environmental modification is a driving force for succession and
agriculture is conducted by modifying and controlling (managing via fertility,
irrigation, community structure) the environment. Dominance is found in
agricultural plant communities, and usually a few (rarely only one) weeds
dominate cropped fields in modern agriculture. As just mentioned, their
removal creates open niches and different species will move in, but usually
not immediately. Therefore, weed control, especially successful weed control
with present techniques, is a never-ending process. Weed management may
be designed best when it achieves less than 100% control and is thus not as
successful at opening niches and creating an endless process of succession. It
will manage communities not simply the present population. The best weed
management systems may combine techniques to gain the desired level of
control but not a completely open environment that encourages arrival of new
weeds that are not controlled by present techniques and thus, may be more
difficult to control.

D. INTERACTIONS BETWEEN WEEDS AND OTHER
CROP PESTS

A fundamental although not a scientifically based rule of ecology is that in the
natural world, it is impossible to do just one thing. Any action creates other
actions and reactions. In the natural world actions interact. The rules of
ecology that describe the interactions and the interconnection in the natural
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world can be expressed in simple, nonscientific words that make them easy to
understand:

Everything is connected to everything else.
Nature knows best.

Everything must go somewhere.

There is no such thing as a free lunch.

el e

Weed management and weed scientists are obliged to know and follow these
simple rules. To ignore them is to court disaster and weed management
failures.

Weeds live in communities and they are compelled to interact with crops
and other pest organisms. In ecological terms weeds are producer organisms,
whereas other pest organisms are consumers (Norris, 2005). Norris and Kogan
(2000) reviewed the many interactions between weeds, arthropod pests, and
natural enemies in managed (agricultural) ecosystems. Their review consid-
ered three mechanisms for interactions. The first is direct ecosystem energy/
resource flow (trophic) interactions that occur when pests or beneficial arthro-
pods feed directly on weeds, which may lead to allelopathic interactions. The
second is alteration of the physical habitat by the presence of weeds (e.g.,
temperature within a plant canopy, water consumption). The final mechanism
is driven by the control tactics employed to manage weeds and other pests
(e.g., tillage, herbicides and other pesticides).

In addition to their productive activity, weeds also support beneficial and
harmful organisms. Altieri (1994, p. 195) identified more than 70 families of
arthropod pests known to be potential crop pests that are primarily associated
with weeds. Table 1 in Norris and Kogan’s (2000) paper identified more than
94 insect pests that attack 45 different crops via resource and habitat-driven
interactions, each of which is facilitated by or dependent on weed presence.

A few examples, each documented by Norris and Kogan (2000), illustrate
the interactions. Buffalobur is a native host of the Colorado potato beetle
(Leptinotarsa decemlineata). The weed’s presence, and the presence of other
members of the Solanaceae, in or adjacent to a potato crop can worsen damage
from the potato beetle. The Russian wheat aphid (Diuraphis noxia), a major
pest of wheat in arid areas, uses jointed goatgrass and downy brome as alter-
nate hosts. The insect can live in summer when wheat is not present and thus
the weeds enhance insect damage even when they may not be present in the
crop. The tobacco bud worm and the cotton bollworm (aka corn earworm)
live on several weeds, whose uncontrolled presence worsens the insect problem
in the crop. Similarly, several grass weeds that remain uncontrolled serve as
alternate hosts for the European corn borer (Ostrinia nubilalis), thus poten-
tially increasing populations that become major problems in field and sweet
corn. The opposite of this situation is that weed control may worsen an insect
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problem by eliminating the plants the insects have been living on and compel-
ling migration to the crop. It is always good to remember that in the natural
world one cannot do just one thing—all things are related.

Norris and Kogan (2000) also identify (their Table 2) more than 52 benefi-
cial insects where resource and habitat-driven influences provide benefits to
crops. Many of these are insect predators or parasites that live on weeds.
Schroeder et al. (2005) suggest three levels of interaction between polypha-
gous (eat many things) crop pests, including insects, pathogens, and nema-
todes and weeds. They acknowledge that except for work on biological control
of weeds, the literature on the effects of pests on weeds, and, the effect of pests
harbored by weeds on crops, is limited. Pests hosted by susceptible weeds may
have severe negative effects on insect growth and fecundity. These are of
limited concern because they serve to control the weed, which then does not
compete for resources. Tolerant weeds host crop pests but without severe
effects on the insect’s growth and fecundity but possibly important effects on
susceptible crops. This results in a larger pest population and effective crop
competition. Finally, there are resistant weeds that do not host pests but do
compete effectively with crops. Schroeder et al. (2005) suggest that weed com-
munities in most crops are dominated by weeds that are tolerant of or resistant
to the onslaught of polyphagous pests because of constant evolutionary pres-
sure from the pests. This suggests, in contrast to Norris (2005) and Norris and
Kogan (2000) that because reduction of existing weed populations often domi-
nates crop management, manipulation of weed populations to benefit manage-
ment of other pests is perhaps a faint hope. Capinera (2005), however, identifies
the dynamic interactions between insects and weeds and the importance of
weeds as a resource for insects. Weeds that are closely related to crops are
especially important as reservoirs for insects that attack the crop. Wisler and
Norris (2005) show the same relationships for plant pathogens and weeds.

When understood, weed populations can be manipulated to alter weed-
insect interactions to benefit crops. Norris and Kogan (2000) note that the
potential benefits of weed management to manage arthropod pests are much
greater in perennial than in annual crops. That is because the populations of
weed and insect can be observed over time and thus managed, which is much
more difficult in annual crops that are in the field only for a few months.

V. PLANT COMPETITION

Plant competition is part of plant ecology. To compete comes from the Latin
competere, which means to ask or sue for the same thing another does. I
reviewed the literature of weed-crop competition twice (Zimdahl, 1980, 2004).
Each of the reviews provides a more complete review and discussion of the
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topic than can or should be presented herein. The three conclusions of the
second review (2004) are important. First, the review affirms the central
hypothesis of weed science: that weeds compete with crops and reduce crop
yield and quality. The second major conclusion is that weed science will
benefit from closer integration with plant ecology and a consequent greater
emphasis on study and understanding of the coexistence of plants rather than
continued major emphasis on weed control. Another way of saying this is that
weed scientists must change their primary questions. The questions have been
“What is the identity of the problem weed, and how can it be controlled?”
These are important questions, but the new questions should be “What is the
identity of the problem weed, and why is the weed where it is?” (Zimdabhl,
1999). The right question is a systemic, holistic one that accepts the transfor-
mation of nature as a necessary prerequisite to food production but rejects
domination of nature (Zimdahl, 1999). The final conclusion of the review of
weed-crop competition is that modeling (see Section XI) has become an impor-
tant aspect of modern weed management systems, and it is likely to become
more important to future weed management systems.

Imagine yourself having the good fortune to receive free tickets to your
favorite football team’s next home game. Your tickets are a little way up on
the 50-yard line or, if you are very fortunate, in someone’s private sky-box.
You know you’'ll see vigorous competition as the two teams charge up and
down the field competing for the ball, for scores, for glory, and perhaps, if it’s
a professional football game, for money.

The next time you drive around in the spring or summer, a careful look at
most agricultural fields will reveal competition just as vigorous, but not as
obvious, as that you expect to see at the football game. You won't see the
plants leaping up and running around and into each other, but they will be
competing vigorously for environmental resources. There is no glory and
there is no financial reward for the plants. But the competition is real; it is
for life.

Competition is what weed control is about. Competition between crops and
weeds is why weeds are controlled. If weeds were just there and benign, we
wouldn’t care as much about them. Because they cause harm to crops by
competing with them we are compelled to care and attempt to control or
manage them.

Among the references to weeds, some of the earliest and frequently quoted
ones are in the Bible.

Cursed is the ground for thy sake; in sorrow shalt thou eat of it all the days of thy
life; thorns and thistles shall it bring forth to thee; and thou shalt eat the herb of
the field.

Genesis I11:17-18
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And some fell among the thorns and the thorns sprang up and choked them.
Matthew XIIIL:7

The Reverend T. R. Malthus, in his 1798 essay on the principle of popula-
tion, said, “The cause to which I allude is the constant tendency in all animated
life to increase beyond the nourishment prepared for it.” Malthus’s concern
was the increasing human population and consequent poverty and misery he
saw in his town, Liverpool, England. The Malthusian apocalypse, when the
human population is greater than the ability of the earth to produce food, has
been avoided because of developments in food production technology. The
apocalyptic possibility, especially in the world’s developing countries, still
concerns many.

A. PLANT COMPETITION DEFINED

Clements et al. (1929) said competition is a question of the reaction of a plant
to the physical factors that encompass it and the effect of these on adjacent
plants. For them, competition was a purely physical process. “In the exact
sense, two plants—no matter how close, do not compete with each other so
long as the water content, the nutrient material, the light and heat are in excess
of the needs of both.

“Competition occurs when each of two or more organisms seeks the measure
they want of any particular factor or things and when the immediate supply
of the factor or things is below the combined demand of the organisms”
(Clements et al., 1929). In agriculture, competition is not regarded as simply
interaction without any effect on either individual. Competition in agricultural
communities has results that are usually negative. The subject is discussed
well by Booth et al. (2003). The definition according to Clements et al. (1929)
makes competition different from the broader term interference, which includes
competition and allelopathy (see Chapter 8). The dictionary defines competi-
tion as “being for something in limited supply or between agents, as in a
rivalry.” For physiologists, competition is usually for things. For agronomists
and weed scientists, competition is often for things and between individuals
(Donald, 1963).

B. FACTORS THAT CONTROL THE DEGREE

OF COMPETITION

Figure 6.10 illustrates the factors that determine the degree of competition
encountered by an individual plant. For weeds, density, distribution, and
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FIGURE 6.10. Schematic diagram of the competition encountered by a plant (Bleasdale,
1960).

duration or how long weeds are present are important. For crops, density,
distribution (including spacing between rows and spacing in the row), and
duration (whether or not thinning is required) are important. These factors,
modified by soil (edaphic) and climatic conditions, determine the degree of
competition encountered by each plant. The primary things plants compete
for are nutrients, light, and water. When any one is lessened, others cannot
be used as effectively. Plants may compete for heat, but it is difficult to con-
ceptualize how they do so. However, it is well known that accumulation of
degree days enhances plant growth:

Degree day = Daily maximum — Daily minimum temperature —
Threshold temperature/2

The threshold temperature differs between species and is the temperature
below which the plant doesn’t grow. Because they do not grow well at high
temperatures, there is a maximum cutoff temperature, in the range of 30°C,
for many plants. Plants grow better when it is warm, but no studies have
reported competition for heat, perhaps because it is not a resource that exists
in a finite reservoir.



150 Fundamentals of Weed Science

Yield reductions are generally in proportion to the amount of light, water,
or nutrients that weeds use at the expense of a crop. A very general rule is for
every unit of weeds grown, there will be one less unit of crop grown. Incon-
sistent results between weed management experiments in one year or between
years are regularly attributed to environmental (i.e., light, water, nutrient, or
climatic) variation. In most cases the data are insufficient to define cause and
effect.

It is simple and neat to separate the elements of competition (nutrients,
light, and water). H. L. Mencken (1880-1956) reminded us that “for every
human problem, there is a solution that is simple, neat, and wrong.” It is not
wrong to separate the elements of competition experimentally, but it is wrong
to assume that plants do so and it is nearly impossible to separate the elements
of competition in nature. deWit (1960) was among the first to point out the
futility of separating the elements of competition. His work changed the
approach to the study of competition. He derived mathematical expressions
for competition and advocated consideration of space and what it contained
rather than studies that separated the components of competition. For example,
competition for light affects growth, which in turn affects a plant’s ability to
compete for nutrients and water. Competition will be greatest among similar
species that demand the same things from the environment. Those species that
best use (grow rapidly) or first capture environmental factors will succeed.

Only in recent years has research progressed to consider the spatial distri-
bution or where weeds are in a field. Weed scientists have long been concerned
with what weeds (what species) and how many weeds (their density) are
present in a field. Control has been directed at the dominant weed or weeds.
Studies of weed biology have emphasized seed production, seed dormancy and
survival, and seedling growth, establishment, and survival. Results of these
good studies have been translated into areas (acres or hectares) without con-
sidering the patchiness or nonuniformity of weeds in all fields. Control included
the usually unstated assumption that weed distribution and density were
uniform over the field. Thus, tillage for weed control and herbicides are nearly
always applied uniformly over the field even though most farmers know and
weed scientists agree the weeds are not distributed uniformly. Farmers and
others who try to manage weeds have long recognized that weed distribution
in a field is not uniform and control practices are unnecessary in some places.
Weed distribution is heterogeneous, not homogenous (see Chapter 19 on the
importance of mapping weed populations). The technology for weed and crop
recognition systems that control weeds when they are present in parts of fields
rather than whole fields is developing. Biological knowledge to define how the
seedbank, seed dispersal, plant demography, and habitat interact to determine
the stability of weed or weed seed distribution across fields and across time is
not as developed (see Cousens and Mortimer, 1995, Chapter 7). There is also
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a poor understanding of how control techniques affect weed and weed seed
distribution over time. As this knowledge develops weed managers will be able
to manage weeds on less than a whole field basis and that will lead to reduced
need for tillage and herbicides (Mortensen, et al. 1998; Johnson et al., 1995).
The dynamics of patches defined as how inherent weed biology interacts
spatially with landscape characteristics (Cousens and Mortimer, 1995) is an
important area of weed management research. Weed scientists want to under-
stand why weeds are where they are rather than know only what species are
present and use the spatial information as another tool to predict and manage
weed populations.

C. COMPETITION FOR NUTRIENTS

Nitrogen, phosphorus, and potassium are primary plant nutrients. One mustard
plant needs twice as much nitrogen and phosphorus, four times as much
potassium, and four times as much water as an oat plant. Success in gaining
nutrients may lead to more rapid growth and successful competition for light
and water. Fertilization is used to improve crop growth but may worsen the
weed problem.

Table 6.2 shows the pounds of nutrients required to produce equal amounts
of dry matter for three crops and five weeds that frequently compete with the
crops. The important point about these data is not that weeds require greater
amounts of nitrogen and phosphorus than crops. Consumption of nitrogen
and phosphorus for weeds and crops is very similar. The point is weeds require
the same nutrients, at the same time, and are often, because of early emergence,
more successful in obtaining them. Remember, competition occurs when two

TABLE 6.2. Kilograms of Nutrients Required to Produce
Equal Amounts of Dry Matter.

Plant Nitrogen Phosphorus
Wheat 5.5 1.2
Oats 4.9 1.7
Barley 8.4 2.6
Common lambsquarters 7.6 1.6
Common ragweed 6.6 1.4
Redroot pigweed 5.1 1.4
Common purslane 3.1 0.8

Mustards 9.8 2.7
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or more organisms seek what they want or need and the supply falls below
the combined demand.

Table 6.3 compares the nutrient content of weed-free corn, corn-free redroot
pigweed, and corn grown with redroot pigweed (Vengris et al., 1955). When
weed-free corn was set at a nutrient content of 100, in all cases except phos-
phorus, redroot pigweed grown alone contained more of each of the nutrients
than corn. The more interesting data are those in the center row, where the
nutrient content of corn infested with redroot pigweed is shown. In every case,
nutrient content was reduced. In another study (Vengris et al., 1953), corn
was compared with six annual broadleaved weeds and one annual grass (Table
6.4). Weeds contained 1.6 to 7.6 times more of each nutrient. In this study,
application of supplemental phosphorus made several weeds more competi-
tive. High fertility did not reduce the detrimental effects of weeds on corn.

A similar study in Poland with wheat, barley, sugarbeets, and rape (Malicki
and Berbeciowa, 1986; see Table 6.5) showed that the mineral content of most

TABLE 6.3. Comparison of Nutrient Content of Weed-Free Corn, Corn and Redroot
Pigweed, and Redroot Pigweed Alone (Vengris et al., 1955).

Relative nutrient content

Species N P,05 K,O Ca Mg
Weed-free corn 100
Corn infested with

redroot pigweed 58 63 46 67 77
Redroot pigweed 102 80 124 275 234

TABLE 6.4. Mineral Composition of Corn and Weeds (Vengris et al., 1953).

Mean percent composition

Species N P K Ca Mg
Common lambsquarters 2.6 0.4 4.3 1.5 0.5
Common purslane 2.4 0.3 7.3 1.5 0.6
Corn 1.2 0.2 1.2 0.2 0.2
Crabgrasses 2.0 0.4 3.5 0.3 0.5
Galinsoga 2.7 0.3 4.8 2.4 0.5
Pigweeds 2.6 0.4 3.9 1.6 0.4
Ragweeds 2.4 0.3 3.1 1.4 0.3

Smartweeds 1.8 0.3 2.8 0.9 0.6
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TABLE 6.5. Nitrogen, Phosphorus, and Potassium Content
of Wheat and Barley (Grain, Straw, and Roots) and Selected
Annual Weeds (Malicki and Berbeciowa, 1986).

Percent dry matter

Species N P K

Barley 15 0.2 1.4
Canada thistle 1.6 0.3 2.0
Common chickweed 2.1 0.6 3.8
Common hempnettle 2.0 0.4 2.3
Common lambsquarters 2.7 0.4 4.1
Corn speedwell 1.5 0.3 1.7
Field bindweed 2.7 0.3 2.7
Hairy vetch 3.0 0.2 1.1
Perennial sowthistle 23 0.5 4.0
Shepherd’s-purse 1.6 0.3 2.0
Wheat 1.2 0.3 0.8
Wild buckwheat 2.7 0.4 25

weeds is higher than that of wheat or barley. The authors proposed that
common lambsquarters, Canada thistle, field bindweed, wild buckwheat, per-
ennial sowthistle, and common chickweed are dangerous in wheat because of
their high nutrient requirement. Rapeseed responded like the grain crops. The
percentage of nutrients in roots and leaves of sugarbeets was high and few
weeds exceeded it. This is explained by the high nutrient concentration in the
large sugarbeet root.

In a crop heavily infested with weeds, it seems logical that more fertilizer
should reduce nutrient competition. If competition does not occur until the
immediate supply falls below combined demand, when supply increases, com-
petition should decrease. Actually, although this seems logical, it is wrong.
Fertilizer usually stimulates weed growth to the crop’s detriment. With low
fertility, competition is primarily for nutrients however, with high fertility,
competition is just as vigorous, and primarily for light. Yields in unweeded,
fertilized plots are usually equal to those in weeded, unfertilized plots. Table
6.6 shows that increasing nitrogen reduced flax yield and tended to increase
wild oat density and number of seed-bearing stems (Sexsmith and Pittman,
1963). The opposite situation is more common, nitrogen raises crop yield
and then, when in excess, crop yield decreases (see Table 6.7; Okafor and
DeDatta, 1976).
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TABLE 6.6. Effect of Form and Timing of Nitrogen Fertilizer on Wild Oats and Flax”
(Sexsmith and Pittman, 1963).

Wild oats
Densit Yield
Fertilizer (No/m”) Stems (kg/ha)  Flax seed-bearing
None 96 a 124 a 7.0a
Ammonium nitrate April 12 (early) 215 ab 254 a 4.2 ab
Ammonium sulphate April 12 (early) 435 be 444 b 2.4 be
Ammonium nitrate June 1 (seeding) 476 ¢ 530 b 19¢

“Means in a column followed by different letters are significantly different at P = 0.05.

TABLE 6.7. Effect of Nitrogen Fertilizer on Rice Yield and
Purple Nutsedge Competition (Okafor and DeDatta, 1976).

Nitrogen Purple nutsedge

(kg/ha) (no/m®) Rice yield (t/ha)

0 0 1.6

750 1.2

60 0 4.4

60 750 2.8

120 0 4.0

120 750 2.4

Table 6.8 shows similar data on competition of barnyardgrass, and barn-
yardgrass plus the annual broadleaved weed monochoria in rice. It is apparent
that increasing nitrogen fertilizer increased yield and that with just barn-
yardgrass, increasing nitrogen fertilizer from 0 to 60kg/ha decreased yield.
Only after a further doubling of nitrogen did yield increase. Even then, yield
was lower than the same amount of fertilizer with no weeds. With both weeds,
neither level of nitrogen fertilizer increased yield, and both yielded less than
the check plot with no fertilizer and no weeds. These data are confirmed by
those in Table 6.9, which show nitrogen uptake of rice and barnyardgrass in
two trials in Australia (Boerema, 1963).

The influence of fertility treatments for 47 years on weed types and popula-
tions was evaluated in Oklahoma (Banks et al., 1976). Plots with the lowest
weed density were those that had received no fertilizer for 47 years. Highest
weed density occurred on plots that received complete fertilizer (N, P, K) and
lime (CaCOs). Grass weeds were most abundant with complete fertility while
broadleaved species declined.
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TABLE 6.8. Weed Competition for Nitrogen in Rice
(Moody, 1981).

Tons/ha of rice grain with nitrogen
fertilizer applied at

(kg/ha)
Weed(s) 0 60 120
(tons/ha)
None 4.5 53 6.6
Barnyardgrass 44 4.0 5.5
Barnyardgrass 4.1 3.1 3.5

+ Monochoria

TABLE 6.9. Nitrogen Uptake of Weeds and Rice in Two Trials (Boerema, 1963).

Trial 1 Trial 2
Species Weeds present Weeds absent Weeds present Weeds few
Barnyardgrass 56.3 0 94.1 1.6
Rice 36.8 99.7 155 111.8
Total 93.1 99.7 109.6 113.6

Interactions of soil moisture and fertility on competition between wheat
and wild buckwheat are studied in N. Dakota (Fabricus and Nalewaja, 1968).
Biomass of wheat growing alone increased with increasing fertility. Wheat
biomass declined 30 to 37% regardless of soil moisture or fertility when wheat
grew with wild buckwheat. The weed also reduced flax growth 47 to 57% when
they grew together for 90 days (Gruenhagen and Nalewaja, 1969). There was
proportionately greater flax seed loss with higher fertility.

Table 6.10 shows five densities of wild oats with three levels of nitrogen.
It is clear that as wild oat density increases, it is less and less profitable to add
nitrogen. Wild oats’ advantage is due to their higher nitrogen use efficiency
(Carlson and Hill, 1986). Increasing fertilizer application rate is not an eco-
nomic, agronomic, or energy efficient way to avoid or reduce crop losses due
to weed competition.

In general, weeds have a large nutrient requirement and will absorb as much
or more than crops. Nitrogen is the first nutrient to become limiting in most
instances of weed-crop competition. The nitrate ion is not held strongly in soil
and is highly mobile. Nitrogen depletion zones are likely to be quite large and
similar to those for water. Therefore, rooting depth and root area of plants
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TABLE 6.10. Yield of Wheat Grown in Competition with Wild Oat at Three Levels of
Fertilization (Carlson and Hill, 1986).

Wheat yield with preplant nitrogen

Wild oat density 0 67 134 Avg.
(plants/mz) (kg/ha)
0 6,990 7,520 7,650 7,390
4 6,430 6,660 6,640 6,580
8 6,460 6,100 6,140 5,230
16 5,940 5,200 5,470 5,540
32 5,400 4,120 3,450
Avg. 6,240 5,920 5,870

determine the ability to obtain resources and relative competitiveness for
nitrogen is largely determined by the soil volume occupied by roots of compet-
ing species. The amount of nitrogen taken up by plants in any combination is
about equal (Table 6.9).

Movement of phosphorus and potassium is slow compared to nitrogen, and
they move over shorter distances. Smaller depletion zones minimize interplant
competition. Competition for phosphorus and potassium is therefore most
likely to occur after plants are mature and have extensive, overlapping root
development. It is reasonable to assume that competition for phosphorus will
be more apparent in perennial crops. Competitiveness of barley cultivars with
wild oats varied in response to potassium (Siddiqi et al., 1985) or phosphorus
(Konesky et al., 1989) supply. There are few studies of weed-crop competition
for phosphorus or potassium.

While competition for nitrogen can sometimes be overcome by nitrogen
fertilization, this is rarely true for phosphorus and potassium. It may be pos-
sible to prevent or delay weed invasion of perennial crops by maintaining a
vigorous crop with fertilizer.

D. COMPETITION FOR WATER

Water, or its lack, is often the primary environmental factor limiting crop
production, and it is probably the most critical of all plant growth require-
ments (King, 1966). Without irrigation, rainfall determines the geographic
limit of crops. The water-use efficiency of nine weeds and nine crops is shown
in Table 6.11.
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TABLE 6.11. Water Use Efficiency (Dillman, 1931; Shantz et al., 1927).

Plant Water use efficiency” Transpiration coefficient”
Weeds

Common cocklebur 2.41 415
Common lambsquarters 1.52-2.30 435-658
Common purslane 3.47-3.56 281-288
Foxtail millet 3.65-3.98 251-274
Prostrate knotweed 1.47 678
Redroot pigweed 3.28-3.83 261-305
Russian thistle 3.18-4.46 224-314
Sunflower 1.73 577
Witchgrass 3.94 254
Crops

Alfalfa 1.15-1.25 798-870
Corn 2.77 361
Cotton 1.76 568

Oats 1.65-1.87m 536-605
Smooth bromegrass 1.02-1.28 784-977
Sorghum 3.51-3.73 268-285
Soybean 1.55 646
Sugarbeets 2.65-3.29 304-377
Rape, oilseed 1.40 714

“Water use efficiency = mg of dry weight produced per ml of water consumed.
Transpiration coefficient = ml of water transpired per g plant dry weight.

The point of Table 6.11 is not that weeds use a great deal more water or
use water more efficiently than crops. They use about the same amount used
by crops with which they compete. Weeds effectively explore soil to obtain
water (Table 6.12).

Comparison of rooting depth, uptake diameter, and the volume of soil from
which resources can be consumed by one sorghum plant and five weeds makes
the reason for weed competitiveness clear. Of the five weeds shown, all have
a greater rooting depth, and all but redroot pigweed have a larger feeding
diameter and volume affected per plant than grain sorghum. All except redroot
pigweed have a greater capacity to consume water than grain sorghum does.

The classic work on water requirements of plants was done in Akron,
Colorado, in the early 20th century (Briggs and Shantz, 1914; Dillman, 1931;
Shantz et al., 1927). Individual crop and weed plants were grown in separate
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TABLE 6.12. Soil Water Uptake Patterns of Common Weeds and Grain Sorghum in
Summer Fallow (Personal Communication, Adapted from Davis et al., 1965, 1967).

Rooting Feeding Volume of Plants to consume
Weed species depth (m) diameter (m) soil/plant (sq m) water/ha (number)
Common cocklebur 29 8.5 17.9 704
Grain Sorghum 1.7 4.3 6.5 2,841
Kochia 2.2 6.7 9.5 1,136
Pigweed 2.4 3.6 5.2 3,853
Puncturevine 2.6 6.6 10.8 1,136
Russian thistle 1.8 5.0 6.5 2,149

TABLE 6.13. Water Required to Produce One Pound of Dry
Matter (Dillman, 1931; Shantz et al., 1927).

Plant Kilograms of water
Alfalfa 377
Barley, grain 431
Barley, whole plant 237
Bursage 535
Common lambsquarters 300
Common purslane 128
Common sunflower 338
Corn 159
Mustard 1,091
Potato, tuber 430
Potato, vine 150
Redroot pigweed 132-139
Russian thistle 143
Sorghum 283
Wheat 227

pots, and the grams of water required to produce a gram of plant dry matter
were determined. Some of the data are shown in Table 6.13.

Weeds compete for water, reduce water availability, and contribute to crop
water stress. They require just as much, and often more, water than crops and
are often more successful in acquiring it. Weedy sunflowers require approxi-
mately twice as much water as corn. It takes more water to produce a potato
tuber than to produce a common lambsquarters plant. Therefore, if, as is com-
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monly found, common lambsquarters infests potato fields and water is limit-
ing, fewer and smaller tubers will be produced. About 80 gallons of water are
required to produce one pound of dry matter in barnyardgrass, more than the
60 gallons to produce a pound of wheat. Crabgrass requires 83 gallons of water
per pound of dry matter.

Many field, laboratory, and greenhouse studies have examined the role of
water in weed-crop competition. One of the early studies (Wiese and Vandiver,
1970) compared growth of corn and sorghum with three grass and five broad-
leaved weeds at three soil moisture levels in the greenhouse. Corn produced
the most biomass at all moisture levels. Common cocklebur, barnyardgrass,
and large crabgrass normally grow well in humid regions and in irrigated crops
and were the most competitive with wet soil conditions. Kochia and Russian
thistle, weeds of dry areas, were more competitive with dry soil conditions and
grew poorly when soil was wet. Russian thistle produced twice as much growth
in dry as in wet soil.

In field experiments in Texas (Stuart et al., 1984), water competition from
smooth pigweed reduced leaf water potential and turgor pressure in cotton.
Smooth pigweed was affected less by low soil water because it transpires less
water and its larger root system draws water from deeper in soil. Smooth
pigweed illustrated what may be called water wasting by weeds. In fact water
use is wasteful only from a human perspective or in comparison to another
plant, a crop, that uses less water. Each plant uses the water it requires.
Stomata in some weeds are less sensitive to declining leaf water potential than
those of crops with which they compete (Patterson, 1995a). When this is
combined with a larger root system (Table 6.12) or better drought tolerance,
weeds are formidable competitors for water. High water use by weeds may be
ecologically advantageous to weeds in weed-crop competition, especially when
soil moisture is limiting (Patterson, 1995a).

When soybean and velvetleaf competed in Texas, rooting depths were
similar early. After 10 weeks, soybean was able to draw water from greater
soil depths, and velvetleaf had little effect on soybean’s water status (Munger
et al., 1987). When the same species competed in Indiana, a wetter, more
humid area, velvetleaf reduced soybean growth more in dry than wet years
(Hagood, 1980).

In Arkansas, soybean had higher leaf water potential than common cockle-
bur because of stomatal regulation of transpiration. Common cocklebur had
lower stomatal resistance and higher transpiration. It is a high water user and
exhausts soil water resources rapidly, to soybean’s disadvantage (Geddes et al.,
1979; Scott and Geddes, 1979).

Patterson (1995a) surveyed weed-crop competition studies that included
water as a variable and found a slight tendency for decreased water availability
to favor crops by reducing weed competition. This reasonable generalization
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may not always be true because it will be affected by each crop-weed combina-
tion and the cultural and environmental conditions in each crop season or
over several seasons.

For example, the influence of season is shown by competition from any one
of three broadleaved weeds that reduced soybean yield more when soil mois-
ture was adequate early followed by a drought than when a drought was early
(Eaton et al., 1973, 1976).

Scientists in arid areas have developed fallow cropping systems. Many arid
areas have sufficient rainfall to support crop growth only every other year.
Often wheat is grown one year, the land is fallowed (no crop) the next year,
and it is rotated back to wheat in the third year. The primary purpose of this
rotation is water conservation. Natural rainfall is not sufficient to grow wheat
each year and extensive dryland cannot be irrigated. Therefore, minimum or
no-tillage systems have been developed to conserve water. The data in Table
6.14 show the increase in water stored in the soil profile for a minimum tillage
system compared to a tilled, spring fallow system. The minimum-till system
increased soil nitrate, grain protein, and wheat yield. Water is the least reliable
resource for plant growth because we don’t know precisely when it will arrive
or how much will be received. This is a major reason why arid areas are irri-
gated. Because roots grow more rapidly than shoots early in a plant’s life,
competition for water and nutrients usually begins before competition for
light. Competition for water is determined by the relative root volume occu-
pied by competing plants and will be greatest when roots closely intermingle
and crops and weeds try to obtain water from the same volume of soil. Less
competition occurs if roots of crops and weeds are concentrated in different
soil areas. More competitive plants have faster-growing, large root systems so
they are able to exploit a large volume of soil quickly. If plants have similar
root length, those with more widely spreading and less branched root systems
will have a comparative advantage in competition for water.

TABLE 6.14. Conventional Tillage Versus Ecofallow (Greb and Zimdahl, 1980).

Treatment

Spring tillage

Measurement Fallow Ecofallow Increase
Gain in soil water during fallow (cm) 3.9 5.4 1.5
Gain in soil nitrate during fallow (cm) 51.6 774 25.8
Percent gain protein 11.0 11.8 0.8

Wheat yield (bu/A) 344 41.8 7.4
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E. COMPETITION FOR LIGHT

The total supply of light is the most reliable of the several environmental
resources required for plant growth. But in contrast to water and nutrients,
light cannot be stored for later use; it must be used when received, or it is lost
forever (Donald, 1963).

Although it varies in duration, intensity, and quality, light regulates many
aspects of plant growth and development. Neighboring plants may reduce light
supply by direct interception: shading. Leaves are the site of light competition.
Leaves that first intercept light may reflect it, absorb it, convert it to photo-
synthetic products, convert it to heat, or transmit it. If transmitted, the light
is filtered so that it reaches lower leaves dimmer and spectrally altered. When-
ever a leaf is shaded by another, there is competition for light.

Light competition is most severe when there is high fertility and adequate
moisture because plants grow vigorously and have larger foliar areas. Plants
with large leaf area indices (LAI) have a competitive advantage with plants
with smaller leaf areas. Leaf area index, a measure of the photosynthetic
surface over a given area, is correlated with potential light interception. Suc-
cessful competitors do not necessarily have more foliage, but have their foliage
in the most advantageous position for light interception. Thus, a plant’s ability
to intercept light is influenced by its angle of leaf inclination and leaf arrange-
ment. Plants with leaves disposed horizontal to the earth’s surface are more
competitive for light than those with upright leaves disposed more or less
perpendicular to the earth’s surface. Plants with opposite leaves are probably
less competitive than those with alternate leaves. Plants that are tall or erect
have a competitive advantage for light over short, prostrate plants. A heavily
shaded plant suffers reduced photosynthesis, leading to poor growth, a smaller
root system, and a reduced capacity for water or mineral uptake. The effect of
shading is independent of direct competition for water or nutrients and entirely
under the influence of light (Donald, 1963). Current cropping practices used,
at least partially, to manage weeds, such as smother crops and narrow row
spacing (see Chapter 9) exploit plant responses to light (Holt, 1995). Most
weeds and crops respond to shading in similar ways via morphological and
physiological adaptations (Patterson, 1995a). This is not surprising because
these plants evolved in disturbed habitats where shade adaptation has few
selective advantages (Patterson, 1995a).

Reports that crops are physiologically and genetically capable of higher
productivity and photosynthetic efficiency than obtainable in the field confirm
that intercepted light is a limiting factor in crop canopies (Holt, 1995). Reduced
production in low-light acclimated crop plants is undesirable. Several reviews
of responses of weeds and crops to light are available (Holt, 1995; Patterson,
1982, 1985, 1995a; Radosevich and Holt, 1984).
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Crops and weeds differ in shade tolerance. Soybean and several of its associ-
ated weeds (e.g., eastern black nightshade, tumble pigweed, and common
cocklebur) were most photosynthetically efficient under low growth irradiance
(Regnier et al., 1988; Stoller and Myers, 1989). Many other weeds acclimate
to low growth irradiance by plastic responses that reduce the growth-limiting
effects of shading and allow restoration of high rates of photosynthesis when
the plant is exposed to high irradiance (Dall’Armellina and Zimdahl, 1988;
Patterson, 1979).

Bazzaz and Carlson (1982) generated photosynthetic response curves for
14 early, mid, and late successional species grown in full sunlight and 1% of
full sunlight. Early successional species, all common annual weeds, had the
highest difference in response between sun- and shade-grown plants. The
magnitude of photosynthetic flexibility decreased in plants from later succes-
sional stages. All species studied were able to change their photosynthetic
output in response to light, but the change was larger for early successional
annuals (Bazzaz and Carlson, 1982). These findings suggest that weeds are not
only adapted to high light but are more capable of adapting to extreme varia-
tion in light, particularly deep shade. Thus, managing the light environment
in a crop field to deter weed growth is difficult and not likely to be effective
(Holt, 1995).

Available light is a major factor in yellow nutsedge competition with corn.
More yellow nutsedge grows between corn rows than within the row because
less light reaches the soil under plants. Yellow nutsedge density decreases as
corn density increases (Ghafar and Watson, 1993); therefore, an acceptable
yellow nutsedge management technique is increasing corn population. Increas-
ing corn population density from 66,700 to 133,000 plants per hectare reduced
yellow nutsedge tuber production 71%. Reducing corn population from 66,700
to 33,300 plants per hectare increased tuber production 41% (Ghafar and
Watson, 1983). Field studies of the effect of artificial shade on yellow nutsedge
concluded that rapidly developing crops (e.g., corn or potato) suppressed the
weed through competition for light (Keeley and Thullen, 1978). Shading
greatly reduced shoot and biomass production and reduced, but did not elimi-
nate, tuber production. Stoller and Woolley (1985) estimated that competition
for light caused almost all soybean yield loss in competition with velvetleaf or
jimsonweed and half of the yield reduction in soybean competing with
cocklebur.

Many studies have quantified the effects of light competition between weeds
and crops. Cudney et al. (1991) showed that wild oats reduced light penetra-
tion and growth of wheat by growing taller. When wild oats were clipped to
the height of wheat, light penetration in a mixed canopy was similar to that
in monoculture wheat. Interference from wild oats planted at low densities
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reduced light penetration to wheat at later growth stages (Cudney et al,,
1991).

Similar height effects were observed in studies of competition between
velvetleaf and soybean. Greater light interception by velvetleaf was due to
greater height and dry weight allocation to more upper branches (Akey et al.,
1990). Reductions in tomato yield were greater when it grew in competition
with eastern black nightshade compared to black nightshade because eastern
black nightshade is taller (McGiffen et al., 1992). These studies show that
plant architecture, especially height, location of branches, and height of
maximum leaf area, determine competition for light and influence crop yield
(Holt, 1995).

Interaction of light and water is illustrated in a study of how yield of quack-
grass infested soybeans was increased by irrigation when soil moisture was
limiting. Soybeans infested with quackgrass yielded less than quackgrass-free
soybeans. Quackgrass was nearly the same height or taller than soybeans
at all stages of soybean development and competed for light throughout
the growing period. Adequate moisture reduced quackgrass competition in
soybeans but did not eliminate it because quackgrass continued to compete
with soybeans for light (Young et al., 1983).

Studies in India (Shetty et al., 1982) showed that dicots are less shade-
sensitive than monocots and help explain why monocots are often important
tropical weeds. Broadleaved weeds usually do not appear until after tropical
crops are well established. It seems that manipulation of tropical crop canopies
could suppress weeds via shading. The height of the dicot weeds, celosia, and
coat buttons was reduced by 90% shade but that shade level had no effect on
height of southern crabgrass. Ninety percent shade reduced height of bristly
starbur 50% and purple nutsedge 30%. The effects were most pronounced early
in the growing season, and similar reductions in leaf area index and plant dry
matter were observed. Slender amaranth’s height was not affected by shade,
but as light decreased, seed production decreased. For most annuals, 90%
shade reduced seed production up to 90% and 40% shade reduced seed pro-
duction 45%. Shading reduced purple nutsedge tuber production 89%.

F. FACTORS FOR WHICH PLANTS DO
NOT COMPETE

Plants that emerge at the same time rarely compete for space, even though
plant density may be high. When plants emerge at different times, the first
plant that occupies an area will tend to exclude all others and have a competi-
tive advantage and, in this sense, plants compete for space by occupying space
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first. Occupancy or competitive exclusion can be, and among plants should
be, regarded as competition for the resources in a space.

In general, plants that emerge at the same time and plants that grow
together do not compete for space but rather for what space contains. This
may not be true in root crops that are planted closely, but in most cases it is
the light, nutrients, and water that space contains for which plants compete.
They do not compete for the space itself. Booth et al. (2003) agree with this
assertion but caution that plants whose roots are restricted generally have
reduced shoot biomass, height, or growth. Others (Schenk et al., 1999, cited
by Booth et al., 2003) argue the still controversial hypothesis that plants may
be regarded as territorial because they defend their space against invasion by
others. In other words, a plant may effectively defend its territory by prevent-
ing others from using it. Consistent with the argument above, plants may do
this by using or preventing the use of an area’s resources by other plants.

Plants may compete for oxygen. Although there are no studies to document
this, it is theoretically possible. In most soils, diffusion of oxygen is rapid
enough so that adequate supplies are available for all roots. Oxygen can be
limiting in very wet soils. Similarly, in most circumstances, carbon dioxide
concentrations are always higher than the carbon dioxide compensation point
(the light intensity at which there is a balance between carbon dioxide given
off by respiration and required by photosynthesis). Competition for carbon
dioxide is unlikely to occur under field conditions, but crop yields can be
increased by supplemental carbon dioxide. (See earlier comments in this
chapter on climate change.) More efficient utilization of carbon dioxide by
weeds with high photosynthetic capacities may contribute to their rapid growth
and provide a competitive advantage. Therefore, a plant’s competitive ability
could depend on its capacity to assimilate carbon dioxide and use the photo-
synthate to extend foliage or increase size. Plants that fix carbon dioxide at
high rates are potentially more competitive.

There is no evidence that plants compete for environmental factors such as
heat energy or agents of pollination.

VI. PLANT CHARACTERISTICS
AND COMPETITIVENESS

In general, it is true that plants possessing one or more of the following char-
acteristics are more competitive than plants that lack them. This list is not in
rank order, and it cannot be said that a plant with a certain characteristic will
always win over a plant with another. Most competitive plants have the fol-
lowing traits:
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1. Rapid expansion of a tall, foliar canopy

Horizontal leaves under overcast conditions and obliquely slanting leaves
(plagiotropic) under sunny conditions

Large leaves

A C, photosynthetic pathway and low leaf transmissivity of light

Leaves that form a mosaic leaf arrangement for best light interception

A climbing habit

A high allocation of dry matter to build a tall stem

Rapid stem extension in response to shading

g
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The most obvious competition among plants is what we see: foliar competi-
tion. Competition for nutrients and water takes place beneath soil, where it
can’t be seen. The most competitive plants also share some of the following
root characteristics:

Early and fast root penetration of a large soil area
High root density/soil volume

High root-shoot ratio

High root length per root weight

High proportion of actively growing roots

Long and abundant root hairs

High uptake potential for nutrients and water

No Uk W=

VII. THE RELATIONSHIP BETWEEN WEED
DENSITY AND CROP YIELD

Early weed science literature assumed that the relationship shown in Figure
6.11 described the effects of weeds on crop yield. That assumption was wrong.
Figure 6.11 says that with no weeds, crop yield will be maximized, and at
some large weed density, crop yield will be zero. The real relationship is cur-
vilinear, not linear. Such a relationship is supported by data (Figure 6.12)
showing the effect of kochia, an annual broadleaved weed, on sugarbeet root
yield.

Other data show the curvilinear relationship depicted schematically in
Figure 6.13, which is intuitively logical, is also wrong. Some of the data in
Table 6.15 show that the relationship is neither linear nor curvilinear. Dou-
bling of weed density does not double crop loss in any of these studies and
even when weed density is increased by a factor of 25, crop loss does not go
to zero. Therefore while the curvilinear relationship is not entirely incorrect,
it is not correct and can be misleading.

Smith (1968) studied the interaction of rice and barnyardgrass density, and
his data show the appropriate relationship is neither linear nor curvilinear.
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FIGURE 6.11. A schematic curvilinear relationship depicting the effect of increasing weed
density on crop yield (Zimdahl, 1980).

The curvilinear relationship fails because it predicts that a high weed density
will reduce crop yield to zero, and that does not happen. Some crop plants
always survive, even though they may be very small and the yield is unprofit-
able. Smith’s data show the interaction of crop density and how, as it increases,
the effect of weed density decreases (Table 6.16).

An interpretation of the relationship between crop yield and weed density
has been described by the sigmoidal curve in Figure 6.13 (Zimdahl, 1980). At
very low weed densities, there is no effect on crop yield, and as weed density
increases, while there may be an effect, it is barely discernible. As weed density
continues to increase, crop yield drops quickly but never goes completely to
zero. Even very high weed densities do not eliminate all crop plants. This
represents most weed-crop competition data and provides a picture of what
happens but it is still not correct. Its appeal is that it is very difficult to measure
the effect of a few weeds in a large area. It may not even be wise to attempt
to do so. For practical purposes, the effect of 1 weed/acre is zero and that weed
has no immediate, measurable economic effect. However, that one weed does
affect nearby crop plants and produces seed and can, thereby, affect future
crops.

There are many places in the literature of weed science that state, or the
data clearly imply that, the relationship between yield loss and weed density
is sigmoidal (Figure 6.13) with little or no loss at low weed density, or nearly
none. Cousens et al. 1987 state unequivocally that the data do not support
this. When yields are plotted over a range of weed densities, there is no evi-
dence to support a sigmoidal response. The most accurate representation of
crop-weed interactions is that created by regression analysis of crop yield and
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FIGURE 6.13. A schematic sigmoidal relationship depicting the effect of increasing weed density
on crop yield (see Zimdahl, 1980, 2004).

TABLE 6.15.

The Effect of Weed Density on Crop Yield.

Yield reduction

Crop Weed Weed density from control (%) Source
Wheat Wild oats 58.5/m” 221 Bell and Nalewaja, 1968
134/m’ 30.1
Wheat Green foxtail 721/m? 20 Alex, 1967
1,575/m’ 35
Cotton  Prickly sida 2/5cm of row 27 Ivy and Baker, 1972
4/5cm of row 40
12/cm of row
Rice Barnyardgrass 1/0.09 m’ 57 Smith, 1968
5/0.09 m” 80
25/0.09m” 95
Soybean ~ Common cocklebur  3,297/ha 10 Barrentine, 1974
6,597/ha 28
12,295/ha 43
25,989/ha 52
Corn Giant foxtail 14/5 cm of row 4 Knake and Slife, 1962
1/5cm of row
3/5cm of row 9
6/5 cm of row 12
12/5cm of row 16
54/5 cm of row 24
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TABLE 6.16. Interaction of Rice and Barnyardgrass
(Smith, 1968).

Rice plants/0.09 m? Barnyardgrass % Yield reduction
3 0 0
3 1 57
3 5 80
3 25 95

10 0 0

10 1 40

10 5 66

10 25 89

31 0 0

31 1 25

31 5 59

31 25 79

weed density. This is because densities observed in the field and those used
in experiments cannot represent the whole range of possible weed densities
depicted in Figure 6.13. Multiple regression models must be chosen carefully
so they reflect biological reality and not just mathematical convenience. For a
more complete discussion of the role of modeling in studies of weed-crop
competition, see Chapter 10 in Zimdahl (2004).

VIII. MAGNITUDE OF COMPETITIVE LOSS

Tables 6.17a and b, 6.18a and b, and 6.19 show the magnitude of loss in a
few studies of weed competition in corn, soybeans, and small grains. This
small set of data provides evidence that weeds decrease crop yield, often a
great deal. The data also show that the effect of weeds is not entirely predict-
able, nor is the effect of a particular density consistent. The tabular data are
shown as they appeared in the original publication because it makes an impor-
tant point about many studies—the lack of precision of the data. There is no
uniform definition of a heavy stand, a small infestation, or a natural stand
(Table 6.17a) and therefore the work is not repeatable. The data also illustrate
the inevitable effect of year and place. In competition studies, it is important
to define precisely the number of weeds and crop plants per unit area (the
density).
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TABLE 6.17a. Weed Competition in Corn (See Zimdahl, 1980, for Complete Citations).

Location Density Yield reduction

Mllinois Heavy stand 55%

Illinois 54 foxtail/ft of row in 4” band over row 25%

Towa Handweeded 50% greater than unweeded
Towa Small infestations of foxtail 6-8bwA

TABLE 6.17b. Weed Competition in Corn (See Zimdahl, 2004, for Complete Citations).

Yield reduction

Weed species Density
Barnyardgrass 100m’
200m? concurrent emergence
Emergence when corn had 4 leaves
Common milkweed 11,000 to 45,000 plants per m’

Giant ragweed
Giant foxtail

Green foxtail

Hemp dogbane
Itchgrass

Quackgrass

Palmer amaranth

Redroot pigweed

Wild proso millet

Yellow nutsedge

1.7, 6.9, or 13.8 plants per m?
10 per meter of row

0, 29, 56, or 89 per m?

129 per m?

Natural stand

2,4, up to 14 weeks

Season-long

65 to 390 shoots per m?
745 shoots per m?

0.5 to 8 per m’

0.5 per meter of row with concurrent
planting at corn’s 3 to 5 leaf stage

10 per m?

100 shoots per m?

300 tubers per m?

700 tubers per m’

18%

26-35%

6%

10%

13.6-90%

13-14%

20-56%

5.8-17.6%

0-10%

125kg per ha per week of

presence
33%
12-16%
37%
11-74%
5%

13-22%

8% per 100 shoots
17%

41%

TABLE 6.18a. Weed Competition in Soybeans (See Zimdahl, 1980,
for Complete Citations).

Location Density Yield reduction
Nebraska 861bs/A 1 bwA

Towa 10-12 weeds/ft of row 7.5-17.1%
1llinois 54 foxtail/ft of row in 4” band over row 28%
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TABLE 6.18b. Weed Competition in Soybeans (See Zimdahl, 2004,

for Complete Citations).

Weed species Density Yield reduction
Common cocklebur One per 1.8 m of row 7%
One per 0.9 m of row 14%
One per 0.3 m of row 30%
Hemp sesbania Full season 28 to 41%
Jerusalem artichoke 16 per m?—full season 43%
Full season 1 tuber per m of row 31%
2 tubers per m of row 59%
4 tubers per m of row 71%
4 weeks after planting 4 tubers per m of row 9%
6 weeks after planting 4 tubers per m of row 10%
8 weeks after planting 4 tubers per m of row 38%
20 weeks after planting 4 tubers per m of row 82%
Jimsonweed 0.3 per m of row—full season 8%
1.6 per m of row
2 weeks 7%
4 weeks 14%
Full season 41%
Johnsongrass Full season 59 to 88%
Johnsongrass with early
maturing cultivar 1 week after maturity 32%
2 weeks afer maturity 35%
3 weeks after maturity 36%
Johnsongrass with late
maturing cultivar 1 week after maturity 27%
2 weeks after maturity 29%
3 weeks after maturity 29%
Ivyleaf morningglory 1 per 15 cm of row—full season 13 to 36%

Quackgrass

Velvetleaf
Mid May planting

Late June planting

Natural stand for

6 weeks 11%
8 weeks 23%
Full season 33%
1 per 30cm of row—full season 27%
1 per 30 cm of row—full season 14%
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TABLE 6.19. Weed Competition in Small Grains (See Zimdahl, 1980, 2004).

Location Crop Density Yield reduction
Montana Spring wheat Canada thistle/sq. ft.
3-5 4.2bwA
20-25 9.0bwA
40-45 15.3bwA
Oregon Winter wheat 1 fiddleneck/sq ft 10.0bwA
New York Oats 15 mustard/sq ft 11.0bw/A
Nebraska Sorghum 15 Ibs of weeds/A 1.0bwA

IX. DURATION OF COMPETITION

It is obvious that a weed present for one day in the life of a crop will probably
have no measurable effect on final yield. But what if the weed is present for
2, 20, or 200 days? The question of duration of competition has been asked
in two ways. The first kind of study asks what is the effect when weeds emerge
with the crop and are allowed to grow for defined periods of time? After each
of these times, the crop is then kept weed-free for the rest of its growing period.
These studies define what many call the critical duration of weed competition.
The second kind of study asks what is the effect when the crop is kept weed-
free from emergence for certain periods of time and then weeds are allowed
to grow for the rest of the growing season? These define what many call the
critical weed-free period. Vega et al. (1967) studied the effect of duration of
weed control on rice. Weeds grew in no time at all or in intervals of 10 days
up to 50 days after rice was planted. They also allowed weeds to compete for
10, 20, 30, 40, or 50 days after planting and then kept the crop weed-free
thereafter (Table 6.20).

The data show that yield is reduced when rice is weeded for a short time
after planting. When it was weeded for 40 days, yield reached a maximum,
and there was no benefit from weeding an additional 10 days. In the same way,
if weeds were allowed to grow up to 20 days after planting and then removed,
there was no effect on yield. Therefore, rice (and many other crops) can with-
stand weed competition early in the growing season and do not have to be
weeded immediately. Weeds in rice cannot be present more than about 30
days, or yield will go down.

Corn must be kept weed-free for three to five weeks after emergence or nine
weeks after seeding, depending on the location and the weeds (Table 6.21).
The opposite study (Table 6.22) shows the length of early weed competition
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TABLE 6.20. The Effect of Duration of Weed Control and
Weed Competition on Rice Yield (Vega et al., 1967).

Weed control duration

(Days after planting) Yield (kg/ha)
0 46

10 269

20 1,544

30 2,478

40 3,010

50 2,756

Weed competition duration
(Days after planting)

10 2,944
20 3,067
30 2,752
40 2,040
50 1,098
Unweeded 55

TABLE 6.21. Weed-Free Period Required to Prevent Yield Reduction in Corn
(See Zimdahl, 1980, 2004).

Weed-free weeks

required after Competing

seeding emergence weeds Location Source

9 Mixed annuals Mexico City Aleman and Nieto, 1968
5 Mixed annuals Vera Cruz, Mexico Nieto, 1970

3 Giant foxtail 1llinois Knake and Slife, 1969
After 7-leaf stage Redroot pigweed Ontario, Canada Knezevic et al., 1994

3 to 14 leaves Natural stand Ontario, Canada Hall et al., 1992

6 leaves Natural stand Ontario, Canada Halford et al., 2001

tolerated by corn. If provided with a weed-free period for three weeks after
emergence, corn will compete effectively with weeds emerging afterward.
Conversely, corn can withstand weed competition for up to six weeks if it is
then weeded and kept weed-free.

When barnyardgrass and a mixture of redroot pigweed and Palmer ama-
ranth was planted with alfalfa and removed by 36 days after planting, there
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TABLE 6.22. Length of Early Weed Competition Tolerated Without Yield Loss in Corn =
the Critical Duration (See Zimdahl, 1980, 2004).

Weeks of competition
tolerated after

seeding emergence Competing weeds Location Source
Mixed annuals Vera Cruz, Mexico  Nieto, 1970
Mixed annuals Mexico City Aleman and Nieto, 1968
Mixed annuals Chapingo, Mexico  Nieto et al., 1968
2-4 Halberdleaf orach Bunting and Ludwig, 1964
and
Persian speedwell England
4 Green foxtail Ontario, Canada Sibuga and Bandeen, 1978
6 Giant foxtail Illinois Knake and Slife, 1969
6 Redroot pigweed Oregon Williams, 1971
2-3 Mixed annuals New Jersey Li, 1960
8 Itchgrass Zimbabwe Thomas and Allison, 1975
4 Longspine sandbur ~ Colorado Anderson, 1997
9 to 13 leaves Natural stand Ontario, Canada Halford et al., 2001
14 leaves Natural stand Ontario, Canada Hall et al., 1992

was no effect on alfalfa yield (Fischer et al., 1988). Thereafter, yield decreased
in direct proportion to the length of weed interference. If the same weeds were
seeded 65 or more days after alfalfa emergence, there was no effect on alfalfa
yield, but weed biomass reduced first-cutting hay quality.

These kinds of data have been used to derive the critical period for weed
competition that has been defined as apparent (Table 6.23a) for a few crops
and over a range of time for several crops (Table 6.23b). It is clear from Table
6.23b that weeds behave differently in different crops (e.g., compare johnson-
grass in soybean and cotton or common cocklebur in bean and peanut). A
critical period is not equal to the critical weed-free period just mentioned. The
critical period—the period after seeding when weed competition does not
reduce yield but after which weed presence does not reduce yield—has been
found for several crops. It is the time between the early weed-free period
required and the length of competition tolerated (Figure 6.14). It is not a fixed
period for a crop because it varies with season, soil, weeds, and location. The
critical period is a useful measure because it gives guidance on when to weed.
For example, potatoes, if kept weed-free for six weeks, will survive the rest of
the season without yield reduction, even if weeds grow. If potatoes are weeded
nine weeks after seeding, yield will not be reduced if they are subsequently
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Crops with an Apparent Critical Period for Weed Competition (See Zimdahl,

Crop Weed-free weeks required Weeks of weed competition tolerated
Corn 3-5 3-6

Potato 4-6 4-9

Rice, paddy 4-6 4-9

Soybean 2—4 after planting 4-8 after planting

TABLE 6.23b. Crops with an identified critical period for weed competition (See Zimdahl,

2004, for Complete Citations).

Crop

Critical period

Barley infested with wild oat

Bean, snap infested with common
cocklebur

Bean, dry infested with hairy nightshade
Cotton infested with hemp sesbania
Cotton infested with johnsongrass
Cotton infested with barnyardgrass
Cotton infested with bermudagrass
Peanut infested with common cocklebur
Peanut infested with bristly starbur
Peanut infested with horsenettle

Rice infested with bearded sprangletop

Soybean
Soybean infested with giant ragweed

Soybean infested with johnsongrass
Tomato, transplants

Watermelon infested with large crabgrass

2-node stage to maturity

Emergence to full bloom of snap bean
Note: This is too long to be a critical period.

3 to 9 weeks after emergence

=>62 days after planting

4-6 weeks after emergence

3-6 weeks after emergence

4-7 weeks after emergence

2-12 weeks after peanut emergence

2— weeks after emergence for tolerated loss of 3-4%
2-6 or 8 weeks after emergence

21-56 days after emergence

9-38 days after emergence = 2nd node (V-2) to
beginning pod formation (R-3) stage

4-6 weeks after emergence in one year and 2—4
weeks in a second year

4-5 weeks after emergence
24-36 days after transplanting

0-6 weeks after emergence

kept weed-free. Therefore, weeding of potatoes must be done sometime
between six and nine weeks after seeding, or yield will decrease. Critical period
analyses show that preemergence weed control is not essential, nor is weed
control immediately after emergence. The method of weed control dictates
when it must be applied, but the lesson of critical period studies is that weed
control does not have to be done in the first few weeks after crop emergence.
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FIGURE 6.14. The “critical period of competition” illustrated for onions. —, changes in

crop dry weight from sowing to harvest; B, yield response from delaying the start of continuous
weed removal; @, yield response from delaying the termination of weed removal, as adapted by
Mortimer, 1984.

Critical periods have practical weed management value, but Mortimer (1984)
points out their limitation: All weeds are considered equally injurious, and no
distinction is made between the kinds of competition that can occur. Most
humans would be injured in a fistfight but will be injured less if they get to
pick their opponent (that little fellow) than if the opponent is the heavyweight
boxing champion.

X. ECONOMIC ANALYSES

More economic analyses of weed control are being done. Farmers know weeds
reduce yield, and the question they ask is not whether weeds will reduce yield
but how many weeds reduce yield how much. Their question is “Should I
control weeds and, if so, what method(s) is best? The farmer’s definition of
best usually means the method that offers the highest profit potential. The
farmer knows a few weeds are not of consequence and asks how many weeds
are of consequence? The data in Table 6.24 illustrate how the answer might
be provided.

The study showed that for three potential wheat yields, what the profit or
loss would be for spraying, given a certain value of wheat and a defined spray-
ing cost. For example, if a farmer has %2 weed per square foot, the estimated
yield loss is 5%. If the wheat yield is estimated to be 15 or 20 bushels per acre,
the cost of controlling the weeds will exceed the benefit to be gained. If, on
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TABLE 6.24. Potential Profit or Loss from 2,4-d Application to Control Pinnate
Tansymustard in Winter Wheat (Wiese, 1965).

Potential wheat yield, bu/A

Percent estimated 15 20 30
Weeds per square foot yield loss Profit or loss, $¢
1/4 2.5 -1.03 -0.87 -0.56
Y 5 -0.56 -0.25 0.38
1 10 0.38 1.00 2.25
1 20 2.25 3.50 6.00
4 40 6.00 8.50 13.50

“Profit or loss, value of yield loss if weeds are uncontrolled—spray cost; wheat, $1.25/bu; spray
cost, $1.50/A.

TABLE 6.25. Yield Loss Caused by Wild Oats in Barley,
Wheat, and Flax (Bell and Nalewaja, 1967).

Yield reduction in bu/A

Wild oat seedlings/mz Barley Wheat Flax
10 1.6 1.5 2.0
40 2.7 35 5.0
70 4.9 5.2 6.3

100 6.0 5.4 6.9

130 6.2 7.3 74

160 7.1 8.7 7.5

the other hand, yield will be 30 bushels, then the gain will exceed the cost
and the weeds should be controlled. The values in Table 6.24 are out of date,
but the table is provided to illustrate the principle, which remains valid. A
similar set of data assist with decisions on controlling wild oats in barley,
wheat, or flax. These data (Table 6.25) show the potential yield loss for each
crop from a wild oats density that a farmer could determine.

A farmer could calculate control costs and value of yield lost to determine
whether control should be done. Other studies of decision models have been
done (King et al., 1986; Lybecker, 1984), but most decisions about what to
do are still made by growers with incomplete information. Weed science needs
more information on the efficacy of various weed control techniques and weed
management systems in different soils and cropping systems. This information
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must be combined with information on percent emergence of the weed species
in the soil seed bank, expected crop yield, weed control cost, and the farm’s
current economic situation to make wise weed management decisions.

XI. MATHEMATICAL MODELS
OF COMPETITION

A large number of experiments have been done to demonstrate that weeds
reduce crop yield (Zimdahl, 1980, 2004). This work has demonstrated that
some weeds are more detrimental to one crop than another and the effect is
always modified by environmental interactions. Weed scientists don’t need
more experiments to establish that weeds are detrimental. In fact, the impor-
tant questions in weed control and weed management cannot be answered by
experiments to determine yield loss as a function of weed density.
Mortimer (1987) cited four primary issues in weed management:

1. For a given crop management, what is the likelihood of invasion by
weeds?

2. Given the presence of weed infestation, how rapidly will the weeds spread
and what crop losses will be suffered?

3. How much of any proposed control measure is required to contain the
infestation or lead to total eradication?

4. What are the comparative costs of different weed control measures and
what risks are involved in switching weed management strategies?

It is possible but not desirable to answer these questions with standard field
experiments because there is not enough time, money, or weed scientists to
do so. Therefore, weed scientists are working to develop models to test experi-
mental hypotheses and complement experimentation. Cousens et al. (1987)
described four ways models can enhance research:

A. As the framework to integrate available information. Critical gaps in
research can be pinpointed; incompatibilities and erroneous or abnormal
results may become apparent.

B. Mathematics is a formal, rigorous language in which theories and intuition
can be expressed. Models can reduce ambiguity and describe complex
systems.

C. When used with an experimental program, models can increase the speed
with which understanding develops. They can be used to identify critical
experiments, thereby making the most economical use of resources.

D. Models can be used to forecast and predict what might be observed under
conditions not previously included in experiments.
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Models can be empirical and describe data or a response to imposed man-
agement options. They can also be mechanistic and attempt to incorporate
knowledge of processes that determine response (Cousens et al., 1987). Much
modeling effort has been expended to develop computerized decision-aid
software to answer the third and fourth questions posed by Mortimer (1987).
Decision-aid models are based on the knowledge that weed effects are popula-
tion dependent and all models attempt to predict the biological (weed density)
and economic consequences of management decisions (Coble and Mortensen,
1992). Models incorporate the concept of thresholds or beginning points for
weed effects. There are at least four kinds of thresholds used in decision-aid
models (Coble and Mortensen, 1992):

1. Damage—the weed population at which a negative crop yield response is
detected.

2. Economic—the weed population at which the cost of control is equal to the
crop value increase from control.

3. Period—time or times during the crop’s life when weeds are most
detrimental.

4. Action—the point when a control measure should be initiated.

Mathematical, computer-based models are not widespread in weed science.
Cousens et al. (1987) proposed that the slow development of modeling in
weed science was due the early lack of scientists familiar with mathematical
modeling and its capabilities. There was also a limited demand for model
development and a high demand for problem solving. Herbicide evaluation
provided quick solutions to weed management challenges. Simulation models
have been used primarily to predict crop yield losses from weeds. Weaver
(1996) recommended linking crop-weed simulation models with biological
models of population dynamics. Modeling and experimentation should proceed
in tandem, not separately. Given the increasing public acceptance of environ-
mental objections to expanding herbicide use and herbicide resistance, it is
time to move toward models that permit weed management with other than
broad-scale herbicide application. As models are developed, perfected, and
tested against biological knowledge, they will be used more and more. Models
are increasingly able to fulfill the basic requirements for a good weed-crop
competition model (Cousens, 1985):

A. Without weeds there is no yield reduction.

B. At low weed densities, the effect of increasing weed density will be
additive.

C. Yield loss can never exceed 100%.

D. At high weed densities there is a nonlinear response of crop yield to weed
density.
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It is beyond the scope or intent of this book to present a detailed discussion
of crop-weed interference modeling in weed science (see Zimdahl, 2004, for
a more complete review). Readers are directed to the references cited herein
and to current literature for more information on this expanding research
area.

THINGS TO THINK ABOUT

Why do plants compete?
What do plants compete for?
Do plants compete for space?
What factors determine weed-crop associations?
What makes a plant competitive?
How is the critical period of competition determined and what is it used
for?
7. What is the most appropriate description of the relationship between crop
yield and weed density?
8. How much yield is lost due to weeds?
9. What must be known about crop-weed competition to make good weed
management decisions?
10. How do economic analyses help make weed management decisions?
11. What is the role of mathematical models in weed science?
12. What kinds of thresholds are used in crop-weed interference models?
13. How can models aid research and weed management?
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CHAPTER ;

Invasive Plants

FUNDAMENTAL CONCEPTS

e Invasive plant species can seriously damage native plant and animal
communities, increase soil erosion, cause ecological changes, and interfere
with human activities.

e The arrival of an invasive species is usually silent and unnoticed, whereas
its effects can endure.

e Invasive plants can affect all aspects of life.

¢ Invasive plants are not just agricultural problems; they are ecological
problems.

e Not all non-native plant invasions are inevitably harmful or undesirable.

LEARNING OBJECTIVES

e To know what invasive species are.

e To understand the extent of invasive species invasions.
e To understand the consequences of invasive species.

¢ To understand why plant invasions occur.

¢ To know some management options.

I. THE DEFINITION OF INVASIVE SPECIES

As is true for many areas of study, one must first determine what must be
studied. Therefore, the first question is “What is an invasive plant species?”
When study of invasion biology began, most researchers used neutral terms
such as introduced, non-native, or founding populations to describe the species
being studied (Burdick, 2005). Soon, scientists began using alien, exotic, and
invader, which emphasized the danger posed (Burdick, 2005).
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More than 50,000 exotic species (not just plants) have arrived in
the United States over the past 200 years. About 5,000 of them were plants,
but only about 14% (perhaps as many as 675 species) of all introductions
are regarded as invasive (Chafe, 2005; Pimentel et al., 2000). Of the 5,000
exotic plant species that were intentionally introduced, beneficial species
(e.g., corn, wheat, rice, plus cattle and poultry) accounted for 98% of the
productive crops grown in the US food system in 1998 (Chafe, 2005). In
the United Kingdom, 71 of 75 non-native crops are naturalized species
(Williamson and Fitter, 1996). Crop plants are almost always considered to
be beneficial, but as Williamson and Fitter point out, because they are
strongly selected to grow where they are cultivated, they may also be adapted
to grow well outside cultivation. Plants with the greatest potential to become
invaders are those that are primarily aquatic or semi-aquatic, grasses, nitrogen
fixers, climbers, and clonal trees (Daehler, 1998). Clearly, no plant possesses
all of these characteristics (i.e., grasses are not clonal trees), but good invad-
ers commonly have one or more. Natural area invaders are from ecologically
diverse plant families and are frequently from largely woody families (Daehler,
1998). But one must remember that all non-native species are not threats;
some are beneficial. Only 25% of non-native natural area invaders have
been serious agricultural weeds (Daehler, 1998). To return to the opening
question, what are these invasive species? How can one recognize an
invading plant?

If an invader is simply a species that comes from somewhere else, then the
definition is purely geographic (Burdick, 2005), and that is an inadequate
definition. If invading plants are defined as weeds, then a human attitude
determines if an invader is a threat or just a kindly new neighbor. In this case,
the question about definition becomes “Who cares?” (Burdick, 2005). The
International Union for Conservation of Nature and Natural Resources (IUCN)
(aka World Conservation Union) provides a three-part definition of invasive
species (McNeely, 2001):

An alien species that becomes established in natural or seminatural ecosystems
or habitats, is an agent of change, and threatens native biological diversity.

Weber (2003, p. 1) suggests that this definition differentiates between common
weedy species and most plant arrivals that become naturalized in a new place,
do not expand their range, and remain confined to disturbed habitats. Weeds
grow primarily in agroecosystems and other highly disturbed, human-created
habitats. The plants that weed scientists have been concerned with are domi-
nantly (not exclusively) herbaceous species that occur in highly artificial,
species-poor habitats (cropped fields) that are environmentally homogeneous
and have predictable disturbance patterns (Weber, 2003). Invasive species,
what Weber (2003) suggests might be called environmental weeds, occur in
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species-rich, natural habitats that are environmentally heterogeneous with
unpredictable, or no unnatural, disturbance patterns.

Itis clear that there is confusion in the literature about exactly what invasive
and naturalized plants are. Richardson et al. (2000) define the necessary terms
carefully. Plant introduction occurs when a plant or its propagule(s) has been
transported intentionally or accidentally by human action across a major geo-
graphical barrier. They are aliens (i.e., non-natives) and may be simply casual
introductions, which do not form self-replacing populations. They may become
naturalized, which means they sustain populations over many life cycles
without or often, in spite of, direct human intervention. However, these non-
native populations may not become invasive. Invasive species produce numer-
ous offspring that reside away from the parent population. Richardson et al.
(2000) suggest a scale of movement >100m; in <50 years for those that spread
by seed, and >6m/3 years for taxa that spread vegetatively. As mentioned, not
all naturalized plants become invasive, and not all are weeds. Common weeds
are those plants that may or may not be aliens that grow where they are not
wanted (in a human disturbed habitat—a cropped field, garden, landscaped
area, etc.) and whose presence leads to undesirable economic or environmental
effects. Environmental weeds (see Weber, 2003, p. 1) are alien plants that
invade natural areas, usually with adverse effects on biodiversity or ecosystem
functioning. For more discussion of terminology, interested readers are referred
to Davis and Thompson (2000) and Sagoff (2005).

The US government’s Executive Order 13112 (1999) defined alien, invasive,
and native species as follows:

An alien species is defined with respect to a particular ecosystem as any species
including its seeds, eggs, spores, or other biological material capable of propagating
that species, that is not native to that ecosystem.

An invasive species is an alien (a non-native) whose introduction causes or is
likely to cause economic or environmental harm or harm to human health.

A native species is one that as a result of introduction, historically occurs or
currently occurs in a particular ecosystem.

NOTE: In spite of the precision of the preceding definition of invasive species,
there is disagreement about what species are truly invasive. All plant invasions
are harmful if the economic or environmental harms outweigh the benefits.
However, benefits and risks are commonly debatable, subjective determina-
tions. For example, some claim that smooth brome is invasive, but others argue
that its forage value for wildlife and domestic livestock far outweighs its inva-
sive risk, and therefore it is not an invasive species.

President Clinton’s executive order has been controversial because it also
included the directive that Executive Branch agencies “work to prevent the
introduction and control the spread of invasive species and eliminate or mini-
mize their associated economic, ecological, and human health impacts.” Much
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of the controversy is because not all agree on the definitions and therefore on
what should and should not be imported. The definition problem and the
inevitable conflicts are discussed well in a 2006 white paper from the National
Invasive Species Council.

Given the IUCN definition (McNeely, 2001), some weeds may be invasive
species, but most are not. One must also conclude that because of the great
public and environmental interest in all kinds of invasive species, the aware-
ness of many weed scientists may shift their research focus from the weeds
of agroecosystems to alien plants (of foreign origin, i.e., they traversed a dis-
persal barrier) that become established (they create self-sustaining popula-
tions) in natural or seminatural ecosystems or habitats, are agents of ecological
change, and threaten native biological diversity. The latter point is important
because transformation of the biological environment is what creates
concern. It is highly likely that because of the concern about environmental
transformation, the scope of concern of weed science must expand to include
invasive species.

II. THE IDENTITY OF INVASIVE
PLANT SPECIES

In general, no one knows enough about plant invasion biology to be able to
predict if an introduced species will become invasive and a threat to something
or someplace (Weber, 2003). A reasonable, but not a perfect, predictor of
behavior in a new place is behavior in the place of origin (the home range).
Plants that behave badly in their place of origin are likely, but not surely, to
behave badly in a new place. Most non-native invaders, however, do not
become problems. They become naturalized and fit in their new place as they
did in their place of origin.

Westbrooks (1998) claims that there are about 8,000 plant species, 3% of
all known plants, that are considered invasive. Of those, only 200 to 250 (less
than 0.3%) are major world weeds (Holm, 1978), and the most troubling
weedy species are in 80 taxa (Holm et al., 1977). A few plant species have
invaded widely separated places on the planet, which Mack et al. (2000) equate
to being “the ecological equivalent of winning repeatedly in a high-stakes
lottery.” Troubling weedy species span 80 taxa, but the world’s worst invasive
species belong to only a few families and genera: Acacia, Asteraceae, Cyper-
aceae, Poaceae, and Mimosa (Mack et al., 2000).

A few plants that become invasive are natives; most are not. For example,
the common reed, native to central Europe, is invasive within its native range
(Weber, 2003). Historically, common reed was restricted to its place of origin
in the United States—brackish wetlands, high marsh habitats with low salinity
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and high soil oxygen content (Amsberry et al., 2000). It seems to have invaded
low marsh habitats by first invading high marshes and then expanding to the
lower, less favorable areas via clonal integration. This expansion, in the view of
Amsberry et al. (2000), is due to a variety of human-induced changes in coastal
habitats rather than to a single cause. In the United States, the native common
reed has been displaced by an invading, similar species from the same genus
(Saltonstall, 2002). Junipers, native to the western and southwestern United
States, have expanded beyond their historical range (Ansley et al., 1995).

A third example of a native becoming invasive is the US weed common
waterhemp. It is native to North America and has become a weed of agricul-
tural fields, stream banks, and flooded areas in many states. Weed scientists
seem to agree that nearly all weedy species of Amaranthaceae (examples include
Palmer amaranth, redroot pigweed, and smooth pigweed) are native to the
United States and have become invasive in agricultural habitats. Another
example of a native weedy species that has become invasive is the presence of
feral (wild, or red rice) rice in rice fields. It has been present in rice fields for
a long time but has only become an important weed problem as planting has
shifted from transplanting to direct seeding (see Baki et al., 2000, for a com-
plete discussion of the current problem).

Highly specific classifications or lists of characteristics are of little help in
identifying potential invasive organisms (Noble, 1989). Reed’s (1977) large
study included 1,200 foreign plants from 101 families that were weeds in their
native place and might become serious weeds if they invaded the United States
where different “environmental and biological restraints no longer controlled
their development.” Reed’s work was a warning, not a prediction. Invading
species with ecological and physiological traits similar to native species have
been identified (e.g., members of the Linaria genus and some perennial
grasses). Noble (1989) points out that absence of special long-distance disper-
sal mechanisms (e.g., wind transported seed) is not a hindrance to invasion
because humans are the primary vectors of transport. In contrast, short dis-
tance dispersal mechanisms may enhance the “probability and rate of inva-
sion.” Plants that produce many reproductive propagules have enhanced
invasion potential, but the characteristics of the new area are perhaps the most
critical determinant of invasion success. It is the interaction of a particular
invader’s characteristics with the invaded environment that determines
success. Pheloung et al. (1999) developed a weed risk assessment model for
use in evaluating plant introductions to Australia and New Zealand. The
model was based primarily on a taxon’s weed status in other parts of the
world, its climate and environmental preferences, and certain biological
attributes (e.g., method of dispersal and seed survival). All taxa classified as
serious weeds and most minor weeds were rejected (excluded) by the model,
which they recommend as a screening tool.
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Concern about invasive species is not just a passing fancy that will fade as
we understand them better. The concern is related to the fact that globalization
of so many aspects of life and the consequent speed of movement have created
more opportunities for invasive species to become agents of change and threats
to native biological diversity. McGrath (2005) estimates that more than 40%
of all presently imperiled native US plants and animals are at risk of extinction
because of invasive species. The Brooklyn Botanic Garden published one of
the first reports of invasive weeds (Randall and Marinelli, 1996). Weber’s
(2003) book includes 1,462 references on more than 400 invasive plant species.
Westbrooks’s (1998) report on how invasive plants are changing the face of
the United States included 198 species, 95 of which are not included in
Weber’s book. Given the problems of definition and the fact that Westbrooks’s
book was published by a federal committee concerned with weeds, it is not
surprising that 48 of the species included in Westbrooks’s book are clearly
weedy plants. Weber’s book does not exclude weeds but it emphasizes alien
species that “establish in natural or seminatural ecosystems or habitats.”

Many, perhaps most, invaders have been intentionally introduced, and most
introductions have been ornamentals (e.g., purple loosestrife; Reichard and
White, 2001). Horticulture has been what Bright (1998, p. 147) calls “a gar-
gantuan engine of biotic mixing that has helped unleash some of the world’s
worst plant invasions.” A few examples are shown in Table 7.1. In the United
States, 82% of woody species that have colonized areas outside their area of
cultivation (they have become invasive) have been introduced for landscape
purposes (Reichard and Hamilton, 1997). A survey of 1,060 woody plant inva-
sions found that in 624 cases, where origin could be determined, 59% came
from botanical gardens (Bright, 1998). Many invasive species have been intro-
duced accidentally as crop seed contaminants (e.g., leafy spurge, spotted knap-
weed, yellow starthistle) or simply as free riders in a shipment of unrelated
things (e.g., cheatgrass). Some of the worst plant invaders have been intention-
ally introduced, including English ivy, johnsongrass, kudzu, tamarisk, and
waterhyacinth (Westbrooks, 1998).

TABLE 7.1. Plant Invaders with a Horticultural Origin (Bright, 1998, pp. 148-149).

Plant Source Location of problem invasion
Rubber vine Madagascar Northern Australia

Travelersjoy clematis Northern Europe New Zealand

Waterhyacinth South America Southern United States, Africa, South Asia
Purple loosestrife Europe Northern United States

Japanese knotweed East Asia Europe and North America

Tamarisk/salt cedar Central and East Asia Most of the United States
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A weedy invader of current concern is camelthorn, which was imported to
the United States as a wrapping for date tree cuttings and in alfalfa seed in
about 1900 (Brock, 2006). It is now abundant in nine states, especially in
northwestern Arizona. It rapidly displaces native vegetation (Brock, 2006).

Many plant introductions are the result of deliberate, flawed forethought
(Mack et al., 2000). But not all have resulted in disaster. Camellia and azalea,
originally from Asia and India, are planted widely. Both stay where they are
planted. Neither escapes by vegetative fragmentation or bird dispersal of seed,
and both behave well (Burks, 2002).

But the problem of invasive plant species cannot be attributed only to the
desire of horticulturalists to identify and import new ornamentals. Globaliza-
tion of commerce leading to rapid, often unchecked, movement of species is
much more important. The world is becoming smaller in the sense that the
speed and frequency of travel have increased. Lovelock (1979), a mathemati-
cian, was the first to argue that the earth was a single, planet-sized organism.
He named it Gaia after the Greek earth goddess. His arguments seemed less
than scientific, perhaps mystical, and they were not greeted with enthusiasm
by the scientific community. While there has always been movement among
the earth’s communities, it was slow and controlled by natural forces. Real,
ecologically relevant geographic and climatic barriers are no longer as great as
they once were. Lovelock (1979) proposed three reasons for their decline in
importance (Bright, 1998, p. 20). First, the frequency of movement has
increased. Planes and ships move thousands of people daily across vast dis-
tances. Each plane and ship carries known and unknown organisms in addi-
tion to the people who bring known and unknown organisms on and in their
bodies, clothing, and personal possessions. For centuries, natural movement
across geologic barriers was slow, and human travel was slow. Natural move-
ment is still slow, but the rapidity of human movement has vastly increased
the speed of arrival of all kinds of organisms. Second, movement can now
occur almost anywhere on almost any day. Intense biotic mixing has changed
from “an occasional regional event to a chronic global occurrence” (Bright,
1998). Finally, what was an impossible migration is now possible and common.
Miles of salt water or desert used to be effective, impenetrable barriers to
organism movement. Such barriers provided the isolation that allowed unique
species and ecosystems to evolve (McNeely, 2004). Now, with modern rapid
transportation, such barriers are crossed with ease. In fact, they are not barriers
to movement of any organism.

In the classic view of ecosystem invasion, first proposed by Elton (1958),
ecosystems lived on a knife’s edge (Burdick, 2005). Elton proposed that a
community’s resistance to invasion increased in direct proportion to the
number of species in the community—the species richness hypothesis. The
essence of the hypothesis is that a community’s species richness (the greater
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the number of species) indicates reduced resource availability and, therefore,
greater resistance to invasion because resources are being used by the wide
variety of species present in the community. Levine and D’Antonio (1999)
examined this hypothesis and found it to be based on controversial premises.
Experimental results have shown positive and negative effects of diversity.
Results that show diverse communities to be more invasible may be attributed
to environmental factors rather than to diversity per se (Levine and D’Antonio,
1999). However, work by Dukes (2002) supports the species richness hypoth-
esis. He showed that eight species grown in monoculture differed widely in
their ability to suppress yellow starthistle. The ability of yellow starthistle to
suppress other species declined with species richness. The work suggests that
diversity can limit invasibility and may reduce an invaders effects. Dukes’s
work also proposes that knowledge of the relative competitive ability of native
and invasive plants can lead to effective management techniques. A monocul-
ture of the late-season annual, hayfield tarweed, was the most effective com-
petitor with yellow starthistle. No polyculture was as effective. Hayfield
tarweed’s success may be due to rapid soil moisture depletion, and the authors
hope this knowledge may lead to new techniques for suppression of an inva-
sive species. The palatability of hayfield tarweed is low, and imposed dryness
is not a popular solution among ranchers.

Second, Dukes (2002) proposes that all ecosystems are carefully structured,
and unless they are disturbed, there is little room for invaders because all
resources are being used by the residents. Especially in species-rich communi-
ties, all live on the knife’s edge competing for limited resources—the resource
availability hypothesis. In contrast, what study of invasions has shown is that
all ecosystems have plenty of resources that are available to new species and
that diverse systems use resources more completely (Tilman et al., 1996). The
hypothesis is that there are vacant niches to be occupied, but there may be
fewer such niches in diverse communities.' Stohlgren et al. (1999) showed in
the Colorado Rocky Mountains and in the central grasslands of Colorado,
Wyoming, South Dakota, and Minnesota that exotic species primarily invaded
areas of high species richness. They concluded that sites high in herbaceous
foliar cover, soil fertility, and plant diversity are invasible. Invasibility was
more a function of resource availability than species richness. Other work
confirmed the susceptibility of species rich areas to invasion (Stohlgren et al.,
2003). See Ricciardi (2001) for confirmation of the hypothesis in an aquatic
habitat.

'Niche is used to describe a species place in the community, including when it is present, what
place (space) it occupies, and what function(s) it fulfills in the community. The ecological concept
of niche includes a species specialization—its special or unique function in the community.
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One must conclude the following:

1. The threats of invasion are real and well documented.
2. Several invading species have been identified.
3. Diverse plant communities are susceptible to invasion.

Given these facts, can we identify the traits of an invader? How can we know
one when we see one?

Rejmanek (1989) compiled a list of 54 invaders of natural communities in
several parts of the world. His list included species from 40 families that rep-
resented all major plant growth forms. He suggests that the list is a “bizarre
collection of extremely diverse adaptations that have been necessary for inva-
sions into a variety of more or less natural communities in different environ-
ments.” Rejmanek (1989) suggests it is difficult, if not impossible, to quantify
invasive potential of a particular species or the invasibility of a community.
There is abundant evidence that disturbance (see section III) of many kinds
makes invasions more likely (Forcella and Harvey, 1983). Successful invasion
depends on the extent and type of disturbance, the number of non-native
species propagules available in a community per year, and how long the com-
munity is exposed to invading propagules (Rejmanek, 1989). Therefore, com-
munities that experience intensive and frequent disturbance, a rapid, enduring
spread of highly competitive invasive propagules that have a lower overlap of
resource requirements compared to the natives, can be invaded more easily.
For example, Zedler and Kercher (2004) point out that wetlands are especially
vulnerable to invasions. Only 6% of the earth’s land is wetland, but 24% of
the world’s most invasive species are wetland species. Wetlands are what
Zedler and Kercher call landscape sinks, “which accumulate debris, sediments,
water, and nutrients, all of which facilitate invasions by creating canopy gaps
or accelerating the growth of opportunistic plant species.” That is to say that
consistent with Rejmanek’s (1989) hypothesis, a wetland is frequently dis-
turbed and may have a high rate of spread of invading propagules that have
different resource requirements compared to the natives. The invasion of alli-
gator weed from Brazil to Australia is a good example. It established itself as
a noxious weed throughout Australia within 60 years.

In contrast to Rejmanek (1989), Westbrooks (1998) lists 12 characteristics
of invasive species that permit them to invade new areas and outcompete
native vegetation. The characteristics Westbrooks includes are those of suc-
cessful weeds:

Early maturity

Profuse reproduction by seeds and/or vegetative structures
Long life in soil (of seeds and vegetative parts)

Seed dormancy to assure dispersal in time

el ol e



196 Fundamentals of Weed Science

Adaptation for dispersal as contaminants of crop seeds

Allelopathy (see Callaway and Aschehoug, 2000)

Spines and thorns that cause physical injury and repel grazing animals
Ability to parasitize other species

Seeds that are the size and shape of crop seeds, so separation by standard
cleaning techniques is not effective

10. Vegetative structures with large food storage

11. Survival and seed production under adverse growing conditions

12. High photosynthetic capacity

© X Now

These characteristics are included in the now classic list of characteristics of
weeds (Baker, 1965; see Chapter 2). But not all introduced plants are or
become weeds and contrary to the accepted definition of invading species,
most non-natives do no harm. No one knows which plants may become suc-
cessful invaders because no common characteristics are known (Bright 1998,
p. 25). Finhoff and Tschirhart (2005) proposed that all species have a rich
array of traits that make them suited for some environments and not for others.
Identification of invasive species that are successful under some environmental
conditions is linked to four physiological parameters: specific leaf area that
defines its solar energy intake, the ideal level of environmental resource(s),
and two respiration parameters. Their model integrates ecological and eco-
nomic considerations and is a step toward defining the specific characteristics
of invasive species.

Some of the worst invaders are highly adaptable generalists—that is, they
have the characteristics of good weeds. Others are not, and attempts to develop
a uniform list of characteristics of invaders have failed. While many invaders
are from plant families that have several weedy members, not all invade
cropped fields; they are not agricultural weeds. It is also true that many inva-
sive species have few or no aggressive relatives. For example, what Holm
et al. (1977) call the world’s worst weed, waterhyacinth, is the only member
of the Eichornia genus that is invasive (Mack et al., 2000). That could be due
to the lack of opportunity to invade offered to relatives or to a lack of the right
characteristics for invasion (Mack et al., 2000).

Fifty years of research on invasion biology has failed to identify a clear dif-
ference between an ecosystem rich in native species and one full of aliens
(Burdick, 2005). The best conclusion seems to be that invasions don’t weaken
ecosystems. When successful (and most are not), they transform them into
different systems that may be of greater or less economic or aesthetic value
to humans (Burdick, 2005). This reality brings us back to definitions. As
just stated, a human attitude may determine whether an invader is a threat
or just a kindly new neighbor. The question still becomes “Who cares?”
(Burdick, 2005).
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III. WHY DO INVASIONS OCCUR?

Those who study invasion biology agree that many invasive plant species were
introduced by humans for horticultural or ornamental purposes. For example,
Reichard and Campbell (1996) showed that 85% of 253 invasive woody species
in the United States were introduced as ornamentals and another 14% were
introduced as agricultural plants. Many invaders are sold regularly in nurser-
ies. These plants were introduced and are sold because they possess positive
traits that are highly desirable to gardeners, landscapers, and the nursery
industry (Li et al., 2004). For example, they are usually easy to establish and
grow with little care, often under diverse environmental conditions. The
homeowner goes to the nursery wanting a plant that will grow easily, with
little care, in a bad place (shady, dry, etc.), and there it is. What it may become
in 10 years is neither asked nor revealed, if it is even known.

Those who study invasion biology and weed scientists have not found a
set of words that adequately define an invasive species. Those who sell them
often don’t know about invasion potential, at least partially because there is
no agreement on what it is that ensures success of an invader. Lonsdale
(1999) proposed that the invasion of any environment by a new species is
influenced by three things: the number of propagules entering the environ-
ment (propagule pressure), the characteristics of the new species, and the
environment’s susceptibility to invasion (invasibility). There is general agree-
ment that Lonsdale is correct, but there is lack of specific agreement on how
the three things interact and their relative importance. Lonsdale’s three things
are necessary components of a satisfactory definition, but they are not suffi-
cient to define the characteristics of plant communities that are susceptible
to invasion.

A related question is whether an invader is the driver or simply a free rider
in degraded ecosystems (MacDougall and Turkington, 2005). The driver
model predicts that competition is vigorous in invaded plant communities,
and native species are simply outcompeted by the invader. Over time, they are
excluded by the superior competitive success of the alien invader. If the
invader is a free rider or a passenger, as MacDougall and Turkington (2005)
call them, then the community is structured mainly by noncompetitive forces
such as environmental factors or dispersal limitation that are frequently less
constraining on the invader, which begins to dominate. MacDougal and
Turkington tested these hypotheses in an invaded, fire-suppressed oak savanna
community. They found that relative abundance was most determined by
environmental trade-offs (e.g., long-term fire suppression), rather than resource
capture. In the environment studied, the free rider model best explained the
dominance of invasive species, but it may not be applicable to all environments
or to all invaders.
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For agricultural and horticultural crops, the characteristics of invasive
species seem to be obvious because the concern is about weedy invaders. The
way agriculture and horticulture are practiced creates open niches in which
weeds thrive. Weeds are the inevitable result of the environmental disturbance
that is a central trait of crop culture in the developed world. Thus, for invasive
plants that are weeds (a category of invasive plants), the way crops are grown
provides adequate opportunity for invasion. Cropping systems in developed
country agriculture succeed in creating monocultures of a single desired plant,
and all other plants are declared weeds. The system creates open niches ready
for invasion—the vacant niche hypothesis (Elton, 1958). Plant communities
with vacant niches (a cropped field with open rows or spacing between crop
plants) are relatively impoverished (species poor) and have little biological
resistance to invaders. However, other than in cropped fields, demonstration
of vacant niches has proven difficult.

A variant of the vacant niche hypothesis is the community richness hypoth-
esis of Elton (1958), mentioned previously. A plant community that is rich in
species was in Elton’s view capable of resisting invaders. The theory is that
communities tend to be more stable if they are rich in species because they
have fewer or no vacant niches. All niches are occupied by one or more of the
community’s diverse species. It is true that there is often reduced resource
availability in communities with high species richness. But in some cases the
hypothesis does not hold. All communities have resources that are not being
used, and study of invasions has verified this. In fact, invasions often increase
the species richness and therefore the biodiversity of a plant community
(Burdick, 2005), although there are notable exceptions that will be discussed.
Biodiversity is a common, frequently undefined, term in discussions of invasive
species. It is the variability among living organisms of all kinds in a community.
It includes diversity within species, between species, and of plant (and other
species) communities within ecosystems (UNEP, 1992). Tilman (1999), in a
comprehensive review of the ecological consequences of biodiversity, suggests
it is one of several factors that control population and ecosystem dynamics.
Others that must be considered include disturbance, nutrient supply, and
climate. Once again, it is certain that in biology and ecology the quest for cer-
tainty leads to definition of a multiplicity of factors that must be considered
and the difficulty of creating sweeping generalizations that answer all
questions.

Invading species may thrive because they have escaped from the biotic
constraints of their previous home: the enemy release hypothesis (Mack et al.,
2000). Independent of how they reached a new place, they made the journey
without their previous associates, such as other competing plant species,
predators, grazers, or parasites. Such journeys are often made in the dormant
or resting state as a seed or vegetative structure. The hypothesis is that the
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invading species does not necessarily possess any special invasive traits. It does
well because it left its old enemies behind and is not readily attacked by new
natural enemies. It has not encountered new enemies that are anywhere near
as effective. Stastny et al. (2005) suggested that the competitive ability of an
invader may be associated with “changes in resistance as well as tolerance to
herbivory.” That is the former natural enemies (the herbivores) are not present,
and the new ones are not as effective. Release from herbivory may be an
important key to success of highly aggressive invaders (Carpenter and
Cappuccino, 2005). In a test of 39 exotic plants and 30 natives in natural areas
near Ottawa, Canada, exotics suffered less from herbivory than natives.
Reduced or lack of herbivory may also indicate evolution of defensive chemi-
cals in the exotics that confer resistance to herbivory. Mitchell and Power
(2003) tested 473 naturalized plant species in the United States. On average,
84% had fewer fungal and 24% fewer viral enemies than each had in its native
range, which is strong support for the enemy release hypothesis. Colautti
et al. (2004) argued against the simple relationship the enemy release hypoth-
esis establishes between enemy release and the vigor, abundance, or effects of
nonindigenous species. Clearly, ecologists are vigorously debating the merits
of these competing hypotheses.

Especially with weeds, one of the best hypotheses about the reasons for
invasion is that disturbance before or at the time of invasion is the primary
cause (Mack et al., 2000). When sudden or regular changes in a particular
environment occur as an invader arrives, successful invasion is more likely.
One of the best examples of disturbance is the intentional or accidental use of
fire. It has played a significant role in several biotic invasions (Mack et al.,
2000). Invasions of non-native species on the arid, temperate grasslands of
Australia and North and South America were facilitated by fire (Mack et al.,
2000). D’Antonio and Vitousek (1992) provide one of the few studies that
illustrate the change wrought by invading grasses (from Africa in this case)
on previously forested areas of the Amazon basin. Land clearing, nutrient loss,
altered microclimate, prevention of succession, and fire are significant on a
local scale and are becoming significant on regional and global scales. The
success of alien grasses is aided by fire and they prevent succession of native
species, thereby creating an environment conducive to success of the aliens at
the expense of native species. Once the grasses become established, their con-
tinued success is ensured because of their rapid annual reproduction and
highly flammable litter. Regular fire, in an ecosystem not adapted to fire, denies
establishment to the natives but does not harm and, in fact, encourages invad-
ing grasses.

The regular disturbance of grazing and subsequent overgrazing often favors
invaders over native species. Many of the world’s presently dominant range-
land plants owe some of their success to grazing pressures (Bright, 1998,
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p. 41). The success of cheatgrass (weed scientists know it as downy brome)
on western US rangelands was caused by continued overgrazing. Downy brome
has been called the most devastating ecological problem in the western United
States (Devine, 1993). It is a native of Eurasia, which began to invade the
western United States and Canada between 1889 and 1894 and had shown up
in most areas where it is today by 1928 (Mack, 1981). It may have been intro-
duced intentionally as a forage, but it is more likely that it arrived in several
locations as a contaminant in seed (Mack, 1981). It now dominates more than
100 million western US acres. Its presence would not have mattered much if
cattlemen had not weakened the range’s natural resilience by overgrazing.
Native plants are often easily damaged by livestock (cattle) grazing. This is
because some evolved without being regularly grazed by large herbivores
(Devine, 1993). In contrast, downy brome evolved in Eurasia, in a grazing
adapted ecosystem, under regular grazing from camels, horses, and other
grazing animals and is not affected detrimentally by intense grazing as long as
it can set seed, which it does quickly and abundantly early in the spring.
Overgrazing thus tends to eliminate native species and create opportunities for
downy brome to thrive. Downy brome can but often does not enter native
plant communities in the western United States and cohabit without dominat-
ing. Downy brome’s invasion of the West is a clear demonstration of how suc-
cessful an invader can be when “preadaptation, habitat alteration simultaneous
with entry, unwitting conformation of agricultural practices to the plant’s
ecology and apparent susceptibility of the native flora to invasion, are all in
phase” (Mack, 1981). Overgrazing and changes in the fire regime have been
the key disturbances that allowed downy brome to invade aggressively. In spite
of the weed’s well-known invasive ability, ranchers do not completely despise
it because it provides abundant, early spring grazing.

Davis et al. (2000) proposed that fluctuation in resource availability is a
key factor that controls invasibility of plant communities. Disturbance, a major
factor in invasion, usually increases resource availability. Research (Davis and
Pelsor, 2001) has demonstrated that changes in resource availability affect
competition intensity, which affects community invasibility. Short-term (a few
weeks) increases in resource availability can “temporarily reduce or suspend
competition from resident vegetation,” thereby increasing an environment’s
invasibility for as long as 12 months (Davis and Pelsor, 2001).This is consistent
with Mack’s (1981) hypothesis that habitat alteration at entry has a major affect
on success. The importance of resources is also illustrated by the work of
Meekins and McCarthy (2001), who demonstrated that growth and reproduc-
tion of the nonindigenous forest herb, garlic mustard, was not dependent on
disturbance. Its invasive success was determined by adequate soil moisture
and available light. Similarly, more effective competition for light because of
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stem elongation and canopy formation enabled western elodea to invade and
become established in the presence of common elodea (Barrat-Segretain and
Elger, 2004).

Goldberg (1990) argued that “effect on and response to a resource is posi-
tively correlated only to the extent that both are a function of uptake rates.”
Uptake may be a relatively unimportant determinant of the magnitude of the
effect on and response to a resource. Research needs to be done to compare
effect on and response to a required resource. Goldberg also proposes that
species that make heavy demands on a resource will dominate in “communities
where success is determined by size-symmetric competition.” Good examples
include cropped agricultural fields, early succession areas, or gaps in existing
vegetation. In contrast, plants that tolerate and grow well with low resource
levels often dominate when size-asymmetric competition occurs, as it does
when seedlings germinate in mature vegetation (Goldberg, 1990). Fargione
et al. (2003) showed that in a prairie grassland, resident species inhibited
establishment of species with similar resource use patterns by early resource
consumption. The success of invaders decreased as diversity increased, and
this is explained by the simple mechanism of competitive inhibition of invad-
ers that are similar to established and abundant species in seed size—symmetric
competitive situations.

Brown and Rice (1998) showed that the early-season, shallow-rooted
invader of prairie plant communities, soft brome, was least successful in mix-
tures of species with similar resource use patterns. The mixtures were com-
posed of species that were resource incompatible—that is, all needed the same
things at the same times. The late-season invader yellow starthistle was least
successful in compatible mixtures of species with varied resource use patterns
some of which were similar to yellow starthistle. Invaders in this work were
not as successful in plant communities of species with similar resource use
patterns. Both invaders were less successful in more diverse (greater species
rich) communities and their success was reduced by existing vegetation
independent of the resource use pattern of the invading species (Brown and
Rice, 1998).

Contrary to the implicit assumption of concern about invasive plants, the
evidence is that invasive plants usually do not outperform co-occurring native
plants (Daehler, 2003). Alien invaders are not more likely to have higher
growth rates, competitive ability, or fecundity. Their relative performance
(success) depends much more on growing conditions (Daehler, 2003). In
Dachler’'s work in Hawaii, invaders were more likely to have greater pheno-
typic plasticity, which is particularly advantageous in disturbed environments.
Dachler concludes that there are no super-invaders that have universal per-
formance advantages over natives. That is, no one has identified universal
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characteristics of all successful invasive plants (Daehler, 1998). Success is
more often associated with disturbance—often human (see preceding discus-
sion of downy brome).

Hallett (2006) supports this by concluding that “no overarching conceptual
framework for the mechanism of plant invasion has emerged.” He identifies
the common theme in all invasions that the invading plant “in the process of
geographic displacement, has been dislocated from its coevolved biota and
relocated with a less familiar biota.” This observation leads to the conclusion
that a plant’s invasive potential is not determined by its life history or the
nature of the invaded ecosystem. Invasiveness is primarily a result of the
process of invasion. Plants dislocated from their co-evolved relationships are
inevitably confronted with new relationships that must be dealt with. Some
succeed, many fail. In human terms it is similar to moving from the town you
grew up in, where everything is familiar and you knew who was friendly and
who was not. Suddenly you are compelled to move to a new place, and you
don’t know who is nice and who is not, where things are located, or how you
can meet people. Humans often become unsettled by such moves, and plants
do, too. When confronted with new relationships, they undergo ecological
transformation, after which some succeed and others do not. It is the trans-
formation, in Hallett’s (2006) view, that affects the ability of a plant “to become
established, invasive, and naturalized in a new environment.”

Hybridization can also stimulate the evolution of plant invasiveness
(Ellstrand and Schierenbeck, 2000). Many invasive species that achieve success
do so only after a long time. That is, they have succeeded in surviving in a
new environment but have not become invasive. Ellstrand and Schierenbeck
(2000) propose an evolutionary mechanism to account for the lag and later
invasive success. Hybridization between the potential invader and “disparate
source populations may serve as one stimulus for the evolution of invasive-
ness.” They found 28 examples from 12 plant families where invasive success
was preceded by hybridization. Several of the examples were weedy species.
For example, they attributed the invasive success of the texanus subspecies of
common sunflower and sorghum almum to intertaxon hybridization. A few of
the other weedy species that evolved after intertaxon hybridization include
purple loosestrife, Scotch thistle, wild radish (after interbreeding with common
radish), and a perennial rye that resulted from hybridization between common
rye (a grain crop) and a weedy rye (Secale montanum). Only a few hybrids
become invasive. Success is conditioned by opportunity (a suitable open niche,
competitive success, or ecological release). Hybridization is one mechanism
that can catalyze the evolution of invasiveness. The success of hybridization
has been demonstrated with Eurasian watermilfoil populations in the United
States (Moody and Les, 2002). It is present in 45 states and 3 Canadian prov-
inces (Natural Res. Conservation Serv., 2001). Its invasive success has “resulted
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from hybridization between non-indigenous and native species, . . . resulting
in heterosis maintained by vegetative propagation” (Moody and Les, 2002).

In contrast, the invasive success of spotted knapweed among grass species
and against native knapweeds may be due to an entirely different mechanism.
Success may be due to root exudates (allelopathy) and how the root exudates
affect competition for resources (Callaway and Aschehoug, 2000; Callaway
and Ridenour, 2004). Success of diffuse and spotted knapweed in North
America may be due to the adaptation of its Eurasian neighbors to the allelo-
pathic chemicals produced by the knapweeds and the lack of evolved adapta-
tion among new North American neighbors. The primary allelochemical in
spotted knapweed [(+)-catechin] has been suggested in work by Bais et al.
(2002, 2003) and Thelen et al. (2005). That work has been questioned by Blair
etal. (2005, 2006), who strongly suggested that much more research is required
before the role of allelopathy in general or the specific role of catechin in
knapweeds as a novel mechanism that explains its invasive success can be
confirmed.

IV. THE CONSEQUENCES OF
PLANT INVASIONS

Invasive plants now dominate more than 100 million acres in the United States
and are increasing at an estimated 3 million acres each year (Nat. Invasive
Species Council, 2001). Myers and Bazely (2003, pp. 18-19) compiled data
for several world regions to show the percent of all plants that have been
introduced. The following data clearly show that the problem is shared by all
world areas.

World region Number of areas Average percent of introduced plants
Oceania 7 35

Canada 7 26

United States 12 16.5

Caribbean 4 25

Europe and United Kingdom 9 11.8

All introduced invasive species cost the United States about $125 billion
annually (Baker, 2001). Introduced invasive weedy species alone reduce US
crop yields by $23.4 billion each year (Pimentel et al., 2000). The US Depart-
ment of Agriculture estimated the costs of lost production due to invasive or
noxious weed species in 64 crops to be $7.4 billion annually. Control may cost
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in excess of $35 million each year (Hall, 2000; Pimentel et al., 1999). Control
costs do not include the unknown costs of loss of ecosystem function, affects
on human health, habitat loss among native species, and reductions in biodi-
versity (Li et al., 2004).

Downy brome (sometimes called cheat or cheatgrass) may be the most
devastating ecological problem in the western United States (Devine, 1993).
Duncan and Clark (2005) estimated its annual rate of spread in the United
States to be 14%. But it is not the only, and may not be the worst, plant invader.
There are many competitors for the title. For example the National Wildlife
Refuge Assoc. (2002) lists its Dirty Dozen invaders that include nine plants
(garlic mustard, Chinese tallow, purple loosestrife, giant salvinia, leafy spurge,
melaleuca, phragmites, spotted knapweed, and yellow star thistle). In 2001,
the Nature Conservancy also had its Dirty Dozen list of invasive species that
included six plants (Chinese tallow, hydrilla, leafy spurge, miconia, purple
loosestrife, and tamarisk). More recently, the Nature Conservancy lists 25
plants that gardeners should avoid buying (five for each of five US regions)
on its website (http:/nature.org/initiatives/invasivespecies/files/inv_wallet_
card.pdf; accessed January 2006). They include the Frightening Five (giant
salvinia, kudzu, purple loosestrife, multiflora rose, and tree of heaven) on a
separate list. West Virginia has its list of the Dirty Dozen invasive plants:®
African mile-a-minute, garlic mustard, Japanese knotweed, Japanese stiltgrass,
kudzu, multiflora rose, purple loosestrife, reed canarygrass, trailing crown
vetch, tree of heaven, water shield, and yellowflag iris. All are recognized as
weeds by the Weed Science Society of America. It is interesting to note that
the groups do not choose the same plants and that the plants chosen change
with time and, perhaps, with who is doing the choosing. It is also interesting
that many of the plants on these lists are available for sale. Around the world
organizations with names like Weed Warriors and Weedbusters’ have been
created to monitor, document, and aid in management of invasive plants.

It is not the purpose of this chapter to present and discuss the real or
potential consequences of all of them. The literature cited will lead interested
readers to more information on many invasive species. A few prominent weedy
examples are described following.

Plant invasions seem to be a permanent feature of modern, large-scale,
dominantly monocultural agriculture (Bright, 1998, pp. 47-53). Modern

*Source: http://wvgardengate.homestead.com/files/WV_Dirty_Dozen.htm. Accessed January
29, 2006.

’Both are public and educational programs to train volunteers to aid in management of invasive
plants. Weed Warriors is primarily an Australian program (see http://www.weeds.crc.org.au/for_
schools/weed_warriors.html). Weedbuster programs can be found in Australia, New Zealand,
Maryland/Washington, DC—A Nature Conservancy program, Massachusetts, and Montana.
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agriculture and environmental manipulation in our increasingly globalized
world create situations that make invasion likely, if not ensured. Bright describes
four aspects of agriculture’s instability that create its susceptibility to
invasion.

1. The boundary between crops and weeds is porous. Some crops and weeds
are closely related species (e.g., domestic and wild oats, wheat and jointed
goatgrass, and potatoes and nightshades). They can and do occupy similar
habitats and can interbreed. Gene flow between cultivated and wild sunflower
has been well documented in the United States (Burke et al., 2002). It has
become of special concern with the advent of genetically modified sunflower
throughout the range of sunflower cultivation in the United States. The same
phenomenon has been reported for cucurbits (Spencer and Snow, 2001) and
canola and its wild Brassicaceae relatives (Snow et al., 1999). Weeds closely
related to crops can also serve as hosts for crop pathogens (see Chapter 2).
This porous boundary is more related to why invasions occur than it is to their
consequences.

2. Related plants may act together to create mutual advantage from the new
association. Agriculture regularly sorts and resorts the residents of its crop
lands and new relationships occur that may be beneficial. A disease may find
a new vector or a new mutualism may develop that benefits crop and weed.

3. Movement of species between the agricultural and surrounding landscape can
damage both environments. There are numerous examples of plants imported
for some purpose, especially as ornamentals, that have become major weed
species. Table 7.2 includes several examples, as do the books by Westbrooks
(1998) and Weber (2003).

4. Agricultural pests change. In agriculture, as in natural landscapes, natural
selection is continuous. Bright (1998, p. 51) points out that a crop field with
its pest population is a “relentless genetic machine, performing millions of tiny
evolutionary experiments simultaneously.” Weeds change naturally and often
rapidly in response to herbicide pressure. Resistance and cross-resistance
develop, and the weed populations evolve. Nearly perfect herbicidal weed
control is a fine achievement, but it is also a huge advantage to the small per-
centage of the population that survives the chemical pressure.

It is important to recognize that plant invasion is not just a US or developed
world problem. China has a long history, as does the United States, of intro-
ducing plants that someone deems to be potentially beneficial. With its fairly
recent and expanding international trade, intentional introductions are now
joined by unintentional introductions that because they are unknown and
unexpected, may not be beneficial. Diamond (2005, p. 367) notes that in
Shanghai Harbor, one of many international Chinese harbors, “between 1986
and 1990, examination of imported materials carried by 349 ships from 30
countries revealed as contaminants almost 200 species of foreign weeds.”
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TABLE 7.2. Purposeful Plant Introductions That Have Become Important US Weeds

(Williams, 1980, and Other Miscellaneous Sources).

Weedy species Origin Purpose of introduction
Autumn olive Asia Wildlife attractant/erosion control
Birdsrape mustard Eurasia Cultivated crop

Bermudagrass Europe Forage crop

Bouncing bet Europe Ornamental

Cogongrass Asia As packing material

Corncockle Europe Ornamental

Dalmatian toadflax Europe Ornamental

Hydrilla

South America

Use in aquaria

Japanese knotweed East Asia Ornamental

Jimsonweed Tropics Ornamental

Johnsongrass Africa/Asia Forage

Kochia Europe Forage/ornamental

Kudzu East Asia Ornamental/forage/erosion control
Lantana Europe/Asia Ornamental

Melaleuca Australia As a tropical forest species
Multiflora rose East Asia Windbreaks/cover

Musk thistle Europe Ornamental

Reed canarygrass Eurasia Forage

Salt cedar/tamarisk Europe Ornamental

Tansy Europe Herbal plant

Tree of heaven China Ornamental

Tropical soda apple Argentina Unknown

Waterhyacinth Tropics Ornamental

Yellow toadflax Europe Ornamental

Source: Williams, 1980.

“Weeds and poisonous grass species have spread at the expense of high-quality
grass species” over as much as 90% of China’s grasslands (Diamond, 2005,
p. 360).

Over 3,000 plants are weeds in Australia and cause losses of at least US $2
billion each year (Diamond, 2005, p. 400). Catclaw mimosa is a nitrogen fixing
shrub that has invaded a World Heritage national forest (the Kakadu Forest)
in Australia (Diamond, 2005). It establishes quickly after disturbance; forms
thorny, impenetrable thickets; and can double the area occupied in a year. All
other species (not just plants) are excluded (Weber, 2003, p. 271).
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An interesting plant phenomenon reported by Leslie and Spotila (2001)
recounts how the invasive alien bitterbush in South Africa shades the nests of
Nile crocodiles. This seems to be a trivial effect, but shading lowered soil
temperatures enough to change the sex ratio of crocodile hatchlings. The story
illustrates the complexity of what may appear to be subtle effects of any inva-
sive species.

Introduced weeds are Montana’s most expensive problem (Diamond, 2005,
p- 55). Most are of Eurasian origin, and 30 are quite troublesome. Leafy spurge
and spotted knapweed are widespread throughout Montana. Spotted knap-
weed infests 566,000 acres in the Bitterroot valley and 5 millon acres in the
state (Diamond, 2005, p. 55). Leafy spurge may cause as much as $144 million
in livestock damage in Montana, South Dakota, and Wyoming. Both weeds are
so widespread and such good survivors that eradication is impossible. Manage-
ment is the only feasible option, but management options are limited. A man-
agement clue is provided by the work of Marler et al. (1999), who showed
that arbuscular mycorrhizal fungi strongly enhance the ability of spotted
knapweed to invade native grasslands of western North America and compete
effectively against natives such as Idaho fescue.

Invasive plants are present in all 50 states, and it is highly likely they will
be found in any country where someone looks. As many as 100 million US
acres (the area of California) now are home to one or more invasive plants,
and they are spreading at a rate of 14 million acres a year. Duncan and Clark
(2005) estimated the average annual rate of spread for 15 weedy species in all
continental US states was 11 to 17%. A few examples of plant invaders that
decrease species richness and biodiversity of the plant and general ecological
community are described following. Two of these and several others are
reviewed thoroughly in Duncan and Clark (2005).

A. TAMARISK/SALT CEDAR

Tamarisk or salt cedar was introduced to New Jersey as an ornamental nursery
plant in 1837 (Myers and Bazely, 2003, p. 25). It was introduced to the arid
western United States from central Asia in the early 1800s (Westbrooks, 1998)
as an ornamental, for use in windbreaks, or to stabilize eroding stream and
riverbanks. Now it has invaded nearly every watershed throughout the arid
west. It consumes up to 4 million acre-feet of water annually across 17 western
US states. It is also invasive in Australia and Southern Africa (Weber, 2003).
Three species are present in several world areas but not invasive (e.g., Europe,
Northern Africa, Canada, southeastern United States, Pacific Islands; Weber,
2003). One mature tamarisk plant can consume as much as 200 gallons of water
a day in an area known as the arid west, where water is the primary limitation
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to continued economic growth. Each year, tamarisk alone consumes three times
more water than is used by all of the households in Los Angeles (Millar, 2004).
The three introduced species are all small deciduous trees or large shrubs. They
invade desert areas and streambanks but grow best in damp, saline, and alkaline
soils. Dense, impenetrable thickets form and lower water tables due to the
plant’s high water consumption. Salt, secreted by the plant on its leaves, is
washed off or drips down to increase soil salinity to which tamarisk is more
resistant than native species. It may be the US poster plant to illustrate that
invasive plants are one of the preeminent environmental problems of the 21st
century. The habitat destruction, its dense thickets, and dense plant residue on
the soil surface lead to displacement of native plant, animal, insect, and micro-
bial species and to their eventual elimination from the habitat.

Tamarisk worked very well for all three purposes for which it was intro-
duced (ornamental, windbreak, erosion control), but its invasive potential
soon became the dominant feature. Mature plants can survive immersion in
water for more than one year. The capability of a single tree to produce up to
250,000 minute seeds each year enables colonization because the seeds quickly
exploit suitable germinating conditions. The seeds survive about seven weeks
but are spread easily and widely by birds and small mammals (Weber, 2003).
Deeply penetrating roots enable exploitation of deep water resources unavail-
able to native species. It has invaded every major river system in the south-
western United States (Millar, 2004). It can be removed by arduous hand labor
(a weed wrench) or herbicides. However, herbicides are not always fully effec-
tive and often may not be used along waterways (should not be unless approved
for use along waterways or in water). Its deep root system and vegetative
reproductive capability permit it to survive flooding and burning, both of
which are detrimental to native plants. It comes close to being a perfect weed
because it is resistant to available control measures and lacks natural enemies.
Successful control has been achieved with the imidazolinone herbicide imaza-
pyr (Duncan and McDaniel, 1998). Imazapyr applied in August or September
alone at 1 pound per acre or in combination with glyphosate (0.5 pounds per
acre) achieved 90% or greater control. Control was less successful in dense
stands and older stands.

The value of lost ecosystems services just due to tamarisk in western
US states is estimated to be between $7 and 16 billion over 55 years
(Zavaleta, 2000).

B. Kubzu

Kudzu is a good example of what Mack et al. (2000) called the result of delib-
erate but flawed forethought. Kudzu first arrived in the United States when
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the Japanese Pavilion exhibited it as an ornamental vine at the US Centennial
Exposition in 1876 in Philadelphia. It is a climbing, perennial vine, the plant-
ing of which was encouraged in the United States between 1935 and 1942 by
the US Soil Conservation Service (SCS), which propagated 85 million kudzu
seedlings, “flinging them about the country like wedding rice” (Williams,
1994). Encouragement of its planting followed passage of the Federal Soil
Conservation Act in 1935. The US government actually paid farmers as much
as $8 per acre to plant kudzu, kudzu clubs were formed, and the plant was
proclaimed to be the “miracle vine” (Williams, 1994). Its foliage dies each year
in cold weather, but the roots survive the mild winters of the southern United
States and resprout vigorously each spring (Westbrooks, 1998). When it was
being promoted widely, there were some skeptics who suspected that its lack
of presence in the United States was not due to what Williams (1994) called
“divine error.” But it grew so well, nearly everywhere, and it helped manage
the problem it was imported to solve: soil erosion. The characteristics that
made it successful for erosion control also made it succeed as an invader. Soon
after its introduction, many noticed that it was growing everywhere. Its 90-
foot-long older stems and ground-covering mats that could be up to 6 feet
thick grew over telephone poles and trees and covered gardens, fences, and
forest understories. It became “the vine that ate the South.” Now it may infest
as much as 7 million acres in the southeastern United States. In 1993 the
Congressional Office of Technology Assessment estimated kudzu was costing
the US economy $50 million annually in lost yields and control efforts.

C. WATERHYACINTH

At least one garden shop in my town sells small waterhyacinth plants for
placement in bubbling little ponds with pumps that circulate water and make
pleasant sounds. They are regarded as, and are, pretty ornamentals. I suspect
some people may tire of them and discard them. So far, waterhyacinth has not
been seen growing in Colorado waters. (So far!) Our winters are cold, although
they do not seem to be as cold or as long as they used to be, and cold tempera-
tures kill waterhyacinth, a native of South America’s Amazon basin that was
introduced to the southern United States, southern Asia, and Africa in the 19th
century (Bright, 1998, p. 148). It has infested Florida’s and many tropical
waterways ever since. It is regarded as invasive in Australia, southern Europe,
tropical and southern Africa, southeastern and western United States, and
tropical Asia (Weber, 2003).

Waterhyacinth is a perennial, free-floating aquatic herb. It has attractive
lilac to bluish-purple, erect flowers that produce long-lived seed soon after
self-pollination. The primary means of reproduction is vegetative by rhizomes
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and stolons. Vegetative offshoots are bound to the parent by strong stolons.
Offshoots separate from the parent as a result of the action on wind and water.
Stolons weaken with time, and this also separates offshoots into independent
plants. It rapidly colonizes large areas by forming free-floating large mats that
can completely cover lakes and rivers. Holm et al. (1977, p. 74) estimated that
under good growing conditions, 25 plants can produce enough offshoots to
cover a hectare in one growing season. A mat of medium-sized plants may
contain 2 million plants per hectare and weigh between 270 and 400 metric
tons per hectare (Holm et al., 1977, pp. 73—-74). The dense mats change eco-
logical relationships, crowd out native plants, kill fish, and other aquatic
species, change water temperature, and lead to eutrophication. The plant can
root on land with sufficient moisture, but it is primarily an aquatic not a ter-
restrial agricultural problem.

Lake Victoria (aka Victoria Nyanza), the largest lake in Africa (26,920
square miles), is the primary reservoir of the Nile River, which flows out of
the northern end of the lake. Parts of the lake lie within the boundaries of
Kenya, Tanzania, and Uganda. The Lake Victoria basin is home to at least 30
million people, and the population has one of the fastest growth rates in the
world (Bright, 1998, p. 90). In Uganda, fish accounts for half the nation’s
protein. Waterhyacinth is closing down the fisheries by blocking shorelines
where fish spawn, blocking access to open water because boats cannot pene-
trate the large floating mats, lowering the lake’s water level, and killing fish.
By 1996 it was blocking 90% of the lake’s shoreline (Bright, 1998,
p- 90). It is interesting to note that waterhyacinth’s presence in Lake Victoria
has actually increased the lake’s biodiversity (McNeely, 2001; Sagoff, 2005).
Waterhyacinth has blocked dams in Zimbabwe, often backing up enough
water to burst a dam. It threatens Uganda’s main electric power plant by block-
ing the flow of water to the generators (Bright, 1998, p. 182).

It has been estimated that waterhyacinth costs seven African countries
US $20 to $50 million per year (Joffe and Cook, 1997). World costs are
much larger.

D. PURPLE LOOSESTRIFE

When Ohio’s legislature attempted to restrict growth and importation of purple
loosestrife, the Ohio nurserymen’s association won an exemption for its hybrid
cultivars because they were presumed to be sterile (Williams, 1994). Subse-
quently, it was found that they interbred easily with wild loosestrife plants and
the invasion continued. It was another example of deliberate, flawed fore-
thought (Mack et al., 2000) and has left us with a plant that literally flaunts
the power of invasive species.
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Purple loosestrife is native in most of Europe; the United Kingdom; north-
ern, tropical, and temperate Asia; and southern Africa. It was introduced to
the United States in the early 19th century as a contaminant in the ballast of
ships from Europe and as an ornamental (Malecki et al., 1993), which in the
view of some, it is. It has been valued as a medicinal plant for treatment of
diarrhea, dysentery, bleeding wounds, ulcers, and sores (Stuckey, 1980). Since
its introduction to the United States in the 1800s, it has spread rapidly (Thomp-
son et al., 1987). From 1940 to 1980 its rate of spread has been about 1.5
latitude-longitude blocks per year (Westbrooks, 1998). In 1998, Westbrooks
reported that it was invasive in 42 of the 50 US states. The distribution West-
brooks presents (p. 42) shows a few states without purple loosestrife, each
surrounded by states with it. Therefore, it is likely that it is now in all 48
continental US states. Its cost in loss of forage and the cost of control is esti-
mated to be $45 million per year (Hall, 2000; Pimentel et al., 1999). Thompson
et al. (1987) reported it was spreading to 115,000 hectares each year. In 2004,
Li et al. reported the same rate of spread of 285,000 acres (1 hectare equals
2.47 acres) each year.

It grows best in freshwater marshes, on stream banks, and on alluvial flood
plains. When it invades it forms extensive, persistent, monotypic stands in
wetlands, where it replaces native plants and excludes associated insects, small
mammals, and other wetland inhabitants. It is noted and often prized for the
beauty of its late summer inflorescence, which provides a nectar and pollen
source for bees (Malecki et al., 1993). In spite of its invasive characteristics,
nurseries in many states continue to sell it as an ornamental. Several
states include it on the state noxious weed list, which precludes its sale
and importation.

These few cases illustrate, without belaboring the point made in West-
brooks (1998) and Weber (2003), that invasive plant species are major ecologi-
cal problems—indeed they can be ecological threats. Invaded ecosystems tend
to be (but are not always) biologically impoverished and differ in many ways
from adjacent noninvaded areas. Williams and Baruch (2000) showed the
effects of pasture creation and invasion by African C, grasses (e.g., guineagrass,
johnsongrass, kikuyugrass, pangolagrass, paragrass, signalgrass) on ecosystem
processes in subtropical regions of North and South America and the Car-
ribean. They suggest that as global warming progresses, the same grasses may
negatively influence North American pasture and rangeland. The primary
effects were loss of woody species and changes in the fire regime. The success
of African grasses is encouraged by fire, and they respond more favorably to
fire disturbance than native grasses. The large amount of dead plant material
left at the end of each season encourages fires and increases their intensity.

Cronin and Haynes (2004) first showed that when the tall-grass prairies of
North America become dominated by smooth brome (which some do not
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consider invasive because its benefits outweigh its risks), the spatial and tem-
poral dynamics of a native natural herbivore became about 50% lower within
three generations. The smooth brome—dominated areas showed extinction
rates of the natural herbivore were four to five times greater than in native
plant habitats. Japanese honeysuckle was imported to the United States as an
ornamental vine more than 150 years ago. The US Department of Agriculture
promoted it as a garden and wildlife plant in the 1880s. It invades native
woodlands throughout the eastern United States and is a common part of the
flora in the Northeast (Westbrooks, 1998). It is also invasive in the United
Kingdom, Australia, New Zealand, Hawaii, and many parts of the continental
United States. Several cultivars have become naturalized in the United States.
It grows as a ground shrub on forest floors or as a twining or trailing shrub
that quickly climbs into forest canopies where light is increased in tree gaps
(Weber, 2003). It forms a dense curtain on forest edges and displaces under-
story shrubs. It is a competent and common invader of forests. But it has been
discovered that Japanese honeysuckle has actually created a new species
(Cowen, 2005). Tephritid fruit flies are specifically adapted to berry-producing
plants. Japanese honeysuckle has its own specially adapted fruit fly, but the
fly did not originate or arrive with the plant. Schwarz et al. (2005) showed
that the fly is a hybrid resulting from flies that live on blueberry and snow-
berry. Normally such a hybrid would die, but Japanese honeysuckle offered an
environmental niche that was not inhabited (a residence without inhabitants,
an open niche) and for which there was no competition. A subtle, but perhaps
important, change wrought by an invasive species.

Subtle changes created by a local invasive species may combine in ways that
affect the earth’s (Gaia’s) interrelated web of organic life. For example, increas-
ing atmospheric carbon dioxide levels could favor the growth of an invasive
species (a new weed) over native species. Weed scientists properly are con-
cerned about the effects of any invasive weed on crop production, but its
effects may go well beyond those on yield. Invasive plants could power
unknown ecological changes whose consequences are equally unknown. It is
interesting to note in this regard that Ziska (2000) reported that the average
increase in biomass of six invasive weedy species (Canada thistle, field bind-
weed, leafy spurge, perennial sowthistle, spotted knapweed, and yellow
starthistle) was 46% when they were grown from seed with 719 umol mol™
(the predicted atmospheric concentration of CO, level in by the end of this
century) instead of 380 umol mol™ (the current atmospheric level). The largest
response (73% increase in biomass) was from Canada thistle a widespread
invasive weed.

As mentioned at the beginning of this chapter, intentionally introduced
exotic plants have had major benefits (e.g., corn, wheat). One must remember
that all invaders are not threats; some are beneficial. In fact, when all exotic
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species are considered, the benefits exceed the costs. Perhaps an intensive
battle against introduction of future exotic species is not warranted. Even
kudzu, “the plant that ate the South,” has benefits. It is a legume that fixes
nitrogen and grows fast enough to cover potentially erodible soil. It makes a
high-quality fodder for cattle and other livestock. Baled kudzu is actually sold.
It is also used by cooks because of its nutritious leaves and roots. However,
more is available than interested cooks can possibly use. Sagoff (2000) notes
that biologists, weed scientists among them, “attribute to immigrant species
some of the same characteristics that nativists and xenophobes have ascribed
to immigrant humans: sexual robustness, excessive breeding, low parental
involvement with the young, a preference for degraded conditions, and so on.”
In short, they are all bad. If we return to the question of definitions raised
earlier, none of the traits that Sagoff (2000) lists is sufficient to identify a
species as exotic or as a potential invader. They are judgments based on fear,
not biological definitions.

Even a casual examination of the invasive plant literature leads to the con-
clusion that the essence of the scientific and public (if the public thinks about
them at all) attitude toward invaders is negative. They are not desirable, ought
to be controlled if not eradicated, and no more should be allowed into the
United States without prior knowledge and careful control. Sagoff (2005)
presents five arguments in asserting that the negative attitude toward all
exotics is not easily defended. First of all, the concept of harm to the environ-
ment is “nebulous and undefined.” Without a scientific definition of harm to
the natural environment, the values in question depend solely on personal
preference and that is not sufficient to justify action. For the weed scientist,
harm to the agricultural environment as measured by crop yield reduction is
a scientific measure that is sufficient to justify action. Second, because harm
to the natural environment is not well defined and because invasive species
science does not yet know how to predict the behavior of a non-native species,
regulatory action is limited to an impossible task or to banning all, which is
politically unacceptable. The third point Sagoff (2005) makes is based on
Elton’s (1958) species richness hypothesis, which is based on controversial
premises. Experimental results have shown positive and negative effects of
diversity. A corollary hypothesis is that ecosystems are carefully structured,
and unless they are disturbed, there is little room for invaders because all
resources are being used by the residents, especially in species-rich communi-
ties all live on the knife’s edge competing for limited resources—the resource
availability hypothesis. What study of invasions has shown is that all ecosys-
tems have plenty of resources (albeit they may be transient) that are available
to new species. Sagoff (2005) questions the species richness hypothesis. Intro-
duced species “generally increase—and only in exceptional cases decrease—
species richness in natural ecosystems.” Therefore, the assumption of ecosystem
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harm is questionable and not supported by the evidence. Fourth, even though
the general attitude toward invasive species is that they are harmful because
their presence may lead to native species extinction, there is limited evidence
that non-native species “are more likely than native species or species in
general to be significant factors in extinction.”

Sagoff’s (2005) final point is that “the belief that non-native species dimin-
ish biodiversity and impair ecosystem health or integrity should not rely on
stipulative definitions.” That is, the definition cannot become simply “Who
cares?” (Burdick, 2005). The mere presence of a non-native species cannot be
the prime indicator of a lack of environmental health. The concepts of biodi-
versity and invasion appeal to “political and social values but have no scientific
meaning” (Sagoff, 2005). Sagoff appeals for “a scientific or empirical as well
as an aesthetic or spiritual basis for the assumption that non-native species are
pernicious in their effects on natural areas and environments.” Harm and
threats to biodiversity must be defined in ways that “do not logically entail
that alien species cause harm or diminish biodiversity.” His challenge to biolo-
gists and weed scientists remains.

V. MANAGEMENT OF INVASIVE
PLANT SPECIES

Invasive plants are, as all weeds seem to be, management challenges. Action
must often be taken to prevent further invasion before one can be sure of all
consequences of the action. The risk of inaction is deemed to be greater. Myers
and Bazely’s (2003) review of the ecological and control aspects of invasive
plants is an essential resource.

The Maui Coastal Land Trust owns a 277-acre refuge on the northern
shore of the Hawaiian island of Maui, just outside the town of Waihe’e,
known as the Waihe’e Coastal Dunes and Wetlands Refuge. The trust
also has about 300 additional acres that are protected by conservation
easements. The trust expects to acquire easements on additional land on
Moloka’i. The refuge includes a 7,000-foot coastal strand, a 26-acre
wetland, and about 150 acres of sand dunes, which enclose the wetland
and shore area. The refuge is populated by a large number of weedy
species and some particularly troublesome invasive species of Pluchea.
The species of most concern are P. carolinensis and P. indica, neither of
which is recognized as a common weed by the Weed Science Society of
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America (WSSA), nor is either mentioned in Weber (2003) or West-
brooks (1998) as important invasive species. Pluchea camphorata (L.)
DC., or stinkweed, is recognized as a weed by WSSA. Members of the
genus are often known by the common name fleabane. The genus Pluchea
includes 40 species, all part of the Asteraceae family. Nearly all are tropi-
cal herbaceous plants or shrubs, but only a few are weedy. P. carolinensis
is an aromatic branched shrub that grows up to 10 feet tall. It has been
known as P. symphytifolia and in older literature as P. odorat. It is native
to tropical America and was first collected on Oahu in 1931. In the
Hawaiian islands, it is common in pastures, forest, roadsides, and
uncropped areas. It thrives in both wet and dry areas.

P. indica, a native of south Asia, has up to 10 branching stems but
grows only 6 feet tall. The branching stems make it much more difficult
to control than P. carolinensis. It was first collected on Oahu in 1915. P.
Indica invades wetlands, whereas P. carolinensis does not do so as readily.
P. indica grows well in saline soil.

If P. carolinensis invades wetlands, the Land Trust's management
strategy is to do nothing if it is in an area that will be flooded during
the wet season because it will die after about six days of submersion in
water.

Both species probably arrived with cattle or in their fodder. They have
not always been as invasive as they now seem to be. Both have significant
environmental effects. They grow large and eliminate native species of
plants and destroy endangered bird habitats. They displace native forage
species in coastal pastures and native species in coastal marshes and
wetlands. Both species are sensitive to some herbicides (e.g., 2,4-D,
dicamba, glyphosate, and triclopyr). Land Trust personnel use these
sparingly, if at all. The best results have been achieved with mixtures of
glyphosate and one of the growth regulator herbicides. The first reason
for reluctant herbicide use is that the herbicides are not selective enough.
That is, they Kkill the native as well as the invading species, and return
or reestablishment of the native species is a major goal of the refuge.
Second, herbicides are expensive for an organization with limited
funding. There are two primary control methods: hand pulling of young
plants and using a large mattock to pull out the large plants by the roots.
Both methods are labor intensive and arduous work. A control method
that works well for both species and for their hybrid P. fosbergii is flood-
ing by rainwater for at least five days. A third weed management com-
plication is the fact that the Maui coastal land trust property includes
85 listed archaeological sites. Large-scale grubbing or grading requires




216 Fundamentals of Weed Science

several bureaucratic layers of approval. Hand tools and herbicides are
acceptable because they do not lead to potential destruction of archaeo-
logical sites. The manual methods and flooding both protect native
species, but they are slow and might be more expensive if quick control
of a large area is desired and if labor is expensive or unavailable.

The Maui Coastal Land Trust also has invasive populations of the
tropical weeds Brazilian peppertree, largeleaf lantana, and Java plum.
Related species of the latter are used in food flavoring, pomanders, and
analgesics for toothache. All three are invasive in the right habitat.

Perhaps the first step in development of management plans is not direct
action against plants at all but legislative. Clout and De Poorter (2005) recom-
mend international rather then just national action because of the increasing
globalization of the world economy. There must be an agreed upon, effective
international strategy to deal with invasive species of all kinds. To be
effective, this must be combined with fundamental and applied research on all
aspects of invasion biology. There must be appropriate economic policies that
enable management. This is especially important because the beneficiaries of
invasive plant management are often not apparent. Everyone in an area may
benefit, but when all benefit, deciding who should pay is not always clear.
Agreement on how to establish the risk of the invader and how to balance that
against the cost of management must be obtained, and these decisions and the
threat of invasive plants have to be communicated to the public in easily
comprehended ways (McNeely, 2004). Those charged with assessing risk
depend on scientific research to develop and advise on biologically plausible
management methods that enable fully informed regulatory decisions (Powell,
2004).

The next logical step in a national management program and the first step
recommended by Clout and De Poorter (2005) is prevention. Prevention is
usually less costly than postentry control (Mack et al., 2000). A preventive
approach advocates changing the current policy of denying entry only to
species that are known to be harmful (e.g., known harmful weeds) to one of
presuming guilt until innocence can be proven (Mack et al., 2000). This is
contrary to the American system of jurisprudence, but it may nevertheless be
prudent to adopt the precautionary principle (Clout and De Poorter, 2005) to
govern imports. Horticulturalists, the landscape industry, the seed industry,
and the pet importers would (do) object, and environmental groups would
support the policy. If prevention is not enforced then management devolves
to the same methods available to weed managers: mechanical, cultural, biologi-
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cal, and chemical means (see Chapters 10, 11, and 12). There are few other
choices.

Because science cannot predict either the common attributes of invaders or
locales susceptible to invasion, control within a management system is the
only viable option. Control, regardless of technique, will always be more suc-
cessful when it includes a long-term ecosystem strategy rather than a tactical,
local approach (Mack et al., 2000).

South of the Colorado/Wyoming border and about 5 miles west of 1-25,
the 18,771-acre Soapstone Prairie Natural Area of relatively undisturbed
shortgrass and mixed-grass prairie with some wetlands and riparian
areas has been preserved through the cooperative efforts of city and
county government, the Nature Conservancy, and the Legacy Land trust
(see www.fcgov.com/naturalareas). The area includes the Lindenmeier
site, a registered national historic landmark and the location of one of
the oldest (about 10,000 years) known areas of human habitation
(Folsom man) in the United States.

Soapstone, similar to other large natural areas, is valued for its scenic
beauty and geological importance, as well as its agricultural use for sheep
and cattle grazing. It must be managed, and invasive, primarily weedy,
species are part of the management challenge. Soapstone will also be
used for recreational purposes by citizens, which is part of the manage-
ment plan.

State and local laws demand control to diminish populations of inva-
sive noxious weeds. This is designed to maintain the rangeland’s health
and stop the spread of the invaders. The invasive weeds of concern
within Soapstone are Canada thistle, cheatgrass, field bindweed and
dalmation toadflax. Canada thistle occurs principally in areas frequented
by cattle and especially near the water tanks. Cheatgrass is found in the
higher areas, whereas field bindweed and dalamation toadflax are found
in disturbed areas, especially along roadways.

Land managers use mowing where the terrain permits, and, in con-
trast to the Maui Coastal land area, different herbicides (dicamba, ima-
zapic, tordon, or 2,4-D) are employed for control of the different weeds.
Prevention of spread is a major goal. The techniques are quite effective
and managers claim significant population reduction in three to five
years. Citizen concern about the weed management techniques has been
minor and infrequent.
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The meaning of long term is very clear. Long is not defined precisely, but
one can be fairly certain that it means decades, not just years, and certainly
not one crop year. Ecosystem strategies are also a bit vague, but the clear
implication is that consideration of one field or small region is not enough.
The scope of the existing or anticipated invasion must be considered and that
demands a much broader range than weed scientists have used in the past.
Weed science has been an active field with many talented practitioners. But
their focus has most commonly been on control of individual species in an
area (e.g., leaty spurge in the western United States) or groups of species in a
crop (e.g., a weed complex in corn or soybeans). There has been too little
interaction between weed scientists and ecologists or conservation biologists.
The latter have tended to focus on invasion ecology, while the former have
tended to focus on the current or potential effects of an invader.

Several people have been concerned that weed scientists and plant ecolo-
gists were unaware of each other’s activities and, perhaps, did not even care
about what the others were doing. Greater cooperation has been advocated
(D’Antonio and Jackson, 2004).

Hobbs and Humphries (1995) illustrate the complexity of the management
challenge (Figure 7.1). Management has often been limited to control, but they
claim it must include three other components: the spatial and temporal dynam-
ics of the population, the structure and dynamics of the ecosystem, and the
effects of human activities on all components. Control programs generally are
initiated only after the problem has become obvious. Weed scientists are vigor-
ous and have been persistent in their claims that aggressive, large-scale cam-
paigns must be undertaken to prevent further spread and economic
losses caused by invasive weeds. A fundamental difference in approach exists
between research science and weed control and management (McPherson,

The invasive Population
< 5
plant < d spread
A A
A4 v
Ecosystem Human
characteristics < » activities

FIGURE 7.1. Components of management strategies for plant invasions (adapted from Hobbs
and Humphries, 1995).
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2004). The difference often inhibits cooperation. Research science often
strives for large-scale generalities with broad application. The weed manager,
however, is confronted with a site and the necessity of achieving a specific
objective (i.e., eliminate the invasive species and do so quickly). The tendency
of the weed manager is to use herbicide(s) to “solve” the invasive problem.
The invader is regarded, as all weeds are, as an external problem that exerts
only negative effects on the natural system and on human welfare (Timmons,
1970). The thought has been that external problems must be eliminated, and
chemical and mechanical methods are the best way to accomplish the goal.
This thinking has led to the many problems caused by herbicides because of
its focus on solving the problem (eliminating the invader) without ever
understanding why the invader invaded. Questions such as the role of
disturbance, open niches, and control practices have been regarded as less
important or ignored in favor of development of control techniques. The
control approach will inevitably lead to the same kinds of problems that
now plague weed science.

In many cases, there is little good evidence that aggressive management is
the best course of action or is economically optimal (Eiswerth and van Kooten,
2002). For example, attempted eradication of yellow starthistle was not eco-
nomically optimal, but strategies that attempted to control its spread were (see
Dukes, 2002). A framework for identifying weeds that are not yet major invad-
ers but have the potential to become so and then preventing invasion of new
territory by eradication in their present location before they invade and become
dominant has been advocated by Cunningham et al. (2004).

Ecological niche modeling is a new method that may assist in determining
the geographic course of an invader. Peterson et al. (2003) tested the technique
and found that it effectively predicted the actual course of invasion of four
North American weeds. Ecological niche modeling uses ecological character-
istics of known occurrences in the native location of a species to identify areas
of potential invasion.

Older management techniques should not be abandoned simply because
they are old. Fire is a very effective technique to manage junipers in the
western and southwestern United States. Fire always reduces juniper canopy
cover and density. It is useful when the management goal is to reduce the
presence and effects of junipers in an ecosystem (Ansley and Rasmussen,
2005). Biological control is also available for managing invasive species, but
it, like other techniques, must be managed carefully. Rand et al. (2004)
showed that using the flowerhead weevil (Rhinocyllus conicus) to reduce musk
thistle influenced the extent of attack on the native wavyleaf thistle. Using
biological control to control an invasive species can have the undesirable
result of attack on native species that help “maintain populations of the
shared insect herbivore.”
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Li et al. (2004) propose a management technique that was not even con-
ceivable a decade ago: genetic modification to create sterility. It is one of
the few new choices that can now be added to those mentioned previously.
The transgenic solution is to create sterile cultivars of non-native ornamental
plants that have commercial value, which, it is proposed, would reduce or
eliminate their spread. Because prohibiting imports is politically, socially, and
economically (in the view of those who sell ornamentals) not feasible, the
transgenic solution may be reasonable. Li et al. (2004) suggest the solution
is “to neutralize the invasive characteristics of economically important non-
native species before they are planted in the landscape.” Given that no one
knows for sure what “invasive characteristics” are, it is nevertheless an imagi-
native management approach. Li et al. (2004) cite several advantages and
disadvantages of the technique. Introduction of sterility can be broadly appli-
cable to species that spread (invade) by sexual reproduction. It is also quite
inapplicable to species that spread vegetatively (e.g., kudzu). The insertion of
the gene would not affect overall plant morphology; an ornamental would
still be attractive. The method can be quite fast once the technique is perfected
for a species, but insertion of a gene for steriity or parthenocarpy into many
plants can be technically difficult. Not everyone can do it. Special facilities
are required. Clearly, the technique may be useful to eliminate undesirable
traits of plants that have been modified, but it will have no effect on plants
that are already in the environment. It is a proactive, not a retroactive, man-
agement method. Many will object to the technique because of unease about
all uses of genetic modification technology (potential for escape and hybridi-
zation and dilution of the gene pool of native species). Finally, there is a hint
of scientific hubris as opposed to humility in the face of nature’s complexity
in the proposal. The method could work very well. Some plants might still
produce fertile seed when pollinated by a nonsterile relative growing nearby.
Even sterile plants may still possess some of the undesirable traits of an
invader. Scientists always know what they are doing but may not know what
they are undoing. Myers and Bazely (2003, p. 244) criticize the genetic
approach to invasive plant management because they see it as a potential time
bomb. No one knows precisely what genetic and environmental traits may
combine to make any plant invasive. Therefore, it may be scientific hubris to
assume that genetic modification, a relatively new management option, is well
enough understood so that its effects can be predicted. Genetic modification
could increase a species invasion potential rather than decrease it. As Myers
and Bazely (2003) clearly point out, “The fundamental assumption underlying
the technology of genetic modification is that genes from other organisms,
introduced by bacteria to target plant species will direct the production of
(useful) proteins that are not normally synthesized by the plant.” The assump-
tion is correct. The problem is that there is little peer-reviewed evidence to
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support the assumption that the effects of such modification will be exclu-
sively beneficial. They also point out that because such products (modified
plants) are presently made by organizations interested in patenting and ben-
efitting from their efforts, the questions about all effects often are not asked
until after release, if they are asked at all. Then, as experience with plant
introductions (kudzu, tamarisk, etc.) shows, it may be too late.

THINGS TO THINK ABOUT

Are all invasive species also weeds? Why or why not?

Are all weedy species also invasive species? Why or why not?

What is the definition of an invasive plant species?

What characteristics do invasive plant species share?

Are all invasive plant species of foreign origin?

What justification can be offered for introduction of a plant species to a

new place?

Describe the theories used to explain why plant invasions occur.

How do disturbance and invasion relate?

9. Are there examples of species that survive in a new place but do not later

become invasive? Name a few.

10. What aspects of agricultural instability create susceptibility to invasion?

11. Name some examples of successful plant invasions.

12. Are all plant invasions necessarily harmful?

13. What is the first step in a management plan for all weedy or invasive
species?

14. How can genetic modification be incorporated in an invasive species man-

agement plan?
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CHAPTER 8

Allelopathy

FUNDAMENTAL CONCEPTS

e Allelopathy is a form of plant interference that occurs when one plant,
through living or decaying tissue, interferes with growth of another plant
via a chemical inhibitor.

e Allelopathy may be present in many plant communities.

o Allelopathy has a potential but largely unexploited role in weed
management.

LEARNING OBJECTIVES

e To know the definition of allelopathy.

e To understand the complexity of research to discover true allelopathy.

¢ To understand the complexity of allelopathic chemistry.

e To understand how allelochemicals enter the environment.

e To know the application of an analogous form of Koch’s postulates to
allelopathy.

¢ To know some examples of allelopathic interference.

The Three Princes of Serendip was published in Europe in 1557 by the Venetian
author Michele Tramezzino. Horace Walpole, a British statesman, read the
story as a child and coined the word serendipity in a 1754 letter to Horace
Mann, the British envoy to Florence. The story is based on an ancient Persian
tale in which the characters make fortunate, unexpected, wonderful discover-
ies. In the story, the three princes, each vying for the hand of a princess, are
assigned impossible tasks by the princess. Each failed to accomplish the
assigned tasks, but wonderful, serendipitous things happened to them as they
tried to do what they had been asked to do. Serendipity is an apparent aptitude
to make fortunate discoveries accidentally; unexpected, good things happen.
Serendipity may be available to weed science if the presence of allelopathy can
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be used to control weeds. Organisms from microbes to mammals find food,
seek mates, ward off predators, and defend themselves against disease via
chemical interactions. Allelopathic interactions are chemical, and discovery of
the cause and mechanism of these interactions may yield a treasure of
biological and chemical approaches to control weeds. At least 25% of human
medicinal products (see Chapter 4) originated in the natural world or are
synthetic derivatives of naturally occurring substances. Many natural interac-
tions are chemical interactions, and some of them could influence the course
of weed science.

Interference is the term assigned to adverse effects that plants exert on each
other’s growth. Competition is part of interference and occurs because of
depletion or unavailability of one or more limiting resources. Allelopathy,
another form of interference, occurs when one plant, through its living or
decaying tissue, interferes with growth of another plant via a chemical inhibi-
tor (Figure 8.1). Allelopathy comes from the Greek allelo, meaning “each

Interference = Competition + Allelopathy

FIGURE 8.1. Components of plant interference.

other,” which is similar to the Greek allelon, meaning “one another.” The
second root is the Greek patho or pathos, meaning “suffering, disease, or
intense feeling.” Allelopathy is therefore the influence, usually detrimental
(the pathos), of one plant on another by toxic chemical substances from living
plant parts through their release when a plant dies or their production from
decaying tissue.

There is a subset of allelochemicals known as kairomones (from the Greek
kai, meaning “new,” and hormaein, meaning “to set in motion, excite, stimu-
late”) that have favorable adaptive value to organisms that receive them. A
natural kairomone from waterhyacinth is a powerful insect attractant for a
weevil (Necochetina eichhorniae) and the waterhyacinth mite (Orthogalumna
terebrantis). The kairomone is liberated when waterhyacinth is injured
by surface wounding or by the herbicide, 2,4-D. The kairomone enhances
control of waterhyacinth by attracting large numbers of weevils and mites to
the area of the plant's wound (Messersmith and Adkins, 1995). Thus, the
kairomone has favorable value to the insects but not to the waterhyacinth.
Control of waterhyacinth is enhanced when insect damage is combined with
herbicide stress.

For weed management purposes, allelopathy is considered a strategy of
control. Corn cockle and ryegrass seeds fail to germinate in the presence of
beet seeds. If tobacco seeds germinate and grow for six days in petri dishes,
and then an extract of soil, incubated for 21 days with timothy residue,
is added, the root tips of tobacco blacken within one hour, while radicle
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elongation is unaffected. If an extract of soil that is incubated with rye residue
is added, the symptoms are reversed (Patrick and Koch, 1958). Residues of
timothy, maize, rye, and tobacco all reduce the respiration rate of tobacco
seedlings (Patrick and Koch, 1958).

Kooper (1927), a Dutch ecologist, observed the large agricultural plain of
Pasuruan on the island of Java, Indonesia, where sugarcane, rice, and maize
grew. After harvest, the fallowed fields developed a dense cover of weeds.
Kooper observed that the postharvest floristic composition of each community
was stable year after year. He found that floristic composition was determined
at the earliest stages of seed germination, not by plant survival rate or a strug-
gle for existence but by differential seed germination. He showed that seeds
of other species were present but could not germinate unless removed from
their environment. Competition for light, nutrients, or water did not cause the
consistent floristic composition. Kooper (1927) concluded that previous veg-
etation established a soil chemical equilibrium (an allelopathic phenomenon)
and determined which seeds could germinate and, subsequently, which plants
dominated.

The word allelopathy was first used by Molisch (1937), an Austrian botanist.
He included toxicity exerted by microorganisms and higher plants, and that
usage has continued. The phenomenon, however, had been observed much
earlier by several scientists (Putnam, 1985). A classic example of allelopathy
is found in the black walnut forests of Central Asia (Stickney and Hoy, 1881).
Few other plants survive under the forest plant canopy because of the presence
of juglone, a quinone root toxin derived from black walnut trees (Massey,
1925). The effect of juglone couldn’t be reproduced in the greenhouse because
some plant metabolites, including phenolics, require ultraviolet light for their
biosynthesis (Davis, 1928).

Another classic study is the work by Muller and Muller (1964) in California,
who observed that California chaparral often occurred near, but not inter-
mixed with, California sagebrush. Neither species grew in the zones of contact
between the respective communities; other species grew between the com-
munities. They found terpenes, particularly camphor (a monoterpene ketone)
and cineole (a terpene ether) produced by the chaparral, were responsible for
the no contact zones. They concluded that plants, in this case the chaparral,
are fundamentally leaky systems. Other studies are described by Rice (1974,
1979) and Thompson (1985).

One plant does not consciously set out to affect another, but rather the
effect occurs as a normal, perhaps serendipitous, ecological interaction with
evolutionary implications. Allelopathic species have been selected by evolu-
tionary pressure because they can outcompete neighbors through energy-
expensive biochemical processes that produce allelochemicals. The energy
expense is not a waste of resources because no species evolves successfully
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by wasting resources. Exploration of the phenomena will lead to better
understanding of plant evolutionary strategies and, possibly, provide clues for
herbicide synthesis and development.

Reviews of allelopathy are found in Putnam (1985, 1994) and the proceed-
ings of the American Chemical Society symposium on the chemistry of alle-
lopathy (Thompson, 1985). Putnam (1985, 1994) lists 50 weeds alleged to
interfere with one or more crops (Table 8.1). Allelopathy has also been
explored with a number of crops, and there have been attempts to find crop
cultivars with a competitive allelopathic edge (Putnam, 1983, 1985; Rice,
1979; Thompson, 1985). Residues of several crops have phytotoxic activity on
other plants (Table 8.2).

Laboratory studies have often demonstrated allelopathy, but the evidence
produced should not be regarded as conclusive of the existence of allelopathy
in the environment until it is confirmed by field studies. Field studies are
essential to obtain ecologically relevant data (Foy and Inderjit, 2001; Inderjit

TABLE 8.1. Some Weeds with Alleged Allelopathic Activity in Agroecosystems
(Putnam, 1983, 1994; Duke et al., 2002).*

Weed Susceptible species
Barnyardgrass rice, wheat

Bermudagrass barley, coffee, soybean

Bluegrass tomato

California peppertree
Canada thistle
Catnip

Cogongrass
Common chickweed
Common lambsquarters
Common milkweed
Common purslane
Common ragweed
Corn cockle
Crabgrass

Diffuse knapweed
Dock

Field bindweed

Flaxweed

cucumber, wheat

several

peas, wheat

corn, cucumber, rice, sorghum, tomato
barley

cabbage, cucumber, corn, sugarbeet, wheat
sorghum

alfalfa, durum wheat, tomato

several

wheat

cotton, trailing crownvetch

ryegrass

corn, pigweed, sorghum

wheat

flax

(Continues)
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Weed

Susceptible species

Giant foxtail
Giant ragweed
Goosegrass
Goldenrod
Hairy beggarticks
Heath

Italian ryegrass
Jimsonweed
Johnsongrass
Ladysthumb
Large crabgrass
Leafy spurge
Mayweed
Mugwort
Mustard

Nutsedge, purple

Nutsedge, yellow
Prince’s feather
Prostrate spurge
Quackgrass
Redroot pigweed
Russian thistle
Spiny amaranth

Sunflower

Syrian sage

Velvetgrass, common

Velvetleaf
Western ragweed
Wild cane

Wild garlic

Wild marigold
Wild oats

corn
peas, wheat

bean, corn, sorghum

several

several

red clover

oats, brome, lettuce, clover

several

barley, cotton, soybean, trailing crownvetch
potato, flax

several

peas, wheat

barley

cucumber

several

barley, black mustard, broccoli, Brussels sprouts, cabbage, carrot,

collards, cotton, cucumber, onion, radish, rice, sorghum,

soybean, strawberries, tomato
corn
mustard
several
several
soybean, wheat
several

coffee

barley, garden cress, jimsonweed, lettuce, redroot pigweed, tomato,

wheat

wheat
barley
several
several
wheat
oats
several

barley, flax, wheat

*Complete citations for several weeds can be found in Duke et al., 2002.
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TABLE 8.2. Some Crops Whose Residues Have Been Reported to Be
Phytotoxic (Putnam, 1994; Duke et al., 2002).

Crop Affected species
Alfalfa alfalfa

Apple apple

Asparagus tomato, asparagus, fescue spp.
Barley white mustard

Bean pea, wheat

Black walnut tomato

Cabbage mustard, lettuce, spinach, tomato

Clover, red several

Clover, white radish

Coffee several

Corn several weeds

Crambe wheat, velvetleafl

Cucumber several weeds

Jackbean Brazilian satintail

Lentil wheat

Oats several

Pea several

Rice barnyardgrass, lettuce, rice

Rye common lambsquarters

Ryegrass several

Smooth bromegrass several

Sorghum fescue

Sunflower barley, clover, garden cress, jimsonweed, lettuce,
redroot pigweed, tomato, wheat

Wheat several weeds

et al., 2001). Lab studies provide clues but are not sufficient without field
confirmation. For example, Norsworthy (2003) demonstrated the allelopathic

potential of aqueous extracts of wild radish in controlled environment studies.
The evidence indicated that aqueous extracts of wild radish or incorporated
wild radish residues suppressed seed germination, radicle growth, seedling
emergence, and seedling growth of “certain crops and weeds,” but subsequent
field confirmation is essential to establish the reality of allelopathy as an eco-
logical phenomenon.
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I. ALLELOPATHIC CHEMISTRY

Plants produce a myriad of metabolites of no known utility to their growth
and development. They are often referred to as secondary plant metabolites
and are defined as compounds that have no known essential physiological
function. The idea that these compounds may injure other forms of life is not
without a logical base. However, proof is questionable because most allelo-
chemical effects occur through soil, a complex chemical matrix. Conclusive
studies require extraction and isolation of the active agent from soil. Any
allelopathic chemical may be chemically altered prior to or during extraction.
That which is extracted, isolated, and studied may not be what the plant
produced.

Secondary plant metabolites, also known as natural products, are regarded
by many as “a vast repository of materials and compounds with evolved bio-
logical activity, including phytotoxicity” (Duke et al., 2002). It is proposed
that some of these compounds may be useful directly as herbicides or as tem-
plates for herbicide development. According to Duke et al. (2002), they often
have unique molecular target sites in plants but have not been developed or
used much in agriculture or herbicide development. Several reviews of this
area of research are available (Dayan et al., 1999; Duke et al., 1998, 2000a,
2000b, 2002; Hoagland, 2001; Hoagland and Cutler, 2000). Acetic acid, the
primary component of vinegar, is a contact, burning herbicide that can be used
selectively in some crops (e.g., onion and sweet corn). Martan 2 is a clove oil
product that also shows promise as a natural product herbicide (Evans and
Bellinder, 2006). In both cases, success depends on the time of application
and the growth stage of the crop and weeds. Both require high active ingredi-
ent application (acetic acid 34 to 68 gallons per acre), and both are expensive
(up to several hundred dollars per acre) (Evans and Bellinder, 2000).

Allelochemicals vary from simple molecules, such as ammonia, to the more
complex quinones, juglone, and the terpenes camphor and cineole, to very
complex conjugated flavonoids such as phlorizin (isolated from apple roots)
or the heterocyclic alkaloid caffeine (isolated from coffee) (Putnam, 1985; Rice,
1974; Thompson, 1985). Putnam (1985) lists several chemical groups from
which allelopathic agents come: organic acids and aldehydes, aromatic acids,
simple unsaturated lactones, coumarins, quinones, flavonoids, tannins, alka-
loids, terpenoids and steroids, a few miscellaneous compounds such as long
chain fatty acids, alcohols, polypeptides, nucleosides, and some unknown
compounds. Some of the diversity and complexity of allelopathic chemistry are
shown in Table 8.3. The diversity suggests several mechanisms of action, a
multiplicity of effects, and is one reason for the slow emergence of a theoretical
framework. The chemistry of allelopathy is as complex as synthetic herbicide
chemistry, but it is a chemistry of discovery as opposed to one of synthesis.
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TABLE 8.3. Allelopathic Compounds Isolated from Plants (Putnam, 1983).

Common name

Chemical class

Natural source

Acetic acid
Allylisothiocyanate
Arbutin
Bialaphos
Caffeine
Camphor
Cinnamic acid
Dhurrin
Gallic acid
Juglone
Patulin
Phlorizin

Psoralen

aliphatic acid
thiocyanate

phenolic

amino acid derivative
alkaloid
monoterpene
aromatic acid
cyanogenic glucoside
tannin

quinone

simple lactone
flavonoid

furanocoumarin

decomposing straw
mustard plants
manzanita shrubs
microorganisms
coffee plants

Salvia shrubs
guayule plants
sorghum plants
spurge plants
black walnut trees
Penicillium fungus on wheat straw
apple roots

Psoralea plants

There is little doubt that allelopathy occurs in plant communities, but there

are questions about how important allelopathic chemicals are in nature and if
they can be exploited in cropped fields. It has been reported for many crop
and weed species (Putnam, 1983, 1985, 1994), but proof of its importance in
nature is lacking (Foy and Inderjit, 2001). Proof will require something similar
to the application of Koch’s (1912) postulates that were proposed for plant
pathology in 1883 and amended by Smith (1905).

These are the analogous postulates applied to allelopathy (Aldrich, 1984;
Putnam, 1985):

1. Observe, describe, and quantify the degree of interference in a natural
community.

2. Isolate, characterize, and synthesize the suspected toxin.

3. Reproduce the symptoms by application of the toxin at appropriate rates
and times in nature. [Koch’s (1912) postulates called for reisolation of the
bacterial agent from the experimentally infected plant—an inappropriate
criterion for allelopathic research.]

4. Monitor release, movement, and uptake, and show that they are sufficient
to cause the observed effect(s).

These four steps describe difficult, expensive, complex scientific research.
Rigorous proof has rarely been applied to any ecological interaction, but
such proof is vital if allelopathic research is to move from description
to causation.
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In short, it is insufficient to make an observation and suspect a toxin. It is
insufficient to demonstrate the toxin is produced by one plant. Specific cause
and effect must be demonstrated through chemical and plant studies. It may
not be necessary to prove that plant X is the source of allelochemical Y. If an
allelochemical, effective as a natural herbicide, can be isolated and identified,
in theory, it might be useful without absolute proof of its plant origin or physi-
ological mode of action. The basic chemistry and biology would remain a sci-
entific challenge, but it might be possible to exploit the activity. Proceeding
with partial knowledge is more risky but not impossible. For example, medical
science still doesn’t know exactly how aspirin relieves pain, and weed science
doesn’t know exactly how 2,4-D kills a plant, but both can be used produc-
tively and safely.

II. PRODUCTION OF ALLELOCHEMICALS

Production of allelochemicals varies with environment and associated envi-
ronmental stresses. It can occur in any plant organ (Rice, 1974), but roots,
seeds, and leaves are the most common sources. Source becomes important
for exploitation of allelochemicals for weed control. For example, an allelo-
chemical found in flowers or fruits would have less potential value than if it
were concentrated in roots or shoots (Putnam, 1985). (A statement about
availability, not allelochemical potency.) For control, soil incorporation of
whole plants might create proper distribution regardless of which plant part
produced the chemical. The amount is important for control purposes, and if
specific effects are to be predicted in the field, total quantity and concentration
must be determined (Putnam, 1985).

There is evidence that allelochemical production may be greater when
plants suffer from environmental stress (Putnam, 1983, 1985; Rice, 1979).
Production is influenced by light intensity, quality, and duration, with a
greater quantity produced with high ultraviolet light and long days (Aldrich,
1984). Weeds, commonly understory plants, might be expected to produce
lower quantities of allelochemicals because UV light is filtered by overshadow-
ing crop plants. This, of course, assumes that crops provide shade and that
shade effectively suppresses allelopathic activity. Quantities of allelochemicals
produced are also greater under conditions of mineral deficiency, drought
stress, and cool temperatures, as opposed to more optimal growing conditions.
In some cases, plants affected by growth regulator herbicides may increase
production of allelochemicals. Because stress frequently enhances allelochemi-
cal production, it is logical to assume that stress accentuates the involvement
of allelopathy in weed-crop interference and that competition for limited
resources may increase allelopathic potential or sensitivity of the weed, the
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Leaves, roots, and litter are
allelochemical sources
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be released from living leaves as vola-
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sues. They also may be leached from
leaf litter on the soil surface

FIGURE 8.2. Sources of allelochemicals (Putnam, 1994).

crop, or both. Thus, weed-crop competition and allelopathy should be regarded
as intimately related components of interference in a crop ecosystem.

Allelochemicals enter the environment in a number of ways at different
times, and mode and time of entry can alter their effects (Figure 8.2). Although
chemicals with allelopathic activity may be present in many species, presence
does not mean that allelopathic effects will ensue. Even after a chemical has
been isolated and identified, its placement in the environment after plant
release or its time of release may preclude expression of potential activity.

Allelochemicals enter the environment through volatilization or root exuda-
tion and move through soil by leaching (Figure 8.2). These entry paths are
usually regarded as true allelopathy. Toxins also result from decomposition of
plant residues, properly regarded as functional allelopathy—that is, environ-
mental release of substances that are toxic as a result of transformation after
their release by the plant.

Allelochemicals can be produced by weeds and affect crops, but the reverse
is also true, although it has not been as widely studied (Putnam, 1994). It is
probably true that some crop cultivars produce allelochemicals. Therefore, it
is theoretically possible that such cultivars could be planted to take advantage
of their allelochemical potential. It has been suggested that crops with allelo-
pathic potential could be planted as rotational crops or companion plants in
annual or perennial cropping systems to exert their allelopathic effect on
weeds. Rye and its residues have been shown to provide good weed control in
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a variety of cropping systems (Barnes and Putnam, 1983). Rye residues reduced
emergence of lettuce and proso millet by 58 and 35%, respectively. Rye shoot
tissue inhibited lettuce seed germination 52%. It also was phytotoxic to barn-
yardgrass and cress (Barnes and Putnam, 1986).

ITI. ALLELOPATHY AND
WEED-CROP ECOLOGY

Aldrich (1984) suggested allelopathy was significant for weed-crop ecology in
three ways:

1. As a factor affecting changes in weed species composition
2. As an avenue of weed interference with crop growth and yield
3. As a possible weed management tool

Allelopathy should not always be implicated when other explanations do not
suffice, but it should not be overlooked because of the difficulty of establishing
causality.

A. EFFECTS ON WEED SPECIES

Why one species succeeds another is a question that has intrigued ecologists
for many years. Weed scientists are interested in the same question but often
only for the life-span of an annual crop. Weed scientists accept that plants
change the environment and are changed by it. It is generally agreed that many
early colonizers succeed by producing large numbers of seeds, whereas late
arrivals succeed through greater competitive ability. This is true in old-field
succession and in annual crops. Ecologists have shown that successful plants
may change the environment to their advantage by subtle means, such as
changes in soil nitrogen relationships caused by release of specific inhibitors
of nitrogen fixation or nitrification (Putnam, 1985; Thompson, 1985).

B. WEED INTERFERENCE

Weed seeds survive for long periods in soil, and chemical inhibitors of micro-
bial decay have been implicated in their longevity, but specific identification
of inhibitors from weed seeds has not been accomplished. Allelochemicals
have been implicated in the inability of some seeds to germinate in the pres-
ence of other seeds or in the presence of crop residues in soil. Although neither
phenomenon has been exploited for weed management, there is little doubt
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that both occur. Eventual exploitation may depend on discovery of specific
chemicals and their mode(s) of action. Because of the mass of plant residue
and its volume compared to the volume of seed (even though the number of
seeds may be large), the possibility of effects from plant residues is greater
than that of effects from seed.

The problems with replanting the same or different crops in a field have
been cited (Putnam, 1985; Rice, 1974) to show the effect of allelochemicals
on crop growth. Putnam (1983) showed that the allelopathic potential of
sorghum residues has been exploited for weed control in subsequent rotational
crops. While there is little doubt that allelochemicals inhibit crop growth, a
research challenge still exists to separate allelopathic effects from competition.
Most greenhouse studies cannot be directly translated to the field because of
different climatic, edaphic, and biological conditions, and possible effects of
soil volume. Allelopathy awaits adequate experimental methods for indepen-
dent but related field and greenhouse studies.

A fundamental assumption of biological control of weed is that damaged
plants are less fit and compete poorly and therefore they will fail in the strug-
gle for survival. That assumption, like so many in science, often is not borne
out by research. When, as a management strategy, spotted knapweed is inten-
tionally attacked by the larvae of two different root-boring biocontrol insects
and a parasitic fungus, its allelopathic potential increases significantly, and it
has “more intense effects on native” vegetation (Thelen et al., 2005). The
authors conclude that while biological control can be very effective, it can
often be less effective or fail. Without a detailed understanding of the basic
ecology of the area and the plants, it is not possible to know why success or
failure occurred. “An invasive species that inhibits natives via unusually deep
shade might be a more appropriate target for biological control than allelo-
pathic invaders.”

C. WEED MANAGEMENT

A living cover crop of spring planted rye reduced early season biomass of
common lambsquarters 98%, common ragweed 90%, and large crabgrass 42%
compared to control plots with no rye (Barnes and Putnam, 1983). Wheat
straw has reduced populations of pitted morningglory and prickly sida in no-
tillage culture. It was suggested the wheat produced an allelochemical that
inhibited emergence of several broadleaved species (Liebl and Worsham,
1983). Inderjit et al. (2001) studied the allelopathic potential of wheat and
perennial ryegrass. They showed in a laboratory study that root length of
perennial ryegrass was suppressed by wheat and was dependent on the density
of wheat seeds in a petri dish. Ryegrass shoot growth was unaffected by wheat,
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and ryegrass density had no effect on wheat seedling growth. The allelopathic
potential of wheat straw has been demonstrated in the laboratory (Guenzi and
McCalla, 1962; Guenzi et al., 1967; Hamidi et al., 2001) but not in the field.

It is reasonable to assume that many plants have allelopathic potential or
some susceptibility to allelochemicals when they are presented in the right
amount, form, and concentration at the appropriate time. It is equally reason-
able to assume that allelopathy may have no role in the interference interac-
tions of many species. However, enough work has been done to conclude that
allelopathy could be utilized for development of new weed management strate-
gies. Trials in South Dakota showed that fields planted to sorghum had two
to four times fewer weeds the following year than similar fields planted to
soybean or corn (Kozlov, 1990). It was proposed, although not proven, that
reduced weed seed germination was due to phenolic acids and cyanogenic
glucosides given off by sorghum. Suppression of weeds by sorghum has been
reported by Guenzi and McCalla (1966) and Hussain and Gadoon (1981).
Sunflower has been reported to have an allelopathic effect against grain
sorghum (Schon and Einhellig, 1982) and against other weeds (Leather, 1983).
Guenzi and McCalla (1966) found allelopathic phenolic acids in oats, wheat,
sorghum, and corn residues, and Lodhi et al. (1987) discussed the role of
allelopathy from wheat in crop rotations. Other sources are available to describe
and summarize the major findings of allelopathy research and their application
in weed management (Putnam, 1983, 1985, 1994; Rice, 1974, 1979,
Thompson, 1985; and the reviews previously cited). A few examples follow to
illustrate the research and its potential.

Walker and Jenkins (1986) were the first to demonstrate that sweet potato
residues inhibited growth of sweet potato and cowpea. Decaying residues
reduced uptake of calcium, magnesium, and sulfur by other plants (Walker
et al., 1989). Additional studies showed that after one growing season, shoot
dry weight of yellow nutsedge growing with sweet potatoes was less than 10%
of the weight when yellow nutsedge was grown alone. Moreover, remaining
yellow nutsedge had no effect on sweet potato growth (Harrison and Peterson,
1991). Allelochemicals were present in the tuber periderm that is continually
sloughed off during root growth. Proso millet was susceptible to all extracted
fractions but other plants showed differential susceptibility, indicating that
several allelochemicals may be present (Peterson and Harrison, 1991).

Plant pathogens and allelochemicals from plant pathogens and other soil
microorganisms can be used as bioherbicides. This possibility has been studied
for more than three decades (Hoagland, 2001). Numerous pathogens and
microbial allelochemicals have been isolated and studied for their bioherbi-
cidal potential. A good example of a microbial product is the herbicide bialo-
phos (active ingredient phosphinothricin). It is manufactured by fermentation
as a metabolite of the soil microbe Streptomyces viridochromogenes (Auld and
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McRae, 1997). It is available in Japan (as Herbiace) but not in the United
States. The second example is the ammonium salt of phosphinothricin, glu-
fosinate (see Chapter 13). A gene coding for the enzyme phosphinothricin
acetyl transferase was isolated from the nonpathogenic bacteria Streptomyces
hygroscopicus and cloned into several crops. The enzyme converts the herbi-
cide glufosinate to a nonphytotoxic metabolite and the genetically engineered
crop is thus resistant to glufosinate. Another example began with a study of
the root parasitic damping of fungus (Pythium spp.) in turf. Christians (1991,
1993) wanted to establish the fungus in the soil of a new golf course green at
lowa State University. Pythium was cultured in the laboratory on cornmeal, a
standard procedure. The culture was placed on field plots, and other plots
were treated with the same amount of fresh cornmeal. The attempt to establish
Pythium failed, but seeded cultivars of creeping bentgrass did not germinate
well on plots that had received fresh corn gluten meal, a by-product of the
wet-milling process of corn grain. This was unexpected. Further study showed
potential for selective control of crabgrass in Kentucky bluegrass turf. Liu
et al. (1994) demonstrated that enzymatically hydrolyzed corn gluten meal
was more herbicidally active than corn gluten. Corn gluten hydrolysate com-
pletely inhibited germination of crabgrass and creeping bentgrass seed and
root emergence of perennial ryegrass seed. Corn gluten meal is used for
preemergence weed management and fertilization (Bingamen and Christians,
1995; Christians, 1993; Gough and Carlstrom 1999).

Pollen can also be allelopathic. Pollen can release toxins that inhibit seed
germination, seedling emergence, sporophytic growth, or sexual reproduction
(Murphy, 2001). Two crops (timothy and corn) and four weeds (orange hawk-
weed, ragweed parthenium, yellow hawkweed, and yellow-devil hawkweed)
are known to exhibit pollen allelopathy (Murphy, 2001). There may be others.
Pollen allelopathy might be useful in biological weed management because the
allelochemical is active in very low doses (as little as 10 grains of pollen per
mm?” on stigmas) and pollen is a small, naturally targeted distribution system.
Murphy (2001) points out that pollen allelopathy has potential but is not a
confirmed weed management technique. Disadvantages include weed adapta-
tion to pollen toxicity and possible threats of toxic pollen to crop plants.

Few researchers recommend that allelopathy is a dominant way plants
interact. Many argue that it is present and that nonresource competitive mech-
anisms should regularly be considered to account for the success of weeds and
other invading species (Hierro and Callaway, 2003). Diffuse knapweed is an
invasive Eurasian weed in western North America. Research and general obser-
vations suggest that diffuse knapweed produces virtual monocultures and that
allelopathy may be an important component of its success. Hierro and
Callaway (2003) suggest that allelopathy “may be more important in recipient
communities than in origin communities because the former are more likely
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to be naive to the chemicals possessed by newly arrived species.” They do not
suggest that allelopathy is a unifying theory or a dominant way that plants
interact or the only way to explain diffuse knapweed’s dominance. They do
suggest that such nonresource mechanisms should not be dismissed as
irrelevant.

With this kind of evidence one is inclined to agree with Putnam’s (1985)
suggestion that not believing in allelopathy, now, is like not believing in
genetic inheritance before DNA’s structure was known. One area to explore
might be testing for suppression of weed seed germination and seedling emer-
gence by potential allelopathic species. Work to date has shown this to be an
inconsistent effect, and, if developed, it could be used with other methods of
weed management. Allelopathy isn’t, and will never be, a panacea for all weed
problems. It is another weed management tool to be placed in the toolbox and
used in combination with other techniques. It is not a technique that will
finally solve all weed problems or make the hoe obsolete.

The second strategy where allelopathy may be used is weed suppressing
crops. This can be realized by discovering, incorporating, or enhancing allelo-
pathic activity in crop plants. This technique would be most useful in crops
maintained in high-density monocultures, such as turf grasses, forage grasses,
or legumes. Olofsdotter (2001) notes that while allelopathy has been demon-
strated with varying success, it has been much more difficult to use the prin-
ciple in crop production. She suggests that if genetic mapping of quantitative
traits can be linked to understanding of allelopathic mechanisms, it may lead
toward optimization of a plant’s allelopathy and production of more competi-
tive crops—crops with an allelopathic advantage. It may be possible with
modern techniques to transfer (genetically modify) the ability of any plant to
produce a weed-controlling allelochemical to a crop plant (for example, the
work on rye done by Barnes and Putnam, 1983, 1986). Much more physiologi-
cal and chemical knowledge is required before this can be done successfully,
but it is an enticing possibility—a crop that does more, perhaps all, of its own
weed control because it has a chemical advantage.

The third area for allelopathic research and development includes the use
of plant residues in cropping systems, allelopathic rotational crops, or com-
panion plants with allelopathic potential. Many crops leave residues that are
regarded as a necessary but not a beneficial part of crop production, except as
they contribute to soil fertility or tilth. Research (Putnam, 1985, 1994; Rice,
1979) indicates that plant residues have allelopathic activity, but the nature
of this activity has not been explored sufficiently to permit effective use.
Rotation, a neglected practice in many agricultural systems, is being studied
because of its potential for weed management through competition and alle-
lopathy. Companion cropping is a new and interesting technique for agricul-
tural systems in developing countries. Multiple cropping is common in many



242 Fundamentals of Weed Science

developing countries where allelopathy may be operational without being
obvious and defined. These systems may hold valuable lessons for further
agricultural development of allelopathy as a useful weed management tool.

Weed scientists need to look beyond the immediate assumption that inter-
ference is always competition and see what they may not be looking for: an
allelopathic effect, which can be an unexpected, but good, thing. Perhaps there
are expressions of allelopathy before our eyes that we don’t see because we're
not looking for them. If there are compounds in nature with such great spe-
cificity, they should be examined. The patterns of herbicide development point
to greater specificity, and nature may have solutions in natural products if we
recognize them, learn how they work, and exploit their capabilities.

One of the first and quite potent phytotoxins found in higher plants was
1,8-cineole released by sagebrush species (Muller and Muller, 1964). Cin-
methylin was developed as an herbicide for weed control in rice, cotton, soy-
beans, peanuts, some vegetables, vine crops, and ornamentals. It is not sold in
the United States. Chemically, it is a structural analog of 1,4-cineole, which
inhibits asparagine synthetase, the enzyme responsible for biosynthesis of the
amino acid asparagine (Romagni et al., 2000). Cinmethalin controls many
annual grasses and some broadleaf weeds and sedges. It is produced syntheti-
cally, but the thought behind it was probably derived from the known phyto-
toxicity of the allelopathic cineoles.

A second and clearer example of a natural herbicide is AAL-toxin, a natural
metabolite produced by Alternaria alternata f. sp. Lycopersici, the pathogen
that causes stem canker of tomato (Abbas et al., 1995). The phytotoxic effects
of AAL-toxin were tested on 86 crop and weed species (Abbas et al., 1995).
Monocots were generally immune to its effects. Black nightshade, jimsonweed,
all species of tomatoes tested, and several other broadleaved plants were sus-
ceptible at low doses. Other broadleaved species were susceptible but only at
higher doses. Abbas et al. (1995) proposed that the differential susceptibility
of species to AAL-toxin could be exploited for selective weed control. There
may be other potentially valuable chemicals hidden from us because we are
looking for something else. Promising observations await the good observer?

However, Duke et al. (2002) present five problems associated with natural
products, including allelochemicals, that describe why there has not been more
research and development of these potent chemicals. Perhaps the most impor-
tant reason is that natural products that have or potentially have phytotoxic
activity are usually structurally complex and therefore expensive to manufac-
ture. Second, these chemicals often have high mammalian toxicity (AAL-toxin
is toxic to mammalian cells; Abbas, 1996), which makes them undesirable
from a public health standpoint. Many potentially beneficial natural products
(phototoxins, pharmaceuticals, etc.) are derived from plants found only or
mainly in developing countries. These countries have charged, with adequate
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justification, that developed nations have exploited their resources with inad-
equate or no compensation. Laws have been passed in many countries to
prevent exploitation of indigenous natural resources and to retain some level
of ownership. The cost of compound identification (discovery), isolation,
structural identification, and manufacture has been very high, with no assur-
ance of a return to justify the initial costs. Finally, many natural products have
relatively short environmental half-lives. This is desirable from a nontarget
species view but not from a weed management view, where some persistence
in time is a good thing.

THINGS TO THINK ABOUT

What is the present role of allelopathy in weed management?

What is the potential role of allelopathy in weed management?

Why has so little research been done on allelopathy?

What are the essential ingredients of a research program to discover
allelochemicals?

N
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CHAPTER ;

The Significance of
Plant Competition

FUNDAMENTAL CONCEPTS

e There is no complete explanation of, or a scientific basis for, plant
competition.

e The concept of competitive ability is useful but cannot be precisely
defined.

e A proposed biochemical basis for plant competition is based on six
factors.

e Plants fix atmospheric carbon dioxide via a C; and a C, pathway. The latter
is generally regarded as more efficient.

¢ Plants have definable characteristics that make them competitive.

LEARNING OBJECTIVES

e To understand a theoretical biochemical basis for plant competition.

¢ To know the difference between C; and C, carbon fixation.

e To understand the role of carbon fixation in plant competition.

e To know the arguments against the primacy of carbon fixation in plant
competition.

e To know the basis for other explanations of plant competition.

e To know the characteristics that lead to competitiveness.

I. GENERAL CONSIDERATIONS

It is a salutary thought that we do not know—nor have we even given the matter
much consideration—what determines the density of population of cereal plants
giving maximum yield. Yet until we know this, and especially until we understand
the interaction of density with such factors as water and nitrogen, then the develop-
ment of suitable varieties of plants must depend in the future—as in the past—on
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empirical plant breeding. We can claim great advances in genetics, and great
advances in producing plants with drought escape or disease resistance, fatter pods,
or finer flowers. And the breeder can point to varieties which quite apart from these
specific virtues, are able under the keen intraplant competition of a commercial
crop, to yield more grain, more leaf, more dry matter. Why? The breeder has no
idea. Indeed, the answer to such question will often be that it yields more because
it has more ears, or more florets, or more fertility, or less abortion, which of course
is little more than a paraphrase of the statement that it yields more. Actually what
happened was that the breeder selected it because it yielded more, not that it yielded
more because it was consciously bred to do so. Why does a modern wheat variety,
whether in Greece or New Zealand, yield more than a variety of like maturity and
disease resistance of 50 years ago? Because it either (A) fixes more carbon or (B)
has a greater proportion of the carbon in the grain. Why? No one knows. Perhaps
it has a different root system, better leaf arrangement and light utilization, more
glume surface, or one of many factors affecting growth and photosynthesis. And,
in particular, it has the desired characteristics when growing under the acute stress
conditions of a commercial crop.

C. M. Donald (1963)

These words, written in 1963, are still largely true. There is no complete
explanation of, and scientific basis for, plant competition, but we are
getting closer. We know that yield and growth are a function of carbon
assimilation by photosynthesis, and plant growth is affected by many envi-
ronmental and physiological factors. It is known that carbon dioxide uptake
and fixation are primary determinants of growth, and plant environmental
responses are mediated through biochemical reactions and genetic control.
In agriculture, some plants have high yields, grow fast, are competitive, and
may be weeds. Black et al. (1969) tried to provide a scientific basis for plant
competition and weediness. They took data from the work of others, applied
unique ideas, and proposed a biochemical basis for plant competition, based
on the assumption that the primary determinant of success is the capacity to
fix carbon. Their work is not conclusive and has not been included as the
only definitive explanation of competition and weediness. It is included
because it provides clues to how the process of competition has been studied
and about how to think about weed-crop competition. Their theory has
not been widely accepted or soundly rejected, but it is provocative and
worthy of consideration.

Black et al. (1969) classified plants as efficient or nonefficient on the basis
of six factors:

Light intensity response

Temperature response

Response to oxygen

Presence or absence of photorespiration

Pathway of photosynthetic carbon dioxide assimilation
Photosynthetic compensation point level

S
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FIGURE 9.1. The response of photosynthesis to increasing light intensity for efficient and
nonefficient plants (Black et al., 1969).

They developed the hypothesis that efficient plants are often used in agricul-
ture because of their high production and because they are often competitive.
Almost all the weeds they examined were efficient given their definition.

In efficient plants, carbon dioxide uptake increases with light intensity
(Figure 9.1). The ability of nonefficient plants to fix carbon dioxide levels off
rapidly as light intensity increases, whereas efficient plants continue to fix
carbon as light intensity increases to near full sunlight. The same is true for
the response of plants to temperature. Nonefficient plants peak in their ability
to fix carbon around 20°C (Figure 9.2). Efficient plants continue to fix carbon
at higher temperatures, although both curves plateau. Efficient plants fix
carbon at much higher light intensities and temperatures than nonefficient
plants.

At normal atmospheric oxygen concentration (21%), photosynthesis in
nonefficient plants is inhibited by oxygen. Photosynthesis in efficient plants
is not inhibited by oxygen.

In some plants, respiration decreases with increased light—a phenomenon
called photorespiration that has not been demonstrated in efficient plants. It
is a wasteful, light-stimulated oxidation of photosynthetic intermediates to
carbon dioxide and other products for which plants have no useful purpose.

The C; cycle for carbon fixation is the dominant mechanism in plants.
Ribulose diphosphate (RuDP), a five-carbon sugar, is the carbon dioxide
acceptor. Some plants also fix carbon dioxide in a 4-carbon dicarboxylic acid
(malic and aspartic acid) cycle. This is the Hatch-Slack or C, cycle in which
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FIGURE 9.2. The response of photosynthesis to increasing temperature for efficient and
nonefficient plants (Black et al., 1969).

phosphoenolpyruvate (PEP) is the carbon dioxide acceptor. The efficiency of
C, fixation results from the fact that phosphoenolpyruvate has a much higher
affinity for carbon dioxide than ribulose diphosphate carboxylase, the enzyme
responsible for initial fixation in C; plants. Black et al.’s survey (1969) of a
number of plants showed that the presence of the C, cycle was characteristic
of efficient plants. Plants do not fix carbon dioxide by the C; or C, cycle. The
C, cycle, characteristic of efficient plants, supplements but does not replace
the C; cycle. Table 9.1 shows some characteristics usually associated with the
C, pathway. Table 9.1 demonstrates the proposed superiority of the C, pathway,
which is superior mainly under conditions of high irradiance. It is a reasonable
generalization that C, plants have higher photosynthetic rates. Corn, a C,
plant, has a maximum photosynthetic rate (measured as CO, fixed in pmol
m~ s™") between 20 and 40, whereas soybean, a C; plant, fixes 10 to 20. For
further discussion of pathways of carbon fixation, readers are referred to any
good plant physiology or biology text.

The sixth characteristic of the Black et al. (1969) hypothesis is the level of
carbon dioxide compensation point. Under normal physiological conditions,
efficient plants have a carbon dioxide compensation point of 5 ppm or less.
Nonefficient plants have a compensation point in the range of 30 to 70 ppm
CO,. The compensation point is the concentration of carbon dioxide below
which net carbon assimilation does not occur via photosynthesis. In plants,
carbon dioxide released by respiration is used in photosynthesis with no net
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TABLE 9.1.  Some Physiological and Performance Characteristics Associated with
the C, Pathway.

Approximate quantitative

Characteristic relationship compared with C; species
High temperature optimum for photosynthesis 30°-45° vs. 15°-30°C
High light optimum for photosynthesis Full sunlight vs. 30% full sunlight
High photosynthesis rates per unit leaf area About twice as much under optimal
conditions

High growth rates under optimal conditions About twice as much

for photosynthesis
High dry matter production per unit of Two to three times as much

water used

oxygen evolution at the compensation point. Obviously, plants with a high
compensation point fix less carbon because of the inefficiency of their
respiration.

A list of efficient and nonefficient plants from Black et al. (1969) is shown
in Table 9.2. Applying their hypothesis to explain weed-crop competition, one
finds that many weeds are efficient and many crops are not.

When their hypothesis is used to compare Kentucky bluegrass and crab-
grass, a common weed in bluegrass turf (Table 9.3), the data illustrate that
crabgrass is efficient and will be a good competitor with Kentucky bluegrass,
an observation turf managers verify.

The data on water requirements of different plant species (Shantz et al.,
1927) have been combined with the hypothesis of Black et al. (1969) (Table
9.4). The data show that some crops and weeds with the C; pathway have a
low water requirement, and others with the C; pathway typically have a higher
water requirement, lending additional credence to, but not proving, the
hypothesis.

The Weed Science Society of America composite list of weeds (Anonymous,
1989) contains over 2,000 species from 500 genera and 125 families. Of that
number, 146 species in 53 genera and 10 families have C, carbon fixation.
This is 17 times higher than the percentage of C, plants in the world’s plant
population.

Fourteen of the 18 worst weeds in the world (Holm et al., 1977) are C,
weeds, and 8 of the top 10 are. Forty-two percent of the 76 worst weeds
of the world are C,, but only 20% of the 15 major world crops are. The C;
pathway of photosynthetic fixation dominates among crops. There are many
C, weeds, but there is an equal number of important weeds that fix carbon by
the C; pathway.
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TABLE 9.2. A List of Efficient and Nonefficient Plants
(Black et al., 1969).

Efficient Nonefficient
Crops Crops
Corn common bean ryegrass
Sugarcane soybean wheat
Sorghum sugarbeet oat
spinach barley
tobacco Kentucky bluegrass
cotton rice
lettuce
orchardgrass
Weeds Weeds
Pigweed lambsquarters
Saltbush velvetleaf

Common purslane
Russian thistle
Barnyardgrass
Crabgrass

Foxtails
Johnsongrass
Witchgrass
Nutsedge

TABLE 9.3. A Comparison of Kentucky Bluegrass and Crabgrass Using the Hypothesis of
Black et al. (1969).

Factors

Kentucky bluegrass

Crabgrass

CO, uptake increases with
light intensity

Optimum temperature

Ps inhibited by

0,

Photorespiration

C fixation cycle

Ps comp. point

Light saturation @ 1,000 to

3,000 foot-candles

Assimilates 15 to 35mg

COy/sq dm/hr
10° to 25°C
No information
Yes
No information

30ppm CO,

Light saturation @ 5,000
foot-candles

Assimilates 50 to 80mg
COy/sq dm/hr

30° to 40°C

No

5ppm CO,
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TABLE 9.4. Grams of Water Required to Produce One Gram
of Dry Matter for Several Plants (Black et al., 1969; Shantz

et al., 1927).

Grams of water required per
Species pound of dry matter
C4 pathway
Prostrate pigweed 260
Common purslane 281
Foxtail millet 285
Sorghum 304
Corn 349
Average 296
3 pathway
Wheat 557
Cotton 568
Cowpea 569
Common lambsquarters 658
Prostrate knotweed 678
Rice 682
Beans 700
Prostrate vervain 702
Smooth brome 977
Average 667

In the eastern United States, C; and C, plants are poor competitors, and
many weeds have C; carbon fixation. Baskin and Baskin (1978) proposed that
C, photosynthesis is less important than other features in determining com-
petitive ability, whereas Black et al. (1969) believed that the rate of carbon
dioxide fixation was the main determinant of competitive ability. This differ-
ence is one reason why the Black et al. (1969) hypothesis is presented as a
way to think about weed-crop competition but not as a definitive explanation
of competition. With natural temperature and radiation in arid southwest
Australia, two C; species, rape and sunflower, had higher net assimilation rates
and relative growth rates than corn, a C, plant (Baskin and Baskin, 1977).
Baskin and Baskin (1978) proposed that C; and C, weeds compete well with
crops but not with climax vegetation. Among successful southeastern US
pasture grasses, there is about an even distribution between C, and C; carbon
fixation pathways. Bermudagrass, bahiagrass, and pangolagrass are all C,.
Kentucky bluegrass, orchardgrass, and fescue are C;. Table 9.5 shows the
presence of the two pathways in several crops and weeds.
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TABLE 9.5. Photosynthetic Pathways of Some Crops and Weeds (Patterson, 1985).
Crops Weeds
G (on G Cs
Alfalfa Corn Ageratum Barnyardgrass
Banana Foxtail millet Canada thistle Bermudagrass
Barley Pearl millet Catchweed Common purslane
Bean Sorghum bedstraw Cogongrass
Cassava Sugarcane Cocklebur Crabgrass
Coconut Common Dallisgrass
Corn chickweed Dropseed
Cotton Common milkweed Fall panicum
Oats Docks Foxtail
Orchardgrass Field bindweed Garden spurge
Peanut Hairy Goosegrass
Potato beggarticks Guineagrass
Rice Jimsonweed Itchgrass
Rye Common Johnsongrass
Soybean lambsquarters Kikuyugrass
Sugarbeet Largeleaf Kochia
Sweet potato lantana Nutsedge, purple and yellow
Tomato Morningglory Pigweeds
Wheat Mustards Puncturevine
Nightshades Russian thistle
Plantain Sandburs
Poison ryegrass Signalgrass
Quackgrass Sprangletop
Ragweeds Texas panicum

Sensitive plant
Sicklepod
Sida, prickly
Smartweeds
Velvetleaf
Waterhyacinth
Wild oats
Witchweed

Torpedograss
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At high temperatures (34°C day/38°C night), redroot pigweed, a C, plant,
outcompetes common lambsquarters, a C; plant, but at low temperatures
(18°C day/14°C night), the reverse is true (Pearcy et al., 1981). There is no
inherent advantage to C, photosynthesis (Baskin and Baskin, 1977). Rate of
leaf production or time of emergence may be more important determinants of
a weed’s competitiveness than rate of photosynthesis. This is not to say that
carbon fixation is not important. Life is complex, and explanations of behavior
and competitiveness will not to be found in single causes.

II. CHARACTERISTICS OF WEEDS

There is a lot to learn about why weeds are such good competitors. What
makes some plants so capable of growing where they are not desired? Why
are weeds such good competitors? What are their modes of competition and
survival?

Weeds share some traits (see Chapter 2). Not all weeds have all traits, but
all weeds have some of the following characteristics related to growth and
physiology (competitive ability), reproduction, and cultural practices (Baker,
1965; Baker, 1974; Bazzaz, 1979; Elmore and Paul, 1983).

A. COMPETITIVE ABILITY

Weeds that are most competitive have rapid seedling growth and a high growth
rate compared to the crop with which they are interfering. They will also have
a short vegetative period before flowering and be able to complete seed pro-
duction quickly. They often produce seeds that mature soon after flowering.
Canada thistle matures seed within two weeks of flowering. Russian thistle
seeds held at 80°F will germinate within 90 minutes of wetting. This weed
would spread more than it does, except it must germinate in loose soil because
the coiled root unwinds as it pushes into the ground; in hard soil, the seedling
dies before it roots successfully.

Weeds with great competitive ability have fast seedling growth and grow
tall quickly or gain competitive ability by twining on larger plants. They may
also be tolerant of shade and their highest carbon dioxide assimilation rate
may not be in full sunlight.

Consistent with the hypothesis of Black et al. (1969), the most competitive
weeds have a high photosynthetic rate and rapid partitioning of photosynthate
into new leaf production. They have a high light saturation intensity and a
low carbon dioxide compensation point.
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Competitive weeds quickly develop a large exploitative root system and
have a high tolerance for climatic and soil variations. Their general purpose
genotype frees them from many environmental constraints; they grow well
in many places. This genotype enables weeds to grow under adverse con-
ditions, have a great ability to recover quickly from resource limitation, to
acquire resources fast, and ensures that some survive in many different
environments.

Many common agricultural weeds are not good competitors in the ecologi-
cal sense. They have evolved to be successful competitors in the intensely
managed and regularly disturbed habitats characteristic of cultivated fields.
Weeds and crops benefit from things that reduce environmental stress such as
irrigation, fertilization, and pest control. Most agricultural weeds lack the
ability to tolerate extreme shade and do not invade or survive well in estab-
lished vegetation. There are notable exceptions, e.g., kudzu, that tend to show
that sweeping generalizations about weed characteristics are usually wrong.
Weeds, important in crop competition, are often present in the earliest ecologi-
cal successional stages (the ecological red cross) following abandonment of
crop land because there is an absence of competition and a large weed seed
bank in the soil that still has abundant nutrients. Many agricultural weeds
do not compete well in resource starved environments. Some of the best
weeds have the ability to compete by special means such as allelopathy (see
Chapter 8). Other successful weeds have adaptations that repel grazing such
as spines, bad taste, or bad odor.

B. REPRODUCTIVE CHARACTERISTICS

The most successful weeds have no special environmental requirements for
germination. They may be especially detrimental in crops because their success,
after germination, is tied to the same factors that lead to crop success. They
succeed in well-fertilized fields, planted at certain times, often with irrigation
or regular rainfall.

Successful weeds have a relatively long period of high seed production with
favorable growing conditions. Some have almost continuous seed production.
Redroot pigweed is able to produce seed as early as when it is 1 to 8 inches
tall and for a long time after it first flowers. Good weeds produce some seed
under a wide range of environmental conditions.

Weeds have special adaptations for short and long distance dispersal of
their seeds in space. They are usually self-compatible but not obligate self-
pollinators. Cross-pollination is achieved by nonspecialized flower visitors
or wind.
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C. CULTURAL PRACTICES

Weed seeds resist degradation in soil and disperse in time via seed dormancy.
Even though they produce a large number of seeds per plant, many of which
may germinate immediately, they can acquire secondary dormancy. Weed seed
often has the same size and shape as many crop seeds, and weed maturation
coincides with crop maturity. Morphological and physiological similarity to
crop seed makes weed seed hard to detect and clean from crop seed.

Plowing and preparing soil for planting are vigorous practices that disturb
plant growth. Most crop plants, turf, and ornamentals do not survive these
practices, but many weeds can. In fact some weeds—for example, night-
shades—are dependent on tillage for establishment. Weeds survive and prosper
under the disturbed conditions of a cropped field or an environment created
to favor human crops or goals. Weeds have the environmental plasticity to do
well under these conditions.

If a weed is a perennial, it has vigorous vegetative reproduction with large
food reserves in roots. Perennials also may have dual modes of reproduction
and do not rely solely on vegetative or sexual reproduction. Perennials nor-
mally are brittle (break easily) at lower rhizome or root nodes and cannot be
pulled from the soil. Perennials usually have the ability to regenerate from
small (often as small as 1 inch, if a bud is present) root segments.

Perhaps of greatest importance to the success of many weeds is their resis-
tance to, or ability to develop tolerance of, different methods of control, includ-
ing chemical control.

THINGS TO THINK ABOUT

1. What are the six factors included in the Black et al. (1969) scheme to
explain plant competition?

2. What is the definition of an efficient and a nonefficient plant and how are
the concepts used?

3. Carbon fixation is a logical determinant of plant competitiveness. Why does
it fail in some cases?

4. What are the characteristics of plant growth, reproduction, and response
to cultural practices that contribute to weediness?

5. What factors contribute to a plant’s competitiveness?
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CHAPTER ]_ O

Methods of Weed
Management and Control

FUNDAMENTAL CONCEPTS

¢ Weed prevention, control, eradication, and management are different con-
cepts, and each uses and combines technologies differently.

e Prevention of invasion is the best strategy to combat weeds.

e Many important weeds in any country are escaped imports.

¢ Mechanical, nonmechanical, and cultural weed control techniques each
have distinct advantages and disadvantages.

e No weed control method has ever been abandoned. Each new method
introduced in large-scale crop culture has reduced the need for human and
animal power.

e Cultural weed control is intuitively sensible.

LEARNING OBJECTIVES

e To know the definition and relative merits of weed prevention, control,
eradication, and management.

e To be familiar with weed seed laws and the federal noxious weed law.

e To understand the importance of planting clean crop seed.

e To know the practices that prevent introduction and spread of weeds.

e To know the advantages and disadvantages of each mechanical, nonme-
chanical, and cultural weed control technique.

¢ To know the present role and to consider future weed management roles of
living mulches and companion cropping.

e To appreciate the role of minimum and no-tillage in weed management.

Fundamentals of Weed Science
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260 Fundamentals of Weed Science

I. THE DEFINITIONS OF WEED
PREVENTION, CONTROL, ERADICATION,
AND MANAGEMENT

When students who are taking a weed science class are asked what the class
is about, they often respond “weeds” or “weed control.” Those who work on
weeds often spend a great deal of time on weed control, but weed science is
not only about weed control. Weed scientists try to answer fundamental ques-
tions about weeds and weed management. For example, they want to know
why weeds are problems—that is, what is the nature of weed-crop competi-
tion? Why are some weeds problems in many places and others in relatively
restricted habitats? Why do different weed management strategies work
differently in different cropping systems? Why are some plants so successful
as weeds? Answers to these and similar questions lead to hypotheses
and theories and greater clarity about what ought to be done to manage
weeds and why.

A. WEED PREVENTION

The most difficult part of weed management is prevention, defined as stopping
weeds from contaminating an area. It is a practical means of dealing with
weeds, but it takes time and careful attention to many details. Experience has
shown that it is much easier to make the case and gain support for controlling
weeds. After all, if control is successful, as it frequently is, results are easily
observed, and something good has happened. Prevention addresses a potential
problem, one that does not yet exist, and results of preventive efforts are harder
to observe and measure. It is hard to demonstrate that because of weed preven-
tion, a weed did not appear. Science cannot prove a negative. But it is as true
for the agricultural ailment, weeds, as it is for human ailments: an ounce of
prevention is worth a pound of cure. Effective preventive techniques may
reduce short-term economic gain.
Here are a few weed prevention measures:

e Isolating imported animals for several days

e Not importing weeds or weed seeds in animal feed (buying only clean
hay)

¢ Using only clean crop seed that is free of weed seed

¢ Cleaning equipment between fields and especially between farms

¢ Preventing weed seed production, especially by new weeds

¢ Preventing vegetative spread of perennials

¢ Scouting for new weeds
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e Small patch treatment to prevent patch expansion and large infestations
¢ Education about weeds (e.g., weed identification)

B. WEED CONTROL

Weed control includes using several techniques to limit weed infestations and
minimize competition. These techniques attempt to achieve a balance between
cost of control and crop yield loss, but weed control is used only after the
problem exists; it is not prevention. Weed control techniques have been
adopted widely because control is the easiest thing to do, and it is usually
effective. The problem is known or can be seen, and actions can be tailored
to the observed problem. Control works well with short-term economic or
cultural planning goals.

C. WEED ERADICATION

Weed eradication is the complete elimination of all live weeds, weed parts,
and weed seed. It is 100% or complete control. It sounds easy, but it is very
difficult to achieve, and eradication efforts have rarely been completely suc-
cessful. It is usually easy to eliminate live plants because they can be seen. It
is difficult to eliminate seed and vegetative reproductive parts in soil. Eradica-
tion is the best program for small populations of perennial weeds, but present
technology does not make it easy.

In weed science, as in medical science, prevention is better than control,
but control is required because weeds and other pests arrive without notice
and are present before they can be prevented. Prevention and eradication
require long-term thinking and planning.

D. WEED MANAGEMENT

Weed management is the combination of the techniques of prevention, eradi-
cation, and control to manage weeds in a crop, cropping system, or environ-
ment. Weed managers recognize that a field’s or area’s cropping history, the
grower’s management objectives, the available technology, financial resources,
and a host of other factors must be combined to make good management deci-
sions. Complete weed control in a crop may be the best decision in some cases,
but it is not automatically assumed to be the goal. Maintenance of a weed
population at some level in a cropping system may be the most easily achiev-
able and financially wise goal for a weed management program.
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II. WEED PREVENTION

People want to be and stay healthy. When we become ill, we are pleased to
have competent physicians, hospitals, and medical services. People would
rather remain healthy than have to cure an illness. The same logic applies to
weed management. Weed control tries to cure but does not prevent weeds.
A good weed management program includes vigilance or watchfulness. The
good weed manager can identify weed seeds, seedlings, and mature plants, and
has a management program for each crop and field and appropriate follow-up
programs. The good manager is ever watchful for new weeds that may become
problems and whenever possible emphasizes prevention rather than control.
Several preventive practices can be included in management programs:

1. TIsolation of introduced livestock to prevent spread of weed seeds from
their digestive tract.
2. Use of clean farm equipment and cleaning of itinerant equipment, includ-
ing combines, cultivators, and grain trucks.
Cleaning irrigation water before it enters a field.
4. Mowing and other appropriate weed control practices to prevent seed
production on irrigation ditch banks.
5. Inspection of imported nursery stock for weeds, seeds, and vegetative
reproductive organs.
6. Inspection and cleaning of imported gravel, sand, and soil.
7. Special attention to fence lines, field edges, rights-of-way, railroads, and
so on as sources of new weeds.
8. Prevention of deterioration of range and pasture to stop easy entry of
invaders such as downy brome (Mack, 1981).
9. Seed dealers and grain handlers should clean crop seed and dispose of
cleanings properly.
10. Cleanings should be heated or ground to prevent seed dispersal.
11. Fields should be surveyed regularly to identify new weeds.
12. When identified, small patches of new weeds should be treated to prevent
growth and further dispersal.

W

The first rule for weed prevention and the first step of any good weed man-
agement program is the purchase and planting of clean seed. The US Federal
Seed Act of 1939 regulates transport and sale of seeds in foreign and interstate
(but not intrastate) commerce. The law is enforced by the US Department of
Agriculture, which has provided supplementary rules aimed primarily at inter-
state movement of parasitic plants and noxious weed seeds. The Federal Seed
Act and state laws mandate labeling of crop seed to show the kind of seed, its
variety, and the state and specific locale where it was grown. Complete labels
also show percent pure seed, percent weed seed, percent other crop seed,
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percent inert matter, percent germination of pure seed, percent hard seeds
(those seeds that are viable but not capable of immediate germination), and
the date on which the tests were performed. Seed labels also include the name
and number per pound of each noxious weed seed.

Each US state has a noxious weed seed law that identifies and regulates sale
and movement of crop seed containing what the state law has identified as
noxious weed seed. These laws may prohibit importation of crop seed with
greater than a certain percentage of specific noxious weed seed and require
identification of each noxious weed seed. The presence of noxious weed seed
in excess of 1gm in 10gm of the crop seed results in exclusion from sale in
most states. For large-seeded crops, such as beans, the exclusion is often 1 gm
in 100gm of crop seed. These laws may also regulate import and sale of crop
seed screenings because they contain viable weed seed. State seed laws are
designed to protect seed consumers (farmers and other purchasers). These
laws do not mean and should not be viewed as implying equal regulation of
weedy plants that may be detrimental to agriculture or the environment.

On October 30, 2004, President Bush signed the Noxious Weed Control
Act of 2004 (Public Law 108-412). It was passed after several years of effort
as an amendment to the Federal Plant Protection Act of 2000. It is a first step,
and only a bit ($15 million) of the funding requested was received. But it
demonstrates the benefit of groups working together to pass federal legislation
and an increasing recognition of the importance of weed management.

Seed standards are not restricted to the United States. The regulations of
the Canada Seeds Act of 1987 allow various levels of weed seed to be present,
depending on the crop and the level of classification desired. The standards
apply to barley, buckwheat, lentils, rye, and sainfoin and with minor variation
for wheat, canola, flax, and oats. The seller must supply a certificate, on
request, that states the number and kinds of weed seed present.

A bushel of clover seed weighs 60 pounds and was 88% clover, with 35%
germination. Therefore, in 1 bushel, there was 18.5 pounds of live clover
seed, 34.3 pounds of dead clover seed, 4.2 pounds of weed seed that
represented 11 different species, 2.8 pounds of inert matter, and 0.2
pounds of other crop seed. The purchased seed contained 7,800 Canada
thistle seeds per bushel; 5,700 curly dock seeds per bushel; and 114,000
wild mustard seeds per bushel. This bargain seed cost $5.90 per bushel
or $19.14 per 60 pounds of 100% viable seed. The same variety of certi-
fied clover seed could have been purchased for $8.40 per bushel. That
bushel had 99.15% purity and 95% germination, or a cost of $8.84 per
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60 pounds of 100% viable seed. The difference in cash cost ($8.40 —
$5.90 per bushel) was $2.50. The cash cost is the only thing most buyers
care about. The bargain seed cost $19.14 for 100% good seed versus
$8.84 for 100% good seed in the second source—a difference of $10.30
per bushel in favor of the second source (Barnes and Barnes, 1960).
Purchasing bargain seed or cheap seed is rarely a good idea and can
create weed problems.

About one-third of US states have no limitation on total weed seed in crop
seed. Limitations range from 1 to 4%. Most state laws exempt seed sold by a
grower without advertising. All state laws designate certain weeds as noxious.
About 20 states have no limitation on prohibited or restricted noxious weeds.
Prohibited noxious weed seeds are usually seed from perennial, biennial, or
annual plants that are highly detrimental to crop yield and difficult to control.
The presence of these seeds in any amount prohibits sale of crop seed for
planting purposes in many states.

Restricted noxious weed seeds are seeds of plants that are very objectionable
in fields, lawns, or gardens but can be controlled by good cultural practices.
Over 175 different species are named as noxious weed seeds by the 48 conti-
nental United States. An additional 50 species are named in Hawaii. It is
important to note that these are legal, not botanical, definitions that are
informed by agronomic and horticultural practice.

Most states have state seed laboratories that determine seed quality. One
aspect of quality is the number of weed seed or other crop seed in a sample
(Tables 10.1 and 10.2). In these examples, too many weed seeds were sown
when the purchased seeds were sown. Planting clean seed is an easy method
of preventing weeds.

In 1975 weed prevention took a major step forward when the federal
noxious weed law empowered the secretary of the US Department of Agricul-
ture to control import, distribution, and interstate commerce of weeds declared
to be noxious. Previous laws regulated just seed, not plants.

Nearly all US states list some prohibited agricultural weeds in addition to
those included in the federal noxious weed law. At present these laws provide
some protection but in most states it is inadequate for agriculture and the
environment. The federal law includes 93 weedy species, but at least 750 weeds
that meet the act’s definition remained unlisted in 1993 (US Congress, 1993).
Many of these are agricultural problems, but some infest other environmental
areas such as wetlands and natural areas. Invasive species are discussed
in Chapter 7; four important invasive weedy species are purple loosestrife,
Brazilian peppertree, Eurasian watermilfoil, and smooth cordgrass (US
Congress, 1993).
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TABLE 10.1. Sample Seed Analysis from Colorado State

Seed Testing Laboratory.

Bromegrass, smooth—61% germination

Seeded @ 4-6 1b/A
Redroot pigweed
Japanese brome
Stinkgrass
Barnyardgrass
Oldfield cinquefoil

Timothy
Barley
Sweetclover
Sand dropseed

Bentgrass

136,000 seeds/lb
27,968 seeds/lb
512 seeds/lb
256 seeds/lb

64 seeds/lb

64 seeds/lb

28,864 seeds/lb

448 seeds/lb
64 seeds/lb
64 seeds/lb
64 seeds/lb
64 seeds/lb

704 seeds/lb

TABLE 10.2. Sample Seed Analysis from Colorado State Seed Testing Laboratory.

265

Alfalfa, Sample 1
84% germination, 84% live

224,000 seeds/lb

seeded at 8-101b/A

dodder 432/1b
mallow 180/1b
groundcherry 90/1b

At 10 1b/A 4,320 dodder and 2,240,000 alfalfa seeds will be sown per acre.

Alfalfa, Sample 2

60% germination, 84% live

Russian knapweed 9/1b
Chicory 270/1b
Netseed lambsquarters 360/1b
Kochia 180/1b
Buckhorn plantain 117/1b
Other weeds 189/1b
Other crop
Red clover 6,930/1b

At 10 1b seed/A, 1,478,400 alfalfa seeds, 11,250 weed seeds, and 69,300 red clover seeds will be

sown/A
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TABLE 10.3. A Survey of Weed and Seed Laws in Five Western States
(US Congress, 1993).

Number of species Adequacy of Number of potential
State listed protection threats omitted
Idaho 47 adequate 6
Oregon 67 more than adequate few
Utah 23 inadequate 11
Washington 75 more than adequate few
Wyoming 34 barely adequate 11

A survey of weed and seed laws in five contiguous western states—Idaho,
Oregon, Utah, Washington, and Wyoming (US Congress, 1993)—showed the
laws provided adequate to inadequate protection based on the likelihood of
unlisted weeds causing economic or ecological problems. Many potential
threatening weeds were omitted (Table 10.3).

Federal and state laws do not include enough weedy plants, and they regu-
late only agricultural and vegetable seed. The laws do not cover horticultural
seeds, including known sources of weed seed such as wildflower and native
grass mixtures (US Congress, 1993).

In spite of existing laws, regulations are not stringent, and it is not surpris-
ing that 36 weed species now resident in the United States were imported and
escaped to become weeds—in some cases, noxious weeds (Williams, 1980).
Of the 36, 2 were imported as herbs, 12 as hay or forage crops, and 16 as
ornamentals. Weeds were imported as a windbreak (multiflora rose), for pos-
sible medicinal value (black henbane), for use in aquaria (hydrilla), as a fiber
crop, just for observation, and as a dye (dyer’s woad).

Bermudagrass, a valuable forage species in the southern United States and
many other parts of the world, is also an important weed in many areas and
was introduced into the United States as a forage crop. In 1849 the US Cotton
Office proposed and introduced a new forage grass crabgrass (Brosten and
Simmonds, 1989). More recent introductions of grassy weeds include sorghum-
almum promoted as a drought-resistant, emergency hay/forage crop with
names such as perennial sudangrass, sorghum grass, and Columbia grass. It is
a hybrid between johnsongrass and grain sorghum and was first described and
cultivated in Argentina (Brosten and Simmonds, 1989). Wild proso millet was
first recognized as a weed in the north central United States in the early 1970s
and now infests several million acres in Wisconsin and Minnesota, as far west
as Colorado, in the midwestern states, and Canada. It is the same species as
cultivated millet and difficult to control in corn. A major reason it is such a
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good weed is that its seed germinates throughout the growing season rather
than in a short period, as the crop’s seed do, and it thereby escapes control by
nonresidual herbicides and single cultivations.

The latter two cases are interesting cases of failure to prevent and because
of their implications for biotechnology. Hybridization of weeds and crops is
uncontrolled and may be uncontrollable. Cross-pollination is inevitable when
two phenologically similar, outcrossing plants share a small area (exist in an
overlapping range). Research to determine the potential for gene transmittal,
in cropped fields, from weeds to crops or vice versa is ongoing. There is a
possibility that a crop that was genetically engineered for high yield or herbi-
cide resistance will contribute to the generation of new, difficult to control
weed hybrids (Brosten and Simmonds, 1989).

Two species of toadflax were introduced as ornamentals and became weeds.
Jimsonweed and kochia were brought to the United States for use as ornamen-
tals, and kochia was studied as a forage crop. The artichoke thistle escaped to
become a weed in artichokes and is a recurring problem in California (Brosten
and Simmonds, 1989).

Waterhyacinth was introduced from South America to the United States by
Japanese entrepreneurs as part of a horticultural exhibit at the Cotton Centen-
nial Exposition in New Orleans in 1884 (Penfound and Earle, 1948). It origi-
nally came from the Orinoco River in Venezuela, and single plants were given
away at the Cotton Exposition. It has been introduced around the world pri-
marily because its flowers are pretty. At the New Orleans exposition, people
liked it so much that they took it home and put it in ponds and gardens, after
which it escaped because people discarded it or water flowed out of these
places and carried the weed with it. It reproduced profusely in ponds and
escaped to the St. John’s River in Florida, where it became a major weed
problem by clogging the waterway. Waterhyacinth was brought to the Tonkin
region of China (now Vietnam) in 1902 as an ornamental. It reached southern
China and Hong Kong in the same year. Soon after it was observed in Sri Lanka
and then India, where the sluggish rivers of east Bengal were ideal for its
growth. In the 1950s it was discovered in Africa (Vietmeyer, 1975), and in
1958 it had infested over 1,000 miles of the Nile River from Juba in the south
to the Jebel Aulia dam in northern Sudan (Heinen and Ahmad, 1964). It is a
serious weed problem in all of these places and many others but not in Vene-
zuela, where its spread is controlled by natural enemies.

Cogongrass or Alang-Alang, a perennial, was introduced at Grand Bay,
Alabama, and McNeil, Mississippi (Tabor, 1952). Bare-root orange plants were
imported to Grand Bay in 1912, and the cogongrass that lined boxes the plants
were shipped in was discarded. In McNeil, scientists were searching for better
forage plants, and cogongrass escaped from farmer’s fields and the experiment
station and spread rapidly.
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Kudzu, a nonindigenous species, was introduced to the United States at
the Philadelphia Centennial Exposition in 1876 (Shurtleff and Aoyagi, 1977).
It was promoted by the US Department of Agriculture for erosion control and
forage, but it became a major weed and now grows in many areas throughout
southeastern United States and has spread to some midwestern states.

Further evidence of distribution of the world’s weeds and the necessity for
vigilance to prevent introduction of new species is shown in Table 10.4. Most

TABLE 10.4. Origin and Distribution of Some of the World’s Most Serious Weeds
(Holm et al., 1977).

Distribution (number Associated
Weed Origin of countries) crops
Purple nutsedge India 92 52
Bermudagrass Africa or Indo-Malaysia 80 40
Barnyardgrass Europe and India 61 36
Junglerice India 60 35
Goosegrass China, India, Japan, Malaysia 60 36
Johnsongrass Mediterranean 63 30
Cogongrass Old world 75 35
Spiny amaranth Tropical America 54 28
Sour paspalum Tropical America 30 25
Tropic ageratum Tropical America 46 36
Itchgrass India 28 18
Carpetgrass Tropical America 27 13
Hairy beggarticks Tropical America 40 31
Paragrass Tropical Africa 34 23
Mexico, West India, tropical
South America 23 13

Smallflower

umbrella sedge Old world tropics 46 1
Rice flatsedge Old world tropics 22 17
Crowfootgrass Old world tropics 45 19
Eclipta Asia 35 17
Globe fringerush Tropical America 21 (rice)
Witchweed Europe or South America 35 2
Halogeton Asia unk. rangeland
Russian knapweed Asia unk. >10
Quackgrass Eurasia >80 many
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of our important weeds have come from somewhere else, and vigilance is
necessary to prevent new problems. Among 300 nonindigenous weeds in the
western United States, 8 were former crops, and 28 escaped from horticultural
areas (US Congress, 1993).

All is not lost because weed entry is not prevented. Most imported plants
don’t become weeds. In the United Kingdom about 10% of the invaders became
established but only 1% of those became weeds (Williamsen and Brown,
1986). In Australia only 5% of introduced plants became naturalized and only
1 to 2% of those became weeds (Groves, 1986). Once a plant is naturalized in
an area, whether it remains insignificant or becomes a weed problem depends
on the absence of damaging natural enemies and the presence of suitable soil,
crops, land use and weed management practices, and how the plant responds
to the local climate (Panetta and Mitchell, 1991). The few that become weeds
can be costly problems. Although the chance is small, the consequences can
be great. We can identify areas at risk of invasion, but weediness cannot be
predicted as easily (Panetta and Mitchell, 1991).

ITI. MECHANICAL CONTROL

No weed control method has ever been abandoned completely. New tech-
niques have been added in large-scale agriculture, but old ones are still used
effectively, especially in small-scale agriculture. Mechanical weed control
methods have a long history. They are a primary weed control method in many
crops and in many of the world’s developing countries. Although they have
been used widely, they have not been studied extensively. Improvement of
mechanical methods of weed control is required if they are to become accept-
able alternatives to chemical control. This is especially true in organic agricul-
ture where chemical control is forbidden and hand-weeding, if hand labor is
available, is expensive, arduous, and often not effective because it is delayed.
Mechanical control of intrarow weeds is often unsuccessful for the following
reasons:

1. Cultivation is delayed and weeds are only susceptible to uprooting and
subsequent drying in early growth stage.

2. Achieving crop-weed selectivity is difficult in early crop growth stages.

3. The weed response to mechanical damage is highly dependent on weather
conditions after cultivation (Kurstjens et al., 2004).

Mechanical weed control is also expensive due to the time required, the cost
of equipment, and the cost of fuel. Successful mechanical weed control nearly
always requires more trips over the field than chemical control, precise timing,
and favorable subsequent weather. More knowledge of the weed and crop is
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required by the farmer. In other words, to be successful with mechanical
control, farmers must rely more on skill and planning to get the timing right
and to select the proper mechanical tool (Kurstjens et al., 2004) than is
required with what many refer to as the brute force of chemical control.

A. HAND-PULLING

Hand-pulling weeds on the grounds of the Imperial Palace, Kyoto, Japan.

Hand-pulling is practical and efficient, especially in gardens, but it is hard
work. It’s very effective for annual weeds but not for perennials capable of
vegetative reproduction because shoots separate from roots that then produce
anew shoot. A disadvantage is that hand-pulling doesn’t get the job done when
it’s most needed. Most of us are too busy or too lazy to go out and weed before
weeds become obvious. By the time they become obvious, easy to grab, and
pull, yield reduction due to weed competition has occurred.

B. HAND-HOEING

For the home or small plot grower, unwanted, plants-out-of-place (sigh, weeds)
are a continuing challenge, especially when situations (my small garden),
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Hand-hoeing weeds in rice in the Philippines.

attitudes, or other reasons dictate that herbicides should not be used. The best
weeding, then, is an integration of cultural tactics with arduous (i.e., no fun
at all), sweat-inducing, manual control that may be complemented by mechan-
ical control with an array of hoes, weed diggers, weed pullers, weed twisters,
weed poppers, weed whips, weed hooks, and others. A novel website,
http://www.ergonica.com/ergonica_frame.htm?weeder_features.htm&1, can
aid those who must sweat as they decide whether to consider circle hoes,
push-pull weeders, serrated-edge hoes, oscillating hoes, or even traditional
hoes. A chart compares physical descriptions, dimensions, and user accounts
of operating performance for the likes of the Angle Weeder, Weed Hound,
Weed Claw, Weed Eezy, Uproot Weeder, Weed Ninja, Weed-Ho, and the
Speedy Weedy. I still use my trusty, usually dull but not rusty, old hoe that
is stored in the pump shed. It keeps my garden fairly clean and me fairly
well exercised.

Hand-hoeing has been used for weed control for many years. It is still the
method of choice for most gardens and ornamental plantings and is used regu-
larly in many vegetable crops, although California became the first US state to
ban weeding of commercial crops by hand in 2004.' Hand-hoeing controls the

'Olsen, M. 2004. The end of weeding. E-mail from postmaster@metrofarm.com; accessed
September 30, 2004.
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TABLE 10.5. Time Required for Hand-Weeding.

Fundamentals of Weed Science

Crop Location Hours per hectare to hand-weed
Soybeans Peru 360 if 6 hour day

Transplanted tomatoes Ohio, US 71 after herbicide, 133 after cultivation
Corn Zimbabwe 24-48 for 6 hour day

Beans Wyoming, US 4.4-15.5 after broadcast herbicide, 32 if no

herbicide

Sugarbeet Washington, US 2-111 after broadcast herbicide, 141 without
herbicide

Vegetables California, US 10 after broadcast herbicide

Rice Several 16-500 depending on location and rice
culture

Wheat 101

Sorghum 50

Millet 88-298

Cotton 50-700

Jute 140

Groundnut 102-293

Cassava 115-1069

Source: Newsletter. 1979. Int. Weed Sci. Soc. 4(1).

most persistent perennials if it's done often enough, although it may take years
to achieve complete control. Although efficient and widely used, it takes a lot
of time and human energy. Some data on the time required to hand-weed some
crops in several different places are shown in Table 10.5. If human labor is
abundant, and labor cost is not high, hand-pulling or hoeing is an acceptable
but arduous method of weed control. If human labor is not abundant and it
is expensive, hand methods are cost-prohibitive and not efficient.

C. TILLAGE

When most people think of mechanical control, the first thing that comes to
mind is tillage with an implement to disturb, cultivate, or mix the soil. On
arable land, tillage alone or in combination with cropping or chemical
treatment may be the most economical system of weed control. Tillage turns
under crop residue, conditions soil, and facilitates drainage. It controls
weeds by burying them, separating shoots from roots, stimulating germination
of dormant seeds and buds (to be controlled by another tillage), desiccating
shoots, and exhausting carbohydrate reserves of perennial weeds.
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Other reasons for tillage include breaking up compacted soil, soil aeration,
seed bed preparation, trash incorporation, and intrarow cultivation in a crop.
All of these are important, but the main accomplishment of most tillage done
in the world’s developed countries is weed control. The advent of no-till
farming and minimum-till farming has shown that tillage is not essential to
grow crops and may do no more than control weeds. Too frequent tillage can
increase soil compaction—a disadvantage. Other disadvantages include expo-
sure of soil to erosion, moisture loss, and stimulation of weed growth by
encouraging germination of dormant seeds and vegetative buds. In some
soils, without tillage, soil can crust, and there will be poor water penetration.
Decisions about the role of tillage must be made for each soil type and
farming system.

Cultivating for weed control in beans.

Tillage is usually divided into primary and secondary. Primary tillage is
initial soil breaking or disturbance. The depth varies from at least 6 (except
where primitive tools are used with limited animal power) to as much as 24
inches. Primary tillage implements include moldboard and chisel plows. These
cut and invert soil and bury plant and other surface residue. Primary tillage is
often the first step of seedbed preparation. It was made possible by Jethro
Tull’'s (1774-1834) invention of a cast iron plow in England in 1819. That was
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followed by a steel-blade plowshare introduced by John Lane in England in
1833. John Deere (1804-1886) introduced the first steel moldboard plow in
the United States in 1837. The moldboard plow may have been the most
important invention of the era. It lifted and inverted soil and greatly expanded
the ability of a farmer to till more land. Its invention came at a time when the
English were never far from starvation and, quite literally, saved humanity
(Faulkner, 1943). Farmers had trouble then, as they still do, keeping unwanted
plants from growing in their crops. Plowing, because it buried plants and
debris, gave the farmer time to get the crop up before the weeds appeared.
Agricultural scientists welcomed the plow, without question, for its crop
production and weed control benefits. They developed what Faulkner (1943,
p. 53) called “an unquestioning reverence for the plow.” Only later were the
disadvantages of the plow and the intensive tillage it enabled recognized.
The advantages of plowing were clear but few realized that each plowing
buried weed seeds for future recovery and germination (Faulkner, 1943,
p. 151).

Secondary tillage implements may be subsequent to primary tillage, or they
may be the first tillage operation. Soil is disturbed, often vigorously, but upper
layers are usually not inverted. A wide selection of tools is available (see
Kurstjens et al., 2004). Secondary tillage is fast, inexpensive, and its tools are
appropriate for large areas. Secondary tillage implements have been used for
a long time; the first revolving disk harrow was invented in 1847. Tools avail-
able to modern farmers include the double disk, several kinds of harrows,
torsion and finger weeders, field cultivator, rotary hoes, vertical row brushes,
spring tooth harrows, rototillers, rod-weeders, and the cultipacker (combina-
tion of harrow and roller). This diverse group of implements tills soil from a
few inches to a maximum of 5 or 6 inches. Secondary tillage implements break
clods and firm soil as they remove weeds. Many regard secondary tillage imple-
ments as both weed control and seedbed preparation tools.

Primary and secondary tillage is followed, in many row-crops, by selective
inter-row cultivation. Tractor-mounted cultivators or animal-drawn imple-
ments move soil between crop rows to loosen it and control weeds. In general,
inter-row tillage is just that: It works between crop rows. Some implements
prepare inter-row areas for furrow irrigation (water runs down furrows between
crop rows). Implements used for inter-row cultivation include a wide range
of tine (long, fingerlike rods) and flared or straight steel shovel-like tools at
the end of solid or flexible (flat, steel) shanks that travel through soil at shallow
depths (1-2 inches). They break soil crusts and facilitate irrigation, but their
main purpose is weed control.

Research (Schweizer et al., 1992; VanGessel et al., 1995) has shown that,
in corn, intrarow cultivators require early-season weed control (cultivation
or herbicide) for optimum efficacy. Intrarow cultivators are more efficient
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Most disking accomplishes weed control and seedbed preparation. (Courtesy of Deere and Co.,
Moline, Illinois.)

Plowing is used to prepare land for planting and it controls weeds. (Courtesy of Deere and Co.,
Moline, Illinois.)
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FIGURE 10.1. Types of tlllage implements used for in-row cultivation (Schweizer et al., 1984).
Reproduced with permission.

(control more weeds) that inter-row cultivators. Without herbicides, weeds
in corn were always controlled better by an in-row cultivator than by the
standard inter-row cultivator when each operation was performed at the right
time. In-row cultivators have special tools (Figure 10.1 shows some exam-
ples) that disturb soil around crop plants and uproot weeds in rows. The
tools include spyders (toothed disks that move soil toward or away from crop
rows) and torsion and spring hoe weeders that flex vertically and horizontally
to uproot weeds in crop rows. Spinners displace weeds in crop rows. Standard
inter-row crop cultivators are most effective on weeds 15 cm or shorter. Inter-
row cultivators are most effective on weeds less than 6 cm tall (Schweizer et
al., 1992). These cultivators do not work well in row crops when weed
density is high.

There are situations where plowing and subsequent tillage do not prepare
land for planting. These include land that is heavily infested with perennial
sod-forming grasses, a situation often encountered in developing country
agriculture. Many tillage implements give inadequate results in the crop row
after the crop has emerged and begun to grow. Tillage between rows is efficient
and can be done to within a few inches of crop plants. Tillage is not as efficient
in the crop row except when soil is moved and weeds are buried. To maximize
tillage benefits, uniform spacing of crop rows, straight rows achieved by preci-
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sion planting, gauge wheels, and instrument depth guides are needed. Uneven
stands and driver error often lead to damage from mechanical cultivation and
destruction of some crop plants.

Successful weed control with tillage is determined by biological factors:

1. How closely weeds resemble the crop. Weeds that share a crop’s growth
habit and time of emergence may be the most difficult to control with
tillage, especially when they grow in crop rows. Weeds that emerge earlier
or later than the crop are often easier to control.

2. If a weed’s seeds have a short, specific period of germination, it is easier to
control them by tillage as opposed to those whose seeds germinate over a
long time.

3. Perennial weeds that reproduce vegetatively are particularly difficult to
control with tillage alone.

Successful mechanical control of weeds is also determined by human factors.
Gunsolus (1990) noted that science could explain why certain weed manage-
ment practices work the way they do. Science develops basic principles to
guide action. Human cultural knowledge is different from scientific knowl-
edge, although each may work toward the end of good weed management.
Cultural knowledge tells one when and how to do something on a given soil
and farm. Tillage is a cultural practice, and therefore, by definition, it requires
cultural knowledge. It requires the mind of a good farmer who knows the land.
Successful mechanical control requires managerial skill (cultural knowledge)
that cannot be acquired from scientific knowledge. Cultural knowledge is
acquired by doing and by observing those who have done things well.
Cultural knowledge is the art of farming whereby one knows how to select
and apply scientific knowledge to solve problems. Successful mechanical
control of weeds, regardless of the implement used, is always related to the
timeliness of the operation. Research can determine when to do something,
but knowing when to act on a particular farm is part of the cultural knowledge
good farmers have.

For example, a three-year study in Pennsylvania showed that corn yields
did not differ among no-till, zone-till (surface tillage in narrow rows where
corn is to be planted), strip-till (deep tillage in the row where corn is to be
grown), and full tillage (chisel plowing followed by disking) (Duiker et al.,
2006). The study recommended farmers use no-tillage because it saved fuel,
reduced soil erosion, and improved soil and water quality. Cultural knowledge
will determine whether farmers will adopt the recommended no-till practices.
The scientific knowledge of what is possible will be combined with the cultural
knowledge of what should be done on a piece of land.

The operative principle for use of tillage for control of perennial weeds
(number 3 in the preceding list) is carbohydrate depletion. The vegetative
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reproductive system of perennial weeds is a carbohydrate storehouse. When
shoots grow and photosynthesize, eventually the storehouse will be replen-
ished. If shoots are cut off, the plant calls on its reserve to create new growth.
When tillage is done frequently, the management assumption is that reserves
will be depleted and plants will die because of exhaustion of root reserves and
increased susceptibility to other stresses (e.g., frost or dryness). Unfortunately,
root reserves are vast and outlast human patience and time. Tillage may have
to be so frequent that crops cannot be grown. If tillage and destruction of
foliage are delayed from a few days to up to a week after emergence, the great-
est depletion of root reserves occurs. With most perennial weeds, the great
majority of roots and vegetative buds are in the top 6 to 12 inches of soil.
Tillage done when a crop is growing cannot go this deep without disturbing
crop roots—a disadvantage for control of perennial weeds.

Early research showed that if field bindweed was tilled 12 days after it first
emerged, 16 successive tillage operations at approximately 12-day intervals
were required to approach eradication. If it was tilled immediately after emer-
gence, about twice as many tillage operations were needed. The efficacy and
impracticality of tillage are also illustrated by a 1938 study that showed that
purple nutsedge could be controlled in Alabama by disking at weekly or
biweekly intervals for 5 months (Smith and Mayton, 1938). Obviously no
crop can be grown during the 5 months. Buhler et al. (1994) demonstrated
over 14 years that greater and more diverse populations of perennial weeds
developed in reduced-tillage systems than on areas that were moldboard
plowed. Practices used to control annual weeds and environmental factors
interacted with tillage to regulate (but not eliminate) perennial weeds.

It is often thought, incorrectly, that as long as one tills, it doesn’t depend
on how or when it is done as long as the weed is there to be controlled
(Schweizer and Zimdahl, 1984). Studies were established in a field where corn
had been grown continuously for 6 years. Half of the plots received regular
chemical weed control each year, while the other half had herbicides for the
first 3 years, then no herbicide, and only cultivation for the last 3 years. Plots
that received herbicide for 3 years also received optimum supplemental weed
management including cultivation in each of the 6 years. In the plots with
herbicide for the first 3 years but only cultivation thereafter, redroot pigweed
dominated. At the end of the 6-year experiment, the field was divided in half;
one-half was plowed in January and disked in April prior to normal spring
planting, and the other half was disked in January and again in April prior to
normal spring planting. More redroot pigweed emerged when the field was
disked in the fall than when it was plowed. Where herbicide and optimum
weed management had occurred for 6 years, almost no redroot pigweed sur-
vived to produce seeds for the last 3 years of the study, and tillage did not
make any difference in the redroot pigweed population in the 7th year (see
Figure 10.2). Smith (2006) working in Michigan demonstrated the importance
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FIGURE 10.2. Population of redroot pigweed seedlings following several conventional tillage
practices and atrazine use in continuous corn. In weed management system Ia, 2.2 kg/ha of atra-
zine was applied preemergence for 6 consecutive years. In weed management system Ib, the same
rate of atrazine was applied for the first 3 years and discontinued thereafter. In the fall one-half

of each system Ia and Ib plot was plowed (hatched line) and the other half disked (solid line)
(Schweizer and Zimdahl, 1984).

of tillage timing. Spring tillage led to weed communities dominated by spring
annual forbs and C, grasses, whereas fall tillage created communities domi-
nated by later-emerging forbs and C; grasses. The traits that determined
species’ susceptibility to tillage included the seed germination process and the
plant’s life cycle, which influence how a species responds to changes in soil

resources and light availability that are related to the seasonal disturbance
regime (the tillage).
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Disking soil (secondary tillage) in plots that had only cultivation for 3 years
enhanced germination of seeds on the soil surface by bringing them nearer the
surface. Plowing (primary tillage) buried seeds. Therefore, in the experiment,
if weed control has not been good, disking instead of plowing made the weed
problem worse. If weed control had been good, the kind and time of tillage
didn’t matter (Schweizer and Zimdahl, 1984).

Another example of the importance of tillage timing is from land to be
planted to wheat in North Dakota (Donald, 1990). Moldboard plowing
18-20cm or chisel plowing 9-15cm deep in the fall (primary tillage) fol-
lowed by a combined field cultivator-harrow in spring (secondary tillage)
controlled established foxtail barley on previously untilled sites. Foxtail
barley is a problem only in no-till spring wheat and other spring sown no-till
crops in the northern Great Plains. Often it could be managed by changing
tillage practices (e.g., rotating from no-till to primary tillage). If land was
chisel-plowed in spring and then harrowed, the weed was not controlled
(Donald, 1990).

Research to determine the influence of the type of tillage implement and
the timing of tillage leads to understanding how land management and weed
control may actually create weed problems. Roberts and Stokes (1965) showed
that plowing distributes weed seeds throughout the plow layer. Rotary cultiva-
tion leaves 50% of weed seeds in the top 3 inches and 80% in the top 6 inches,
where they germinate best. Regardless of the type of cultivation, between 3
and 6% of the viable weed seeds in the top 10cm of soil can be expected to
produce seedlings after cultivation (Roberts, 1963; Roberts and Ricketts,
1979). Thus, one concludes that tillage can create more weeds to control.

Spring soil disturbance reduced seedling emergence of large crabgrass, giant
foxtail, smooth pigweed, and common ragweed by 1.4 to 2.6 times, but emer-
gence of eastern black nightshade and velvetleaf was unaffected by spring soil
cultivation (Myers et al., 2005). The same study showed that the influence of
soil disturbance on yellow foxtail and common lambsquarters varied between
seasons and location. One must conclude that the type of tillage implement
and tillage timing can determine the weed problem. But the effect of tillage is
also determined by the weeds present and the time of year tillage is done. One
longs for precise generalizations, but weed management is too complex for
simple rules.

In a rare study of tillage over time, Wicks (1971) grew winter wheat annu-
ally for 12 years and studied the effect of a sweep plow, one-way disk, and
moldboard plowing (all primary tillage implements) after harvest on downy
brome. The moldboard plow eliminated the downy brome population after 12
years compared to 94 plants per square meter for sweep plowing and 24 for
the one-way disk. Sweep plows do not bury seed as deeply as moldboard plows.
The moldboard buries seed that germinate but cannot emerge. Spread of
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downy brome is hastened by changing from spring to winter wheat because
land is then plowed and prepared for seeding at exactly the right time for the
winter annual life cycle of downy brome (McCarty, 1982).

The same kind of evidence about the effects of timing and type of tillage is
found in several farming systems. Evidence from rice culture shows that the
method and timing of land preparation influenced the subsequent weed popu-
lation. In fields where tractor plowing during the dry season was followed by
two harrowings in the wet season, junglerice was over 85% of the weed popu-
lation in rice, and purple nutsedge was negligible. In the same region, where
two plowings and two harrowings occurred in the wet season, junglerice was
virtually nonexistent, and purple nutsedge was the dominant weed (Pablico
and Moody, 1984).

Annual grass weeds are likely to remain a problem with use of minimum
cultivation in cereal production, particularly when early planting is practiced
(Froud-Williams et al., 1981). Other, previously unimportant, weeds became
more prevalent, especially weedy species of brome in winter cereals in the
United Kingdom. Buhler and Oplinger (1990) working with spring-sown crops
in the United States showed that common lambsquarters’ density was not
influenced by tillage method, but redroot pigweed density was usually higher
in chisel plow systems prior to planting soybeans. Moldboard plowing (primary
tillage) followed by cultipacking (secondary tillage) always had greater densi-
ties of velvetleaf than no-till, and no-till always had more foxtail than plowing.
Giant foxtail and redroot pigweed became more difficult to control when
tillage was reduced, whereas velvetleaf was less of a problem.

Growers need to be aware of the effect of tillage type and timing on weed
populations and, whenever possible, choose a system that contributes to weed
control. That is good management, and the integration of techniques will
follow. Reduced cultivation encourages establishment of wind-disseminated
species, and annual broadleaved species decline. In corn, green foxtail density
was greater in chisel plow and no-till systems than with moldboard plowing,
and ridge tillage had lower green foxtail density than all other systems (Buhler,
1992). Common lambsquarters’ density was nearly 500 plants per square
meter after chisel plowing, whereas it was only 75 in other tillage systems.
Redroot pigweed responded differently to tillage with average densities of 307
and 245 plants per square meter after no-tillage and chisel plowing versus only
25 plants per square meter after moldboard plowing or ridge tillage. Weed
populations were affected by tillage, but corn yield was not.

Many weed seeds require light to stimulate germination (see Chapter 5).
Weed scientists have asked if germination could be reduced if soil tillage or
cultivation was done at night. In Oregon’s Willamette Valley, cultivating agri-
cultural land during the day increased germination 70 to 400% above levels
found after nighttime tillage (Scopel et al., 1994). The effect was attributed to
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the light seeds are exposed to during tillage. Buhler and Kohler (1994) showed
that tilling soil in absolute darkness can reduce germination of some weed
species up to 70%. Night tillage is most effective against small broadleaved
species such as pigweed, smartweed, ragweed, nightshade, wild mustard, and
common lambsquarters. It is not effective to reduce germination of foxtail or
barnyardgrass, and it has no effect on large-seeded broadleaved weeds such as
velvetleaf, giant ragweed, and cocklebur. Hartmann and Nezadal (1990) were
the first to report, after 7 years of study, that tillage between 1 hour after sunset
and 1 hour before sunrise reduced weed emergence as much as 80% compared
to day tillage. They saw night tillage as a way to manipulate and control weed
populations on a purely cultural basis. They also advocated daytime tillage to
photostimulate germination of dormant weeds seeds with the goal of diminish-
ing the soil seed bank. They recommended that early primary tillage (plowing)
should be carried out in full sunlight to encourage seed germination. Second-
ary tillage to prepare the seed bed should be done after dark to destroy emerged
seedlings and not encourage germination of seeds. However, do not become
too enamored of this idea. While it is true that exposure to light favors ger-
mination of many weed seeds, some are light insensitive. Light is only one of
many environmental factors that affect weed seed germination. Regulating
light exposure will favor management of some weeds and enhance chances for
success of others. In weed management, absolute rules are hard to find.

When undisturbed in soil, most light-sensitive seeds are not photoinduced
to germinate by light penetration below 1cm. Germination stimulation
comes from brief (a few seconds or less) exposure to light during soil distur-
bance in daylight. This observation is consistent with early work by Wesson
and Wareing (1969), who showed weed seed germination was dependent
on exposure of seeds to light during soil disturbance. Most weed seeds germi-
nated within 2 weeks after exposure to light. They also demonstrated that
stirring soil for 90 seconds in bright light increased weed seed germination up
to 60%.

Minimum or no-tillage agriculture is practiced for many reasons, including
economic ones, and a desire to reduce soil erosion. As just emphasized, tillage,
including minimum or no-tillage, affects the weed population. Any method of
weed control that minimizes tillage is potentially of benefit to soil structure.
The data in Table 10.6 on ecofarming encourage minimum tillage for produc-
tion of crops grown under low rainfall conditions. The point is that minimum
tillage wheat and minimum tillage grain sorghum yield as well and frequently
have lower production costs than more intensive tillage systems. Minimum
tillage, nonirrigated corn does not yield what irrigated corn does, but produc-
tion costs are lower.

In vegetable fields in California, reduced tillage compared to conventional
(more vigorous) tillage increased the density of shepherd’s-purse in the top
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TABLE 10.6. Yield and Production Costs for Different Cropping Systems in Southwest
Nebraska (Klein, 1988).

Average yield  Production cost

Crop Tillage (bwA) ($/bu)
Wheat clean fallow 37 3.88
Wheat stubble mulch 43 3.44
Wheat ecofallow-reduced tillage 45 3.30
Sorghum  conventional 40 3.09
Sorghum  ecofallow-reduced tillage 65 2.42
Corn conventional tillage with center-pivot irrigation 140 2.59
Corn ecofallow-reduced tillage 65 2.52

15 cm of soil (Fennimore and Jackson, 2003). Shepherd’s-purse emergence and
soil seed bank densities were always lower in plots that had been organically
amended (cover crops and compost). The authors suggested that organic
matter additions may lead to reduced weed emergence.

The extent of use and weed control implications of no- or minimum-tillage
have been reviewed for developing countries (Akobundu, 1982; Buckley,
1980). It has been shown that these systems rely on herbicides and may com-
plicate soil management due to presence of crop residues. With an abundance
of weed seed in soil, the best approach may be to use minimum or no-tillage
and let natural factors deplete the population of buried seed. If weed control
fails one year and the soil weed seed bank has been depleted, the best strategy
will be to plow deeply and then use minimal tillage thereafter (Mohler, 1993).
In the first year after minimum tillage begins, no tillage will have more
seedlings than tillage, but in subsequent years, fewer weed seedlings will
emerge unless dormancy is high or there is good survival of seed near the
soil surface (Mohler, 1993).

There are important advantages to minimum and no-tillage (Phillips,
1979):

1. Soil erosion is reduced. (A primary disadvantage of tillage is the possibility
of increased erosion.)

2. Because of reduced erosion, land subject to erosion can be used more

intensively.

Reducing tillage saves energy.

There is less compaction with decreased travel over soil.

5. Because land is continually covered, soil moisture is not as limiting as it
can be on bare soil.

W
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6. Irrigation requirements are lower because post-tillage evaporation of soil
moisture is reduced.

7. Less horsepower is required for land preparation and machinery costs can
be reduced.

It is generally agreed that reduction or absence of tillage increases problems
with perennial weeds. Tillage may increase or decrease weed seedling density
(Mohler, 1993). Some studies have found more seedlings in tilled plots, and
others have found more without tillage. The effects of tillage vary between
species, season, and locations.

Froud-Williams et al. (1981) reviewed changes in weed flora associated
with reduced tillage systems. They found several studies where perennial
monocot and dicot species increased in the absence of tillage. They suggested
that perennial monocot weeds with rhizomes or stolons would be the greatest
threat to successful adoption of reduced tillage systems. Murphy et al. (2006)
found over 6 years that tillage systems had a major effect on weed diversity
and density. No-tillage promoted the highest (20 species), and moldboard
plowing the lowest weed diversity. Chisel plowing was intermediate. The soil
seed bank declined from 41,000 seeds per cubic meter of soil to 8,000 over 6
years under no-tillage. Crop yield was not affected by the tillage system.

There are equally important disadvantages to reducing or eliminating tillage
(Akobundu, 1982):

1. Average soil temperature is lower, and this may delay spring planting and
subsequent crop emergence.

2. Insect and disease problems may increase because plant residues on the soil
surface provide a good environment for insects and disease pathogens
(Musick and Beasley, 1978; Suryatna, 1976).

3. A greater degree of farm managerial skill may be required because:

Fertilizer requirements and application techniques must be changed.

Crop establishment may be more difficult because of surface residue.

Irrigation systems may have to be modified.

Weed control is essential but as species change methods must change.

The variety of available herbicides is not great.

ceoTe

Disadvantages have not deterred growers from learning required skills and
shifting to no- or minimum-tillage. In the United States, no-till acreage
increased from 10.6 to 32.9 million acres from 1972 to 1980 (Triplett, 1982)
and continued to grow. Triplett (1982) suggested that 80% of US crop acreage
would be planted using some form of reduced tillage and 50% of the acreage
will be no-tillage.

Seed burial studies (see Chapter 5) support the contention that the shift to
minimum- or no-tillage systems of crop production will not eliminate the need
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for weed management. The need will continue, but the weeds to be managed
will change as tillage systems change. Data from seed burial studies show that
as tillage is reduced, biennial weeds invade cropland, partially because their
seeds survive longer when buried (Burnside et al., 1996). Other annuals,
adapted to no-till, will appear in cropping systems. Federal farm programs
promote conservation tillage and require maintenance of plant and residue
cover on the soil surface to reduce wind and water erosion.

D. MOWING

Mowing to remove shoot growth prevents seed production and may deplete
root reserves on some upright perennials. If repeated often enough, it can be
used to control upright perennials in turf. Prostrate perennials such as field
bindweed and dandelion survive mowing.

Mowing followed by application of 3.3 kg/ha of glyphosate to resprouting
perennial pepperweed can enhance the weed’s control (Renz and DiTomaso,
1998). A similar technique has been successful for control of other perennial
weeds. Renz and DiTomasso (2004) proposed that the technique was success-
ful because mowing changed the canopy structure of perennial pepperweed
and there was greater deposition of the herbicide on basal leaves with subse-
quent increased translocation to roots. “The delay between mowing and
resprouting synchronized maximal belowground translocation rates with her-
bicide application timing.” Brecke et al. (2005) showed similar results for a
similar reason for control of purple nutsedge with herbicides.

To maximize mowing’s benefits, it must be done before viable seeds have
been produced. Weeds should be cut in the bud stage or earlier. Table 10.7
shows the percentage of germinable seeds produced at various stages of
maturity.

Mowing is a useful technique but rarely accomplishes much weed control
because it is done late. It removes unsightly growth and, if done at the right
time, can prevent seed production, which is important in control of annuals
and biennials. Its effectiveness for control of the biennial musk thistle is shown
in Table 10.8.

The foregoing deals with mowing performed to control weeds or clean up
an area. Mowing is a normal cultural operation for some crops (e.g., turfgrass
and hay) and is properly regarded as a potential weed management technique
rather than solely a necessary part of producing the crop. Norris and Ayres
(1991) showed that cutting interval (but not irrigation timing after cutting)
affected yellow foxtail biomass in alfalfa and alfalfa yield. Percent yellow foxtail
ground cover was greatest after a 25 day cutting interval and least after a 37
day interval (Figure 10.3). Yellow foxtail biomass was also greatest for the
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TABLE 10.7. Germination of Weed Seeds from Plants at
Three Stages of Maturity (Gill, 1938).

Cut
Weed in bud Flowering Medium Ripe Ripe
Annual sowthistle 0 100 100
Canada thistle 0 0 38
Cat’s ear, spotted 0 0 90
Common chickweed 0 56 60
Common groundsel 0 100 100
Curly dock 0 88 84
Dandelion 0 0 91
Meadow barley 0 90 94
Shepherd’s-purse 0 82 88
Soft brome 0 18 96
Corn speedwell 0 69 70

TABLE 10.8. Seed Production by Musk Thistle
(McCarty, 1982).

Time of harvest Seeds/plant
Full bloom 26
+2 days 72
+4 days T4
Mature plant 3,580

short cutting interval and least for the longest interval. In the 3 years of the
study, the 37-day cutting interval always had a higher yield than the 31- or
25-day interval (Table 10.9), thus demonstrating the utility of mowing for
weed management.

E. FLOODING, SALT WATER,
DRAINING, AND CHAINING

These techniques cause ecological change. If a normally dry area is flooded
or a normally wet area is drained, ecological relationships are changed, and
weed species will change. The techniques are effective only when an area is
immersed or drained for 3 to 8 weeks. Immersion, an anaerobic treatment, is
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FIGURE 10.3. Percent yellow foxtail cover in relation to cutting frequency and duration of

irrigation delay following cutting. Columns with different letters are different at P = 0.05 according
to the LSD (Norris and Ayres, 1991).

TABLE 10.9. Alfalfa Dry Matter Yield in Relation to Cutting
Interval (Norris and Ayres, 1991).

Alfalfa yield tons / acre with
different cutting intervals

(days)
Year 25 31 37
1 10.0 12.8 14.9
15.0 21.7 24.0
11.0 16.2 20.0

not equally effective on all weeds; lowland or paddy rice fields have weeds
such as barnyardgrass and junglerice that survive flooded conditions of the
rice paddy as well as rice does. Flooding does not eliminate all weed problems,
just some of them, and it creates an environment where other weeds succeed.
Weeds found in lowland rice are generally different from those found in
upland rice. Purple nutsedge occurs in both systems. Flooding will control
established perennials such as silverleaf nightshade, camelthorn, and the knap-
weeds in arid areas, but the expense of creating dikes and obtaining water
make the practice economically unfeasible (Slife, 1981).

Reestablishment of natural flooding in the southwestern United States
may be useful as a way to reestablish native cottonwoods. Flooding can be
risky because some invasive species such as tamarisk (tamarix) can also be
encouraged. Research by Sher et al. (2000) demonstrated that because native
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cottonwoods were larger and had superior competitive ability, they dominated
when historical flooding regimes were restored, even in the presence of an
invader like tamarisk that responds well to disturbance.

Ocean water with its salt content has been shown to be an effective method
to control mimosa-vine and large crabgrass in seashore paspalum and ber-
mudagrass turf on the island of Guam (Wiecko, 2003) but was less effective
on yellow nutsedge. The turf was not flooded. Ocean water was applied as an
herbicide at concentrations up to 55dS/m (decisiemen per meter, a measure
of electrical conductivity).

Draining is an excellent control for cattails, bulrushes, and reed canarygrass
that grow best in wet areas. Draining and flooding are not applicable to most
agronomic or horticultural environments, but they should not be forgotten
when considering weed management for appropriate sites.

Chaining has been employed on rangelands to destroy emerged vegetation.
A large chain similar to a ship’s anchor chain is dragged between two bulldoz-
ers and uproots sagebrush, rabbitbrush, and other range weeds. Chaining
removes emerged growth and completely controls annuals but not perennials
that reproduce vegetatively. The technique is not suited for most cropland.
Chains are also used to stop passage of weeds in irrigation channels in many
countries. Removing collected weeds from the impoundment created by the
chain is a labor-intensive, smelly, unpleasant operation.

IV. NONMECHANICAL METHODS

A. HEAT

Flaming

Many plant processes are susceptible to high-temperature disruption attrib-
uted to coagulation and denaturation of protein, increasing membrane perme-
ability, and enzyme inactivation. Photosynthesis is decreased or stopped.
Initial thermal disruption of cellular membranes is followed by dehydration.
Heat, short of setting fire to an area, usually does not kill by combustion. The
thermal death point for most plant tissue is between 45° and 55°C (113° to
131°F) after prolonged exposure. Temperatures of the flame in a flamer used
for weed control approaches 2,000°F but flamers may be used selectively when
distance from the crop and speed are controlled.

A flamer directs a petroleum-based fuel emitted under pressure and
ignited. Plant size at treatment influences efficacy much more than plant
density. To achieve 90% control of white mustard with one to two leaves
required at least 40kg/ha (361b/A) of propane, whereas plants with 2 to 4
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leaves required 70kg/ha (621b/A) (Ascard, 1994). Required dose increased
with growth stage, and some species of annual weeds are more tolerant than
others. The most tolerant species cannot be controlled with one flaming
regardless of dose (Ascard, 1994).

Weeds with unprotected meristematic areas and thin leaves such as common
lambsquarters, common chickweed, and nettle were completely killed by 20
to 50kg/ha of propane when they had less that five true leaves (Ascard, 1995).
Shepherd’s-purse and pineapple-weed have protected growing points and were
killed by flaming only at very early growth states. Annual bluegrass could not
be killed with a single flaming regardless of its size or the propane rate. Plants
with up to four true leaves were killed by 10 to 40kg propane ha™', whereas
those with 4 to 12 leaves required 40 to 50 kg/ha (Ascard, 1995).

Corn between 2 and 12 inches tall cannot withstand flaming. Before corn
is 2 inches tall its meristematic region is underground and will regenerate the
plant. After 12 inches, the flame can be directed at the plant’s base and used
selectively if the weeds are shorter than the crop. Intensity and duration of
exposure are important. If one held a flame on a corn plant for several minutes,
the plant would die, so flamers must be kept moving and speed affects selectiv-
ity. Flame has been used selectively in cotton and onions. When cotton stems
are 3/16 inch in diameter or greater, flaming can be used.

Flaming kills green shoots where tillage is impractical, such as along rail-
road tracks. Buried weed seeds or perennial plant parts are not affected. Dry
seeds withstand high temperatures and rather long exposures because soil
protects and insulates. Burning can destroy weed seeds but only if they are on
the soil surface. Even a small layer of soil will protect most seeds. Therefore,
flaming is effective only for controlling emerged weeds.

Burning mature weeds destroys debris but doesn’t prevent crop losses from
competition. Flaming has no residue, a problem with chemical methods of
control. Other than high rainfall conditions, flaming is not affected by prevail-
ing environmental conditions. It may induce erosion by eliminating vegetation
that holds soil. Heat could induce germination of dormant seeds or create
conditions favorable for their germination by eliminating emerged, competing
plants. This is especially true when brush is burned.

Controlling a flamer’s direction eliminates drift, and one can achieve some
degree of insect and disease control. An additional advantage is immediate
observation of results. Flaming is often used to eliminate vegetation along
irrigation ditches. In spite of its advantages and proven success, flaming is not
used much in crops due to its cost and the success of other methods. The
presently high cost of propane and other combustible fuels indicates flaming
is probably not economically sensible.

Burning is nevertheless a valid, useful weed control method. Regular fire
has played a significant role in development and stability of many ecosystems
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(Hatch et al., 1991). Native plants often depend on regular fires to reduce
competition, remove thatch, scarify seeds (break dormancy), and cycle nutri-
ents (Kyser and DiTomaso, 2002). In many grassland and forest communities,
fire is not a hazard but a necessary part of community stability. In the absence
of periodic natural or planned fires, it may be much more difficult and perhaps
impossible to maintain grasslands in a natural state and prevent invasion of
weedy species such as yellow starthistle (Kyser and DiTomaso, 2002). Burning
has been combined successfully with an herbicide (clopyralid) for manage-
ment of yellow starthistle in California (DiTomaso et al., 2006). The combina-
tion was most effective when burning in the first year was followed by clopyralid
in the second year.

Solarization and Heat

It is feasible to use the heat of the sun to control weeds in a process called
solarization. Weed seed germination is suppressed by high soil temperatures
and seedlings are killed. Transparent and opaque polyethylene sheets raise soil
temperature above the thermal death point for most seedlings and many
seeds.

Solarization uses plastic sheets placed on soil moistened to field capacity
and thus heats soil by trapping solar radiation just as a greenhouse does
(Horowitz et al., 1983). Its effectiveness for weed control is dependent on a
warm, moist climate and intense radiation with long days to raise soil tem-
perature enough to kill weed seeds and seedlings. Moisture increases soil’s
ability to conduct heat and sensitizes seeds to high temperatures (Horowitz,
1980). Solarization also can control soil-borne diseases and increase crop
growth due to soil warming.

When different types of plastic were used for four weeks in Israel, the tem-
peratures under clear plastic exceeded 45°C. Temperatures under black plastic
exceeded 40°C about half the time, but did not reach 45°C. UV-absorbing
transparent plastic raised temperatures above 50°C. At 5cm, temperatures
increased 9° for black and 19° for clear plastic.

The effects of solarization on weed emergence were apparent for a short
time after plastic was removed. During the first two months after removal, the
number of emerging annuals was less than 15% of an untreated check, and
clear plastic was more efficient. Only clear plastic reduced weed populations
for one year after solarization (Horowitz, 1980). Table 10.10 shows some data
on the sensitivity of annual weeds to solarization.

In other work, a month after solarization, field bindweed, annual sowthistle,
and prostrate pigweed covered 85% of the soil surface in plots not solarized
compared to only 18% in solarized plots (Silveira and Borges, 1984). A one-
week period of solarization reduced the percentage of buried seeds of prickly
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TABLE 10.10. The Sensitivity of Annual Weeds to
Solarization (Horowitz et al., 1983).

Weeks of solarization to reduce seedling

Weed numbers to less than 10% of control
Blue pimpernel 2-4

Bull mallow >8

Fumitory

Heliotrope 4

Horseweed >8

Pigweeds 2

sida, common cocklebur, velvetleaf, and spurred anoda in soil in Mississippi
(Egley, 1983). Solarization reduced emergence of all weeds except purple
nutsedge. Total weed emergence was reduced 97% one week after removal of
plastic and up to 77% for the season (Egley, 1983). Work in Hawaii (Miles
et al., 2002) showed a different effect on purple nutsedge tubers. Five weeks
of solarization with clear polyethelene film raised mean soil temperature,
15cm deep by 5.8°C in spring and 7.2°C in summer, and both increased the
final sprouting percentage of purple nutsedge tubers from 74 to 97% in the
spring and from 97 to 100% in summer. These increases, especially only 3%
in summer, may seem small, but because purple nutsedge is such an aggressive
weed, complete or increased tuber germination should lead to more complete
control. Solarization has been combined with a green manure crop in a study
of annual bluegrass survival (Peachey et al., 2001). Clear polyethylene film
(0.6mil) applied for 53 or 59 days reduced annual bluegrass 89 to 100% in
the upper 5cm of soil but did not affect survival below 5cm and may have
even enhanced it. Green manure, cover crops of barley, rapeseed, and sudan-
grass generally increased survival of annual bluegrass seed buried 2.5 to 15cm
deep. Combining green manure crops and solarization did not improve annual
bluegrass control over solarization alone, although solarization significantly
improved the efficacy of metham (a soil fumigant) for control of annual blue-
grass seed.

Solarization with transparent polyethylene were combined with a chicken
manure mulch to study the effect on scarified and nonscarified field dodder
seed (Haidar et al., 1999). Only seeds on the soil surface were affected consist-
ently. For scarified seed, 95% germination reduction occurred after 10 days
under the plastic. Chicken manure reduced the required period of solarization
for nonscarified seed from 6 to 12 weeks, but the effect of manure on total
seed germination disappeared after 6 weeks. Solarization for 2 to 6 weeks with
or without chicken manure reduced weed growth in cabbage, but manure
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increased yield (Haidar and Sidahmed, 2000). Solarization with clear plastic
for 60 days during tomato growth killed 95% of branched broomrape seed and
induced secondary dormancy in the remaining seed (Mauromicale et al.,
2005). In solarized soil, no broomrape shoots emerged and no parasitic attach-
ment to tomato roots was detected. The authors recommended solarization as
a good technique for organic farming.

The major effect of high soil temperature (up to 150°F) is killing weed
seedlings that germinate under the plastic. Solarization has not been employed
on a large scale in field crops but is used effectively in high-value vegetable
crops in California’s Imperial Valley. Because there is no cold winter season,
solarization is used for 6 weeks before crops are planted. The plastic is removed
prior to planting and must be disposed of—a problem all by itself—but solari-
zation nearly eliminates use of herbicides. Solarization has potential to improve
weed management, but costs, compared to other methods, preclude wide-
spread adoption in other than high value crops.

Research by Campbell’s Soup Company in California has used solarization
in a different way (Hoekstra, 1992). The previous comments related to use of
plastic mulch to heat soil and kill weeds. D. Larsen of Campbell’s Soup has
experimented with a solar-powered lens that heats soil and kills weeds. The
curved lens is an acrylic sheet made of an array of small lenses. It is cheaper
and lighter than glass and not as easily damaged. Lens concentration of solar
energy has two primary disadvantages:

1. It does not work on cloudy days.

2. The lens must be pulled slowly over the field to focus energy sufficiently
to kill seedling weeds. Stronger lenses capable of concentrating more energy
may enable faster movement.

Steam (heated water vapor) has been used to sterilize greenhouse and nursery
soil for many years. Its use has been limited in the field, especially for weed
control. Kolberg and Wiles (2002) studied steam as an alternative weed control
method that does not have the disadvantages of herbicides and lacks environ-
mental persistence. Emergence of a few common annual weeds was not
affected, and control was similar to glyphosate. The amount of steam applied,
the speed of application, the weed species, and their growth stage at applica-
tion determined steam’s effectiveness.

B. MULCHING

Mulching excludes light and prevents shoot growth. Wide mulches are required
to control perennials that can creep to the edge of a mulch and emerge.
Mulches increase soil temperature and may promote better plant growth.
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Several different materials have been used for mulch, including straw, hay,
manure, paper (first used on sugarcane in Hawaii), and black plastic. It is
common to see mulches used in greenhouses where plants grow in soil.
Mulches are used most in high-value crops grown on small areas and in crops
(e.g., sugarcane) where laying the mulch can be mechanized. Hartwig and
Ammon (2002) reviewed the status and promise of cover crops and living
mulches for vineyards, orchards, and some agronomic crops in terms of their
beneficial effects on soil erosion, nitrogen budgets, weed control, management
of other pests, and the environment.

Shredded paper was one of the first mulches used in a crop. It has been
replaced by plastic mulch but use of either is rare. Pellett and Haleba (1995)
evaluated use of chopped paper in perennial nursery crops over two seasons.
Their work showed that paper was an effective mulch that provided weed
control over two seasons, especially when the paper was wetted and rolled
after application. They applied 2.3 or 3.6kg/m* The higher rate was 15cm
thick. The equivalent rate per hectare was almost 38 tons, and the cost of hand
application of baled paper, in Wisconsin, was over $2,500 per hectare. The
mulch provided good weed control for two years, and it was possible to rototill
paper into soil with power equipment. A tackifier (a substance to make the
paper sticky) was important to prevent paper from blowing away or piling due
to wind. Cost of the paper and its application prohibit consideration of use of
paper mulch in any but high-value crops.

As the amount of wheat straw mulch increased in a wheat-corn-fallow
dryland production system, weed growth decreased (Crutchfield and Wicks,
1983). Others have shown that planting no-till corn into a desiccated green
wheat cover crop reduced morningglory biomass 79% compared to a non-
mulched, tilled treatment (Liebl et al., 1984). Rye mulch was also successful
in reducing biomass of three annual broadleaved species in three crops (Liebl
et al., 1984). Rye has been used successfully as a crop mulch in the fall and
winter before corn (Almeida et al., 1984), a practice known as green manuring.
The rye contributed to weed control in corn because of its allelopathic activity.
Its foliage was dense enough so a contact herbicide had to be applied before
corn planting.

Penny and Neal (2003) showed that mulching helps to control mulberry
weed, a new invasive weed of container nurseries and landscapes in the
southeastern United States. Light stimulates mulberry weed seed germina-
tion, and mulches that prevent light penetration effectively prevented seed
germination.

Yellow sweetclover residues left after growth ceased provided excellent
weed suppression of annual and two perennial weeds (dandelion and perennial
sowthistle) in Canada (Blackshaw et al., 2001). Weed suppression was similar
whether yellow sweetclover was harvested as hay after growth as a green
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manure fallow replacement crop or its residues were incorporated in soil or
left on the surface as a mulch. Allelopathy was possible.

A mulch compost made from swine bedding material and swine manure
was tested for its effects on corn (Liebman et al., 2004) and soybean (Menalled
etal., 2004) yield and growth of weeds associated with each crop. The compost
consistently increased corn height but had no effect on yield compared to corn
grown without swine manure compost but with nitrogen fertilizer. Similarly,
the compost did not increase soybean yield, but it did increase the competi-
tiveness of common waterhemp. The authors concluded that if composted
swine manure is to be used in corn or soybeans, effective weed management
practices must be considered. In these cases the compost/mulch provided
nitrogen fertility, which was equally beneficial to the crop and weeds.

Black polyethylene mulch was about 1.5 times more effective (72% reduc-
tion in shoots) than clear polyethylene mulch (46% reduction) for control of
yellow nutsedge in Georgia. Neither mulch was effective for control of purple
nutsedge (Webster, 2005), indicating a possible shift to purple nutsedge in
mulched vegetable production systems.

A synthetic black cloth available for mulching is sold commercially in rolls
about 6 feet wide and can be applied by machine when trees are planted. It is
easy to spread and prevents emergence of most annual weed seedlings.

C. SOUND AND ELECTRICITY

Use of high-frequency energy and electricity has been considered since the late
19th century. Ultra-high-frequency (UHF) fields are selectively toxic to plants
and seeds and the first use of sound for weed control was patented in 1895.
UHF fields produce thermal and nonthermal effects, but thermal effects are
the chief source of toxicity. There is a linear and positive correlation between
seed water content and susceptibility to electromagnetic energy. Lower fre-
quencies have broken seed dormancy. Commercial weed control devices using
UHF fields have been developed, patented, and commercialized but without
lasting commercial success. These have been used for selective vegetation
control in cotton and for aquatic weeds but have not achieved great commer-
cial success. They require a great deal of power but can be used preemergence
or postemergence. Postemergence use forces plants to conduct current and in
effect “boils” plant solutions and ruptures cell walls. Vigneault et al. (1990)
reviewed what they called “electrocution” for weed control. They concluded
that use of electricity may have a place in high-value, specialty crops such as
fine herbs. It may be especially appropriate when the treated area is small, no
herbicides are available, and cultivation is undesirable because of the potential
for root damage and the risk of soil erosion. Advantages include lack of any
chemical residue and no soil disturbance.
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D. LIGHT

Agriculture students are well aware of the role of light in seed germination
and photosynthesis. It may not be as common to think of the difference in
plant’s light reflectivity as an aid in weed management. Research has demon-
strated that different plant surfaces reflect light differently and that the differ-
ence can be used to differentiate weed from crop plants and to determine if
weeds are present on a particular patch of ground. Optical sensing and optical
reflectance (e.g., the ratio of red to near-infrared light—650 nanometers vs.
750nm) can be used in weed management (Shropshire et al., 1990). Machines
have been developed that use optical reflectance to determine if a weed is
present and then turn on an herbicide spray. This reduces the amount of her-
bicide applied, saves money, and is environmentally beneficial.

V. CULTURAL WEED CONTROL

Cultural weed management is an important part of nearly all weed manage-
ment systems, even when it is not recognized. Cultural weed management
techniques are especially important in crops where other weed management
options are limited or not available. They should be included in weed manage-
ment programs although they should not be regarded as solutions to all weed
problems. Similarly, despite the outstanding success of herbicides, absolute
reliance on them to solve all weed problems is economically and environmen-
tally unfeasible (Gill et al., 1997). Gill et al. provide a complete review of
nonmechanical and cultural methods of weed management.

A. CrROP COMPETITION

The techniques of cultural weed control are well known to farmers and weed
scientists. In fact, they are employed regularly but often are not conscious
attempts to manage weeds. Planting a crop is a sure way to reduce growth
because the crop interferes with the weeds. It is a fundamental method of
weed management, but most often cultural weed control just happens rather
than occurring as a planned addition to weed management programs. Methods
of cultural weed management include conscious use of crop interference,
use of cropping pattern, intercropping, soil amendments, and no or minimum
tillage.

Weed scientists have investigated the relative competitiveness of crop cul-
tivars. As reported by Mohler (2001) and reviewed in Zimdahl (2004), “The
role of crop genotype in weed management has received growing attention
over the past 30 years.” The reports indicate there has been attention but the
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role of genotype has not been a major area of weed science research. As cited
in Mohler (2001), Callaway (1992) reviewed the literature on crop varietal
tolerance to weeds, and Callaway and Forcella (1993) examined the prospects
for breeding crops for improved weed tolerance. There are differences in crop
varietal tolerance (often defined as competitive ability) to weeds. Mohler’s
(2001) Table 6.3 identifies 25 crops in which such differences have been
found. For many crops only a few reports are included, but for the major crops
(barley, beans, corn, rice, soybean, and wheat) there are many reports (e.g.,
14 for soybean). However, despite many years of research and several reports,
few crops have been bred to be more competitive (Caton et al., 2001). The
essence of the problem is that neither weed scientists nor plant breeders know
what makes a plant more competitive.

Several crops exhibit genotype differences in competitiveness (Burnside,
1972; Monks and Oliver, 1988). Weed biomass differences up to 45% have
been reported among soybean genotypes (Rose et al., 1984). Wild oat competi-
tion with wheat was greater than intraspecific competition in wheat. The
competitiveness of six wheat cultivars with wild oat was similar for all factors
measured (Gonzalez-Ponce, 1988). The most weed-suppressive of 20 winter
wheat cultivars reduced weed biomass 82% compared to the least-suppressive
cultivar (Wicks et al., 1986). With weed interference, the lowest yielding varie-
ties produced 66 and 54% of the highest yielding varieties of wheat (Ramsel
and Wicks, 1988) and rice (Smith, 1974), respectively. Other work showed
that short-stemmed cultivars were more affected by taller wild oats because of
light competition (Wimschneider and Bacthaler, 1979). The quest to develop
integrated weed management systems has encouraged research on the com-
petitiveness of crop cultivars. That cultivars differ in competitive ability was
amply demonstrated several years ago in soybeans (McWhorter and Hartwig,
1972; Table 10.11). Research in Denmark showed that spring barley varieties
vary in weed-suppression ability (Christensen, 1995). Weed dry matter in the
most suppressive variety was 48% lower than the mean dry matter of all varie-
ties, whereas it was 31% higher in the least suppressive variety.

More vigorous, taller, faster growing cultivars are likely to be better com-
petitors, but too little is known about what makes a cultivar competitive and
whether it is a trait that plant breeders can select for and develop. Christensen’s
(1995) work demonstrated no correlation between varietal grain yields in pure
stands and competitiveness, suggesting that breeding to optimize yield and
competitive ability may be possible. Research is being done to develop crop
cultivars that can be bred or managed for high levels of crop interference via
high rates of resource uptake or possible allelopathic (see Chapter 8) interfer-
ence with weeds (Jordan, 1993).

Alfalfa and other hay crops are smother or cleaning crops. Land is
not plowed when they are grown, making it hard for annuals to succeed, but
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TABLE 10.11. Yield Reduction in Selected Soybean
Varieties Due to Johnsongrass or Cocklebur Competition
(McWhorter and Hartwig, 1972).

Yield reduction
with weed competition from %

Soybean

variety Johnsongrass Cocklebur
Davis 34 56

Lee 41 67
Semmes 23 53
Bragg 24 57
Jackson 30 67
Hardee 23 26

perennial weeds do well in perennial crops such as alfalfa. Sudangrass, planted
in dense stands, can compete effectively against many, but not all, weeds.

Crops can be favored by knowing and using the effect of row width and
crop seeding rate. Khan et al. (1996) showed that spring wheat yields were as
great or greater when early seeding or a double seeding rate was used as a
substitute for a postemergence herbicide to control foxtail species. Early and
middle seeding dates favored the increase of green foxtail over yellow foxtail,
whereas late seeding favored yellow over green. Spring wheat competing with
foxtail had a higher yield when the seeding rate was 270kg/ha (twice the
normal rate) than when it was 130 or 70 (1/2 normal rate) kg/ha unless the
seeding was late. Yenish and Young (2004) demonstrated that seeding rate of
winter wheat in Washington had a consistent effect on wheat yield. Yield was
about 10% higher when the seeding rate was 60 as opposed to 40 seeds per
meter of row when jointed goatgrass was the competing weed. Tall wheat
varieties competed best. Early, high-seeding rates increase crop density and
biomass early in the season and this suppresses weed growth. Seeding wheat
at higher than normal rates in Alberta, Canada, improved performance of
herbicides used to control wild oats (O’'Donovan et al., 2000). Increasing wheat
seeding rate from 75 to 150kg/ha reduced wild oat biomass up to 18% and
the soil seed bank up to 46% even when herbicides were not used. On average,
wheat yield improved 19% and net economic return 16% with the higher
seeding rate.

Decreases in weed growth have been observed in narrow (about 8 inch)
versus wide (about 30 inch) row spacing in several crops. For example weed
growth was reduced 55% in peanuts (Buchanan and Hauser, 1980) and 37%
in sorghum (Wiese et al., 1964). Varying row width uses the principles of plant
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population biology to achieve competitive interactions that favor the crop.
Research is proceeding in the midwestern United States to devise narrow row
production techniques for soybeans. When these are combined with minimal
tillage and the right herbicides, yield is maintained or increased, soil erosion
is reduced, and excellent weed management is obtained. Row spacing is not
always an effective weed management technique. Esbenshade et al. showed that
row spacing had little effect on burcumber emergence or control in corn
(2001a) and soybean (2001b). Tharp and Kells (2001) showed that corn yield
was not affected by row spacing and corn population, and row spacing did not
influence weed emergence following glufosinate application. Common lamb-
squarters’ biomass was reduced as corn row width was reduced from 76 to
38cm spacing. In Minnesota, narrow rows (51 vs. 76cm) did not affect late-
season weed density, but corn grain yield increased in two of three years
(Johnson and Hoverstad, 2002). Other work showed a significant reduction in
weed density by careful selection of early-maturing corn hybrids planted in
narrow (38) versus wide (76 cm) rows (Begna et al., 2001). Combining narrow
rows and high population density increased corn canopy light interception 3
to 5%, decreased light available to weeds, which produced 5 to 8 times less
biomass. In contrast, Norsworthy and Oliveira (2004) suggested that increasing
corn population in the row might be a more effective strategy to reduce weed
competition than decreasing row width. They found light interception and the
critical period for weed control were similar in narrow-row (48 cm) and wide-
row (97 cm) corn, and the end of season weed biomass was similar.

An interesting study of the effect of soil amended with residue of the weed
wild radish showed that the competitiveness of tomato and bell pepper with
yellow nutsedge was enhanced by the weed residue compared to soil with no
residue (Norsworthy and Meehan, 2005). This work illustrates the previously
suspected but undemonstrated potential of weed residue in weed management
and crop competitiveness.

Intercropping is a common, small-scale farming system among farmers of
the developing world. The main reasons for mixing crops or planting in close
sequence are to maximize land use and reduce risk of crop failure. Intercrop-
ping maintains soil fertility, reduces erosion, and may reduce insect problems
(Altieri et al., 1983). Intercropping also gives greater stability to yield over
seasons and provides yield advantages over single crop agriculture (Altieri,
1984). The National Agricultural Library published a useful bibliography of
citations on green manure and cover crops (MacLean, 1989). The positive and
negative effects of Brassica cover cropping systems have been reviewed by
Haramoto and Gallandt (2004).

It is claimed (Altieri et al., 1983; Moody and Shetty, 1981) that one reason
for intercropping is weed suppression, but other than work in Nigeria (Chikoye
et al., 2001), there has been little experimental evidence to support this con-
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clusion (Shaw, 1982). Similarly, there is little evidence that intercropping
requires less weed control. It is assumed that intercropping saves labor because
weeding is less critical, and some operations such as planting a second crop
and weeding the first can be combined (Norman, 1973). Intercropping’s effec-
tiveness for weed control depends on the species combined, their relative
proportions, and plant geometry in the field. All reports recommend additional
weeding with intercropping, and weeds can often be worse than in sole crops
(Moody and Shetty, 1981). Successful use of interseeded cover crops in vegeta-
bles has been limited by their tendency to inadequately suppress weeds or to
suppress weeds and the crop. For example, winter rye sown in broccoli was
successful only when sown at high density, in locations or seasons with low
soil temperatures (e.g., spring), and when combined with other weed manage-
ment methods (Brainard and Bellinder, 2004). When these conditions were
not met, rye was often detrimental to weed management and reduced broccoli
yield. Rye sown as a cover crop in soybean reduced total weed density and
biomass compared to no cover crop. However, costs were higher and the rye
cover crop system was less profitable than soybean grown without a cover crop
where weeds were controlled with conventional technology (Reddy, 2003).
Several cover crops were compared in the moist savanna regions of Nigeria
(Ekeleme et al., 2003). Weed density was negatively correlated with percent
ground cover of five legume cover crops. Only one, lablab (hyacinth bean),
produced adequate ground cover and good weed suppression in all locations
independent of varying duration, distribution, and amount of rainfall. Others
were successful in high-rainfall regions. Readers must note the variation
between rainfall regions. The same variation will be observed across the regions
of the United States or Europe. No system will be developed that will work
equally efficiently in all regions. Other work with cover corps in Nigeria has
been quite successful. For example, 12 months after planting corn, cassava, or
a corn/cassava intercrop plots with cover crops had 52 to 71% less cogongrass
(a hardy, difficult to control perennial weed) and 27 to 52% more corn grain
yield at three locations in Nigeria (Chikoye et al., 2001). The cover crops were
centro, copwea, hyacinth bean, egusi melon, tropical kudzu, or velvetbean all
known as tropical food crops (cowpea and egusi melon) or green manure
crops. Higher crop yield was a result of one or a combination of three things:
reduced weed competition from the cover crop, a mulching effect that con-
served soil moisture and prevented weed growth, and a contribution of nitro-
gen from the leguminous cover crops. It has been demonstrated that cover
crops such as hairy vetch can improve corn and soybean productivity, and,
when they are combined with reduced rates of environmentally benign herbi-
cides, will minimize the requirements for herbicides (Gallagher et al., 2003).
Annual intercrops can enhance weed suppression and crop produc-
tion compared to sole crops. Studies in Canada with wheat-canola and



300 Fundamentals of Weed Science

wheat-canola-pea intercropping demonstrated that intercropping tended to
provide greater weed suppression compared to sole cropping; there was a
synergism of weed suppression among the intercrops compared to any sole
crop (Szumigalski and Van Acker, 2005). Studies of intercropping do not
confirm that any plant grown with a crop will always provide adequate weed
control. Intercropping is a common practice in many agricultural systems, and
these systems should be studied to develop complementary plants, control soil
erosion, and prevent or reduce weed growth. It is undoubtedly true that plants
that are not crops are classified by most farmers in the developed world as
weeds. Other farmers classify noncrop plants in a way that judges their poten-
tial use or their effects on soil and crops. Western farmers see noncrop plants
as weeds, but subsistence farmers have a different understanding of the use
and value of plants that are neither crop nor weed.

A variation on intercropping is the intentional growth of spring-seeded
smother plants for weed management. The intent is to eliminate the plants
after the crop has grown and is a better competitor and before the smother
plants become competitive, as intercrops often do. Berseem clover, four
species of medic, and yellow mustard were planted immediately after corn
and soybean planting in a 25 cm band over the crop row. All species achieved
45% or greater ground cover within 10 weeks of seeding. Yellow mustard
grew most rapidly, and it and sava medic gave greater weed suppression than
other species. When the medic was killed 30 days after planting, it reduced
weed suppression but did not increase corn yield compared to season long
presence (Buhler et al., 2001).

Research on these alternative, generally nonchemical systems of weed
management is continuing as environmental concerns, sustainability
questions, and debate over long-term efficacy of present weed management
and crop production systems intensifies. They are alternative systems
not panaceas. Weeds will adapt and change as weed management systems
change, just as they have adapted to herbicides. Weeds will always be a part
of agriculture.

B. PLANTING DATE AND POPULATION

The trend in crop production is early planting to optimize yield. Yield is
increased because crops have a longer growing season and photosynthesize for
more days (Barrett and Witt, 1987). Early planting provides a competitive edge
to adapted crop cultivars. Early-season establishment of a crop, such as corn,
provides it an advantage compared to yellow nutsedge, a warm-season weed
(Ghafar and Watson, 1983). The competitive advantage could be due to the
weed’s light requirement for growth and to shading by the crop that emerged
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first. Choice of planting date should be considered part of integrated weed
management. Planting date of any crop plays a role, as illustrated by a 60%
reduction in kochia population when proso millet was planted June 1 rather
than May 15, although millet yield was not affected (Anderson, 1988). Planting
date can also play a role in crop choice. Longspine sandbur emerges in late
May and June in Colorado and flowers in late July. The seed, in its bur, reduces
the value of hay. Foxtail millet is planted in early June and, when harvested
as hay in late August (Lyon and Anderson, 1993), will be contaminated with
the burlike seed if longspine sandbur is present. Oats can also be grown for
hay when planted in early April and harvested in late June, before the long-
spine sandbur seed develops. The oat hay will not be contaminated with the
burlike seed.

Sunflower and safflower are grown as oil crops in the US Great Plains states.
Safflower is planted in early April and sunflower in early June. Because of its
early planting, over 70% of weed seedlings emerge within 10 weeks of planting
safflower. These weeds are easily controlled by tillage or herbicides, and sun-
flower is planted in a more weed-free field after mid-June (Anderson, 1994).
Early planting requires weed control for longer periods. Late planting is usually
preceded by tillage that destroys emerged weeds and reduces their population
in the crop. Advantages gained by later planting are often outweighed by
decreased crop yield over a shorter growing season.

In Minnesota, delaying soybean planting until early June instead of early
May permitted the use of preplant tillage to control early germinating weeds
(Gunsolus, 1990). This reduced maximum soybean yield potential 10%. When
corn planting was delayed from the normal time in the beginning of May until
after May 25, maximum yield potential was reduced 25% (Gunsolus, 1990).
The same study also showed rotary hoeing for weed control when either crop
was young reduced corn plant stand up to 10% but did not affect soybean
stand. In Minnesota, a 10% loss in corn stand reduced final yield 2% but did
not affect soybean yield. This small set of data illustrates the complexity of
agriculture; extrapolations cannot be made between crops and certainly not
between regions. Sweeping generalizations are rare.

Khan et al. (1996), in a different kind of study about planting date, reported
that crop management practices related to planting date could substitute for
herbicide use to control foxtail species in wheat. Spring wheat yields in North
Dakota were equal to or greater when early seeding or a doubled seeding rate
was substituted for postemergence foxtail control with an acceptable herbicide.
Yield of spring wheat was greater with a high seeding rate (2401b/A) than with
normal (1161b/A) or low (621b/A) seeding rates for early (late April to mid-
May) or midseason (mid- to late May) seeding but not for late (early to mid-
June) seeding. It is interesting to note how seeding date in this work affected
certain weeds. Early and middle seeding dates favored the relative increase of
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TABLE 10.12. Effect of Row Width and Cultivation on Yield of Grain Sorghum
(Wiese et al., 1964).

Grain yield (kg/ha)

Row width Seeding rate Yield loss
(cm) (kg/ha) Weedy Hand-weeded (%)
25 5.6 3,326 4,861 31
11.2 4,188 5,466 23
51 5.6 3,125 5,152 39
11.2 3,987 4,715 16
76 5.6 3,237 5,365 40
11.2 3,606 5,029 28
102 5.6 3,058 4,491 32
11.2 3,203 4,637 31

green foxtail, and the late date favored yellow foxtail. In weed management,
as in ecology, no one can do just one thing.

Planting date is often dictated by considerations other than weed manage-
ment. Similarly, plant population is dictated by agronomic studies that have
shown the population that gives the best yield. Populations are also deter-
mined by row-spacings required by planting, cultivating, and harvesting
machines. Increasing crop plant populations can often decrease weed density
and growth. Wiese et al. (1964) showed over 40 years ago how row width and
seeding rate interacted to reduce competition from weeds in grain sorghum in
Texas (Table 10.12). With 25 cm rows, yield loss from weeds was lower with
the higher of two seeding rates. This relationship remained true until rows
were 102 cm wide.

C. COMPANION CROPPING

Cover crops or living mulches (Akobundu, 1980b) can be used as intercrops
or companion plants to suppress weeds (Liebman, 1988, 1989; Shetty and
Krantz, 1980). Appropriate weed control practices, for many farming systems,
must consider the need to maintain soil fertility and prevent erosion, and
open row crops are inimical to these needs. Akobundu (1980a) developed
integrated low- or no-tillage weed management systems, compatible with
more than one crop plant in a field that reduced herbicide use, fertilizer
requirements, and soil erosion. Combinations of a legume or Eugusi melon
and sweet potato with corn showed that the companion crops or living
mulches maintained corn yield, contributed to nitrogen supply, suppressed
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TABLE 10.13. Effect of Weeding Frequency and Ground Cover on Weed Competition and
Maize Yield (IITA, 1980).

Unweeded check”

Ground cover Weed dry weight (T/ha) Grain yield (T/ha)
Conventional tillage 1.5a 1.le

No tillage 1.4 a 1.8 bed
Maize stover 13 a 1.6 cde
Maize and groundnut 03¢ 1.3 de

Maize and wild winged bean 0.1lc 2.1 abe

“Values in one column followed by the same letter are not statistically different at the 95% level
of probability.

weed growth, and reduced soil erosion. Groundnut, centro, and wild winged
bean have been used as living mulches with corn. Living mulches incorporate
organic mulch, no-tillage, and weed control. Centro and wild winged bean
grew so vigorously that a growth retardant had to be applied to bands over
corn rows to gain a growth advantage for corn (Akobundu, 1980b). In
unweeded no-till plots, corn grain yield was 1.6 T/ha, whereas with conven-
tional tillage it was 2.3T/ha. Corn yield in unweeded, live mulch plots
averaged 2.7 T/ha. Yields were not different, and live mulch plants did not
reduce yield; they were complementary, not competitive. Further studies
(IITA, 1980) verified these results (Table 10.13).

Clover has been grown successfully with corn and has reduced weed growth
(Vrabel et al., 1980). Crimson clover and subterranean clover were the most
promising cover crops in cucumbers and peppers in Georgia and contributed
to effective management of diseases, nematodes, and insects (Phatak et al.,
1991). Sweet corn in a living mulch of white clover had high yields in early
years but lower yields later because a contact herbicide used over the corn row
allowed invasion of perennial weeds that were not suppressed by white clover
(Mohler, 1991). A dead rye mulch decreased weed biomass and did not
decrease corn yield (Mohler, 1991). A living mulch of spring planted rye
reduced early season biomass of common lambsquarters 98%, large crabgrass
42%, and common ragweed 90%, compared to unmulched controls. Barnes
and Putnam (1983) also reported that the age of rye when it was killed with
herbicides was important to the subsequent emergence of yellow foxtail and
lettuce.

Companion cropping can be a good weed control technique, but research
is needed to determine how appropriate it may be in specific situations.
Limited evidence supports the contention that it can provide weed competition,
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build soil organic matter, reduce soil erosion, and improve water penetration
(Andres and Clement, 1984). In some climates when spring soil moisture is
limiting, cover or companion crops can deplete moisture and be detrimental
to crops in spite of weed control advantages. Companion crops may also have
to be killed before a crop is planted or they become competitors.

In Pennsylvania, crownvetch, a legume, was tried as a living mulch in a
no-tillage corn (Cardina and Hartwig, 1980; Hartwig, 1987). Crownvetch is
difficult to establish, but once established, it provides soil erosion control,
improved fertility through reducing nutrient loss via erosion, and by contribut-
ing nitrogen and weed control. Weed control must be supplemented with
herbicides that will not kill the crownvetch. The system is amenable to rotation
of corn with other crops. Work in Ohio demonstrated use of hairy vetch for
weed management (Table 10.14). Unsuppressed hairy vetch reduced weed
biomass in corn 96% in one year and 58% in another. When corn was planted
in late April into hairy vetch in the early bud stage of growth, corn yield was
reduced up to 76%. Hairy vetch competition was reduced or eliminated when
corn was planted into hairy vetch in mid- or late-bloom in May or early June.
Because of the shortened growing season and competition from hairy vetch,
corn planted in May into untreated hairy vetch yielded similarly to corn
planted in the no-cover crop, weed-free check. Use of the contact, nonresidual
herbicide glyphosate to kill vetch and eliminate competition with corn was
helpful with early and midbloom planting but not with late planting because
of the lack of continuing weed control.

In Wisconsin, spring planted winter rye has been a successful living mulch
for weed control in soybean (Ateh and Doll, 1996). A system employing just
rye for weed control reduced weed shoot biomass from 60 to 90% over three

TABLE 10.14. Corn Grain Yield After Planting in Hairy Vetch at Three Growth Stages
(Hoffman et al., 1993).

Corn grain yield when planted into
hairy vetch growth stage kg/ha

Weed control treatment Early bud Midbloom Late bloom
Untreated 130%a 7,350 b 6,520 b
Rolled with water filled roller 40*a 7,630 b 7,510 b
Mowed with flail chopper 3,000*a 6,830*b 5,900 b
Glyphosate 2.8 kg/ha 8,020*a 7,700 a 5,630 b
Weed-free control 9,770 a 8,560 a 5310b

*Values are statistically different from the weed-free control in a column, lower case letters indi-
cate statistical differences across a row.
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years. Rye worked best for weed control and did not reduce soybean yield
when weed density was low and ground cover from the mulch and soil mois-
ture were adequate for growth. Rye interference with soybean was minimal if
rye was killed within 45 days after soybean planting.

Other successful companion crops have been low-growing plants such as
cowpea and mungbean in India (Shetty and Rao, 1981). Seed costs of com-
panion plants and expected competition to the primary crop were offset by
the value of companion plant yield, a more permanent soil cover (less erosion),
reduced nitrogen fertilizer requirement, and reduced cost of hand weeding.
Attempts have also been made to try different cover crops to manage noxious
weeds such as cogongrass in India, Malaysia, Nigeria, and Kenya (Vayssierre,
1957). The smothering effect of velvetbean on cogongrass in corn was equiva-
lent to 1.8kg/ha of glyphosate but less than that of imazapyr at 0.5kg/ha in
Nigeria (Udensi et al., 1999). The work suggests that planting velvetbean to
manage cogongrass may be a “better alternative for farmers without the
resources to purchase herbicides.”

Another example of a weed used to gain interspecific competition is the use
of azolla as a weed control technique in lowland rice. Azolla pinnata, a free-
floating fern, has been used in Asian rice culture because of its symbiotic
relationship with Azolla anabena, a nitrogen-fixing blue-green algae. This
symbiotic relationship can contribute up to 100kg of nitrogen/ha. A second
use of azolla is for weed control due to the competitive effect of an azolla
blanket over the surface of paddy water.

When azolla is used, some farmers can grow rice without the addition of
nitrogen fertilizer. Success of the azolla technique depends on the ability of
the farmer to control water supply and on the weed species present. Perennial
weeds such as rushes and annuals with strong culms (e.g., barnyardgrass) are
not suppressed and must be controlled in other ways. Many other weeds are
controlled well.

Azolla has been successful but cannot be universally recommended because
there is an increase in labor (skill) to manage it. Some land must be devoted
to supplying a continuing source of inoculum of azolla for paddies, and azolla
may complicate other pest problems. In fact, azolla may become a weed.

An interesting twist in companion cropping is the use of genetic engineering
to make a companion crop self-destruct. A potential problem with companion
cropping is that the companion may become a competitor if it is allowed to
grow too long or if it becomes too large. Herbicides or tillage may then be
required to eliminate (control) the companion crop. Stanislaus and Cheng
(2002) tried to design a cover crop that would self-destruct in response to an
environmental cue. If self-destruction could be achieved, no supplemental
herbicide or tillage would be required after the cover crop had completed
the task of early weed control. They incorporated a heat-shock-responsive
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promoter to direct expression of the ribonuclease Barnase, which is extremely
toxic to cells. The heat-shock-responsive promoter very effectively caused
heat-regulated plant death and was sufficient to kill the transgenic plants.
They concluded that although work with temperature sensitivity showed its
potential, that temperature may not be the best factor to study. Temperature
is not a completely reliable environment factor (it is not always hot). There-
fore, self-destruction based on photoperiodic sensitivity is a more promising
research area.

D. CROP ROTATIONS

Crop rotation is done for economic, market, and agronomic reasons. Some
weeds associate with certain crops more than with others. Barnyardgrass and
junglerice are common in rice. Wild oat is common in irrigated wheat and
barley but almost never occurs in rice. Nightshades are common in potatoes,
tomatoes, and beans, and kochia and lambsquarters are frequent in sugarbeets.
Dandelions are common in turf but not in row crops, although without man-
agement, dandelions can increase in row crops and in pastures and long-term
hay crops such as alfalfa.

These associations occur because of similarity in crop and weed phenology
(naturally occurring phenomena that recur periodically, e.g., flowering),
adaptation to cultural practices (e.g., tillage, mowing, irrigation), similar
growth habits (e.g., time to mature or to reach full height), and perhaps of
most importance, resistance or adaptation to imposed weed control methods.
When one crop is grown in the same field for many years (monoculture),
some weeds, if they are present in the soil seed bank, will be favored, and
their populations will increase. Weed-crop associations are not accidental
and can be explained. Associations can be changed by rotating crops,
altering time of planting, or changing weed control methods. Annual grass
weeds can be reduced in small grain crops by growing corn in the rotation
and using herbicides selective in corn plus cultivation to control the grasses
when corn is grown. The same herbicides and cultivation cannot be used in
small grain crops.

A good rotation includes crops that reduce weeds that are especially trou-
blesome in succeeding crops. Removal is accomplished by competition or
through use of different weed control techniques in different crops. In Canada,
yellow foxtail populations in flax were highest when flax followed oats, lowest
after flax, and intermediate after wheat, corn, and sorghum (Kommedahl and
Link, 1958). Sugarbeets grown after beans in Colorado were always more
weed-free than sugarbeets grown after sugarbeets, barley, or corn (Dotzenko
et al., 1969). Beans are cultivated well, and intensive chemical weed control
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is practiced. The number of weeds was highest where corn preceded sugarbeets
and lowest with beans. Barley was intermediate (Table 10.15).

In many places, barley is planted in spring before soil temperatures are
ideal for germination of most annual weeds. Beans, on the other hand,
are planted in late spring, and tillage can be used to destroy most summer
annual weeds.

Ball and Miller (1990) showed that weed species composition varied with
cropping sequence among rotations of corn for three years, pinto beans for
three years, or two years of sugarbeets followed by one year of corn (Figure
10.4). Hairy nightshade seed bank population increased after three years of

TABLE 10.15. Effect of the Preceding Crop on Weed Numbers. Weed Numbers Are
Those That Germinated in a 400g Sample of Soil Following Three Years of Each Sequence
(Dotzenko et al., 1969).

Number of
Preceding rotation Kochia Pigweed Annual grass Lamb’s quarters Total
Barley-beets 32 15 18 18 109
Corn-beets 67 44 48 7 166
Beans-beets 16 7 11 9 44
10000
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'g 2000
; 600
E:]J 500
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300
200
100
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KCHSC AMARE CHEAL SOLSA SETVI ERACN

WEED SPECIES

FIGURE 10.4. Influence of cropping sequence on dominant weed species in the soil seedbank
15cm deep. SB = 2 years sugarbeets + 1 year corn, PB = 3 years pinto beans, and CN = 3 years
corn. KCHSC = kochia, AMARE = redroot pigweed, CHEAL = common lambsquarters,
SOLSA = hairy nightshade, SETVI = green foxtail, and ERACN = stinkgrass (Ball and Miller
1990). Reproduced with permission of Weed Sci. Soc. of America.
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pinto beans, green foxtail increased after three years of corn, and the sugar
beet-corn sequence caused an increase in kochia. Ball and Miller attributed the
differences to the herbicides used in each cropping sequence. Crop cultivation,
land preparation time and method, and time of planting and harvest may also
favor some weeds and discourage others.

Crop rotation regularly changes the crop in each field, soil preparation
practices, subsequent soil tillage, and weed control techniques. All of
these affect weed populations, and while crops are not commonly rotated to
control weeds, the effect of rotation as a determinant of weed problems must
be recognized.

The relative dry weight of weeds in four cropping systems in the Philippines
is shown in Table 10.16. Two weeds dominated, but their relative magnitude
in the cropping systems, on the same soil, was different. In a rice-sorghum
rotation, itchgrass dominated, but with continuous sorghum, itchgrass nearly
disappeared and spiny amaranth dominated. Different cropping systems affect
weed populations and favor or deter some species. This is observed in vegeta-
ble crops where intensive cultivation and weed control are regularly practiced,
and weed populations can be reduced (Roberts and Stokes, 1965).

Long-term studies to determine the effect of different cropping sequences
on the population dynamics of winter wild oat (Fernandez-Quintanilla et al.,
1984) showed that continuous winter cereal cropping (with or without herbi-
cides) increased the winter wild oat soil seed bank from 26 to 80% per year.
With spring barley the soil seed bank declined 10% per year. When sunflower
was a summer crop or a 12-month fallow was included in the rotation to
prevent new seed production, the soil seed reserve declined 57 to 80% annu-
ally. There was a great reduction in the size of the soil seed bank of winter
wild oats if the cropping program was other than continuous winter cereals
(Fernandez-Quintanilla et al., 1984).

Crop rotation has significant effects on the soil seed bank. A 35-year study
at two locations in Ohio showed that crop rotation was a more important

TABLE 10.16. Relative Dry Weight of Weeds in Unweeded
Plots in Four Cropping Systems 5 Weeks After Crop
Emergence (Pablico and Moody, 1984).

Spiny amaranth

Cropping system (% dry weight) Itchgrass
Corn-corn-corn 65 21
Rice-corn 42 48
Rice-sorghum 12 83

Sorghum-sorghum-sorghum 95 3
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determinant of soil seed density than moldboard plowing, chisel plowing, or
no-tillage, although the two were related (Cardina et al., 2002). Initial seed
density was highest with no tillage and declined as tillage intensity increased.
The research showed how weed species’ composition of the soil seed bank
changed in response to crop rotation and soil management and provides leads
on how complex plant communities are assembled and endure.

E. FERTILITY MANIPULATION

Manipulation of soil fertility solely to manage weed populations is
virtually unknown. However, as is true of most soil manipulations, fertility
affects weeds. Walters (1991) suggests that most weeds can be controlled by
simple manipulation of soil nutrient levels. His claims are supported by abun-
dant anecdotal evidence but not by any planned, peer-reviewed scientific
research. Nevertheless, they should not be dismissed as idle speculation.
Farmers fertilize to maximize yield and attain greater assurance of crop
success and profit. They do not fertilize or withhold fertilizer to manipulate
weed populations.

Fertilizer is added to improve crop yield, but weeds are often more competi-
tive with crops at higher nutrient levels (DiTomaso, 1995). When weed density
is low, added fertilizer, particularly nitrogen, increases crop yield and makes
a crop a more vigorous competitor with weeds. But when weed density is high,
added nutrients favor weed over crop growth. DiTomaso (1995) summarized
much of the literature on this subject. (The subject was discussed in section
V-C of Chapter 6.) Crop yield reduction when additional nitrogen fertilizer is
added in the presence of weeds is illustrated by the data in Tables 6.8, 6.9,
and 6.10.

An excellent illustration of the potential of fertility manipulation as a
method to change plant populations is the Park Grass Experiment at the Roth-
amstead Agricultural Experiment Station in England. The official title of the
experiment is “The Park Grass Experiment on the effect of fertilizers and
liming on the botanical composition of permanent grassland and on the yield
of hay.” The work was started in 1856 by Sir John B. Lawes, the son of the
manor and founder of Rothamstead as an agricultural research center, and
J. H. Gilbert. In many ways, the experiment continues in its original form and
is the longest ecological study in the world. The ecological insights were
reviewed by Tilman et al. (1994).

In unlimed plots amended with a complete fertilizer with nitrogen primarily
as ammonium sulfate, a pure stand of common velvetgrass has developed. It
was selected out of the original mixture solely by fertility manipulation and
lack of lime. It has one of the heaviest hay yields of any plot, but the hay is
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unpalatable. With complete fertilizer and lime, plots have one of the heaviest
hay yields and a very diverse flora, including orchardgrass and meadow foxtail.
In unlimed plots amended with ammonium sulfate and no phosphorus, the
vegetation is completely different from either of the preceding. If potassium is
absent, dandelions are absent because they flourish only with potassium and
a pH above 5.6.

In winter wheat, downy brome was least responsive to nitrogen applied
during fallow (Anderson, 1991). Nitrogen applied during winter wheat’s
growing season increased downy brome growth and decreased wheat yield.
When crop season rainfall was only 70% of normal (21 vs. 62mm), nitrogen
fertilization reduced wheat yield 12 to 20%.

Competition for nutrients is not independent of competition for light and
water. The complexity and opportunity of fertility manipulation are well illus-
trated in work by Liebman (1989) and Liebman and Robichaux (1990). They
demonstrated improved weed control because of differing nitrogen use effi-
ciency of crops and weeds (Table 10.17). With no added nitrogen, total crop
seed yield was identical for the long-vined Century or short-vined Alaska pea
cultivars. Century’s yield was 45% greater than Alaska’s under these condi-
tions. Adding nitrogen dramatically increased barley yield and reduced yield
of Alaska peas. Barley can compete for the added nitrogen and Alaska cannot,
but the latter cultivar does well with no added N. The seed yield of white
mustard increased with nitrogen fertilization, and it was much more competi-
tive with short-vined Alaska than with long-vined Century peas. Results of
this study were supported by greenhouse research in Canada that showed that
green foxtail grown under low nitrogen required approximately six times as
much nicosulfuron for control as plants grown under high nitrogen (10 times

TABLE 10.17. Effect of Pea Cultivar and Nitrogen on Seed Yield and Final Above-Ground
Biomass of White Mustard in a Barley/Pea Intercrop. Numbers in Parentheses = % of Total
Yield (Liebman, 1989).

Seed yield g/sqm Dry weight g/sqm
N treatment/pea cultivar Barley Pea Total White mustard
No nitrogen
Alaska 133(37) 230(63) 363 189
Century 16(5) 334(95) 350 105
90 + 90kg/ha
Alaska 262(79) 69(21) 331 1,766

Century 204(33) 406(67) 610 948
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higher). Higher doses of four herbicides were required to achieve 50%
reduction in biomass of redroot pigweed, but there was no similar affect on
velvetleaf (Cathcart et al., 2004).

Further evidence of the potential role of soil fertility in weed management
is in studies done in Alabama (Hoveland et al., 1976). Soils with low potassium
were dominated by buckhorn plantain and curly dock. Soils with low soil
phosphorus were dominated by showy crotalaria, morningglory, coffee senna,
and sicklepod. The shoot and root growth of several weeds increased with
added phosphorus, but the magnitude of the response varied among species.
With increasing phosphorus, 17 weed species increased shoot biomass more
than wheat and 19 increased shoot biomass more than canola (Blackshaw
et al., 2004). The studies that have been done clearly show that manipulating
soil nutrient status can change weed populations, and fertility manipulation
should be regarded as a potential weed management technique.

VI. HERBICIDE-RESISTANT CROPS

The first herbicide-resistant weed was common groundsel (see Chapter 12;
Ryan, 1970). The efficacy of herbicides to control weeds was well known, and
it was logical to search for ways to make crops resistant to efficacious herbi-
cides. If concern about crop selectivity could be removed, then an herbicide
that killed most weeds could be used without fear of crop injury. The first
herbicide-resistant crop appeared in 1996 when canola resistant to atrazine
was made available. It was developed as an afterthought (a good idea) follow-
ing the detection of chlorotriazine-resistant broadleaved weeds in corn in
Ontario, Canada (Hall et al., 1996). A breeding program was established at the
University of Guelph to transfer the source of triazine resistance from birds-
rape mustard to canola (rapeseed). The first atrazine-resistant canola cultivar
(OAC Triton) was released in 1984 (Beversdorf and Hume, 1984), others fol-
lowed in 1986 and 1987.

Herbicide-resistant crops have been adopted readily by farmers across the
world. In developing countries, weeds are the most commonly cited constraint
to increasing crop production or expanding the amount of land farmed. Devel-
opment of herbicide-resistant crops through biotechnology has the potential
to reduce the weed control problem for farmers in the developing world. To
date, the technology has been widely promoted and adopted in developed
countries, but efforts and adoption in developing countries have been much
less. This may be because after more than a decade of development, there is
still little evidence of production cost reductions or increased yield for any
crop (Martinez-Ghersa et al., 2003). The agricultural, environmental, eco-
nomic, and regulatory aspects of herbicide-resistant crops were reviewed by
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Duke (1996). The greatest weed control success and best economic return in
no-till, herbicide-resistant corn were obtained with an early residual herbicide
(i.e., atrazine + acetachlor) followed by application of the postemergence her-
bicide to which the corn was resistant (Hellwig et al., 2003). Research has
shown that the combination of herbicides is always best.

All major herbicide development companies have research programs that
deal with herbicide-tolerant/resistant crops (i.e., genetically modified or trans-
genic crops). Success has been achieved with five individual herbicides and
other herbicides from three chemical families (imidazolinones, sulfonylureas,
and triazines). These are the five herbicides and some of the resistant crops:

Herbicide Resistant Crops

Bromoxynil Cotton, potato, tobacco

Glyphosate Canola, corn, cotton, potato, soybean, tobacco, tomato

Glufosinate Alfalfa, barley, canola, corn, creeping bentgrass,
peanut, rice, sugarbeet, sugarcane, soybean, tomato

Sethoxydim Corn

2.4-D Cotton, potato

Most research has focused on major crops: corn, soybean, wheat, rice,
cotton, and tobacco (Duke et al., 1991). From the mid-1980s to 1994, more
than 1,500 approvals for field testing of a wide range of transgenic organisms
were granted, and 40% of them were for herbicide tolerance (Hopkins, 1994).
The technology has spread rapidly around the world. James (2005) reported
that 54 million hectares or 60% of the world soybean crop (all herbicide toler-
ant) were planted in the world in 2005, 21.2 million hectares of corn (24%,
all Bt = insect resistant), 9.8 million hectares of cotton (11%), and 4.6 million
hectares of canola (5%) were biotech crops. Herbicide resistance was the
dominant trait followed by insect resistance or stacked genes that incorporated
both features (primarily in cotton). Biotech crops were grown in 21 countries,
of which 11 were developing countries. The United States grows almost 50%
of the world area of biotech crops.

There are three physiological mechanisms for natural or induced tolerance
or resistance to an herbicide:

1. Reduced sensitivity at a molecular site-of-action

2. Increased metabolic degradation

3. Avoidance of uptake or sequestration (hiding) after uptake (Duke et al.,
1991)

Each of these has potential use in development of resistance in crops.
Criticism of herbicide-resistant crops is common and is usually related to

all or some of four perceived risks. The first is public health concerns about

water or food contamination from increased herbicide use. Additional concern
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centers on the use of herbicides in crops that do not metabolize the herbicide.
Therefore, the unaltered herbicide could be consumed by people.

There are also environmental concerns about the increased use of herbicides.
Some social concerns are about technology favoring large farms and contribut-
ing to the destruction of small farms and small-scale farmers. There are also
fears that the cost of food production and products will rise.

Weed control concerns center on the issue of herbicide resistance, which
may become more widespread from continuous use of herbicides. The fact
that not all herbicides have the same probability of selecting for resistance is
illustrated well by Beckie et al. (2001). They propose that the higher the risk
of an herbicide mode of action group selecting for resistance, the less fre-
quently herbicides from the group should be applied by a grower. Herbicides
have been classified into 28 mode of action groups (Mallory-Smith and
Retzinger, 2003; Vencill, 2002, pp. 473—-479; see Chapter 13). Herbicides in
group 1 (inhibitors of acetyl CoA carboxylase, including aryloxyphenoxy
propionates and cyclohexanediones) and group 2 [inhibitors of acetolactate
synthase (ALS) = inhibitors of acetohydroxyacid synthase (AHAS), includ-
ing imidazolinones, pyrimidinylthiobenzoates, sulfonylaminocarbonyltria-
zolinones, sulfonylureas, and triazolopyrimidines] pose a high risk of rapid
development of resistant weed biotypes and should not be used frequently.
Herbicides in group 9 (inhibitor of EPSP synthase—glyphosate) and group
22 (photosystem 1 electron divertors—diquat and paraquat) can be used
preseeding to reduce the number of weeds available for selection by higher-
risk in-crop herbicides (Beckie et al., 2001). Figure 10.5 (Beckie et al., 2001)
illustrates herbicide classification using the risk of resistance development.
Readers are encouraged to consult local recommendations when planning a
weed management system.

The best weed management practice is to know what herbicide families
develop resistance rapidly. A monocultural cropping system that relied on
glufosinate-resistant rice for weed control would develop resistant weeds
within three to eight years (Madsen et al., 2002). Using tillage for supplemental
weed control and increasing weedy rice seed predation delayed, but did not
prevent, resistance development. Resistance to glyphosate has occurred in
several populations of rigid ryegrass in Australia (Wakelin and Preston, 2006).
The resistance is encoded in the nuclear genome in the eight populations
studied and is inherited as a single dominant allele in four of the five resistant
populations.

There are also concerns about resistant gene flow to sexually compatible
plants. This is acknowledged as one of the greatest potential risks of introduc-
ing any genetically engineered (transgenic) crop variety. The risk is transfer
of desired herbicide resistance from the crop to a weed where undesirable
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FIGURE 10.5. Classification of herbicide mode of action by risk (high, moderate, and low) for
selection of resistance in specific weed species in Canada. Reprinted with permission from Beckie
et al. (2001).

resistance persists by natural selection. It is worth noting that this has
happened when genes from herbicide-resistant canola moved to a nonweedy
relative in the mustard family and then to wild mustard in a short time.* The
risk may be especially high where the crop and weed are closely related and
can interbreed. For example, red rice and rice (Gealy et al., 2003), wheat and
jointed goatgrass (Hanson et al., 2005), or wild and cultivated sunflower
(Burke et al., 2002), canola and wild mustards (Snow et al., 1999), and
between wild and cultivated cucurbits (e.g., squash; Spencer and Snow, 2001).
Feral, herbicide-resistant oilseed rapeseed has become established on roadsides

Denver Post, April 14, 1996, and New York Times, March 7, 1996.
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in Europe but has not yet become a problem (Scott and Wilkinson, 1999).
Gene flow to near relatives has not occurred in Latin America. However, gene
flow is recognized as a potential future problem especially from rice to weedy
red rice (Riches and Valverde, 2002).

Resistant crop plants becoming hard-to-control volunteer weeds is another
issue. This has not been shown, but Keeler (1989) urged caution and pointed
out the example of wild proso millet that emerged as a weed in the 1970s after
over 200 years of successful cultivation of proso millet in North America
without its becoming a weed. Keeler (1989) used wild proso millet to empha-
size how much we do not understand about weed evolution. Movement of
glyphosate- or glufosinate-resistant creeping bentgrass off site was deemed
likely but not problematic because new weed problems were not anticipated
to occur (Banks et al., 2004).

The legitimate concerns of epistasis and pleiotrophy must also be recog-
nized. Epistasis is the suppression of gene expression by one or more other
genes, and pleiotrophy is defined as a single gene exerting simultaneous effects
on more than one character. In short, one of the rules of ecology may apply:
you can’t do just one thing. When science manipulates a genome, any genome,
specific outcomes are intended, and even when these are achieved, other,
unplanned (and perhaps, at least, initially, unnoticed) things may also occur.
Genetic engineering, with the best intention to do a good thing, may do unex-
pected things that could be good or bad.

Another common critique of herbicide-resistant crops is that the technology
will promote the use of herbicides, not decrease it, while continuing to develop
what many view as an unsustainable, intensive monocultural agriculture. A
related concern is noted by some in Latin America, where herbicide-resistant
technology has progressed rapidly. The technology may encourage expansion
of agriculture into uncleared (Amazon rain forest) areas, which become eco-
nomically attractive because of the efficiency of herbicide-resistant crops.
Agricultural expansion would inevitably lead to adverse effects on nontarget
organisms and ecosystems (Riches and Valverde, 2002). It is also suggested
that herbicide-resistant crops will reinforce farmer’s dependence on outside,
petroleum-based, potentially polluting technology. An associated concern is
that there is no technical reason to prevent a company from choosing to
develop a crop resistant to a profitable herbicide that has undesirable environ-
mental qualities such as persistence, leachability, harm to nontarget species,
and so on. It is undoubtedly true that nature’s abhorrence of empty niches will
mean that other weeds will move into the niches created by removal of weeds
by the herbicide in the newly resistant crop. In other words, herbicide resis-
tance will solve some but not all weed problems. Weeds not susceptible to the
herbicide to which the crop is resistant will appear. Weeds are not conscious,
but they seem to be clever.
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Marketing and continued development of herbicide-resistant crops are pro-
ceeding rapidly, and there are important advantages that provide good reasons
for continued development. Many argue that the technology will provide
lower-cost herbicides and better weed control. These are powerful arguments
in favor of the technology because both can, but to date have not, led to lower
food costs for the consumer. It is also true that herbicide-resistant crops are
providing solutions to intractable weed problems in some crops. Glyphosate
and glufosinate resistance have been created in several crops. Both are envi-
ronmentally favorable herbicides, and therefore, many argue, it is better to use
them in lieu of other herbicides that are not environmentally favorable. An
important argument in favor of the technology is that it has the potential to
shift herbicide development away from initial screening for activity and selec-
tivity and later determination of environmental acceptability to the latter
occurring first. Resistance to herbicides that are environmentally favorable but
lack adequate selectivity in any crops or in a major crop so their development
will be profitable could be engineered and the herbicide’s usefulness could be
expanded greatly. This has important implications for minor crops (e.g., veg-
etables, fruits) where few herbicides are available because the market is too
small to warrant the cost of development. If resistance to an herbicide is
already successful in a major crop (e.g., cotton), it could be engineered into a
minor crop, and manufacturers and users would both benefit. The herbicide
chemical industry recognizes the problems of resistance and strongly advo-
cates integrated weed management practices that incorporate herbicide-
resistant crops with appropriate cultural, mechanical, and biological
management methods (Shaner, 1995).

Biotechnology was discussed by Christianson (1991), a self-acknowledged
outsider, and his view is quoted here as an alternative view of this
research area:

I think it would be a pity if the power of the use of mutants and mutation to
uncover and describe physiology and development were limited, in the hands of
weed scientists, to the isolation and description in yet another species of yet more
genes that confer resistance to yet another herbicide. To this outsider, it seems that
the central issue for weed science is understanding the nature of weeds: What makes
a weed a weed? How can weeds consistently come out ahead when matched up
against the finest commercial varieties my plant-breeding colleagues develop?
Weeds persist, they spread, and they out compete the crop plants, reducing yields
when left uncontrolled. The nature of this ‘competitive ability’ that weeds possess
seems an interesting target for research and an appropriate target for analysis
through generation of mutants.

Transgenic crops have developed rapidly (see Hileman, 1995, for a summary
of the controversy that has ensued). It is not the purpose of this text to analyze
the controversy in depth. A book (Duke, 1996) is available as are articles too
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numerous to mention (also see Zimdahl, 2006). Much more work will be done

and discussed, but it is important to realize that the technique is already widely
promoted, accepted, and used.

THINGS TO THINK ABOUT

[a—

Why is preventing weeds so difficult?
Why is eradicating weeds so difficult?
3. What are the advantages and disadvantages of each weed control
method?
4. Why are perennial weeds so hard to control by mechanical methods?
What is the principle of carbohydrate starvation?
6. How does timing and type of tillage affect weed presence and weed
control?
Can mowing really be used as a method of weed control? How?
Where could soil solarization be used?
9. How can living mulches and companion cropping be incorporated in
modern cropping systems?
10. What role does crop rotation play in weed management?
11. What role can fertility manipulation play in weed management
systems?
12. What is the present and future role of herbicide resistant crops?

N

N

®
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CHAPTER ]_ ]_

Biological Weed Control

FUNDAMENTAL CONCEPTS

e Biological control is the action of parasites, predators, or pathogens to main-
tain another organism’s population at a lower average density than would
occur in their absence.

¢ Most biological control organisms have not escaped to become pests.

* Biological weed control cannot solve all weed problems and is best
regarded as a technique to be used in integrated weed management
systems.

LEARNING OBJECTIVES

e To know the advantages and disadvantages of biological weed control.

e To understand the importance of specificity in development of biological
control strategies.

¢ To know the different kinds of organisms that have been used for biological
control of weeds.

* To know the ways that biological weed control can be used.

¢ To appreciate the opportunities for integration of biological and other weed
control methods.

I. GENERAL

Plant distribution is determined by edaphic, climatic, and biotic factors. On
a given site, soil type and climate can be discussed and studied but not
controlled by humans. The biotic environment can be manipulated. If manipu-
lation is through stable interactions, biological control may be possible.
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A. DEFINITION

Biological weed control is the action of parasites, predators, or pathogens to
maintain another organism’s population at a lower average density than would
occur in their absence. The term was first used by H. S. Smith (DeBach, 1964).
Biological control is usually thought of as intentional introduction of parasites,
predators, or pathogens to achieve control, but it is also a natural phenome-
non. Scientists can discover the control potential of natural parasites, preda-
tors, or pathogens and exploit it to achieve human ends. The aim is to maintain
the offending organism’s population at a lower average density, not to eradicate
it, but to reduce populations to a noneconomic level. Biological control will
never be the solution to every weed problem. It will be employed as one weed
management practice among many. Primarily because of well-known problems
with chemical weed control, biological control may become more important
relative to other control techniques but it will never be the solution to all weed
problems in intensive monocultural agriculture.

B. ADVANTAGES

In its classical or idealized form, biological weed control can be permanent
weed management because once an organism is released, it may be self-
perpetuating, and control will continue without further human intervention
(see Table 11.1). This is true when some fungal species are released in an
innundative approach to control a weed. Subsequently, if theory becomes
reality, the weed doesn’t have to be actively managed by people, the biological
control provides control without further human intervention. This ideal
biocontrol is certainly not always and, in fact, rarely, achieved.
Self-perpetuation is an advantage other weed control techniques do not
have. There are no chemical environmental residues from biological control
other than the organism, which some consider to be a potential problem
because it is foreign or unnatural in the environment in which it is released.
In the classical or idealized version of biological control this doesn’t happen
because extensive research before release establishes, one hopes, that the
organism is environmentally benign. In theory, there is no environmental pol-
lution (i.e., there is no chemical pollution; there may be biological pollution)
from biocontrol organisms and no environmental or mammalian toxicity as
there may be after chemical use. Because they most often invade environmen-
tally sensitive areas where all kinds of pollution are to be avoided (aquatic and
stream-side areas), biocontrol may be the best option for management of inva-
sive species (see Chapter 7; Myers and Bazely, 2003, p. 12). In ideal cases,
initial costs are nonrecurring and usually, once the organism is established,
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TABLE 11.1. A Summary of the Advantages and Disadvantages of Biological Weed Control
(Wapshere et al., 1989).

Advantages Disadvantages
1. Reasonably permanent. 1. Control is slow.
2. Self-perpetuating. 2. No guarantee of results.
3. No additional inputs required once 3. Establishment may fail for many reasons.
agent is established successfully.
4. No harmful side effects. 4. There may be unknown ecological effects, but
mutation to an undesirable form is possible.
5. Attack is limited to target weed 5. If target is related to a crop, the number of
and a few close relatives. potential biocontrol agents is low.
6. Risks are known and evaluated 6. Some risks may not be known and cannot
before release. be evaluated.
7. Control often dependent on host 7. Does not work well in short-term cropping
density. cycles. Works best in stable environments.
8. Self-dispersing spread to suitable 8. Restriction of spread to area of initial
host habitats. dispersal is impossible.
9. Costs are nonrenewing. 9. Initial investment of time, money, and personnel
can be very high.
10. High benefit:cost ratio for 10. Eradication is not possible. Must maintain
successful programs. host population at low level to maintain

control agent.

no further inputs are needed. Development costs may be lower than those for
herbicides (Auld, 1991). While all of these advantages do not accrue to all
organisms developed for biological weed control, they are cited commonly to
justify research and greater employment of biological control.

C. DISADVANTAGES

There are some situations where biological control is not appropriate. If a plant
is a weed in one place and valued in another place, in the same general geo-
graphic region, biological control is inappropriate (see Table 11.1). Spread of
a biological control organism, once introduced, cannot be controlled. The
control organism is unable to distinguish plants that humans may regard as
valuable from weedy relatives. For example, artichoke thistle (also called
cardoon) is a weed on some California rangeland. It is closely related to
cultivated artichoke. Introduction of a biocontrol agent to control the weedy
artichoke thistle is discouraged by artichoke growers because the biocontrol
agent would lack specificity. A Eurasian weevil was introduced to North
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America to control the invasive, and generally weedy, musk thistle, but it is
now attacking native, nonpest thistles (Mack et al., 2000). There are ornamen-
tals species of delphinium related to weedy larkspurs, which make the weed
a questionable target for biological control. Other weedy species may be related
to valuable native plants. Controversy over problems related to how closely
related potential target species are to native or desired species focuses on two
issues (Mack et al., 2000). The first asks whether there is sufficient administra-
tive infrastructure to monitor and detect nontarget effects. The second, a sci-
entific question, addresses the likelihood that an introduced biocontrol agent
will evolve to attack other possible hosts. Biocontrol scientists usually have
“very limited knowledge of the factors that limit effectiveness of control organ-
isms, and much of that knowledge is subjective” (McEvoy, 2002). Safety con-
cerns are best addressed by research on host specificity because it is the
criterion that provides the best assurance that a biocontrol organism will sup-
press the host without harming other species (McEvoy, 2002). An absolute
demand for specificity of biocontrol agents means development must be
research intensive, may often require a large budget, and several years of
research. Research must address the uncertainty about organism movement,
evolution, indirect effects, and the severity, probability, and consequences of
nontarget effects (McEvoy, 2002). These are not easy or inexpensive tasks, and
therefore, it is highly unlikely that biological weed management will ever
become an important weed management technique except for a very few
species (Hobbs and Humphries, 1994).

Biological control is inherently slow, and results are not guaranteed. In
many crops, but not in noncrop or natural areas, weeds must be controlled
during a brief, critical period, often of days or weeks, to prevent yield reduc-
tion. In addition, because eradication is not an appropriate goal for biological
control, weeds that should be eradicated on some sites (e.g., larkspur on
rangeland) may be better controlled with other techniques. Some species are
geographically local, minor weeds, and development of a biological control for
them would be very expensive and not financially wise because of the small
infested area. Cropland weeds exist in an ecologically unstable habitat that is
often a poor environment for successful introduction, survival, and population
growth of biocontrol organisms. Cropland weeds also exist in a weed complex,
rarely as a single species. Because biocontrol is necessarily directed at a single
species, it is often an inappropriate choice for the weed complex found in most
crops. Projects are often constrained by the expense of finding a natural enemy
in the native habitat. Locating the natural or native habitat is a difficult
research task and, even if found, aggressive natural enemies may not be abun-
dant, if they exist at all.

Because science can never know all possible ramifications of any technologi-
cal intervention, other cautions should be considered. Release of a biological
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control organism can induce competitive suppression or extinction of native
biological control organisms and other desirable organisms. A corollary is that
other harmful or beneficial species may increase in abundance. Such events
could lead to loss of biological diversity, loss of existing biocontrol, release of
species from competitive regulation, disruption of plant community structure,
suppression of essential organisms, and disruption of food chains and nutrient
cycling (Lockwood, 1993).

In summary, biological control is slow, often less effective, and commonly
less certain than herbicides or mechanical control. Biocontrol, particularly in
disturbed cropping situations, will not control as many different weeds as
other techniques. It won’t eradicate weed problems, but most other techniques
won't either. It is an intervention technique that may, as herbicides do, have
unanticipated effects.

One example of an unanticipated effect is shown by the work of Callaway
et al. (1999). Their two-year study demonstrated that the widely used knap-
weed root moth (Agapeta zoegana) had no significant effect on the biomass of
spotted knapweed. The counterintuitive result of their work was that herbiv-
ory by the moth may lead to increased negative effects of spotted knapweed
on neighboring native plant species. In this case, use of the biocontrol to
weaken the invader (spotted knapweed) so natives could gain a competitive
advantage led to the opposite result.

D. USE CONSIDERATIONS

Conscious use of biological control of weeds depends on two things. The first
is that it is usually, but not always, easier to control an introduced species
that, in the process of introduction, was freed of natural predators. The second
requirement is that it is best to introduce predators that have been freed of
their natural predators during introduction to the weed’s area. These require-
ments presuppose, and successful biological control depends on, several
assumptions.

The weed to be controlled has a native habitat. Redroot pigweed, ground-
sel, common lamb’s quarters, and common chickweed are distributed
worldwide, and their origin is unknown. If the native habitat is unknown,
one cannot go to it to find a predator. Some suggest that many weeds are
homeless, having evolved from diverse parentage under various kinds of
human created agricultural pressure (Ghersa et al., 1994). Their hometowns
cannot be identified.

An insect or disease will give control. The question is, can an effective natural
enemy be found? The assumption is questionable because many plants may
not have effective natural enemies. If an effective natural enemy is found,
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whether it’s an insect or a disease, it is assumed that it will thrive in the
weed’s habitat.

Natural reproduction. The organism has fecundity or the ability to
reproduce in the new habitat, and it will occupy all niches the weed (the
host) infests.

Genetic composition. The weed’s genetic composition in its new home will
be identical to its, now distant, relatives in its old home. In other words,
moving will not change the weed in any significant way. This validity of this
assumption has not been determined.

The control organism can be reared in captivity. If this is not true, then it will
be necessary to import large quantities of the organism, which, of course, may
not be possible.

Searching capacity. After the organism is released it will search out the weed
to be controlled and be self-dispersing in the right places.

Each of these assumptions is important, and organisms proposed for bio-
control of weeds often fail because one or more of the assumptions is false.
Mistakes have been made when all of the complexity was not understood or
ignored. In fact, the history of biological control has demonstrated that it is
easy to make mistakes when a biocontrol agent is introduced. Each introduc-
tion creates a new combination of organism and environment. Both must be
understood, and often they are not (US Congress, 1993). Scientists have used
the vacant niche hypothesis to rationalize introductions. The concept is that
some ecological roles (i.e., population-regulating organism) are not filled in a
place where biological control is desired; thus, the niche is empty and can be
filled. Few species fit the narrow ecological vacancy identified by those who
wish to control weeds, and it is virtually impossible to predetermine the role
a species will play after release (US Congress, 1993).

There are several examples of poor understanding. The mongoose (Marathi
mangus) was imported to Hawaii to control rats that reduced yield and made
sugarcane harvest unpleasant. A mongoose will kill any rat it meets, but rats
are nocturnal, and the mongoose hunts during the day, so they don’t meet
very often! The mongoose eats bird eggs, had no natural enemies in Hawaii,
and became and remains a huge pest.

Problems can arise when an introduced species moves beyond the area
intended. The cactus moth (Cactoblastis cactorum) was introduced to the West
Indies to control prickly pear cactus, a native of tropical America, a task it did
well. It moved north to Florida, where, it is feared, it threatens indigenous,
nonweedy prickly pear cacti in Florida and neighboring states (Kass, 1990),
16 species of which are rare (US Congress, 1993).

The seven-spotted ladybeetle (Coccinella septempunctata), an aphid preda-
tor, has dispersed throughout much of the United States. It appears to be
outcompeting the native nine-spotted ladybeetle (C. novemnotata) and has
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displaced that species in alfalfa. Finally, the US/EPA and the Oregon Dept. of
Environmental Quality funded a large project to eradicate weeds in Devils Lake
on the northern Oregon coast. About 30,000 weed-eating carp (Ctenopharyn-
godon idella), a successful aquatic weed control agent, were introduced into
the lake to control Eurasian watermilfoil. The liquefied fecal waste from the
fish created new, unprecedented algal blooms and new weed crops. Six years
after the project was initiated, there was no significant reduction in the total
amount of aquatic vegetation, but only 4,000 carp still survived. Intensive real
estate development in the lake’s pristine watershed, clear-cut logging, and
recreation proceeded without inhibition and were all major contributors to the
lake’s pollution and eutrophication (Larson, 1996).

We are residents of the world, not its custodians or rulers. We must learn
to understand nature’s purposes and our role in aiding or defeating them.
Biological weed control, similar to other technologies, can lead us toward
harmony with nature or away from it.

Scientists must determine, and users must understand the place of biologi-
cal weed control in nature’s scheme. These are some of the important control
questions:

1. Will the insect or disease organism remain free of its old predators and not
be subject to new ones in its new habitat? Will the imported, potential
biological control agent find the neighborhood in which it must live to be
a congenial one? This may be a reason some potentially good biological
control agents are abandoned; they meet too many new enemies in their
new home.

2. What is the most important criterion and the absolute rule for successful
biological control? It is that if an insect or disease is able to clear all the
aforementioned hurdles, it must be specific. Specificity means that it will
attack and control one plant (the weed) and no others. This is the acid test
for biocontrol agents.

It would be a tragedy if a biocontrol agent were released to control a particular
weed, and it was discovered after the weed’s population was reduced that the
biocontrol organism had a natural appetite for rosebushes. Only a very few of
the more than 100 organisms released for biocontrol of weeds worldwide have
become pests subsequent to their release, but as the preceding examples show,
it can happen. Biological control research is difficult and crucial to success.
Plants in the weed’s host range that are tested to ensure specificity include
(Strobel, 1991) the following:

1. Those related to the target weed.
2. Those not adequately exposed to the agent for ecological geographic
reasons.
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3. Those for which little is known about their natural enemies.

4. Those with secondary chemicals or morphological structures similar to
those of the target weed.

5. Those attacked by close relatives of the agent.

About 40% of the successful instances of pest biocontrol have involved an
unrelated natural enemy. These were new associations between a host and
biocontrol agent, and the host lacked all natural resistance to the new enemy
(Pimentel, 1963, 1991). The real risk in biological control is not in finding an
introduced species or in ensuring that the proposed biocontrol agent clears all
the hurdles. The risk is misunderstanding the nature of host specificity. Not
enough is known about how natural enemies find and control weed hosts.
Why do they do it?

In addition to the fundamental biological questions, there are questions
those who develop to sell must ask (Auld, 1991). These include concern about
the size and stability of the market and what competing products there may
be. Manufacturers must also be concerned about the ability to patent a product
to protect their investment and create a reasonable guarantee of profit. Finally,
they must ask what is known about the organism and how much it will cost
to develop a biological control agent (Auld, 1991).

Given the advantages and disadvantages of biological weed control, there
are, and will continue to be, conflicting interests when biological organisms
are used for weed control. A plant that is a pest in one place may be beneficial
in another place or at least it may be liked. The spread of an organism
once it has been released cannot be controlled. Future and present values
must be considered, as well as minority and majority interests, neighboring
nations, and direct and indirect effects on other species and the environment
(Huffaker, 1964).

A few examples illustrate the complexity (Huffaker, 1964). Prickly pear is
one of the best examples of the success of biological control of a weed by an
insect. The first prickly pear was introduced to Australia from Brazil by
Captain Arthur Phillip in 1788. Myers and Bazely (2003) suggest this was
done to develop a source of red dye for the red coats of the British army
from the cochineal bugs that feed on the cactus. Prickly pear was spread
widely in Australia as an ornamental and a hedgerow plant. It was also valued
as a source of fruit and forage for cattle during droughts. Some species are
still used as hedgerow fences and for fruit in North Africa. By 1916 the
prickly pear species had invaded more than 60 million acres in Australia and
was estimated to be spreading at 1 million acres a year. It was an environ-
mental disaster. In 1924, exploration in Argentina found a moth borer that
attacked a variety of cactus (Opuntia) species in Argentina. Moth eggs were
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collected, sent to Australia by ship, reared, and released from 1925 to 1929
(Myers and Bazely, 2003). Within three years of the introduction of the moth
borer, Cactoblastis cactorum, the prickly pear area was transformed as if by
magic from a wilderness of 60 million acres of prickly pear to prosperous
agricultural land. No one in Australia objected. In Hawaii, there were vigor-
ous objections to introduction of the same moth borer. Cattlemen objected
because the tree cactus was useful as feed and as a source of otherwise
unavailable water on some ranges. The program was also opposed on the US
mainland because of similar sentiments in Mexico and in parts of the United
States. However, the moth has invaded and is spreading rapidly in southern
US states. No one knows if it will spread to Mexico, a center of cactus
diversity, where cactuses are used and valued (they appear on the national
flag; Myers and Bazely, 2003). The prickly pear cactus biocontrol story is
one of great success, but it also illustrates how little is known about the
possible consequences.

In California, control of yellow starthistle involves cattlemen, beekeepers,
fruit growers, and seed crop growers. The weed damages grazing land, grain,
and seed crops. Cattlemen, those primarily affected, want to get rid of it.
However, the thistle is a key plant in maintenance of the bee industry for pol-
lination of fruit and seed crops in California. The fruit and seed crop industry
dominated the early debate. Now five insects have been introduced and
are established in California, Idaho, Oregon, and Washington. A rust fungus
(Puccinia jaceae var. solstitialis) originally from Turkey was released in
California in 2003 for biological control of yellow starthistle (Coombs et al.,
2004; Rees et al., 1996).

Wood-boring insects are important for control of mesquite because trees
infested with wood borers are easier to burn, a primary control technique
(Ueckert and Wright, 1973). Defoliating mesquite with the herbicide 2,4,5-T
caused the wood-boring insects to die and resulted in trees that were more
difficult to burn. Control techniques can conflict even when each is designed
to accomplish the same end.

Table 11.2 lists some of the weeds for which biological control efforts have
been established and a few others that show promise for the future (Coombs
etal., 2004). The list is included to show the scope of current efforts, although
it could be much longer.

II. METHODS OF APPLICATION

There are four methods of applying biological control agents: one theoretical
and three that are used (Wapshere et al., 1989; Turner, 1992).
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TABLE 11.2. A Partial List of Present and Potential Biological Control Programs.”

Weed

Biocontrol agent

Type of agent

Established biocontrol agents

Musk thistle
Hydrilla
Leafy spurge

Prickly pear

Russian knapweed
St. Johnswort

Tansy ragwort

Rhinocyllus concicus

Ctenopharyngodon idella

Aphthona cyparissae + total of 6

Aphthona spp.

Spurgia esulae

There are 12 insects that are used

Dactylopius opuntiae
Cactoblastis cactorum
Subanguina picridis
Chrysolina quadrigemina
Longitarsus jacobaeae

Botanophila seneciella

Potential weeds for biocontrol

Brazilian peppertree
Common teasel
Garlic mustard
Giant reed
Japanese knotweed
Sulfur cinquefoil

Hoary cress/whitetop

Schinus terebinthisfolius
Dipsacus fullonum
Alliaria petiolata
Arundo donax

Fallopia japonica
Potentilla recta

Cardaria draba

Beetle
Fish = grass carp

Beetle
Gall tip midge

Cochineal scale

Moth

Gall-inducing nematode
Beetle

Flea beetle

Seed head fly

Insect: sawfly and thrips
Flea beetle

Weevils

Chloropid fly

Rust fungus

Beetles and moths

Weevils

Sources of additional specific information: Turner (1992); Julien (1992); Coombs et al. (2004);
Rees et al. (1996). Julien and Griffiths (1998) is a world list of 949 releases of exotic agents for
control of weeds from the late 19th century to 1992. It records the place(s) of release and known
results. Coombs et al. (2004) includes 39 weeds for which biological control agents have been
released and 15 other weeds for which studies are in progress but where no releases have been
made.

A. CLASSICAL, INOCULATIVE, OR IMPORTATION

This method has been limited to weeds that are not closely related to crop
plants and that belong to sharply defined genera or families that, theoretically,
are taxonomically well separated from other families (Wapshere et al., 1989).
Classical biological control is the introduction of host-specific, exotic, natural
enemies adapted to introduced (exotic) or native weeds. The great majority of
weeds and nearly all the worst weeds has been introduced to agricultural
habitats. The basic theory is that when a weed is introduced to a new region
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or country, it was freed of natural enemies that regulated its population
effectively. Often natural regulation was by an innocuous species in the
native place.

This is an ecological approach. The introduced target weeds often occur
on undisturbed rangelands or in infrequently disturbed habitats (e.g., a
pasture or perennial crop). Classical control works best in habitats with
minimal disturbance from man. It is the most used and most successful
long-term method.

All of the preceding steps are followed. These include weed identification;
identification of native habitat; searching for and importation of a natural
enemy; research on rearing, specificity, and so forth; and ultimate release. The
method is only appropriate with highly specific natural enemies. Arthropods
and fungal pests are first choice because they may be specific. Vertebrate
animals are usually nonspecific feeders and not suitable for importation
(Turner, 1992). The weeds targeted for classical control have almost always
been economically important. No other control method has been successful,
and their range has expanded to areas where it is not economical to control
them with available methods (e.g., puncturevine, Russian thistle, diffuse and
spotted knapweeds).

B. AUGMENTATIVE OR INUNDATIVE

When large numbers of control agents are raised and released, their abun-
dance is augmented and an area is inundated with them. Releases can be single
or repeated throughout a season. The control and target organisms are usually
natives, but they may not be. Inundative control employs ecological knowl-
edge but is essentially technological and short term. The method eliminates
costly international searches for a weed’s native habitat and an organism suit-
able for import. It augments the inherent phytotoxicity of organisms by
abruptly increasing their population. Biological control is made effective in a
short time, perhaps even in an annual crop’s season. Specificity, however,
must be guaranteed. The best agents must be amenable to large-scale captive
rearing and have a reproductive method that allows rapid population increase.
This requirement alone has inhibited this technique. A stable but easily
changed resting or spore stage is helpful. Organisms used for inundation have
been pathogens or nematodes rather than arthropods, which do not satisfy
the aforementioned criteria. A Cochineal scale is redistributed each year in
some areas to control prickly pear, a natural process that has been going on
a long time. The conscious use of inundative techniques by man is relatively
recent. The natural process is a result of evolution and is reflected in the
balance of nature.
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C. CONSERVATION

If the number of native parasites, predators, and diseases of native plants could
be conserved or protected and thereby increased, they should be more effective
and might give control. This theoretical concept rests on the assumption that
if the population of organisms that prey on an organism with biological control
potential could be reduced, the potential agent could fulfill its long-term
control potential. It is the same principle involved in importation, but the
approach is different. For example, the insect Aroga websteri eats foliage of big
sagebrush. It has not been exploited for biological control but presumably
could be increased in its natural habitat.

D. BROAD-SPECTRUM CONTROL

Broad-spectrum control involves artificial manipulation of a natural enemy’s
population so a weed is controlled. Whole habitats rather than just a target
weed have been modified with this technique. Ecological appropriateness and
effectiveness and the organism’s virulence are not as important because they
can be changed by the population or the stocking rate of the control agent.
Safety and specificity are less important for the same reason. The best example
is use of selectively polyphagous grazing animals. Fences or shepherds
are required to manage grazing animals and expenses are high, but control
is possible. Use of goats in the western United States to manage leafy
spurge and other noxious weed infestations is an example of broad-spectrum
biological control.

III. BIOLOGICAL CONTROL AGENTS

Biological control of weeds began after the technique was used to control
insects. It began in the United States in Hawaii in 1902, when eight fruit- and
flower-feeding insects were introduced from Mexico to control largeleaf
lantana, a perennial shrub native to Central America. Lantana is used through-
out the world as an ornamental and has escaped to become a weed (Goeden,
1988; Huffaker, 1964). Many early biocontrol efforts emphasized insects
that bored in roots, stems, or seed. Boring provides avenues for secondary
infection by bacteria, and fungi and boring insects are usually host-specific.
Early efforts also emphasized agents that destroyed flowers in contrast to those
that fed only on foliage. Experience has shown that leaf-eaters may be just as
safe and equally effective. Now many organisms other than insects are used
for biological control of weeds (Andres, 1966; Goeden et al., 1974; Holloway,
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1964). A summary of 73 biological control agents approved for 26 species and
several other potential agents is available for weeds in the western United
States (Rees et al., 1996). Coombs et al. (2004) provided a broader summary
of biological control agents for invasive species in the United States.

A. CLASSICAL OR INOCULATIVE
B1oLOGICAL CONTROL

Insects

Classical biological control has been used for many years. The earliest record
of biological weed control was the release of the cochineal insect Dactylopius
ceylonicus from Brazil to northern India in 1795 to control prickly pear cactus
(Goeden, 1988). Actually the insect was not identified correctly and was
believed to be a species that produced carmine dye (Goeden, 1988). It readily
transferred to its natural host plant and was subsequently introduced in south-
ern India from 1836 to 1838, where it successfully controlled prickly pear
cactus. Shortly before 1865, the insect was transferred to Sri Lanka and accom-
plished the same thing. This was the first successful transfer of a natural enemy
between countries for biological weed control (Goeden, 1988).

An example of classical biological control of prickly pear cactus was the
introduction of D. opuntiae in 1951 to Santa Cruz Islands off the coast of
southern California. It is perhaps the best example of successful biological
control of a native US weed with introduced insects (Goeden and Ricker,
1980). Over many years the insect has given partial to complete control of
prickly pear (Goeden and Ricker, 1980; Goeden et al., 1967).

A second example of weed control by an insect is the use of the French
chrysomelid leaf beetle Chrysolina quadrigemina for control of St. Johnswort
(Klamath weed). After its introduction to California in 1946, St. Johnswort
was removed from the state’s noxious weed list (Coombs et al., 2004). The
beetle’s success is due to its great specificity and the synchronization of its
requirements with St. Johnswort’s growth. It has been successful in the western
United States and has been introduced to British Columbia, where it has
adapted to the colder winters (Peschken, 1972). Adult beetles strip the plant
at flowering in spring and early summer, and larvae feed in fall and winter
(Huffaker and Kennett, 1959). The beetle’s effectiveness and that of a related
species (C. hyperici) is limited by fall rainfall patterns. Biological control of St.
Johnswort has been aided because the two Chrysolina beetles have been joined
by a root-boring insect, a gall midge, and a moth (Coombs et al., 2004). The
weed is widely distributed in Australia, Canada, New Zealand, and South
Africa. In the United States it is especially prominent in California, Montana,
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Oregon, and Washington. Its presence has been associated with sheep move-
ment. St. Johnswort is susceptible to herbicides, but their cost and the inac-
cessibility of infested rangeland were problems.

Biological control has been successful in Northern California, Washington,
and Oregon against the poisonous, biennial weed of rangeland, tansy ragwort.
Two insect species were imported from Europe (Pemberton and Turner, 1990).
A cinnabar moth (Tyria jacobaeae) attacks leafy and flowering shoots, and
larvae of the ragwort flea beetle (Longitarsus jacobeaea) attack the roots. These
have reduced the weed to less than 1% of its density before their introduction
(Turner, 1992). They have been joined by a seed head fly, which is not par-
ticularly effective but is the only biocontrol agent that is well established east
of the Cascade Mountains in the US pacific northwest.

Control of puncturevine in California and Colorado is one of the few vic-
tories over an annual weed (Turner 1992). Two weevils, the seed feeder
Microlarinus lareynii and the stem and crown feeder Microlarinus lypriformis,
were introduced from Italy beginning in 1961 (Maddox 1976). The weevils
work best where the climate is warm. They do not overwinter well in cold
climates (Turner, 1992). An Oregon company (IRV Goatheads; see www
.goatheads.com) sells 250 adult weevils for $75, the recommended release for
moderate infestations. The promotion is that using the weevils will help
prevent injuries to bare feet and flat tires on bicycles caused by the tough seed
pods. The weevils seem to be most effective when their use is combined with
chemical control (Marston, 2005).

Research has been conducted on several insects for control of leafy spurge.
At least 11 different insects have been released in the United States with
success varying from minor to spectacular. The leafy spurge hawkmoth (Hyles
euphorbiae) imported from Austria, Hungary, and India eats leaves and flowers
during the caterpillar stage (Harris et al.,, 1985) but has had only minor
success. A stem- and root-boring beetle (Obera erythrocephala) imported from
Hungary and Italy was established in Montana and North Dakota (Leininger,
1988). The beetles puncture stems and lay eggs. Larvae bore into roots, where
they mature and exist on carbohydrate root reserves. There is some evidence
that the beetle prefers some biotypes over others (Coombs et al., 2004).
Six species of chrysomelid flea beetles—Apthona abdominalis, cyparissae,
czwalinae, flava, lacertosa, and nigriscutis—were imported to the United States
from Europe. Adult Apthona beetles live up to three months and feed on
leaves. Adult females lay an average of 250 eggs on stems. Larvae bore into
stems and cause extensive damage by feeding on primary and secondary roots
and root hairs. Control by A. nigriscutis, first released in Canada in 1983, has
been spectacular (Coombs et al., 2004). Two clearwing moths, two gall
midges, and a hawk moth have been moderately successful for some leafy
spurge biotypes.
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Another chrysomelid beetle was imported from Argentina to Florida in
1965 and successfully controlled the aquatic alligatorweed (Coulson, 1977).
Alligatorweed was introduced in the United States about 1894 from South
America in ship ballast and had infested nearly 70,000 acres in the southern
United States by the 1960s. Impressive control has been achieved, but the
insect’s success is influenced by temperature, rate of water flow, other plants,
water nutrition, and plant vigor. The weed’s population has been reduced
wherever the beetle has been introduced. A stem borer and alligator weed
thrips have also been successful (Coombs et al., 2004).

A weevil from southern Germany (Rhinocyllus conicus Froelich) was intro-
duced to Canada in 1968 and to West Virginia in 1969 for musk thistle control.
The adult weevils are dark brown with small yellow spots on their back and
are only 3/16 to 1/4 inch long. After feeding and mating on thistles, females
lay eggs on the bracts of developing flowers in late spring. The larvae hatch,
bore into the base of the flower receptacle, and prevent development of some
or all seed. It takes a large number of larvae to completely destroy seed pro-
duction. Because musk thistle is a biennial, a key to its control is prevention
of seed production. Plants produce seed for seven to nine weeks, and the
average plant produces 4,000 seeds. Egg laying is favored by hot, humid
weather, and late flowers may not be affected. Rhinocyllus has been successful
with up to 90% control on some pasture sites where plant competition pro-
vided additional stress, but it is not a complete control for musk thistle. The
weevil, unfortunately, may be a bad case of biological control and an exception
to the statement that no biological control has ever escaped to become a pest.
It attacks native thistles and can move to other species, including the endan-
gered Sacramento thistle in New Mexico. Rhinocyllus may have a fatal flaw
for a good biological control, it is not host specific.

Purple loosestrife has been managed biologically with insects. There are at
least 120 species of phytophagous insects associated with purple loosestrife in
Europe (Malecki et al., 1993). Three species have shown definite promise:
Hylobius transversovittatus Goeze, a root-mining weevil, which attacks the
main storage tissue, and Galerucella calamariensis L. and G. Pusilla L., both
leaf-eating beetles that are capable of defoliating entire plants. Malecki et al.
(1993) predict that once these species establish in the field, the combination
of defoliation by the chrysomelid beetles and root destruction by the weevils
will lead to long-term negative effects on stands of purple loosestrife.

A major effort is underway to find biological control insects for melaleuca
and Brazilian pepper, major invasive species in Florida. Over 200 insects that
feed on melaleuca have been found in Australia, its natural habitat, and are
being tested. Each of these is an aggressive, nonindigenous plant, and they
have replaced large natural plant communities (US Congress, 1993; Langeland,
1990). A beetle and a psyllid are promising and under evaluation for melaleuca
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control in Florida (Coombs et al., 2004). No effective biocontrols for Brazilian
peppertree have been released in Florida, but at least four are under intensive
investigation. Three insects (two moths and a beetle) were released in Hawaii
but were not effective (Coombs et al., 2004).

A major current concern in the western United States is saltcedar or tama-
risk (tamarix), an import from Eurasia. Four species dominate: T. parviflora,
T. ramosissima, T. chinensis, and T. gallica. Each is a deciduous shrub that
grows 3 to 30 feet tall, with an average height between 9 and 21 feet. They
are highly tolerant of saline soil (up to 30,000 ppm salt). They also tolerate
fire, drought, flooding, and cold temperatures (Coombs et al., 2004). In short,
they are survivors able to adapt to many environments. The main concern is
their ability to adapt to riparian areas in the western United States in which
they rapidly exclude native vegetation and use prodigious quantities of
groundwater (a stand of saltcedar will use an average of 4 to 5.5 acre feet
per year—acre foot = 325,000 gallons of water). The larvae and adults of
the saltcedar leaf beetle feed on foliage and have been released in several
western US states. They do not destroy the stems, which have to be removed
manually. Initial action is slow, but by the third year of beetle infestation,
large areas can be defoliated.

B. INUNDATIVE OR AUGMENTATIVE

Fungi

An endemic anthracnose disease controls Northern jointvetch, a grassy weed
in rice and soybeans in southeastern United States. Application of a dry, pow-
dered formulation of the fungus Colletotrichum gloeosporioides (Penz) Sacc. f.
sp. aeschymonene as a mycoherbicide (trade name COLLEGO™, Ecogen, Inc.)
has been effective. Daniel et al. (1973) introduced the concept of mycoherbi-
cide (TeBeest, 1991; Wilson, 1969). It is possible to spray the formulated
fungal spores on rice infested with Northern jointvetch (Daniel et al., 1973).
After a four- to seven-day incubation period, Northern jointvetch dies in five
weeks. The fungus is specific, can be produced in large quantities in artificial
cultures, and the cultures are infective in the field. Two isolates of the fungus
have been combined for effective control of Northern jointvetch and winged
waterprimrose in rice (Boyette et al., 1979). A phenoxyacid herbicide can do
the same job in two weeks, so the fungus is slower. The fungus must be
sprayed annually and is used only when there is a problem. Introduction does
not permanently increase its population level.

Bioherbicides, also known as mycoherbicides, are preparations of living
inoculum of a plant pathogen, which has been formulated and are applied
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similarly to chemical herbicides. They have been available since the early
1960s in the United States and China (Auld and McRae, 1997). Although few
commercially successful products have been developed, there is international
interest in bioherbicides (e.g., the work of Li et al., 2003, in China). Bioher-
bicides were reviewed by Boyetchko (2001).

The active ingredient in a mycoherbicide is a living microorganism, applied
in innundative doses. The organism is commonly a fungus, and its propagules
are spores or fragments of mycelium. They frequently fail because of the
pathogen’s requirement for extended periods of dew or rain (Auld and McRae,
1997). A mycoherbicide has been successful for control of stranglervine in
citrus orchards in Florida after application of live chlamydospores of Phytoph-
thora palmivora (Butl.) It was first registered in 1981 and marketed as Devine™
by Abbott Laboratories (it is now marketed by Valent Corp.). Live chlamy-
dospores germinated 6 to 10 hours after application to a wet soil surface. The
fungus initiated a root infection that killed stranglervine in 2 to 10 weeks,
depending on the vine’s size and vigor when Devine was applied. Complete
control was not obtained in one year, but the fungus persisted and was effec-
tive for up to five years, which is a sales disadvantage. Drift to susceptible
plants including cucumber, squash, watermelon, rhododendron, begonia, and
snapdragon is a problem. In addition to its persistence and effect on other
species, the formulation rapidly lost viability after preparation. It had to be
treated like fresh milk and even with refrigerated storage, it could not be stored
for use another year.

Another mycoherbicide, BioMal'® manufactured by Philom Bios of Sas-
katchewan, is registered in Canada for control of common mallow in several
crops but its market success has been limited. There are good reasons more
such products are not presently commercially available (Auld, 1995; Watson,
1989). The most important reason may be that herbicides have been so suc-
cessful for control of each targeted weed and for the commonly encountered
weed complexes. Specificity is the essence of success for biological control
agents, but it may lead to commercial failure because weeds usually exist in
complex communities. Removal of one weed with a specific biocontrol agent
creates a situation where others, released from competition, flourish. Equally
important is the fact that each product targeted a specific weed and that
inevitably made its market small. Other reasons include the difficulty of
mass-producing the infective agent and formulating it so it could be applied.
Low pathogen virulence is a common problem. Whereas chemical herbicides
can be applied under a range of environmental conditions with reasonable
expectation of success, if bioherbicides are applied with unfavorable moisture
or temperature, failure is common. Successful application of mycoherbicides
normally requires a long dew period that is difficult to obtain in dry
climates. Achieving success with a bioherbicide requires a comprehensive

1TM
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understanding of the pathogen, the biology and population dynamics of the
target weed, the optimum requirements for disease initiation, and the interac-
tions within the host-pathogen system (Watson, 1989). Chemical herbicides
are similar to the brute force required to win in Japanese sumo wrestling,
whereas bioherbicides more closely resemble the finesse of successful judo
wrestling.

Fusarium oxysporum f. sp. cannabis could provide safe, efficient control of
marijuana (McCain, 1978). In inoculation studies and in nature, only mari-
juana was infected. All marijuana types tested were susceptible and cultivars,
grown only for hemp, were resistant. Inoculum for field use can be grown
efficiently on mixtures of barley straw combined with alfalfa or soybean oil
meal. Inoculum spread at 10kg/ha resulted in 50% mortality of seeded mari-
juana. Three-quarters of subsequent marijuana plantings died. The fungus
causes disease over a wide temperature range, and once a field is infested,
marijuana cannot be grown for many years. There is no known danger from
the fungus to humans, animals, or other plants.

A potentially more important application of Fusarium oxysporum is control
of witchweed, one of the world’s worst parasitic weeds. It is considered by
many to be the greatest constraint to food production in Africa, particularly
in the sub-Saharan region. (For additional information on witchweed, see
Chapter 3.) Fusarium species from West Africa, grown on sorghum straw, have
successfully prevented all emergence of witchweed and increased sorghum dry
weight as much as 400%. In growth chambers, the fungus inhibited germina-
tion and attachment of witchweed to sorghum roots (Ciotola et al., 1995).

The most extensively studied group of plant pathogens is the fungal genus
Colletotrichum. C. coccodes, isolated from eastern black nightshade (Anderson
and Walker, 1985) did not kill velvetleaf, but another isolate did (Wymore
et al., 1987). Other strains of the fungus kill tomatoes and potatoes, but the
identified strain is harmless to all crops tested. It causes disease on velvetleaf
over a wide range of dew periods and temperatures, but it is most effective
after a 24-hour dew period at 75°F (Wymore et al., 1987).

Peng et al. (2004) showed that mycelial suspensions of Pyricularia setariae
had strong specificity for control of green foxtail with no significant patho-
genicity on more than 25 other species, including wheat, barley, and oats.
When the fungus was applied with 10° spores per ml, green foxtail fresh weight
was reduced 34%. If 10" spores were used, fresh weight was reduced 87%. The
efficacy was comparable to the commonly used herbicide sethoxydim, and 80%
of green foxtail plants resistant to the herbicide were also controlled.

Several strains of the rust fungus Puccinia chondrillina have been tested for
control of rush skeletonweed (Lee, 1986) to find one for importation and,
subsequently successful, use in Australia and dry Mediterranean areas. It was
the first exotic plant pathogen successfully used for weed control in North
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America (Coombs et al., 2004). A strain of P. chondrilla was released success-
fully in California in 1976 and spread to Oregon in two years (Lee, 1986).
The rust has controlled skeletonweed successfully and is specific. Rush
skeletonweed is also affected by a root moth, a gall midge, and a gall mite
(Coombs et al., 2004).

Puccinia punctiformis, a rust fungus, is an obligate parasite specific to
Canada thistle (Cummins, 1978), and infection can lead to death. Infection
reduces flowering and vegetative reproduction (Thomas et al., 1995). However,
Canada thistle has been very difficult to control everywhere it exists, and
the rust fungus, while present, has not been effective.

Conidia of the fungal pathogen Myrothecium verrucaria when sprayed in an
aqueous phase crop oil emulsion controlled red, ivyleaf, smallflower, and tall
morningglory in the three- to five-leaf growth stage (Millhollen et al., 2003).
Conidia continued to be effective after autoclaving indicating the action was
not due to fungal infection. Chemical analysis showed the presence of several
macrocyclic trichothecenes (potent protein synthesis inhibitors), some of
which are known phytotoxins (Lee et al., 1999).

Chandromohan et al. (2002) found that a mixture of fungal pathogens iso-
lated from fungi native to Florida controlled six annual and one perennial
grass, as well as any one of the pathogens alone. It was possible to manage all
seven weeds in the field with an emulsion mixture of the pathogens. The weeds
have been difficult to control because they are tolerant of available herbicides,
and their growth habits enable them to resist other control practices.

Wilson (1969) described principles for control of weeds with phytopatho-
gens that are still applicable. The first is that host resistance is the primary
deterrent to success and may often restrict disease to insignificant levels.
Weeds usually have several, rarely fatal, disease lesions on their foliage. Natural
weed populations resist insects and diseases because of climate and soil varia-
bility and the regular presence of natural, but not fatal, enemies. Disease sus-
ceptibility is the exception rather than the rule. Disease epidemics result from
importation of new diseases or more virulent strains rather than mere pres-
ence. These principles, while generally true, may fail in specific cases. Weed
scientists have isolated, cultured, and redistributed local pathogens such as
the aforementioned anthracnose disease to achieve weed control. Further work
in this area for terrestrial and aquatic weeds (Zettler and Freeman, 1972) offers
promise, but while it has been an active research area, commercial success has
been elusive. A 1982 review of biological control with plant pathogens reported
4 projects with bacteria, 42 with fungi, 3 with nematodes, and 6 with viruses
(Charudattan and Walker, 1972). The book by TeBeest (1991) has many
more, but continued progress has been limited. Research is proceeding; the
sixth international workshop, Bioherbicides: The Next Generation, of the
International Bioherbicide Group was held in 2003 in Canberra, Australia.
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Zorner et al. (1993) concluded that the commercial success of bioherbicides
“depends on devoting major efforts toward developing appropriate fermenta-
tion, stabilization, and delivery technology.” As noted, research is proceeding,
but the major efforts required have not followed.

Phytopathogenic bacteria have not been considered to have good potential
as biological agents because in spite of their known activity, they do not pen-
etrate plants well. This deficiency has been overcome by combining bacteria
with surfactants or a cultural operation that injures plants such as mowing.
Spray application of Pseudomonas syringae in an aqueous buffer with a sur-
factant produced severe disease in several members of the Asteraceae including
Canada thistle (Johnson et al., 1996). Spray application without surfactant
failed to produce disease in any plants. Xanthomonas campestris pv. poannua
controlled several annual bluegrass biotypes in bermudagrass golf greens when
it was sprayed during mowing but not when it was applied without mowing.
Prior mowing injured the grass and allowed the bacteria to enter and cause
lethal systemic wilt (Johnson et al., 1996). This technique may lead to further
development of bacterial herbicides. They are not obligate biological agents,
but they do not persist so may escape the disadvantage of lack of specificity.
They must be applied annually. They also have an advantage over fungi
because a dew period (wet period) is not required to activate them.

C. BROAD-SPECTRUM CONTROL

Fish

The white amur or grass carp (Ctenopharyngodon idella Valenciennes) is an
herbivorous fish native to the Amur River, which forms most of the boundary
between northeast China and southeast Russia. It can consume 3 to 5 pounds
per day of aquatic plants (especially hydrilla); adults may weigh 70 to 100
pounds. It does not spawn in warm water, so it is possible to control its popu-
lation (Van Zon, 1984). The grass carp breeds but only in large rivers or canals
with high water volume and velocity. It feeds on grass and other terrestrial
vegetation. Scientists have discovered a way to ensure production of sterile
fish. Researchers have tried to cross the white amur and the big-head carp to
produce a voracious weed-eating hybrid. There are 240,000 miles of irrigation
canals, ditches, and drains in the 17 western United States, and many have
aquatic weeds. A theoretical advantage of plant-eating fish is that they may be
harvested for food, and, if sterile, their population should be controllable, plus
they shouldn’t threaten other species.

Resistance to introduction of the grass carp or its hybrids centers
around their potential to cause problems similar to those that occurred after
introduction of the common carp. These include degradation of water quality
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The sea manatee eats cattails, waterhyacinth, and other aquatic vegetation.
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due to the carp’s bottom feeding that disturbs sediments and muddies the
water and crowding out desirable fish because of the carp’s rapid population
growth in the absence of natural enemies. A single female grass carp may
produce up to a million eggs, and therefore, research has emphasized sterility
in released populations.

A concern when a fish is introduced is whether it will prefer and eat selec-
tively the weeds those who introduce it wish to control. Will the fish consider
the same species desirable that a Department of Natural Resources or biological
control scientists consider undesirable?

Aquatic Mammals

The sea manatee (Trichechus manatus) eats cattails and waterhyacinth and can
weigh over one ton. It is not discriminatory in its diet and eats many kinds of
aquatic vegetation.

Manatees have cleared up to half a mile of canal and banks of a major
aquatic waterway in Florida in three weeks. In Florida they had no natural
enemies other than man until early 1996 when a over a hundred of about
2,600 remaining manatees died from a poisonous phytoplankton known as
red tide. Manatees breath oxygen and often swim just below the surface of
the water, where they are hit by boat propellers. They reproduce in both
fresh and salt water. However, they are not good biological controls
(Etheridge et al., 1985). Estimates of consumption of hydrilla in Kings Bay,
Florida, showed that it would take ten times as many manatees just to
consume the standing biomass of hydrilla. The natural manatee population
(116) was not small for the area, but it was inadequate to control the hydrilla
population without even considering increased growth of hydrilla during the
winter season.

It is said that sailors may have seen sea manatees with their fish tail
and thought they were mermaids. If you see one, you may think the
sailors had a little too much grog. The animal really looks a little like
former President Grover Cleveland—chubby with whiskers and thick,
wrinkled skin.

Vertebrates

Sheep and goats graze plants that cattle won't eat, such as leafy spurge. Goats
relish shrubby species and eat more than sheep, but they are difficult to
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contain. It takes special attention to fencing to keep them in a place, or it
takes a careful herder (usually human and canine); goats love to roam.
Sheep- and goat-proof fencing is expensive, as is herding. Goats can be
used as a follow-up to mechanical treatments and have killed root sprouts
of gambel oak. Goats prefer oak over other plants and don’t compete with
cattle for forage. They eat brush, leaves, twigs, and almost anything that is
organic. Goats have been used successfully to control saltcedar, but 17
months later, the control was not as good as the herbicide imazapyr (Rich-
ards and Whitesides, 2006). A combination of grazing one year followed by
imazapyr the following year was the most successful. Goats turn to grass
when other vegetation has been eaten. They must be removed when they
have eaten 90 to 95% of the weedy foliage or they begin to compete with
cattle. Goats, because they are aggressive grazers that can denude an area,
can destroy wildlife habitat, so regular management is required. But not all
is bad. Goats control brush and weeds without disturbing existing grass or
the soil. Goats would rather eat brush and weeds than the grasses that
cattle prefer. They are browsers, not grazers, as cattle are. Cattle eat as they
move, whereas goats move to eat; they browse. Goats also fertilize as they
go, and the action of their small hooves literally helps to plant the seeds of
the next grazing crop. Goats have been called the next hip things in eco-
friendly weed management (Rosner, 2003). They may be more useful for
weed management in urban areas than in agricultural fields. Other than the
energy to get to a site, no petroleum energy is required for goats to do their
work, no chemicals are required, and soil is not disturbed. People seem to
like them.

Geese, ducks, and chickens have been used to weed strawberries, raspber-
ries, and some vegetables. They will selectively remove grasses and small
broadleaved weeds without crop damage. Chickens and geese selectively
control nutsedge in several crops. They are not selective in grass crops.
Experiments have shown advantages for geese for weed control during estab-
lishment of tree seedlings (Wurtz, 1995). Geese feed almost exclusively on
grasses and broadleaved weeds, whereas chickens are omnivorous and eat
weed seedlings, seeds, insects, and soil invertebrates (Clark and Gage, 1996).
Chickens didn’t affect weed abundance or crop productivity (Clark and Gage,
1996). Geese were more effective because they reduced weed abundance and
improved potato yield. The problem with geese is they are picky and
don’t eat all weeds. So species that are unpalatable to geese, such as curly
dock and daisy fleabane, increased in abundance (Clark and Gage, 1996). An
unsuspected benefit of weeding by geese was a reduction in damage to
apples by the plum curculio. Clark and Gage (1996) attributed this to
reduced humidity at the soil surface due to weed removal, which reduced
plum curculio activity.
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IV. INTEGRATION OF TECHNIQUES

Successful, sustainable weed management systems employ combinations
of techniques rather than relying on one. Biological control is easy to
combine with other methods because, ideally, once established, it can be self-
perpetuating. To be successful, an integrated system requires a thorough
knowledge of the ecological relationships within the weed-crop system. Knowl-
edge of a farmer’s production goals and farming system is necessary but not
sufficient. When the goal is sustainable weed management rather than annual
control, thorough ecological understanding is required (Wapshere et al.,
1989). Successful weed management means that the weed population will be
reduced and maintained at a noneconomic level. When annual control is the
only aim, rougher techniques can be employed that require less biological
knowledge and management skill.

There are several examples of cropping systems in which weed presence
actually facilitates biological control of some pest organisms (Table 11.2
includes a few examples). Therefore, it is reasonable to conclude that in some
cases complete weed control can be an undesirable goal.

Biological and chemical control have been combined to manage common
groundsel (Frantzen et al., 2002). Biological control was based on stimulating
epidemic infections of the rust fungus Puccinia lagenophorae to reduce the
weed’s competitiveness at the population level. Common groundsel was con-
trolled well by monolinuron, and the fungus was not needed. The fungus was
not compatible with metoxuron, and biological control was contraindicated.
However, when pendimethalin was the herbicide of choice, the use of the
fungus against common groundsel was complementary to pendimethalin’s
action on other weeds.

The fungus Cochliobolus lunatus is endemic on barnyardgrass (Scheepens,
1987). It has potential as a biological control agent but does not have sufficient
activity alone to kill barnyardgrass. It has been successful when combined with
sublethal doses (a dose that will not control the weed) of the herbicide atra-
zine. Under appropriate conditions the fungus produces leaf necrosis and kills
seedlings with fewer than two leaves. Plants with more than two leaves recover,
although their growth is slowed. It can be used successfully in beans, barley,
corn, oats, rye, tomatoes, and wheat. Combination of the fungus with sublethal
doses of atrazine enhances control over that achieved with the fungus or atra-
zine alone (Table 11.3). This is especially true as the weed gets older.

The success of the Chrysolina beetle for control of St. Johnswort has
already been mentioned. A successful, integrated system for pastures was
developed in Australia (Campbell, 1979) and combined the beetle (biological
control agent), an herbicide, and use of plant competition through reseeding
in areas where the weed’s population had been reduced. On arable land a
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TABLE 11.3. Effect of Cochliobolus Lunatus and Atrazine on Barnyardgrass in a Growth
Chamber (Scheepens, 1987).

% Necrosis after 9 days

Treatment 22-day-old plants 30-day-old plants 47-day-old plants
Untreated 0 0 0

C. lunatus 60 +-21 60 +-18 15 +-9
Atrazine @ 40 g/A 60 +-19 60 +-19 3+-3

C. lunatus +

Atrazine @ 40 g/A 100 100 75 +-13

combination of mechanical and cultural control was integrated with biological
control. Land is plowed in summer to expose and dry roots, then cultivated
in late summer to continue drying and to prepare for seeding an improved
pasture mixture. Adequate fertilization is required to guarantee the seeding’s
success. On nonarable land five techniques are combined. In addition to the
beetle, heavy grazing by sheep or cattle is used to remove plants that shade
the weed. This is followed by spraying with 2,4-D, planting the proper pasture
mixture with adequate fertilizer to take full advantage of plant competition,
and well-managed, light grazing and additional fertility to maximize the crop’s
advantage and competitive pressure on the weed. These methods seem so
obvious that one is inclined to say, “Of course, that is what should be
done.” If these or similar methods are tried in other environments and crop-
ping systems, they might fail unless the ecological relationships have been
analyzed and understood. Ecological understanding leads to selection of the
best combination of techniques to manage the weed population rather than
the best method to obtain a quick kill but no long-term reduction of the
weed’s population. Chapter 20 has additional examples of integrated weed
management systems.

THINGS TO THINK ABOUT

What applications are there for biological control?

Why hasn’t biological control been used more widely?

What are some good examples of successful biological control of a weed?
What is a bioherbicide or mycoherbicide, and how are they used?

Where are vertebrate animals best used for biological weed control?

How can biological control be integrated with other methods?

ViAW
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7. What are the economic advantages of biological control?
8. Compare and contrast the advantages and disadvantages of biological weed
control.

LITERATURE CITED

Anderson, R.N. and H.L. Walker. 1985. Colletotrichum coccodes: A pathogen of eastern black
nightshade (Solanum ptycanthum). Weed Sci. 33:902-905.

Andres, L.A. 1966. The role of biological agents in the control of weeds. Symp. on pest control
by chemical, biological, genetic, and physical means. ARS Pub. No. 33-110. Pp. 75-82.

Auld, B.A. 1991. Economic aspects of biological weed control with plant pathogens. Pp. 262-273,
in D.O. TeBeest (ed.) Microbial Control of Weeds. Chapman and Hall, NY.

Auld, B.A. 1995. Constraints in the development of bioherbicides. Weed Technol. 9:638-652.

Auld, B.A. and C. McRae. 1997. Emerging technologies in plant protection—Bioherbicides. Proc.
50th New Zealand Plant Prot. Conf. 191-194.

Boyette, C.D., G.E. Templeton, and R.J. Smith. 1979. Control of winged waterprimrose (Jussica
decurrens) and northern jointvetch (Aeschynomene virginica) with fungal pathogens. Weed Sci.
27:49-51.

Boyetchko, S.M. 2001. Biological herbicides in the future. Pp. 29-45, in J.A. Ivany (ed.), Weed
Management in Transition. Topics in Canadian Weed Sci. Vol. 2. Canadian Weed Sci. Soc. Sainte-
Anne-de-Bellevue, Quebec, Canada.

Callaway, R.M., T.H. DeLuca, and W.M. Belliveau. 1999. Biological-control herbivores may
increase competitive ability of the noxious weed Centaurea maculosa. Ecology 80:1196-1201.

Campbell, M.H. 1979. St. John’s Wort. New South Wales Dept. of Agriculture. Agdex 642. New
South Wales, Australia. 16 p.

Chandromohan, S., R. Charudattan, R.M. Snoda, and M. Singh. 2002. Field evaluation of a fungal
pathogen mixture for the control of seven weedy grasses. Weed Sci. 50:204-213.

Charudattan, R. and H.L. Walker (eds.). 1982. Biological Control of Weeds with Plant Pathogens.
J. Wiley and Sons, Inc. NY. 293 pp.

Ciotola, M., A.K. Watson, and S.G. Hallett. 1995. Discovery of an isolate of Fusarium oxysporum
with potential to control Striga hermonthica in Africa. Weed Res. 35:303-309.

Clark, M.S. and S.H. Gage. 1996. Effects of free-range chickens and geese on insect pests and
weeds in an agroecosystem. American J. Alternative Agric. 11:39-47.

Coombs, EM., J.K. Clark, G.L. Piper, and A.F. Cofrancesco, Jr. 2004. Biological Control of Invasive
Plants in the United States. Oregon State Univ. Press. Corvallis, OR. 467 pp.

Coulson, J.R. 1977. Biological control of alligatorweed, 1959-1972. A review and evaluation. U.
S. Dep. of Agric. Tech. Bull., 1547:98.

Cummins, G.B. 1978. Rust Fungi on Legumes and Composites in N. America. Univ. Arizona Press,
Tucson. p. 138.

Daniel, J.T., G.E. Templeton, R.J. Smith, Jr., and W.T. Fox. 1973. Biological control of northern
jointvetch in rice with an endemic fungal disease. Weed Sci. 21:303-307.

DeBach, P. 1964. The scope of biological control. Pp. 1-20, in P. DeBach (ed.), Biological Control
of Insect Pests and Weeds. Reinhold Pub. Corp. NY.

Etheridge, K., G.B. Rathbun, J.A. Powell, and H.L. Kochman. 1985. Consumption of aquatic plants
by the West Indian manatee. J. Aquat. Plant Manage. 23:21-25.

Frantzen, J., F. Rossi, and H. Muller-Scharer. 2002. Integration of biological control of common
groundsel (Senecio vulgaris) and chemical control. Weed Sci. 50:787-793.



Biological Weed Control 353

Ghersa, C.M., M.L. Roush, S.M. Radosevich, and S.M. Cordray. 1994. Coevolution of agroecosys-
tems and weed management. Bioscience 44:85-94.

Goeden, R.D. 1988. A capsule history of biological control of weeds. Biocontrol News and Informa-
tion 9:55-61.

Goeden, R.D., A. Andres, T.E. Freeman, P. Harris, R.L. Pienkowski, and C.R. Walker. 1974.
Present status of projects on biological control of weeds with insects and plant pathogens in
the United States and Canada. Weed Sci. 22:490-495.

Goeden, R.D., C.A. Fleschner, and D.W. Ricker. 1967. Biological control of prickly pear cacti on
Santa Cruz Island, California. Hilgardia 38 (16):579-606.

Goeden, R.D. and D.W. Ricker. 1980. Santa Cruz island-revisited. Sequential photography records
the causation, rates of progress, and lasting benefits of successful biological weed control. Proc. V
Int. Symp. Biol. Contr. Weeds, Brisbane, Australia. Pp. 355-365.

Harris, P., P.H. Dunn, D. Schroeder, and R. Vormos. 1985. Biological control of leafy spurge in
North America. Pages 79-82, in A.K. Watson, ed. Leafy Spurge. Monograph No. 3. Weed Sci.
Soc. America, Champaign, IL.

Hobbs, RJ. and S.E. Humphries. 1994. An integrated approach to the ecology and management
of plant invasions. Conservation Biology 9:761-770.

Holloway, J.K. 1964. Projects in biological control of weeds. Chap. 23, in P. DeBach (ed.),
Biological Control of Insect Pests and Weeds. Reinhold Pub. Corp., N.Y.

Huffaker, C.B. 1964. Fundamentals of biological weed control. Chap. 22, in P. DeBach (ed.),
Biological Control of Insect Pests and Weeds. Reinhold Pub. Corp., N.Y.

Huffaker, C.B. and C.E. Kennett. 1959. A ten-year study of vegetation change associated with
biological control of Klamath weed. J. Range Management. 12:69-82.

Johnson, D.R., D.L. Wyse, and KJ. Jones. 1996. Controlling weeds with phytopathogenic bacteria.
Weed Technol. 10:621-624.

Julien, M.H. and M.W. Griffiths. 1998. Biological Control of Weeds: A World Catalogue of Agents
and Their Target Weeds. 4th. ed. C.A.B. Int. UK. 223 pp.

Kass, H. 1990. Once a savior (Cactoblastis cactorum), moth is now a scourge. Plant Conservation
5:3.

Langeland, K. 1990. Exotic woody plant control. Circular 868. Florida Coop. Ext Serv. Univ. of F1.,
Gainesville. 16 pp.

Larson, D.W. 1996. Curing the incurable. Am. Scientist 84:7-9.

Lee, G.A. 1986. Integrated control of rush skeletonweed (Chondrilla juncea) in the western U.S.
Weed Sci. 34(suppl.):2-6.

Lee, M-G., S. Li, B.B. Jarvis, and J.J. Pestka. 1999. Effects of satratoxins and other macrocyclic
trichothecenes and viability of EL-4 thymoma cells. J Toxicology and Env. Health
57:459-474.

Leininger, W.C. 1988. Non-chemical alternatives for managing selected plant species in the
western United States. Colo. State Univ. Ext. Ser. Pub. No. XCM-118. 40 pp.

Li, Y., Z. Sun, X. Zhuang, L. Xu, S. Chen, and M. Li. 2003. Research progress on microbial herbi-
cides. Crop Protection 22:247-252.

Lockwood, J.A. 1993. Environmental issues involved in biological control of rangeland grasshop-
pers (Orthoptera: Acrididae) with exotic agents. Env. Entomol. 22:503-518.

Mack, R.N., D. Simberloff, W.M. Lonsdale, H. Evans, M. Clout, and F. Bazzaz. 2000. Biotic
invasions: Causes, epidemiology, global consequences and control. Ecological Applications
10:689-710.

Maddox. D.M. 1976. History of weevils on puncturevine in and near the United States. Weed Sci.
24:414-416.

Malecki, R.A., B. Blossey, S.D. Hight, D. Schroeder, L.T. Kok, and J.R. Coulson. 1993. Biological
control of purple loosestrife. BioScience 43:680-686.



354 Fundamentals of Weed Science

Marston, B. 2005. Heard around the West—California. High Country News. Oct. 17, p. 24.

McCain, A.H. 1978. The feasibility of using fusarium wilt to control marijuana. Phytopath. News
12:129

Millhollen, R.W., D.K. Berner, L.K. Paxson, B.B. Jarvis, and G.W. Bean. 2003. Myrothecium ver-
rucaria for control of annual morningglories in sugarcane. Weed Technol. 17:276-283.

McEvoy, P.B. 2002. The promise and peril of biological weed control (abst.). The 7th annual Janet
Meakin Poor research symposium invasive plants—Global issues, local challenges. Chicago
Botanic Garden. Glencoe, IL. Pp. 14-15.

Myers, J.H. and D. Bazely. 2003. Ecology and Control of Introduced Plants. Cambridge Univ. Press,
Cambridge, UK. 313 pp.

Pemberton, RW. and C.E. Turner. 1990. Biological control of Senecio jacobaea in northern Cali-
fornia, an enduring success. Entomophaga 35:71-77.

Peng, G., K.N. Byer, and K.I. Bailey. 2004. Pyricularia setariae: A potential bioherbicide agent for
control of green foxtail (Setaria viridis). Weed Sci. 52:105-114.

Peschken, D.P. 1972. Chrysolina quadrigemina (Coleoptera: Chrysomelidae) introduced from
California to British Columbia against the weed Hypericum perforatum: Comparison of behav-
ior, physiology, and colour in association with post-colonization adaptation. Can Entomol.
104:1689-1698.

Pimentel, D. 1963. Introducing parasites and predators to control native pests. Can. J. Ent.
95:785-792.

Pimentel, D. 1991. Diversification of biological control strategies in agriculture. Crop Prot.
10:243-253.

Rees, N.E., P.C. Quimby, Jr., G.L. Piper, EM. Coombs, C.E. Turner, N.R. Spencer, and L.V.
Knutson (eds.) 1996. Biological control of weeds in the West. Montana State Univ., Bozeman,
MT.

Richards, R. and R.E. Whitesides. 2006. Biological control of saltcedar by grazing with goats
compared to herbicide treatments. Abst. No. 129 Weed Sci. Soc. Am.

Rosner, H. 2003. Getting her goat: Goats are the hip new thing in eco-friendly weed management.
Http:www://grist.org/news/maindish/2003/09/02/getting/

Scheepens, P.C. 1987. Joint action of Cochliobolus lunatus and atrazine on Echinochloa crus-galli
(L.) Beauv. Weed Res. 27:43-47.

Strobel, G. 1991. Biological control of weeds. Sci. Am. July:72-78.

TeBeest, D.O. Ed. 1991. Microbial Control of Weeds. Chapman and Hall, NY. 284 pp.

Thomas, R.F., TJ. Tworkoski, R.C. French, and G.R. Leather. 1995. Puccinia punctiformis
affects growth and reproduction of Canada thistle (Cirsium arvense). Weed Technol. 8:
488-493.

Turner, C.E. 1992. Beyond Pesticides: Biological Approaches to Weed Management in California. Div.
of Agric. and Nat. Res. Univ. of Calif. Albany, CA. Pp. 32-67.

U.S. Congress, Office of Technology Assessment, Harmful non-indigenous species in the United
States, OTA-F-565. Washington, D.C.: U.S. Govt. Printing Office, September 1993.

Ueckert, D.N. and H.A. Wright. 1973. Wood boring insect infestations in relation to mesquite
control practices. J. Range Mng. 27:383-386.

Van Zon, J.CJ. 1984. Economic weed control with grass carp. Tropical Pest Man. 30:179-185.

Wapshere, AJ., E.S. Delfosse, and J.M. Cullen. 1989. Recent developments in biological control
of weeds. Crop Prot. 8:227-250.

Watson, A.K. 1989. Current advances in bioherbicide research. See http://eap.mcgill.ca/_private/
vl_head.htm. Accessed December 2005.

Wilson, C.L. 1969. Use of plant pathogens in weed control. Ann. Rev. of Phytopath. 7:411-434.

Wurtz, T.L. 1995. Domestic geese: Biological weed control in an agricultural setting. Ecological
Applications 5:570-578.



Biological Weed Control 355

Wymore, L.A., A.K. Watson, and A.R. Gotlieb. 1987. Interaction between Colletotrichum coccodes
and thidiazuron for control of velvetleaf (Abutilon theophrasti 1..). Weed Sci. 35:377-382.
Zettler, FW. and T.E. Freeman. 1972. Plant pathogens as biocontrols of aquatic weeds. Ann. Rev.

of Phytopath. 10:455-470.

Zorner, P.S.; S.L. Evans, and S.D. Savage. 1993. Perspectives on providing a realistic technical
foundation for the commercialization of bioherbicides. Pp. 79-86, in S.O. Duke, J.J. Menn,
and J.R. Plimmer (eds.), Pest Control With Enhanced Environmental Safety. Amer. Chem. Soc
Symp. Series 524.



This page intentionally left blank



CHAPTER ]_ 2

Introduction to Chemical
Weed Control

FUNDAMENTAL CONCEPTS

¢ Herbicides created a major change in the way agriculture is practiced by
substituting chemical energy for human and animal energy.

¢ Herbicides have several advantages and disadvantages all of which should
be considered prior to use.

¢ Herbicides can be classified in several useful ways, but no one way integrates
all of them.

¢ Classifications based on chemical structure and site/mechanism of action
are common.

LEARNING OBJECTIVES

¢ To understand the history of chemical weed control.

¢ To know and understand the advantages and disadvantages of herbicides.

e To understand the different ways of classifying herbicides and the use of
each classification system.

A wider range of methods has been offered to vegetation management through
the use of herbicides. Herbicide comes from the Latin herba, meaning “plant,”
and caedere, meaning “to kill.” Therefore, herbicides are chemicals that kill
plants. The definition accepted by the Weed Science Society of America
(Vencill, 2002, p. 459) is that an herbicide is “a chemical substance or cultured
organism used to kill or suppress the growth of plants.” In effect, a herbicide
disrupts the physiology of a plant over a long enough period to kill it or
severely limit its growth.

Pesticides are chemicals used to control pests. Herbicides, a subcategory,
are pesticides used to control plants. They are different from other pesticides
because their sphere of influence extends beyond their ability to kill or control
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plants. Herbicides change the chemical environment of plants, which can be
more easily manipulated than the climatic, edaphic, or biotic environment.

Herbicides reduce or eliminate labor and machine requirements and modify
crop production techniques. When used appropriately, they are production
tools that increase farm efficiency, reduce horsepower, and perhaps reduce
energy requirements. Herbicides do not, of course, eliminate energy require-
ments because they are petroleum based.

Understanding the nature, properties, effects, and uses of herbicides is
essential if one is to be conversant with modern weed management. Weed
management is not accomplished exclusively by herbicides, but they dominate
in the developed world. Whether one likes them or deplores them, they cannot
be ignored. To ignore them is to be unaware of the opportunities and problems
of modern weed management. Ignoring or dismissing herbicides may lead to
an inability to solve weed problems in many agricultural systems and may
delay development of better weed management systems.

I. HISTORY OF CHEMICAL WEED CONTROL

A. THE BLOOD, SWEAT, AND TEARS ERA

Agriculture can be thought of as having had three eras. The first is best char-
acterized as the blood, sweat, and tears era. Famine and fatigue were common,
and inadequate food supplies occurred frequently. Most people were farmers,
and many farms were small and operated at a subsistence level. Life was, for
most people, in the words of the British philosopher Thomas Hobbes
(1588-1679):

Wherein men live without other security, than their own strength, and their
own invention shall furnish them. . . . In such conditions there is . . . no knowledge
of the face of the earth; no account of time; no arts; no letters; no society; and
which is worst of all, continual fear and danger of violent death; and the life of
man, solitary, poor, nasty, brutish, and short.

Hobbes’s dismal view still characterizes the lives of at least 3 billion of our
fellow human beings who live on less than the equivalent of US $2 per day
(Nielsen, 2005, p. 170).

B. THE MECHANICAL ERA

The mechanical era of agriculture began with the invention of labor-saving
machines. In 1793, Eli Whitney invented the first workable cotton gin. Cyrus
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McCormick invented the reaper in 1834 and began manufacture in 1840.
John Deere perfected the steel moldboard plow in 1837. In 1830, four farmers
in the United States supported five nonfarmers. In 1910 a farmer fed himself
(most were men) and six others. By 1930, one farmer was able to support 10
nonfarmers. One farmer supported 40 nonfarmers in 1965. US Census data
show a nearly constant decline in the number of farms, number of farmers,
and persons per farm since 1900. Today, fewer farmers support more nonfarm-
ers in the United States and several non-US people through food exports. Much
of the increase in farm productivity has been due to agricultural mechanization
and improved technology.

C. THE CHEMICAL ErA

The third era of agriculture, the chemical era, boosted production again. The
chemical era really began when nitrogen fertilizer became readily available and
increased production of the newly available hybrid corn. In the early 1930s
when these things began, one-quarter of the American population lived on
farms. When nitrogen fertilizer was combined with hybrid corn varieties, first
experimented with by Henry Wallace in 1913, yields went up rapidly.
Wallace’s early work led to his founding Pioneer HI-Bred Int. in 1926. Subse-
quently, hybrid corn was popularized by Roswell Garst in Iowa. In 1933, corn
sold for 10 cents a bushel, and a fraction of 1% of lowa land was planted with
hybrid seed. In 1943, 99.5% of Iowa corn was hybrid. In 1933 corn yield was
24.1 bushels per acre, about what it was during the Civil War. In 1943 it was
31, but by 1981 it had grown to 109 bushels per acre (Hyde, 2002).

After 1945, when pesticides were developed and became widely available,
yields continued to increase. In 1992, about 1% of US citizens were farmers
(about 2.8 million), and each farmer fed 128 others (94.3 Americans and 33.7
people in other countries; Krebs, 1992). Now, in agriculture’s chemical era,
less than 1% of US citizens farm, and they grow more than their grandfathers
and great-grandfathers ever dreamed possible. In nearly all US states, the
number of farmers has declined, and production and average farm size have
increased (farm size averaged 441 acres in 2002; US Census, 2002). Ninety
percent of US farms are family or individual farms. Three percent are corporate
farms that capture 28% of sales and government payments (USDA, 2002).
In fact, USDA data show that just 3.6% (about 68,000) of the 2.13 million US
farms produce just over 56% of all agricultural sales.

These changes are not unique to American agriculture. In 1938, Britain
employed a million people to produce a third of the food needed for a nation
of 48 million. In 1988 only 450,000 British farmers and farm workers produced
three-quarters of the food for 58 million people (Malcolm, 1993). Production
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from each British agricultural worker increased at about twice the rate of
increase for the rest of the economy (Malcolm, 1993). Less than 3% of the
population of Germany works on farms. Farmers account for less than 2% of
Europe’s working population. Increases in crop production and labor produc-
tivity in each agricultural era were caused by extensive farm mechanization,
the use of agricultural chemicals, increased education of farmers, improved
crop varieties, and improved farming practices.

Developed-country agriculture is now in the era of extensive and intensive
use of chemical fertilizers and pesticides and seems to be moving rapidly
toward the next era of agriculture: the era of biotechnology.

The chemical era of agriculture developed rapidly after 1945, but it did not
begin then. In 1000 BC, the Greek poet Homer wrote of pest-averting sulfur.
Theophrastus, regarded as the father of modern botany (372?-287? BC),
reported that trees, especially young trees, could be killed by pouring oil,
presumably olive oil, over their roots. The Greek philosopher Democritus
(460?-370? BC) suggested that forests could be cleared by sprinkling tree roots
with the juice of hemlock in which lupine flowers had been soaked.
In the first century BC, the Roman philosopher Cato advocated the use of
amurca, the watery residue left after the oil is drained from crushed olives, for
weed control (Smith and Secoy, 1975).

Historians tells us of the sack of Carthage by the Romans in 146 BC, who
used salt on the fields to prevent crop growth. Later, salt was used as an her-
bicide in England. Chemicals have been used as herbicides in agriculture for
a long time, but their use was sporadic, frequently ineffective, and lacked any
scientific base (Smith and Secoy, 1975, 1976).

In 1755, mercurous chloride (HgCl,) was used as a fungicide and seed
treatment. In 1763, nicotine was used for aphid control. As early as 1803,
copper sulfate was used as a foliar spray for diseases. Copper sulfate (blue
vitriol) was first used for weed control in 1821. In 1855, sulfuric acid was used
in Germany for selective weed control in cereals and onions. In 1868, Paris
green (copper acetoarsenite) was used for control of the Colorado potato beetle
(Leptinotarsa decemlineata). The US Army Corps of Engineers used sodium
arsenite in 1902 to control waterhyacinth in Louisiana.

Bordeaux mixture, a combination of copper sulfate, lime, and water was
applied to grapevines for the control of downy mildew in the late 19th century.
Someone in Europe noted that it turned yellow charlock leaves black. That
led Bonnet, in France in 1896, to show that a solution of copper sulphate
would selectively kill yellow charlock plants growing with cereals. In 1911,
Rabaté demonstrated that dilute sulphuric acid could be used for the same
purpose. The discovery that salts of heavy metals might be used for selective
weed control led, in the early part of the 20th century, to research by the
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Frenchmen Bonnett, Martin, and Duclos, and the German, Schultz (cited in
Crafts and Robbins, 1962, p. 173). Nearly concurrently, in the United States,
Bolley (1908) studied iron sulfate, copper sulfate, copper nitrate, and sodium
arsenite for selective control of broadleaved weeds in cereal grains. Bolley, a
plant pathologist who worked in North Dakota, is widely acknowledged as the
first in the United States to report on selective use of salts of heavy metals as
herbicides in cereals. The action was caustic or burning with little, if any,
translocation. Succeeding work in Europe observed the selective herbicidal
effects of metallic salt solutions or acids in cereal crops (Zimdahl, 1995). The
important early workers were Rabaté in France (1911, 1934), Morettini in Italy
(1915), and Korsmo in Norway (1932).

Use of inorganic herbicides developed rapidly in Europe and England, but
not in the United States. In fact, weed control in cereal grains is still more
widespread in Europe and England than in the United States. Some of the
reasons for slow development in the United States included lack of adequate
equipment and frequent failure to obtain weed control because the heavy-
metal salts were dependent on foliar uptake that did not readily occur in the
low humidity of the primary grain-growing areas. The heavy-metal salts worked
well only with adequate rainfall and high relative humidity. There were other
agronomic practices such as increased use of fertilizer, improved tillage, and
new varieties that increased crop yield in the United States without weed
control. US farmers also could always move on to the endless frontier and were
not as interested, as they would be later, in yield enhancing technology.

Carbon bisulfide was first used in agriculture in 1854 as an insecticide in
France. It was applied as a soil fumigant in Colorado to control Phylloxera, a
root-borne disease of grapes. In 1906, it was introduced as a soil fumigant for
control of Canada thistle and field bindweed. It smells like rotten eggs and
may have reached its peak usage in Idaho in 1936 when over 300,000 gallons
were used.

Petroleum oils were introduced for weed control along irrigation ditches
and in carrots in 1914. They are still used in some areas for weed control.
Field bindweed was controlled successfully in France in 1923 with sodium
chlorate and it is now used as a soil sterilant in combination with organic
herbicides. Arsenic trichloride was introduced as a product called KMG (kill
morning glory) in the 1920s. Sulfuric acid was used for weed control in Britain
in the 1930s. It was and still is a very good herbicide, but it is very corrosive
to equipment and harmful to people.

The first synthetic organic chemical for selective weed control in cereals
was 2-(1-methylpropyl)-4,6-dinitrophenol (Dinoseb), introduced in France in
1932 (King, 1966, p. 285). It was used for many years for selective control of
some broadleaved weeds and grasses in large-seeded crops such as beans. It is
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included in the 6th edition of the Herbicide Handbook (Anonymous, 1989) but
not in the 7th (Ahrens, 1994) or 8th (Vencill, 2002), although dinoterb, a
close chemical relative that is not sold in the United States is. Dinoseb is
included in the WSSA list of approved herbicides (Anonymous, 2004). Dithio-
carbamates were patented as fungicides in 1934. In 1940, ammonium sulpha-
mate was introduced for control of woody plants.

Historians of weed science will note 1941 as an important year. Pokorny
(1941) first synthesized 2,4 dichlorophenoxy acetic acid (2,4-D). It was
reported to have no activity as a fungicide or insecticide. Accounts vary about
when the first work on growth-regulator herbicides was done (Akamine,
1948). Zimmerman and Hitchcock (1942) of the Boyce-Thompson Institute
(formerly in Yonkers, NY, now at Cornell University, Ithaca, NY) first described
the substituted phenoxy acids (2,4-D is one) as growth regulators (auxins) but
did not report herbicidal activity. They also worked with other compounds
that eventually became herbicides. They were the first to demonstrate that
these molecules had physiological activity in cell elongation, morphogenesis,
root development, and parthenocarpy (King, 1966). A Chicago carnation
grower’s question, “What is the effect of illuminating gas' on carnations?” led
to the eventual discovery of plant growth-regulating substances by Boyce-
Thompson scientists (King, 1966).

E. J. Kraus was the head of the University of Chicago Botany Department
and had studied plant growth regulation for several years. He supervised the
doctoral programs of J. W. Mitchell and C. L. Hamner, who in the early 1940s
were working as plant physiologists with the US Department of Agriculture
Plant Industry Station at Beltsville, Maryland. Kraus thought these new,
potential plant growth regulators that often distorted plant growth when used
at higher than growth regulating doses, and even killed plants, might be used
beneficially to selectively kill plants. He saw potential use as chemical plant
killers or herbicides and advocated purposeful application in toxic doses for
plant control. Because of World War II and the potential for biological warfare
against an enemy’s crops (e.g., German potatoes), much of this work was done
under contract from the US Army (Peterson, 1967; Troyer, 2001). Similar
work for similar reasons was done in Great Britain (Kirby, 1980). The chemi-
cals were not used for biological warfare during World War II. A much more
complete chronology and history of development of the hormone herbicides
is available in Kirby (1980) and Troyer (2001).

Hamner and Tukey (1944a and b) reported the first field trials with 2,4-D
for successful selective control of broadleaved weeds. They also worked with
2,4,5-T as a brush killer. At nearly the same time, Slade et al. (1945), working

'Acetylene gas.
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in England, discovered that naphthaleneacetic acid at 25lbs/acre would
selectively remove charlock from oats with little injury to oats. They (Slade
et al.,, 1945) also discovered the broadleaved herbicidal properties of the
sodium salt of MCPA (later called Methoxone; King, 1966), a compound
closely related to 2,4-D. Slade et al. (1945) confirmed the selective activity of
2,4-D. Marth and Mitchell (1944), former students of E. J. Kraus, first reported
the differential use of 2,4-D for killing dandelions and other broadleaved weeds
selectively in Kentucky bluegrass turf. Marth and Mitchell (1944) attribute the
quest for selective activity of these compounds to Kraus. These discoveries
were the beginning of modern chemical weed control. All previous herbicides
were just a prologue to the rapid development that occurred following discov-
ery of the selective activity of the phenoxyacetic acid herbicides. The first US
patent (No. 2,390,941) for 2,4-D as an herbicide was obtained by F. D. Jones
of the American Chemical Paint Co. in 1945 (King, 1966). There had been an
earlier patent (No. 2,322,761) in 1943 of 2,4-D as a growth regulating sub-
stance (King, 1966). It is interesting to note that Jones patented only its activity
(the fact that it killed plants) but made no claim about selective action (the
fact that it killed some, but not all, species; King, 1966).

The effectiveness of monuron, a substitute urea, for control of annual and
perennial grasses, was reported by Bucha and Todd (1951). This was
the first of many new selective chemical groups with herbicidal activity.
The first triazine herbicide appeared in 1956 and the first acylanilide in 1953
(Zimdahl, 1995), followed by CDAA, the first alphachloroacetamide in 1956
(Hamm, 1974).

The great era of herbicide development came at a time when world agricul-
ture was involved in a revolution of labor reduction, increased mechanization,
and new methods to improve crop quality and produce higher yields at reduced
cost. Herbicide development built on and contributed to changing agriculture.
Farmers were ready for improved methods of selective weed control. Farmers’
acceptance of technological developments that changed the practice of agri-
culture has been characterized in terms of economic, social, political, and
philosophical attitudes by Perkins and Holochuck (1993). Farmers wanted to
improve their operation in competition with other farmers and were willing
to adopt new technology that enabled them to improve their economic com-
petitiveness. New technology was socially acceptable because, as independent
entrepreneurs, many technological innovations could be used to gain
advantage independent of neighbors. Politically, farmers welcomed technical
assistance that came from public laboratories (land-grant universities) and
government price support systems that allowed farm operations to remain
private. Fiercely independent farmers welcomed opportunities to do what they
wanted on their own farms. They welcomed technology developed at no appar-
ent cost to them that could be adopted without interference from anyone.
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Finally, philosophically, farmers perceived that a major part of their task
was controlling nature, bending nature to human will. Although this was a
never-ending challenge, success was apparent when technology that increased
production was readily available. Herbicides fit well in each category.

It is true that no weed control method has ever been abandoned, but new
ones have been added, and the relative importance of methods has changed.
The need for cultivation, hoeing, and so on has not disappeared. These methods
persist in small-scale agriculture (e.g., I hoe my garden!). Older methods have
become less important in developed-world agriculture because of the rising
costs of labor and narrower profit margins (Table 12.1).

Rapid development of herbicides occurred after World War II. In 2002, 204
selective herbicides were listed in the Herbicide Handbook (Vencill, 2002), and
357 have been approved by the Weed Sci. Soc. (Anonymous, 2004). There are
several experimental herbicides in some stage of progress toward marketabil-
ity. If proprietary labels are considered, there may be more than 1,000 chemi-
cal and biological compounds used for pest control in the world (Hopkins,
1994). Table 12.2 illustrates that whether dollars or pounds of product are
used, pesticide use has been increasing and herbicide use predominates. In
1997, 1 billion pounds of pesticides were used in the United States, and over
47% (461.4 million pounds) of herbicides (Gianessi and Silvers, 2000; Table
12.2). Just ten herbicides accounted for 75% of sales (Gianessi and Marcelli,
2000). US farmers routinely apply herbicides to more than 85% of crop acres
(Gianessi and Sankula, 2003). A study of 40 crops showed treatment of 220
million acres at a cost of $6.6 billion (Gianessi and Sankula, 2003). In 2001,
the global market for nonagricultural pesticides was more than US $7 billion
per year and was growing about 4% a year. The global market just for turf
pesticides is approximately US $850 million per year, with about half of it

TABLE 12.1. The Evolution of Weed Control Methods in the United States
(Alder et al., 1977).

% Control by year in US

Mechanical energy

Year Human energy Animal energy (Tractor) Chemical energy
1920 40 60

1947 20 10 70

1975 5 TR? 40 55

1990 <1 TR 24 75

“r = trace.
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TABLE 12.2. World Sales of Crop Protection Products 1960 to 1990 with 2000 Estimated
in Billions of Dollars (Gianessi and Silvers, 2000; Hopkins, 1994).

World pesticide sales (million US dollars)

Pesticide 1960 1970 1980 1990 1997 2000

Herbicides 160 918 4,756 12,600 14,700 16,560
Insecticides 288 945 3,944 7,840 9,100 9,360
Fungicides 320 702 2,204 5,600 5,400 7,560
Other 32 135 696 1,960 1,700 2,520
TOTAL 800 2,700 11,600 28,000 30,900 36,000

used on golf courses. Each year US lawn care firms apply about $440 million
of pesticides.

The National Agricultural Statistics service of the US Department of Agri-
culture regularly surveys selected states and selected crops to determine the
extent of fertilizer and pesticide use. The 1997 report (1996 data, http://usda
.mannlib.cornell.edu/reports/n...emical_usage_field_crops_summary_
09/03.97; accessed August 2000) shows that herbicides were used on a major
portion of the acreage of each crop surveyed. Here are the specific figures for
the five crops surveyed in 1997:

Percent of acres treated

Crop with herbicides
Corn 97
Cotton 92
Potato 87
Soybean 97
Tobacco 75

Crops surveyed in 2004 (http://usda.mannlib.cornell.edu/reports/nassr/
other/pcu-bb/agcs0505.txt; accessed October 2005) show similar data, and
each set illustrates the dominance of herbicides for weed control. The soybean
data show the dominance of glyphosate-resistant soybean, and the wheat data
probably illustrate the low profitability of the crop and the lack of weed prob-
lems for which herbicide solutions exist.
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Percent of acres treated

Crop with herbicides
Peanut 98
Soybean 97

% of acres treated 87

with glyphosate
Wheat, durum 99
Wheat, winter 45

The global herbicide market was estimated to be $13.5 billion from 1990
to 1993 and a third ($4.5 billion) was the US market. Japan was the next largest
with $1.5 billion in sales. When the entire European market is considered,
it is second largest, with France ($1.250 billion) the largest single country
(Hopkins, 1994). In 2001, world expenditures on all herbicides were US
$14,118 million, and 44% of this for the world and the US was herbicides. The
United States spent $6,410 million for 553 million pounds of active ingredient,
which was equal to 4,987 million pounds of product. These amounts are lower
than purchases in 2000 and have returned to the levels last seen in the early
1970s; US/EPA, 2004). Of these amounts, 78% is used in agriculture, with the
rest nearly evenly divided between industrial/commercial/government (12%)
and home and garden use (10%).

In 1990 for the world, about 45% of total pesticide sales volume was her-
bicides (similar to the US data), insecticides were 28%, and fungicides approxi-
mately 20% of total sales volume (Hopkins, 1994). Over 85% of herbicides are
used in agriculture. The worldwide market is becoming increasingly concen-
trated in the hands of a few multinational corporations. Nearly half the com-
panies in pesticide discovery (but not in development and marketing) in 1994
were Japanese (Hopkins, 1994). The number of companies marketing herbi-
cides in the United States has steadily shrunk from 46 in 1970 to 7 in 2005
(Appleby, 2005). Three are based in the United States, and the others are based
in Europe but operate in the United States (Appleby, A.P., 2005, personal
communication).

While the number of companies engaged in herbicide discovery, develop-
ment, and sales has steadily declined (Appleby, 2005; see Chapter 20), the
number of available herbicides has steadily increased. Table 12.3 shows the
number of herbicides listed in the first (1967) through the eighth (2002)
edition of the Weed Science Society of America’s (WSSA) Herbicide Handbook
has increased, as has the number of different chemical families in which her-
bicidal activity has been discovered. Similarly, the number of WSSA-approved
herbicides has increased from 304 in 1995 (Anonymous, 1995) to 357 in 2004
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TABLE 12.3. The Number of Herbicides and Chemical Families in the Eight Editions of the
Herbicide Handbook of the Weed Science Society of America.

Year of Herbicide Handbook publication

1967 1970 1974 1979 1983 1989 1994 + 1998 supp. 2002

Total herbicides 97 115 125 137 130 145 163 211
Number of 27 27 32 37 35 43 63 75
chemical
families

(Anonymous, 2004). It is clear, and not debatable, that because of their sig-
nificant production advantages herbicides have dominated modern weed
control. Timmons (1970) reported 75 herbicides marketed between 1950 and
1969. Appleby’s 2005 paper included 184 herbicides marketed between 1970
and 2005, an increase of 2.4 times. Although the herbicide chemical industry
has undergone extensive consolidation, as have many other manufacturing
industries, it has not diminished discovery and development of new herbicides
in older chemical families or discovery of activity in new chemical groups.

Worldwide sales have continued to increase. World exports of pesticides of
all kinds totaled US $15.9 billion in 2004, a new high in sales for the global
chemical industry (Jordan, 2000). Use of all kinds of pesticides has risen from
nearly 0.5 kg/ha in 1960 to 2kg/ha in 2004. The recent increase is attributed
mainly to the increased use of herbicides on genetically modified crops in
China (Jordan, 2006).

II. ADVANTAGES OF HERBICIDES

Agriculture collects and stores the electromagnetic energy of the sun as food
energy (chemical energy) in plant and animal products. Food is available
because plants do this so well and few other life forms can do it in a way that
makes food for people. Farming invests about three calories of fuel energy
(which some call cultural energy) in soil tillage, fertilizer, pesticides, irrigation,
and harvest to help plants convert sunlight into one calorie of stored chemical
energy in food (Lovins et al., 1984). When the energy costs for processing,
distribution, and preparation are included, approximately 9.8 calories of
energy are expended for every calorie of food energy produced in the United
States (Lovins et al., 1984). However, many argue that it is not the task of
agriculture to produce energy; the task is to produce food, and that is done
very well. Herbicides contribute to abundant production. All pesticides account
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TABLE 12.4. Energy Relationships in Weed Control in Six Experiments on Corn in
Minnesota (Nalewaja, 1984).

Net profit Energy

Energy for Corn yield from weed output/
Method of weed control T control input
weed control (MJ/ha) kg/ha MJ/ha $/ha MJ/ha  Man-hour/ha
None 0 3,387 56,528 — — 0
Cultivation 579 5,080 84,387 151 27,550 48/1 1.41
Herbicide 391 5,645 93,763 194 37,113 95/1 0.12
Hand Labor 337 5,770 — 163 39,251 116/1 148.15

“The land was plowed, disked, and prepared for planting corn in the conventional manner.
Calculations are based on an average of 2.5 cultivations using 2.8L of gasoline/ha and spraying
using 0.8 L gasoline/ha. Atrazine was applied at 3.4kgha™.

for only 3% of the energy used in agricultural production. On farm energy,
consumption represents only a little over 3% of total US energy consumption,
and only 18% of the energy used in the entire US food system from farm to
table (Lovins et al., 1984).

Any successful technology should create gains in value that are reproduci-
ble. Although the data on energy use for weed management are old, no
recent and more relevant studies have been done. Table 12.4 shows energy
relationships for weed control in corn in Minnesota (Nalewaja, 1974), and
Table 12.5 shows similar data for cotton in Georgia (Dowler and Hauser,
1975). The weed density in corn was low, but it was high in cotton. In both
cases, the cost-benefit analysis favored herbicides over other methods. Hand
labor gave the greatest energy output/input ratio. The data do not consider
the energy to house and feed workers or the fact that such work is seasonal
(Barrett and Witt, 1987). Soil was plowed, disked, and prepared for planting
corn or cotton in conventional ways, and all other cultural practices were
uniform. With no weed control, there was, of course, no profit due to weed
control and a low yield and crop value. Cultivation and herbicides were not
very different, but hand labor produced a net loss because of its high cost and
poor weed control.

Herbicide energy efficiency is reinforced by data from the same
study showing the energy relationships for methods of weed control. Herbi-
cides consume more energy than hand labor but less than cultivation.
Herbicides compare favorably to other methods in net energy profit due
to weed control because yield was nearly as high as that achieved with hand
labor (Table 12.6).



TABLE 12.5. Energy and Cost for Weed Control in Cotton (Barrett and Witt, 1987).

Values $/ha
Cotton yield Income Income
Energy for Ratio of energy Cost of from above

Weed control weed control Lint Seed Energy in crop to weed weed lint and cost of

income method (MJ/ha) kg/ha kg/ha MJ/ha control input control seed weeding

Four herbicides, 2,093 619 856 28,310 131 64.47 901.11 836.64
no cultivation

Three herbicides, 1,898 545 754 24,935 13/1 56.96 860.91 803.95
2 cultivations

No herbicides, 1,220 177 244 8,082 7/1 24.69 257.43 232.74
5 cultivations

No herbicides, 1,641 592 819 27,085 17/1 645.06 862.02 216.97

5 cultivations,
185 man-hour/ha
hand-hoeing

Adapted by Barrett and Witt (1987) from Nalewaja (1984), and Dowler and Hauser (1975). Hoeing cost was estimated to be $91 for a 40-hour
week.
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TABLE 12.6. Weed Control Energy Relationships for Six Corn Experiments in Minnesota
(Nalewaja, 1974).¢

Energy input Yield of corn/A Net profit due
Method of for weed to weed control
weed control control, kcal/A Bushels Kilocalories control, kcal/A
None 0 54 5,443,200 —
Cultivation 56,005 81 8,164,800 2,665,595
Herbicide 37,920 90 9,072,000 3,590,880
Hand labor 32,655 92 9,273,600 3,797,745

“The land was plowed, disked, and prepared for planting of corn in the conventional manner.

TABLE 12.7. Average Energy Input to US Corn Production
System in 1975 (Pimentel and Pimentel, 1979).

Input % of total (k/cal/ha)
Labor 0.09
Machinery 8.5
Diesel fuel 19.6
Nitrogen 28.8
Phosphorus 33
Potassium 2.0
Lime 0.5
Seed 8.0
Irrigation 11.9
Insecticide 1.3
Herbicide 3.1
Drying 6.5
Electricity 5.8
Transportation 0.5
Kcal output/keal input 293

The total energy required for herbicides for corn, a crop that requires a
great deal of energy, is relatively small (Table 12.7; Pimentel and Pimentel,
1979). About 3% of the total energy input for the US corn production system
is directly related to herbicides that are used on nearly 100% of US corn acreage
(Gianessi and Sankula, 2003). The major energy consumers in US corn pro-
duction are nitrogen fertilizer, diesel fuel, and irrigation. It is true that the US
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TABLE 12.8. Energy and Yield Comparisons of Corn Production Systems (Pimentel and
Pimentel, 1979).

Total

Corn production
system kcal Output/input Yield kg/ha T/ha
United States 2.93 5,394 2.4
Philippines w/animal power 5.06 941 0.42
Mexico w/oxen 4.34 941 0.42

w/manpower 10.74 1,944 0.87
Nigeria w/human labor 6.41 1,004 0.45

corn production system has one of the lowest energy efficiencies among the
world’s crop production systems (Table 12.8). Available data verify that US
agricultural energy efficiency is low, but yields are high.

Broadcast herbicide use in corn is the least time-consuming weeding strat-
egy, whereas preemergence rotary hoeing followed by two cultivations required
the most time (Lague and Khelifi, 2001). Others (Swanton et al., 1996) have
shown that for the Canadian province of Ontario, energy use per hectare
decreased by 19.7% for corn and by 46.3% for soybean production systems
from 1975 to 1991. The reasons were the increased use of no-till production
systems and herbicides.

An important criterion for a grower is profit or return on investment in
technology. Becker (1983, cited in Barrett and Witt, 1987) attributed corn and
soybean yield increases after herbicide use to improved weed control and
earlier planting when herbicides were available. Combining these two factors
reduced cost of production and thus increased profit about 10% (Becker, 1983;
Table 12.9). Abernathy (1981) calculated the additional land required to
maintain production of seven major US crops without herbicides. He used
estimates from several sources to determine likely losses and their value. All
aspects of loss were considered, including additional cultivations required to
control weeds when herbicides are not used. Abernathy proposed a net loss
greater than $23 billion and the need for an additional 28.2 million acres to
maintain production. Gianessi and Sankula (2003) calculated a net loss of $21
billion for 40 crops if herbicides were not used on the 220 million acres on
which the crops were grown. Three crops (corn, cotton, and soybean)
accounted for $7.9 billion of the loss (37%).

Pimentel et al. (1978) estimated costs and losses with herbicide use and
with alternative methods of weed control but reached a different conclusion.
The primary reason for the difference is that Pimentel et al. (1978) assumed
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TABLE 12.9. Cost-Benefit Assessment of Herbicide Use in Corn and Soybean
(Barrett and Witt, 1987).

Corn (cost in $/ha) Soybean (cost in $/ha)
Cultural Cultural
weed weed

control Herbicide control Herbicide
Yield (kg/ha) 7,212 8,179 2,554 2,084
Herbicide + application cost 0 43.51 0 50.32
Savings in tillage cost 0 9.70 0 7.68
Total herbicide cost and 0 33.80 0 44.64

tillage savings

Total crop production costs 799.75 833.59 587.65 632.30
Cost per kg produced 0.11 0.10 0.23 0.21

Data also available in Becker, 1983.

that with careful management, little additional crop loss (only $341 million)
would occur by switching from herbicides to alternative weed management
techniques. More intensive weed management is proposed frequently as a
necessary part of alternative (i.e., nonherbicide) weed management.

No one knows who is correct in this ongoing debate. Clements et al. (1995)
provide a clue. They confirm the proposition put forth earlier (see Table 12.7)
that energy for weed management represents a small proportion of on-farm
energy use for food production. Clements et al. (1995) propose that a “large
portion of energy allocated to weed control could be conserved in alternative
weed management systems by elimination or reduction strategies for tillage
and/or herbicide use.” They showed that potential energy savings from reduc-
tion or elimination of tillage were greater than for elimination of herbicides.
They also suggested that there would be a potentially high energy requirement
for tillage when herbicides are eliminated, particularly when numerous inter-
row cultivations are required for weed control. Most alternative methods of
weed management are more energy efficient than methods based on herbicides
(Clements et al., 1995). Energy savings are being achieved by alternative her-
bicide use techniques such as reducing the total area of application, using band
application instead of broadcast spraying, and choosing herbicides that require
less energy to produce (e.g., trifluralin or atrazine, as opposed to paraquat or
bentazon; Clements et al., 1995).

As just stated, many in agriculture argue that the purpose of agriculture is
to produce food, not energy. Others argue that the US system is so dependent
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on petroleum energy sources that it is not sustainable. Many believe that
modern weed control with herbicides is essential to maintain the present,
highly productive US agricultural system and is justified because herbicides
represent only a small part of the total energy input.

Herbicides are advantageous when labor is expensive. Gianessi and Sankula
(2003) claim that growers used to paying 10 cents an hour for labor suddenly
found it necessary to pay 50 cents in the early 1950s and $1 in the 1960s.
Herbicides reduced or eliminated labor costs. Gianessi and Sankula (2003) say
that a 1957 onion experiment showed $8 per acre for herbicide application
that substituted for 55 hours of labor at a cost of $41 per acre. Gianessi and
Sankula (2003) claim that costs of weed control for organic vegetable growers
in California can be as high as $1,000 per acre compared to $50 for herbicides
for the same acres and the same result.

Herbicides can control weeds in crop rows where most mechanical methods are ineffective.

Herbicides are not only beneficial and profitable where labor is scarce or
expensive, but they may also be advantageous where labor is plentiful and
cheap. Herbicides control weeds in crop rows where cultivation is not possible.
They can be used in places where other methods don’t work. Preemergence
herbicides provide early season weed control when competition results in the
greatest yield reduction and when other methods are less efficient or impossi-
ble to use (e.g., it is impossible to mechanically cultivate when soil is wet).
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Cultivation can injure crop roots and foliage. Selective herbicides reduce
the need for tillage and control of weeds in crop rows where tillage is not
effective. Herbicides reduce destruction of soil structure by decreasing
the need for tillage and the number of trips over the field with heavy
equipment.

Herbicides permit selective weed control in orchards. Proper herbicide
selection maintains plant cover and reduces or eliminates the need for tillage
that encourages soil erosion. Erosion in orchards and in other perennial crops
can be prevented by maintenance of a sod cover with selective herbicides.
Tillage to eliminate weeds is not required at all or not required as often when
herbicides are used. Many perennial species cannot be controlled effectively
with hand labor and herbicides are often the only reasonable option. Erosion
of cropland declined from about 3.8 billion tons in 1938 to 1 billion tons in
1997 (Gianessi and Sankula, 2003). A billion tons is still way too much, but
herbicides help reduce the need for tillage that can lead to soil erosion.

Herbicides save labor and energy by reducing the need for hand labor and
mechanical tillage. They can reduce fertilizer and irrigation requirements by
eliminating competing weeds. They reduce harvest costs by eliminating inter-
fering weeds and can reduce grain drying costs because green, weedy plant
material is absent. Other methods of weed control will, of course, also accom-
plish these things but not as efficiently and often not as cheaply.

III. DISADVANTAGES OF HERBICIDES

A. CosT

It is often suggested that herbicides reduce crop production costs. Many dis-
agree and suggest herbicides are a net cost because they are expensive, the
equipment for applying them is an added cost, and, of most importance, there
are large externalized societal costs.” The debate continues and its elements
vary with different crop production systems.

The cost to manufacturers of developing and introducing a new herbicide
has steadily increased. Development costs have become so high that crops that
used to be regarded as major markets are now minor due to financial invest-
ments required and the increasing possibility that initial costs may not be
recovered in sales (Ivany, 2001). Simultaneously, the availability of older her-

*An externality is a cost that is not reflected in price, or more technically, a cost or benefit for
which no market mechanism exists. In the accounting sense, it is a cost that a firm (a decision
maker) does not have to bear, or a benefit that cannot be captured. From a self-interested view,
an externality is a secondary cost or benefit that does not affect the decision maker.
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bicides is decreasing as more stringent environmental and toxicological
requirements result in voluntary removal from the market.

B. MAMMALIAN TOXICITY

One of the major concerns about herbicides is their undeniable mammalian
toxicity. All have some toxicity to humans and other plant and animal species.
Some are no more toxic in terms of their LDs, than many common chemicals
(e.g., aspirin, mothballs, gasoline, and table salt). Many people are concerned
about herbicide toxicity because all must eat and therefore there is no choice
about potentially toxic residues in food, especially when one does not know
they are present. For example, in 1996, there were 441 definite/probable cases
of pesticide intoxication in California and 271 positive cases. Of these only 3
and 22, respectively, were attributed to herbicides. Most (65%) were due to
insecticides (http:/www.cdpr.ca.gov/docs/whs/1996pisp.htm). Note: Data can
be obtained for any state when that state’s two letter initial is substituted in
this URL. The World Health Organization data show that about 3 million
people a year suffer from severe pesticide poisoning (Jordan, 2006).

C. ENVIRONMENTAL PERSISTENCE

Some herbicides persist in the environment. None persist forever, but all have
a measurable environmental life. In some cases, but not all, an herbicide can
carry over from one crop season to the next. This restricts rotational possibili-
ties and may injure succeeding crops. Therefore, herbicides can be hazards to
plants that are planted after the herbicides are used. Plants that are not targets
may be affected by drift or inappropriate application. Although weed scientists
and farmers are well aware of the problems caused by excessive persistence,
they still occur. Greenland (2003) showed that vegetable crops could be
injured by flumetsulam (a triazolopyrimidine, injured cabbage and squash) or
nicosulfuron (an imidazolinone, injured cabbage and onion), especially when
double or higher rates were used. As has been known for many years, warm
summer temperatures and adequate soil moisture enhance microbial degrada-
tion of the herbicides and reduce injury.

D. WEED RESISTANCE TO HERBICIDES

Herbicide resistance in weeds is defined as the decreased response of a species’
population to an herbicide (LeBaron and Gressel, 1982). It is “survival of a
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segment of the population of a plant species following an herbicide dose lethal
to the normal population” (Penner, 1994). The Weed Science Society of
America defines resistance as the “ability to withstand exposure to a potentially
harmful agent without being injured” (Vencill, 2002, p. 460). Resistance is
contrasted with tolerance or the natural and normal variability of response to
herbicides that exists within a species and can easily and quickly evolve
(LeBaron and Gressel, 1982). Tolerance is characterized by “survival of the
normal population of a plant species following an herbicide dosage lethal to
other species” (Penner, 1994). The Weed Science Society defines tolerance as
the “ability to continue normal growth or function when exposed to a poten-
tially harmful agent (Vencill, 2002, p. 462). The terms are not always clearly
distinguished and often are used as synonyms. The ecological effect is the shift
of the population to the resistant biotype. The weed species don’t change; the
ability to control them does. The topic was reviewed by Shaner (1995), who
suggested that if the evident trends continued, the number of herbicides effec-
tive on several weed species would decline rapidly. Given the evidence avail-
able (http://www.weedscience.org/in.asp; accessed November 4, 2005), his
prediction has been accurate.

For many years, weed scientists knew that insects developed resistance to
insecticides and more of the same insecticide did not solve the problem, nor
would new insecticides or new combinations help much. Weed scientists
assumed that weeds could become resistant to herbicides but that it was not
likely to be a major problem for several reasons. These, however, were the
more important reasons (Radosevich, 1983):

1. Weeds, even annuals, have a long life cycle compared to insects.

2. Weeds are not as environmentally mobile as insects.

3. There was a wide range of herbicides in use, and they had several different
modes of action. Insecticide resistance, it was assumed, was based on con-
tinued exposure to chlorinated hydrocarbons or organophosphate materi-
als. The two groups had different modes of action, but all members of each
group shared a mode of action.

4. Crop rotations offered the possibility of using different herbicides in a
field.

5. Cultivation and other cultural techniques were used in the same field her-
bicides were used in and would Kkill resistant weeds. It was assumed that
integration of methods was common.

6. There is, and it was assumed always would be, a large soil seed reserve.

7. Resistant species will probably be less competitive and will not survive
well.

These were all logical but incorrect assumptions because herbicide resis-
tance developed and is a serious problem. The wrongness of these assumptions
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became clear in 1957 when herbicide resistance was reported in Hawaii and
Ontario, Canada (Hilton, 1957; Switzer, 1957). The first herbicide-resistant
weed was common groundsel that was shown to be resistant to atrazine and
simazine after the herbicides had been applied once or twice annually for 10
years in Washington State (Ryan, 1970). In 1986, over 50 weeds were resistant
to triazines (Nat. Res. Council, 1986), and over 107 resistant biotypes had
evolved around the world. In 1990, 55 weeds were resistant to triazine herbi-
cides in 31 US states, 4 Canadian provinces, and 18 other countries (LeBaron
and McFarland, 1990). By the early 1990s, over 100 cases of herbicide resis-
tance had been reported in one or more of 15 herbicide chemical families (Holt
and LeBaron, 1990; LeBaron and McFarland, 1990). The most recent compila-
tion (2005) shows 304 resistant weed biotypes from 182 species (109 dicots
and 73 monocots). Resistant species have been found in more than 270,000
fields and in 59 countries. The United States has reported more cases of resis-
tance than any other country (http://www.weedscience.org/in.asp; accessed
November 4, 2005).

Several examples illustrate the problem and concern. Wild radish collected
from northern Australian wheat fields where “typical herbicide-use patterns
had been practiced for the previous 17 seasons” exhibited multiple herbicide
resistance across at least four herbicide mode-of-action groups (Walsh et al.,
2004). This, in the author’s view (and, one presumes, in the farmer’s view),
presents a challenge for future wild radish management with herbicides. A
randomly collected population of rigid ryegrass from 264 fields in the western
Australia wheatbelt found 46% were resistant to diclofop-methyl [inhibits
acetyl-CoA carboxylase (ACCase)], 64% were resistant to chlorsulfuron [inhib-
its acetolactate synthase (ALS)], and 37% were resistant to both herbicides
(Llewellyn and Powles, 2001). Only 28% of the tested populations were sus-
ceptible to both herbicides. Thus, more rigid ryegrass populations were resis-
tant than susceptible to the herbicides that had been most widely used and
successful.

In Nebraska, kochia is widely resistant to most triazine herbicides. Some
kochia populations in western Nebraska are also resistant to 2,4-D and dicamba
(Gaussoin et al., 2005). Resistance of common broadleaf weeds in wheat to
some of the sulfonylurea herbicides has been reported across the western
United States. Resistance is real and widely present, but it can be managed. It
is well understood that it results from repeated use of the same herbicide or
herbicides with the same mode of action in fields. It is not created by the
herbicides; it is selected for. The plants that are susceptible are killed. The
resistant population survives and comes to dominate. It is a process of evolu-
tion by chemical selection.

The time for development of resistance has proven to be short. Shaner
(1995) stated that it took 18 years after release for resistance to 2,4-D to be
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reported. Resistance to triallate and picloram took 25 years; for atrazine and
trifluralin it took 10 years; and for diclofop and chlorsulfuron it only took five
years. Several species have evolved cross-resistance to more than one herbi-
cide. Since 1982 the number of resistant weeds has more than tripled, and the
land area involved has increased 10 times. Multiple resistance has been
observed and occurs when resistance to several herbicides results from two or
more distinct resistance mechanisms occurring in the same species. Resistant
rigid ryegrass in Australia and blackgrass in Europe have limited small grain
production. In general, but not always, there are enough alternative herbicides
and other control measures (e.g., rotation, tillage) to manage resistant weeds
effectively.

The triazines are broad-spectrum herbicides that inhibit photosynthesis and
quickly kill a high percentage of emerged seedlings. Because they persist in
soil, they continue to kill weeds that emerge after application, and there is a
long period when susceptible plants are not present to compete with resistant
ones. It was believed that the soil seed reservoir, unique to plant populations,
would slow the appearance of resistance because only a small percentage
(2-10%) germinates in one year. The large seed reserve slowed but could not
prevent expression of resistance.

The sulfonylureas and imidazolinones are active at fractions of an ounce
per acre, often persistent in soil, and have a specific mechanism of action. They
have important advantages and have replaced some herbicides with multiple
sites of action and different soil persistence. Resistance to some of these her-
bicides has developed in as little as three years (Gressel, 1990).

If one assumes that in the first year of herbicide application there was only
one resistant weed in a population of 100,000,000 in a large field, it would
not even be noticed, or if it were, the logical assumption would be that it had
emerged dfter herbicide application or had been missed. The resistant weed(s)
probably would not be noticed after the first year (Table 12.10). It is likely
that the resistant population would not be noticed for several years. It would
take a person with unusual powers of observation and a keen knowledge of
weeds to notice 256 weeds in a large field. If one assumed the 100,000,000
million weeds were all in a 50-acre field, there would be 46 weeds per square
foot. That is a dense population, but it is more likely one would be delighted
with the excellent weed control achieved rather than notice a few escapes
mixed with other weed species the herbicide didn’t control. Another way to
look at the same problem is to note that concomitant with 90% population
reduction of the susceptible species, the resistant species might increase by a
factor of 4 each year. So if it were a 10-acre field (435,600 square feet), with
90% control and a 4x annual increase in the resistant population. Table 12.11
shows what would happen. Farmers and weed scientists must anticipate and
prevent these problems.
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TABLE 12.10. Development of a Population of
Resistant Weeds with Repeated Use of a Single
Herbicide (Gressel, 1990).

Year Susceptible population Resistant population
1 100,000,000 1
2 10,000,000 4
3 1,000,000 16
4 100,000 64
5 10,000 256
6 1,000 1,024
7 100 4,026

TABLE 12.11. Development of a Resistant Weed Population
in a 10-Acre Field.

Year Resistant population Susceptible population
1 1 4,356,000
2 4 435,600
3 16 43,560
4 64 4,356
5 256 436
6 1,024 44
7 4,096 4
8 16,384 1
9 65,356 0

10 130,712 0

It is incorrect to assume that resistance will occur with all herbicides,

although there are several examples (Table 12.12). It is most likely to occur
where some or all of the following factors are present:

1.

W

The herbicide has a high degree of control of the target species. It is very
active and efficient.

The weed’s seed has a short life in the soil seed bank.

The herbicide has long soil persistence.

The herbicide is used frequently: annually for many years or more than
once per year for several years.
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TABLE 12.12. Examples of Weeds Resistant to Herbicides (LeBaron, 1990, and

Other Sources).

Herbicide Resistant weed(s) Location
Paraquat Horseweed Japan
Perennial ryegrass U.K.
American black nightshade Florida
Atrazine Redroot pigweed Several
Common ragweed Pennsylvania
Downy brome 5 States
Common lambsquarters Several
Velvetleaf Maryland
Kochia 12 States
Wild buckwheat West Germany and Pennsylvania
Common groundsel Several
Black nightshade Several
Barnyardgrass Several
Annual bluegrass Several

MSMA and DSMA
Sulfonylureas
Trifluralin
Bromoxynil

2,4-D

Picloram
Pyrazon
Diuron & linuron

Amitrole

Bromacil

Common cocklebur
Kochia

Prickly lettuce

Russian thistle

Palmer amaranth

Green foxtail

Common lambsquarters
Musk thistle

Canada thistle

Wild carrot

Yellow starthistle
Common lambsquarters
Redroot pigweed
Horseweed

Annual ryegrass
Annual bluegrass
Redroot pigweed
Smooth pigweed

North and South Carolina
8 States

Idaho

2 States

South Carolina
Canada

West Germany
New Zealand
Hungary
Ontario

Idaho

Europe
Hungary
Hungary
Australia
Belgium
Hungary
Hungary
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Annual herbicide rotation is not practiced.
The herbicide has a single site of action.
The herbicide’s rate is high.

Herbicides are not mixed in a crop.

® N

It is equally incorrect to assume that the phenomenon of resistance is the
death knell for herbicides. Resistant weeds are not super weeds and are often
less fit ecologically than their susceptible relatives. It is important to recognize
that resistance is possible and to determine the reasons for it. Identification of
the cause and mechanism of action of resistance was one impetus for the
intentional use of biotechnology to transfer resistance to crops.

The reasons cited at the beginning of this section are good reasons that
herbicide resistance will remain an important phenomenon as it is with insects
and insecticides. Crop rotation and herbicide rotation for different weed prob-
lems are both beneficial and should be used in integrated weed management
systems. If the same herbicides, herbicides from the same chemical family, or
herbicides with the same action mechanism are used on the same land for
several successive years, development of resistance is more likely. Integration
of crop rotation and mechanical control in weed management, rather than
relying on herbicides to solve all problems, is an important part of the answer
to the problem of resistance.

Management includes crop rotation to prevent any one species or weed
complex from dominating, including soil tillage, using cultural practices to
take advantage of crop competition (e.g., using narrower rows to maximize
crop competitiveness), using herbicides with different sites of action in suc-
cessive years to slow resistance development, and using herbicides with a short
rather than a long soil residual life (Gaussoin et al., 2005). Management of
herbicide resistance will require reducing reliance on herbicides as the primary
tool for weed management and developing integrated weed management
systems that require the substitution of human intellect and skill for chemical
technology (Shaner, 1995). Mixing herbicides with different sites of action
will slow but not prevent resistance development. Long persistence is both
advantageous and disadvantageous. Most cases of herbicide resistance involve
herbicides with relatively long soil residual lives.

E. MONOCULTURE

American agriculture is characterized by monoculture: large land areas devoted
to a single crop. This is ideal for use of selective herbicides, and many have
criticized herbicides because they encourage monoculture and discourage
diversity. Unquestioned expansion of herbicide technology into developing
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countries is not always wise because of their existing agricultural plant diver-
sity. There is strength in diversity, and it should not be inhibited or reduced
by extensive use of herbicides for weed control, especially where their conse-
quences have not been thoroughly examined.

F. OTHER

Herbicides are often inconsistent in their control because they are affected by
environmental conditions, and the results of these interactions are not always
predictable. Herbicide use in many crops may, intentionally or accidentally,
eliminate all plants except the crop, and that may lead to excessive soil
erosion.

Precision is required when herbicides are used. One must think carefully
about what herbicide to use, when to use it, how much to use, and how surplus
chemical will need to be disposed of. They cannot be used casually; intelli-
gence is required in their use and in disposal of surplus chemicals and empty
containers.

Finally, because herbicides are so good at what they do, they may actually
create problems after their use. Herbicides control certain weeds while leaving
a crop unscathed. Natural plant communities are usually a polyculture (this
is not a universally true generalization). Diversity is the rule. When all
plants are eliminated save the crop, other plants (weeds) will move into the
environment created, and they may be more difficult to control than the ones
just eliminated.

For example, Florida pusley was a common weed in peanut production
before herbicides were introduced (Johnson and Mullinix, 1995). When
herbicides became integral to peanut production, Florida pusley was control-
led, but the previously minor weeds, Florida beggarweed, Texas panicum,
and yellow nutsedge, increased. When herbicides were discontinued, even
after several years of use, Florida pusley again became the dominant weed
(Johnson and Mullinix, 1995). A second example of replacement is from a
rice-corn-soybean rotation in Peru. The weeds prior to herbicide use were
60% grass, 25% sedges, and 15% broadleaved. The grasses were large crab-
grass and goosegrass. After six years, the weeds were 80% grass, 13% broad-
leaved, and 7% a species of dayflower; 85% of the grass was itchgrass
(Mt. Pleasant and McCollum, 1987). A disadvantage of selective herbicides
is their ability to control some weeds that can then create open niches in
which other weeds succeed.

Herbicides, like any technology, have advantages and disadvantages that
must be weighed carefully to consider intended and unintended consequences
prior to use.
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IV. CLASSIFICATION OF HERBICIDES

An adequate classification system should be more than an index and should,
as much as possible, integrate all dimensions of the objects being classified.
Although there are several methods of herbicide classification, no single one
is completely adequate. This is because of the great diversity of uses, sites of
action, and chemical families. Not many years ago, it was possible to classify
herbicides on the basis of chemical structure. That is no longer possible
because diversity of structures and sites-of-action have increased. In spite of
the inadequacy of all systems of classification, all are used because each has
some utility. To become familiar with chemical weed control, one must under-
stand some of the jargon, and much of it is found in the language surrounding
herbicides and their classification. The objectives of this section are to under-
stand why herbicides are grouped as they are and to enable use of the several
systems of classification to discuss herbicides. Understanding systems of clas-
sification will permit explanation of field observations in terms users will
understand.

A. CROP OF USE

One often hears that a particular herbicide is a corn herbicide or a turf her-
bicide. This is useful information because it immediately reveals the crop or
site of use. Frequently, such statements represent only the narrow geographic
or crop perspective of the speaker, and therefore “crop of use: cannot be a
complete classification system. To illustrate its inappropriateness, one need
only consider herbicides used to control weeds in soybean. Grass weeds can
be controlled with a soil-applied herbicide or postemergence. Soil-applied
herbicides include representatives of 10 chemical families, and postemer-
gence herbicides include representatives from five chemical families, only one
of which is also used as a soil applied herbicide for grass control in soybean.
Herbicides from seven different chemical families can be used to control
broadleaf weeds in soybeans (for specific information, see Gaussoin et al.,
2005, or http://weedscience.unl.edu/weedguide/). These herbicides are from
19 different chemical families, have different modes of action, and are applied
at two different times relative to soybean growth. The same case can be made
for several crops. Similarly, describing 2,4-D as a “turf herbicide” is accurate
but not reflective of its many other uses. Classification by crop is essential
knowledge but includes such a diversity of other factors that it is impossible
to integrate the subject. Table 12.13 shows different crops or sites in which
herbicides are used and the range of chemical groups used on each. If one
does not know the crops in which a particular herbicide can be used or,



TABLE 12.13. A Partial Classification of Herbicides Based on Cro