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In Memoriam — Charles L. Mohler

We dedicate this book to our dear friend, colleague, and coauthor, Charles “Chuck” Mohler. Unfortunately, Chuck
passed away in April 2021 and was not able to witness his 15-year-long book project to its deserved culmination.
Chuck was a unique individual in that he was not only a brilliant scientist able to produce some of the most inno-
vative weed science research, but he could translate this often highly technical research into practical and useful
information and advice for growers. Seeing or hearing of growers using his advice was undoubtedly one of the
most satisfying aspects of his position as a weed scientist. Chuck lived a simple life and genuinely cared for people.
He offered his help to anyone who asked for it and this assistance did not come with preconditions or expectation
of repayment.

Chuck was in the vanguard of scientists that brought ecology to the forefront of a sustainable-based approach
to weed science. He valued rigorous science and the scientific approach to solving applied aspects of weed science.
Chuck was a great role model to so many aspiring and well-established scientists, and was generous with his time
and knowledge.

Despite his failing eyesight during the latter years of this book project, Chuck never once mentioned that he
could no longer finish this project, which was so important to him. Instead, he would just mention that his parts of
the book might take “just a little longer to complete, but they will get done!” We certainly wish that Chuck could be
with us to witness firsthand the very book he spent so many years thinking about and working on. We know that
he would be most proud of this book and the positive impact that it will have for growers not only in the United
States, but across the world, who are interested in ecological strategies for managing weeds!

Chuck, this is YOUR book and we are most grateful to have had the opportunity to assist you in this journey!

Antonio DiTommaso, John Teasdale
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Weed Management



CHAPTER 1

Introduction

PURPOSE AND PHILOSOPHY

The purpose of this book is to provide you with infor-
mation about the biology of agricultural weeds, includ-
ing identification, management strategies and ecolog-
ical facts that will help you understand and manage
them. The book is focused on the weeds of arable crop-
ping systems. It does not discuss the management of
weeds in forests, turf, permanent pastures or perennial
bioenergy crops. Weed management issues in forage
production are discussed to some extent since forages
are often rotated with other crops.

The basic philosophy behind the book is that
understanding the biology of weeds is critical to eco-
logical weed management. Ecological management of
weeds is information intensive rather than input inten-
sive. This book is intended to provide the information
you need to grow crops without synthetic herbicides,
great expense or backbreaking work. By understanding
how weeds work as organisms in the context of your
farm ecosystem, the task of weed management be-
comes easier. By learning about the biology of weeds
that cause you problems and then exploiting their
weaknesses you can make weed management an
integral part of your overall management effort. That
does not mean that learning about particular weed
control practices is useless. On the contrary, ecological
weed management depends on a large bag of tricks.
The key to success, however, lies in knowing when to
apply a particular tactic, and that requires an under-
standing of how weeds operate, both in general and as
particular species.

The premise of this book is that although weeds
can be useful as food and as protection for the soil,
most farmers will prefer to strictly limit their abun-
dance. Weeds are neither always bad nor always good,
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but usually they tend to reduce yield, hinder harvest
and cause a variety of other problems.

Some readers may wonder why we refer to the
system of weed management described in this book
as “ecological” rather than as “organic.” There are two
reasons. First, the principles described here apply
equally well whether you are fully committed to organ-
ic management or whether you still use some chemical
fertilizers and pesticides. They are adequate to provide
successful weed management on an organic farm, but
they can be useful on any farm. Second, we wish to
emphasize that the principles and methods are based
on careful scientific investigation. Ecology provides
the theoretical basis for the applied science of weed
management, much as physics provides the theoretical
basis for the applied science of engineering. To build a
sewer system one does not need to be a physicist, but
some knowledge of loads, stresses and fluid mechan-
ics will reduce the cost of materials and prevent the
drains from backing up. Similarly, a minimal knowl-
edge of some specific ecological ideas will help you
minimize your weed management effort and improve
your success.

Finally, thinking about your farm from an eco-
logical perspective has an additional bonus. Ecology
is the science of how organisms interact with their
environment. Its subject encompasses the workings of
the everyday biological world that you see and touch.
We expect that understanding something about the
small corner of this science that deals with agricultural
weeds will enrich your life. The great ecologist Richard
Root once commented that the best preparation one
could have for the serious study of ecology is to grow a
vegetable garden and become fascinated by a particu-
lar group of organisms, e.g., plants or insects, that are



encountered and how their behavior can change from
season to season. We hope that this book will help you
better understand weeds and how to manage them.

HOW TO USE THIS BOOK

The book is divided into two main sections. The initial
chapters contain general information on the ecology of
weeds and methods of ecological management. Some
of the information in Chapter 2 (“How to Think About
Weeds”) may not seem immediately relevant to weed
management. As you learn more about the application
of ecological management methods and about indi-
vidual weed species, however, you will see that under-
standing how weeds work as organisms is the key to
effective management. Chapter 3 (“Cultural Manage-
ment of Weeds”) and Chapter 4 (“Mechanical Weed
Management”) describe the many and varied methods
of ecological weed management. Often a method will
work well to help control one species but not another.
Thus, your management will be most effective if you
combine the general information in chapters 3 and 4
with specific information about the particular weed
species present in your fields. Additional documenta-
tion of most statements made in chapters 2, 3 and 4
can be found in the book Ecological Management of
Agricultural Weeds by Liebman, M., C.L. Mohler and
C.P. Staver. 2001. Cambridge University Press: New
York. Additional references have been added where
needed. Chapter 5 gives case studies of how ecological
management methods have been applied on farms
around the United States.

Because we believe that effective ecological weed
management requires a multi-year approach that in-
volves a varied sequence of crop types, this book takes

a weed-centered rather than a crop-centered approach.

Thus, although the book contains much information
you will find useful for the management of weeds in
wheat, corn, carrots or other specific crops, the book
does not contain sections addressing management of
individual crops.

The second section of the book contains spe-
cies-by-species information on most of the common
agricultural weeds of the United States and Canada.
Each species entry is divided into three sections. The
first, Identification, gives a description of the weed,
photographs of various stages in the weed’s life cycle
and tips on distinguishing the species from similar
looking species. The second, Management, gives a

INTRODUCTION

deliberately brief summary of major control strate-
gies. Use chapters 3 and 4 to get more information on
particular procedures mentioned in the management
section. The third, Ecology, provides a series of short
but specific statements about various aspects of the
species’ ecology. This information provides much of
the basis for the recommendations in the management
section. Farms differ greatly in soils, climate, economic
resources and the management style of the farmer.
Understanding the ecological behavior of your weeds
will help you manage them in cases where the general
recommendations in the management section do not
apply. The relevance of the information will only be
apparent, however, through study of the management
section and chapters 2, 3 and 4.

We have attempted to keep technical terminology
to a minimum throughout the book. Descriptions of
plants and their ecological behavior become longwind-
ed or even inaccurate, however, without the intro-
duction of a few technical terms. These are defined in
the Glossary. Also, some specialized tools have been
developed to facilitate weed management, and many
readers will be unfamiliar with some of these. Rather
than describe the tool each time it is mentioned, we re-
fer to it by its usual name and describe it in the Glossa-
ry. Pictures of implements are provided in appropriate
places in the text, and the page reference for these is
given in the Glossary.

Few people ever read a book of this sort in its
entirety. We believe that you will find study of chapters
2, 3 and 4 highly useful, and Chapter 5 may give you
some ideas about how to combine various tactics into
an overall control plan. Then read about the weeds
that are actually giving you problems. Finally, combine
the specific information on those weeds with the gen-
eral principles and methods from chapters 2, 3 and 4
to derive a weed management strategy that works with
your particular mix of soils, crops and resources. We,
the authors, would greatly appreciate you contacting
us with your stories of success and failure using this
approach to weed management.
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CHAPTER 2

How to Think About Weeds

Understanding the biology and behavior of weeds

is key to managing them. As explained in this book,
weeds are very good at colonizing and persisting in
your fields. They are, however, short on brain pow-
er and, with a little effort, you can outsmart them.
Outsmarting them requires understanding how they
operate as organisms.

WHAT IS A WEED?

Weeds are commonly defined as plants growing in
places where they are not desired. That definition,
however, does little to further understanding of how
weeds operate as species or how to use an understand-
ing of weed biology to manage them.

From an ecological point of view, weeds are
“plants that are especially successful at colonizing dis-
turbed, but potentially productive sites, and at main-
taining their abundance under conditions of repeated
disturbance” (Liebman, Mohler and Staver 2001).
Weeds have adapted to highly disturbed conditions,
and these adaptations are revealed by their biological
characteristics. Those characteristics reveal how to
manage them.

For example, the seeds of annual weed species are
generally small because these species must produce
many seeds so that some seedlings survive repeated
disturbance. Similarly, the seeds of most weed species
survive many years in undisturbed soil. This, plus the
ability of the seeds of many weed species to recognize
cues associated with tillage, like light and large fluctua-
tions in soil temperature, allows weeds to emerge after
many years of absence when sod is turned to begin the
annual cropping part of a crop rotation.

There are many ways to be a weed: Different
combinations of characteristics allow various plant
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species to thrive in the same sort of disturbed habitat.
Annuals, for example, complete their lifespan within
less than a year and survive between growing seasons
as seeds in the soil. Common lambsquarters and giant
foxtail are good examples of these.

Stationary perennials, such as dandelion and curly
dock, are fixed in place and unable to spread by veg-
etative reproduction, except by human intervention.
As explained in the section “Vegetative Propagation of
Perennial Weeds,” few of the weeds found in recently
tilled ground are stationary perennials. These species
are common problems, however, in established pas-
tures and hay fields.

Finally, some of the worst weeds are creeping
perennials, which spread by horizontal roots or un-
derground shoots (rhizomes) from which daughter
plants emerge aboveground. Examples of these species
include quackgrass and field bindweed. They are no-
toriously hard to kill, and because they renew them-
selves by vegetative reproduction, individual clones are
essentially immortal if left alone. Table 2.1 summarizes
some of the contrasting characteristics of these three
types of weeds.

THE ORIGINS OF WEEDS

Most species of agricultural weeds that propagate

by seed can be found in naturally disturbed or open
environments, and these were probably their habitats
prior to the development of agriculture. These hab-
itats include stream flood plains, cliffs, beaches and
locations disturbed by animals. Both the spectacular
increase in growth rate many weed species show in
response to the addition of nutrients and the frequent
ability of weed seeds to pass through mammalian
digestive tracts without harm make their association
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Table 2.1. Characteristics of Three Types of Weeds

Characteristic Annuals Fixed Perennials Creeping Perennials
Vegetative lifespan <1year Two to a few years Long, indefinite
Vegetative reproduction No Accidental' Yes
Seed longevity Years to decades Years to decades A few years
Energy allocated to seed High Medium high Low
production

Seeds

By wind, in soil, by livestock in
manure, with crop seed

Seeds

In soil, by livestock in manure, with
crop seed, a few species by wind

Establishment Mainly vegetative

Usual means of dispersal In soil, a few by wind-blown seeds

Examples Common lambsquarters, Dandelion, curly dock Quackgrass, field bindweed

barnyardgrass

'Normally, fixed perennials do not propagate vegetatively, but they may do so if chopped up by a tillage implement or cultivator.

with animal disturbances seem particularly likely. The
extensive modification of Eurasia by human settlement
makes tracing the original habitats of most Eurasian
weeds impossible, but the original habitats of some
North American weeds are relatively clear. For exam-
ple, giant ragweed is most frequently found in river
bottom fields, stream banks and drainage ditches, and
before agriculture, it probably inhabited soil deposited
along rivers by floodwater. Waterhemp, as the name
implies, can be found growing in the mud at the edges
of lakes and ponds, and it seems to have moved into
agricultural fields relatively recently.

Many of the creeping perennials were probably mi-
nor components of prairies and natural wet meadows
prior to agriculture. Their ability to propagate by division
of rhizomes or roots, or their ability to emerge from
deep rhizome or root systems, allowed them to expand
in agriculturally disturbed soils when perennial plants
more sensitive to disturbance were killed by tillage.

A third group of weeds has evolved from our crops.
Representatives of this class of weeds important in
North America include wild-proso millet, shattercane
and common sunflower. In most grain crops, mutant
forms that shatter rather than retain the seeds until
harvest arise spontaneously. These may subsequently
undergo natural selection that adapts them to life as
weeds. For example, the black seeded forms of wild-
proso millet not only shatter but also have evolved in-
creased dormancy and a more resistant seed coat. Con-
sequently, these seeds persist in the soil much longer
than seeds of domesticated proso millet. Weedy forms
of crops also frequently cross with the wild progenitors
when the latter are present. For example, domesticated
sorghum, shattercane and their wild progenitor have

intercrossed repeatedly in the savannah zone of Africa
(de Wet 1978). The resulting hybrids have been select-
ed for desirable traits within the crop, while human
management has selected weedy hybrids that resist
that management. Some of the latter have subsequent-
ly been introduced into North America and constitute
the weediest forms of shattercane.

WEED POPULATIONS ARE DYNAMIC

The population of each weed species in a field chang-
es constantly. A weed population consists of not only
the green, growing plants present in a field but also
the seeds present in the soil. Seeds are essentially tiny
dormant plants, and management of seeds in the soil
seed bank is a critical component of ecological weed
management. The number of green plants and seeds of
a weed species changes with the season and from year
to year as seeds germinate, seeds and green plants die,
and more seeds are produced. Both management and
natural processes like weather and consumption by
insects affect the number of seeds and growing plants
in a weed population.

New weeds are born into a population when plants
produce seeds or daughter plants form on a perennial
plant by vegetative reproduction. The total number
of individuals of a species is the result of the balance
between birth and death. If births exceed deaths, then
the population increases. If deaths exceed births,
then the population declines. This is a simple idea,
but many complex factors can determine how birth
and death rates actually balance out in your fields.
Understanding some of the complexity in the balance
between birth and death provides insight into why
management succeeds or fails.
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Plants die from a variety of causes, and the causes
of death change as a weed moves from one stage in
its life cycle to the next and grows from a little seed
to a large mature plant (Figure 2.1). Fungi and a wide
range of animals consume weed seeds. Other seeds die
after aging or from problems during germination. Tiny
seedlings die of desiccation, fungal disease and attack
by invertebrates both before and after they emerge
from the soil. In contrast, large, nearly mature weeds
are rarely killed by any of these factors. Large weeds,
however, are more likely to be noticed and killed when
hand hoeing a vegetable crop than are tiny seedlings.
Both the probability that the weed will flower and the
number of seeds it will produce also change with the
size of the plant. Figure 2.1 summarizes some of the
life-stage and size-dependent processes acting on a weed
population. Note that as weeds get larger, the strate-
gies for control tend to shift from the management of
biological processes to direct attack on the weed.
Ecological weed management attempts to increase
the death rate of multiple life stages and sizes of weeds,
both by direct attack and by modifying the physical and
biological environment of weeds. It should also aim to
reduce weed reproduction. As explained in succeeding
chapters, however, the small, early stages in the weed
life cycle are easier to manage than later stages.
 The fundamental principles of weed management
are thus: 1) to ensure that weeds die before moving
into the next size class and 2) to prevent mature
plants from producing seeds and vegetative daugh-
ter plants.

WEED DENSITY AFFECTS WEED DEATH
AND REPRODUCTION

The density of a weed population matters. A small
increase in weed density has its greatest effect on crop
yield when weeds are sparse (Cousens 1985). When
weed density is low, however, the absolute effect on
yield of those few weeds may not be obvious. On the
other hand, when weed density is high, the absolute ef-
fect on yield will be considerable, but additional small
increases in density will have little further effect.

The density of a weed species also affects what
proportion of individuals will die or reproduce during
the course of a week or of a growing season (Garcia
de Leon 2014). Some factors kill a greater propor-
tion of weeds when the weed species is dense. Other
factors kill a smaller proportion of the species when it
is dense. Still other factors kill about the same pro-
portion of weeds regardless of the species’ density.
Factors that influence reproduction, like flower-eating
insects and competition from crops, also vary in how
dependent they are on weed density. Thus, as a weed
population increases, the balance between birth and
death rates changes, leading either to further increase
or to decline.

Your management enters into this balance. As
a weed problem becomes more acute, you are likely
to take additional measures to bring the population
down. Similarly, if you can drive a species to low den-
sity in a field, natural processes may be sufficient to
keep it in check, and you can relax your control efforts.
Ecological weed management manipulates natural

Seed
dormancy

Seed production

Seeds Seedlings

Fatal germination

Seed predation

Loss of viability
Disease

Competition

Cultivation
Flame weeding
Seedling predation

Large,

Small

plants mature

plants

Late cultivation

Post-harvest
tillage

Cultivation
Mowing

Figure 2.1. The life cycle of an annual weed species showing mortality factors that affect the population at various life stages.
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processes like seed germination and beneficial organ-

isms in concert with physical management methods

like cultivation.

« The goal of ecological weed management is to
arrive at a balance between birth and death that
keeps the density of weed populations low most of
the time and reduces them quickly when density
starts to increase.

Some examples will help explain how density affects

weed mortality and reproduction.

As the density of weed seeds in the soil increases,
the number of seedlings that emerge increases, but the
proportion of seeds that produce seedlings decreases
(Grundy et al. 2003). This process tends to slow pop-
ulation growth as weeds proliferate. Similarly, hand
weeding Kkills a larger proportion of weeds as density
increases. In the first pass, a weeding crew may hoe out
95% of the weeds in half a day. A second half-day of
hoeing immediately after the first will certainly remove
far less than 95% of the remaining weeds because the
ones that are left are smaller, or are hiding under crop
leaves, or appear to have been killed by the previous
hoeing. Conversely, the higher the initial density, the
greater the proportion of weeds removed is likely to
be, although the number of weeds remaining is also
likely to be higher.

Many of the mortality factors that have an effect
on weed populations are independent of weed density;
an example is blind cultivation, which is disturbance of
the entire surface soil, including the crop row. Organic
corn and soybean growers commonly use a rotary hoe
or tine weeder for blind cultivation before or shortly
after the crop emerges. The objective of blind culti-
vation is to kill tiny, shallowly rooted weed seedlings,
both those that are newly emerged and those that are
still in the “white thread” stage of development in the
soil. Blind cultivation will kill more seedlings if more
are present, but it usually kills the same proportion of
seedlings regardless of density.

In contrast, a row crop cultivator will kill a small-
er proportion of weeds when the weeds become very
dense. At low to moderate density, the cultivator will
likely kill the same proportion of weeds regardless of
how many are present. At very high densities, however,
the weed roots tangle together and hold onto soil. The
cultivator increasingly throws up slabs of weeds and
soil as density increases. In these slabs, the roots are
not exposed to drying, so the weeds live on to reroot
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and continue growing. Thus, as weed density increas-
es, a row crop cultivator kills the same proportion

of weeds until they become very dense, and then an
ever-smaller proportion is killed with further increases
in density.

Factors that affect reproduction are also influenced
by weed density. Competition from the crop normally
decreases seed production to the same degree regard-
less of weed density. In contrast, fungal diseases often
kill an increasing proportion of flowers and immature
seeds as weed density increases because dense veg-
etation keeps humidity higher, thereby promoting
infection, and the close proximity of plants increases
movement of spores onto not-yet-infected individuals.

If you have a problem weed, any practice that kills
that species or reduces its reproduction is desirable.
Note, however, that when weeds are dense, many can
be killed easily, but this will not necessarily result in
control. You will not achieve long-term control of the
weed unless your overall management kills a greater
proportion of the weeds as their density increases.
Ecological management uses many “little hammers,”
but just any collection of hammers will not do. Your
overall management program needs to create a high-
er death rate and a lower birth rate as the population
increases, or the population will continue to increase.

VEGETATIVE PROPAGATION OF
PERENNIAL WEEDS

Perennial weeds potentially live for more than one
growing season, and many are nearly immortal. All
have buds on roots or underground stems that sprout
when the plant is damaged. These dormant buds allow
quick recovery following disturbance, and they may
result in multiplication of the weed if it is fragmented.
Understanding the behavior of buds and how they tap
into the weed’s stored energy reserves is critical for
successful management of these weeds.

All temperate zone perennial weeds have some-
place to store carbohydrates and other nutrients
through the winter; these stored nutrients allow the
weed to sprout vigorously in the spring. In creeping
perennials, the storage organ is either a thickened,
horizontal storage root (for example, field bindweed),
a rhizome (for example, quackgrass) or a tuber (for
example, purple nutsedge). A rhizome is simply an un-
derground stem, though most rhizomes look more like
roots than like stems. Roots and rhizomes form buds
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at short intervals as they grow, and these can turn into
new shoots if conditions are right. Most buds remain
dormant due to hormones that are released from

the growing tip of the rhizome or storage root. This
phenomenon is known as apical dominance. As the
rhizome or storage root grows, the distance from the
tip to a particular bud becomes longer, and the concen-
tration of the hormone at a particular bud decreases.
Eventually, hormone concentration drops so low that
the previously suppressed bud can sprout and become
a new shoot. The new shoot also produces hormones
that suppress the sprouting of neighboring buds. The
result is a semi-regular spacing of shoots along the
length of the storage organ.

When the root or rhizome system of a creeping
perennial is cut up into small pieces during tillage,
hormonal suppression of the lateral buds stops and the
last bud on each segment becomes capable of sprout-
ing (Figure 2.2). Usually sprouting will occur imme-
diately, but if the season is not suitable for growth,
the buds may remain dormant until soil conditions
become favorable again. In any case, tillage often
increases the number of shoots of a creeping perenni-
al. This is not necessarily bad, however, because each
of the shoots has smaller storage reserves on which
to draw. Hence, although the number of individual
shoots increases, each one has more difficulty growing
up out of the soil, growing through a crop canopy, and
recovering from subsequent damage by cultivators.

The smaller the piece of storage organ, the weaker
an individual will be, and the more sensitive it will be
to other management practices. The perennial storage
organs of a few species are tough enough that they can
be worked to the soil surface and physically removed
or subsequently killed by drying (see “Remove Peren-
nial Storage Organs” and “Dry Out Perennial Storage
Organs” in Chapter 4). Longer pieces make working
the storage organs to the surface easier.

For most species, however, tillage aimed at con-
trolling perennials should attempt to cut or break up
the pieces as small as possible. A disk, rotary tiller or
spading machine will be more effective than a chisel
or moldboard plow at chopping up roots and rhizomes
into small pieces. The former machines are also less
likely to spread the weed around the field. Note, how-
ever, that if the pieces are buried deep with a mold-
board plow after being cut up, then energy reserves
will be heavily depleted as the shoot elongates out of
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the ground. This will make the weed easier to manage
with subsequent cultivation or with a competitive crop.
Management of perennials with tillage is discussed
more fully in Chapter 4.

When a piece of root or rhizome sprouts, energy
drains out of the storage tissue and into the shoot. This
process continues even after the shoot has emerged
from the soil (Figure 2.3). Eventually, the shoot devel-
ops leaves and becomes self-sufficient, after which it
begins to replenish the depleted underground reserves,
and new rhizomes or storage roots begin to form. The
ideal point at which to destroy the plant by removing
the shoot occurs when the storage organs reach their
minimum weight. This point varies among weed spe-
cies. For quackgrass, the minimum is usually reached
when the plant has formed three to four leaves, where-
as for Canada thistle it occurs when the plant is about
12 inches tall. Probably, burial of the shoot is more
harmful to the weed than simply removing it, since a
buried shoot will continue to draw on root or rhizome
reserves by respiration, whereas a severed shoot will
not. This requires testing, however, and in any case,
the shoot must be completely buried, or it will contin-
ue to grow.

Many stationary perennials like dandelion rely on
a taproot for overwinter storage. Taproots of stationary
perennial weeds have dormant shoot buds or tissues

Figure 2.2. The growing tip of a storage root or rhizome produces hor-
mones that prevent nearby buds on the root or rhizome from sprouting.
Cutting up the root or rhizome during tillage releases the buds from
hormonal suppression and allows them to sprout. Each of the resulting
shoots has smaller reserves to draw on and is thus less vigorous than the
shoot from an uncut root or rhizome.
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Figure 2.3. Recovery of fragments of storage roots of perennial sowthis-
tle, a typical creeping perennial. When a root fragment sprouts, the new
shoot begins drawing energy from the root fragment, thereby reducing
its dry weight. Even after the shoot emerges above the soil surface, it
continues to grow at the expense of the storage root. The plant is weak-
est and most susceptible to further disturbance when the root system
reaches minimum weight, but several weeks may be required before

the storage roots have fully recovered. Most herbaceous perennials go
through these stages following fragmentation, but the time of course
varies among species. Five-inch root segments were buried in November
at a 2-inch depth, and the first observations were made on April 3. This
figure was plotted from data in Hakansson (1969).

Figure 2.4. A dandelion that has recovered from burial of the taproot.
Note the long underground shoots that have formed to act as bases for
the production of new rosettes of leaves.
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that can differentiate into buds. They thus behave
similarly to creeping perennials in that breaking the
taproot into pieces produces multiple new individu-
als. Because the taproots of stationary perennials are
generally much larger in diameter than the storage
organs of creeping perennials, breaking the root into
sufficiently small pieces to create loss of vigor in the
daughter plants is difficult. Moreover, the taproots of
stationary perennials are often so tough that they are
not broken up much by tillage. Partial damage to the
root may stimulate sprouting of dormant buds. This
results in a tight clump of shoots arising from the same
piece of root. The same effect occurs when the top of a
taproot is cut off by a cultivator.

Deep burial by tillage is often an effective first
step for controlling taprooted perennials despite their
substantial storage reserves. Unlike the storage roots
and rhizomes of creeping perennials that recover well
from a change in orientation, a taproot prefers to sit
vertically in the soil. If the root is inverted or laid on its
side deep in the soil, it must expend substantial energy
developing a new vertical axis. Moreover, most tap-
rooted perennial weeds form a whorl of leaves arising
at ground level (a rosette) before the plant forms a
flowering stalk. Thus, the new vertical root or under-
ground shoot must be substantial enough to support
development of the rosette (Figure 2.4). Development
of a new, thick vertical underground root or shoot
drains the original taproot and leaves the resulting
plant susceptible to further management.

Some stationary perennial weeds (for example, the
various species of plantain) overwinter as a rosette.
In these species, the leaf bases, root crown or short
underground stem act as the storage organs. Most
such species do not propagate vegetatively: Fragmen-
tation of the root crown usually kills the plant rather
than multiplying it. Few stationary perennials without
taproots survive well in tilled fields, because turning
the soil buries the root crown and kills it. However, in-
dividuals that end up at the soil surface may occasion-
ally survive and re-establish, even after losing most
or all of its leaves. In general, stationary perennials,
both with and without taproots, are primarily weeds of
grasslands (e.g., lawns, pastures, hayfields and road-
sides). Although poorly adapted for surviving tillage,
they are well adapted to survive mowing and grazing
because the shoot arises near the soil surface and thus
below the height of cutting.
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Characteristics of Weeds That Affect

Their Management

The following sections are arranged approximately in
order of plant development, from seed to mature plant.
They correspond to the topics listed under “Ecology” in
the sections on individual weed species that are in Part
Two of this book.

SEED WEIGHT

Seed weight indicates much about the biology of a
weed species and hence its response to a wide range

of management practices. Seed weight is important
because it indicates the resources available to the seed-
ling during establishment. Consequently, seed weight
correlates with the depth from which the seedling can
emerge from the soil, how well it can grow around ob-
stacles in the soil, its ability to grow up through organ-
ic mulch (Mohler and Teasdale 1993), and how quickly
it will begin competing with young crop plants.

Since seed weight governs the species’ ability to
establish in adverse situations, it also indicates how
likely the species is to respond to environmental cues
associated with favorable conditions for establishment.
Small seeded weeds commonly germinate in response
to multiple environmental signals associated with
near-surface conditions, recent soil disturbance and
bare soil (see “Seed Germination: Why Tillage Prompts
Germination”). The small seeded species balance
these cues physiologically to determine whether to
germinate. In contrast, large seeded weed species are
usually insensitive or only weakly sensitive to many of
these cues, probably because their greater seed re-
serves allow them to successfully establish from deeper
in soil regardless of surface soil conditions. Unlike
most small seeded species, germination of many large
seeded species requires weathering of the seed coat.

As with all plant species, germination of large seed-
ed weeds requires appropriate soil temperature and
moisture conditions.

The seed size of a weed species affects how you can
manage the species. Weeds are always easier to control
by cultivation when they are young, but the smaller the
seed, the easier the seedlings are to kill. Thus, shallow
cultivation with a tine weeder or rotary hoe often pro-
vides good control of small seeded weeds like common
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lambsquarters and the pigweeds, since these can only
emerge successfully from near the soil surface. In
contrast, shallow-working machines are usually less
effective for controlling large seeded weeds like velvet-
leaf or the morningglories because the seedlings have
sufficient resources to emerge from below the imple-
ment’s operating depth.

Seed weight indicates the species’ ability to grow
up into and through the canopy of an established crop.
Species that grow from tiny seeds tend to stagnate in
the shade under a crop. Those from larger seeds can
rely on seed reserves, however, to get above the lower
leaves of the crop into partial sunlight and to continue
growth. The ultimate extension of this pattern is to
perennial species that rely not on seed reserves but on
substantial tubers, rhizomes or storage roots for their
early growth. Enhancing crop competitiveness helps
control all sorts of weeds. A highly competitive crop
can devastate the seedlings of most small seeded spe-
cies. It may also check the growth of a seedling from
a large seed or slow new shoot growth of a perennial
weed. If the crop does not establish dominance quickly
enough, however, even a small seeded weed species
can outgrow the crop and become highly competitive.
In general, the smaller the seed size of a weed, the
more rapidly its size multiplies each day (see “Growth
and Competition for Light”).

Finally, smaller seeded weeds are more easily
controlled by organic mulch than large seeded spe-
cies. First, fewer seeds of the small seeded species will
receive the cues they need for germination if covered
with organic mulch (see “Seed Germination: Why
Tillage Prompts Germination”). Second, those that do
emerge from the soil will be more likely to starve or
become so weak that they succumb to disease before
growing through the mulch.

This discussion has described general trends
across many species. Exceptions to any of these gener-
alities can arise from the unique growth form or phys-
iology of individual weed species. Nevertheless, seed
size tells much about the biology of a weed and how to
manage it.

Most crops have seeds that are much larger than



the weeds with which they compete. Corn, soybeans,
wheat, peas and pumpkins all have seeds that weigh
50—1,000 times more than many common agricultural
weeds like the pigweeds, giant foxtail and common
lambsquarters (Figure 2.5). Potato seed pieces and
onion sets dwarf weed seeds even more. This differ-
ence in seed size gives large seeded crops a strong head
start in competition with weeds, and it makes possible
several organic weed management techniques. Trans-
planting small seeded crops like lettuce, tomatoes and
cabbage gives these species a competitive head start
similar to that of the large seeded crops. Conversely,
the notorious difficulty of controlling weeds in small
seeded crops that do not transplant well (for example,
carrots and parsnips) is not a coincidence.

In this book, including in the accounts of individ-
ual species, we use the term “seed” in the loose sense
used by most farmers and gardeners rather than the
strict botanical sense. For example, the grain of a
grass is technically a type of fruit called an “achene,”
in which the wall of the fruit adheres tightly to the
seed proper. Moreover, in some species, including
large crabgrass and common lambsquarters, the
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dispersal unit usually includes some flower parts that
also cling to the seed. Although the most ecologically
relevant part of the dispersing unit is the germ plus
the endosperm, which is the seed’s food store, data
on the weight of the seed proper are available for few
weed species. Consequently, the seed weight values
reported in the accounts of individual species are the
weights of the dispersing units. Usually, most of the
weight is that of the seed proper, since thin fruit skins
and tightly clinging chaff are usually light relative to
the seed. Exceptions include cocklebur and the sand-
bur species, and for these we give the weights of the
shelled-out seeds.

SEED GERMINATION: WHY TILLAGE
PROMPTS GERMINATION

Most weed species have very small seeds. Hence the
newly emerged seedlings are tiny and incapable of
competing with established vegetation. Consequently,
these species have been naturally selected to respond
to environmental cues that indicate the nearness of
the soil surface and the absence of competing plants.
In natural situations, usually plants are only absent if
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Figure 2.5. Comparison of the seed size of some common weeds and crops.
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the soil has been recently disturbed, for example, by
animals or flooding. Thus, weed seeds often respond to
cues associated with soil disturbance, and this means
that they germinate in response to tillage. Cues that
prompt germination of many weed species include
light, high soil temperatures, fluctuation in tempera-
ture between day and night, the presence of nitrate

in the soil, and the absence of volatile substances

that are released by soil organisms when oxygen is in
short supply.

High light levels at the soil surface occur when
competing plants and plant residues are removed
by tillage. Also, tillage rolls the soil around, briefly
exposing buried seeds to light, even if they are again
covered. Exposure to white light increases germination
of most weed species, particularly if the seeds have
been previously buried (Wesson and Waring 1969).

In contrast, light that has been depleted in red wave-
lengths by passage through a plant leaf canopy inhibits
germination of many weed species (Taylorson and
Borthwick 1969).

Bare soil exposed to direct sunlight becomes much
warmer during a sunny day than soil that is covered
by plants and plant residues. Germination of some
species, like redroot pigweed and common purslane is
prompted by high soil temperatures. In addition, bare
soil radiates more heat to the night sky than covered
soil, and therefore it cools more rapidly. The daily
alternation between high daytime and low nighttime
temperatures prompts germination of many weed
species, including common lambsquarters and curly
dock. Note that high soil temperatures and large daily
variation in soil temperature only occur near the soil
surface, and thus they indicate to the seed that it is in a
safe location for germination.

Inside soil aggregates, oxygen may become deplet-
ed due to respiration by roots and microbes. Low ox-
ygen concentrations inhibit germination of some spe-
cies until air is stirred into the soil by tillage. Normally,
however, enough oxygen is present within the plow
layer for seed germination. Venting of volatile organic
compounds during tillage may be more important than
increased oxygen in prompting weed seed germina-
tion. Ethanol, acetone and aldehydes can accumulate
in undisturbed soil particles due to insufficient oxygen
for the complete breakdown of carbon compounds.
Dormant seeds can release these substances if oxygen
is in short supply. When soil is stirred by tillage, these
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volatile substances are vented into the atmosphere and
some species, including velvetleaf and tall morning-
glory, germinate in response to their sudden absence
(Holm 1972).

Finally, the increase in warmth and oxygen asso-
ciated with tillage stimulates microbes to consume or
ganic matter and thereby release nitrogen-containing
compounds into the soil. Specialized bacteria convert
these to nitrate. Normally, plant roots absorb nitrate
so quickly that concentrations in the soil remain very
low. After tillage, however, no living plants are present
to take up the nitrate, and it accumulates in the soil.
Even though the concentrations of nitrate in the soil
usually remain low, seeds of some weed species, like
common lambsquarters and common chickweed detect
the slight increase in nitrate concentration following
tillage and germinate in response to it.

Many species respond to several of the germina-
tion cues discussed above. Thus, for example, a few
common lambsquarters seeds will germinate in the
dark at constant temperature and no nitrate. More will
germinate if any one of these three cues (light, alter-
nating temperature or nitrate) is present, still more
will germinate if two cues are present, and most will
germinate if all three are present. Seeds of many weed
species add up cues in this way to assess the suitability
of the environment for establishment.

As a result of the changes in soil properties fol-
lowing tillage and the variation in soil properties with
depth, the seeds of many weed species are able to
detect 1) when they are near the soil surface and 2)
when competing vegetation and dead organic materi-
als have been removed. Consequently, a flush of weed
emergence usually follows tillage, provided the soil is
warm and moist enough for seed germination and the
seeds are not in a seasonal dormancy state (see the
next section).

The response of weeds to soil disturbance and cues
associated with a bare soil surface provides a means
for controlling them when they germinate. Tillage
can induce a flush of new seedlings that can then be
killed with cultivation. Conversely, if the weeds are
killed without further soil disturbance, for example
by flaming when establishing a stale seedbed, then
relatively few additional seedlings will establish.
Alternatively, keeping the soil cool and dark with a
mulch or with a dense crop canopy will suppress most
additional germination.



SEASON OF WEED EMERGENCE

Most weed species have a particular season of the year
in which they emerge most abundantly. The seeds of
many weed species are dormant when shed from the
parent plant. These must go through some period of
aging (after-ripening), a period of cold or some oth-

er process before they are capable of germination.
Dormancy in weeds is generally either 1) a physiolog-
ical process in which biochemical changes must occur
within the seed to ready it for germination or 2) the
result of a hard seed coat that prevents water from
entering the seed. Often, weeds with relatively large
seeds like hedge bindweed and velvetleaf rely on hard
seed coats to maintain dormancy, whereas small seed-
ed weeds like common lambsquarters and common
ragweed rely on physiological mechanisms. However,
many exceptions to this pattern also occur.

Physiological Dormancy

Many weed species experience an annual dormancy
cycle in which dormancy is broken by some mecha-
nism but is then re-established if the seed does not
receive appropriate cues for germination or if soil
conditions are unfavorable (Baskin and Baskin 1985).
Spring germinating weeds usually either require a
cold treatment to release their seeds from dormancy
(for example, common ragweed) or seeds under-

go a gradual loss of dormancy called after-ripening
(for example, the foxtails). If they do not germinate,
eventually the higher temperatures of summer may
restore them to a dormant state. They then must pass
through another winter before they can germinate.
Other species may be held in a dormant state by high
temperatures but become capable of germinating again
in the fall when temperatures are lower (for example,
shepherd’s-purse). These species tend to establish in
both the spring and fall. Species that germinate only in
the fall typically require a period of high temperatures
to release them from dormancy and then germinate
when temperatures again lower (for example, purple
deadnettle). However, few common agricultural weeds
behave in this way. Summer germinating species, like
common purslane, have high temperature thresholds
for germination and may germinate directly after fall-
ing from the parent plant if the soil is warm enough.
But except in regions with long, hot summers, the
temperature will often have dropped by the time the
plants shed seeds.
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Hard Seed Coat Dormancy

In a few species with hard seed coat dormancy, wa-
ter can enter the seed, but the hard seed physically
restricts growth of the embryo (for example, may-
weed chamomile). Most species with hard seed coats,
however, maintain dormancy by preventing entry of
water into the seed. They have a specific area, usually
near the point where the seed attached to the parent
plant, which changes to allow water entry (Baskin and
Baskin 2000). Aging of the seed or repeated wetting
and drying of the outer layers of the seed coat change
the structure of this region so that a crack forms or
the tissue softens to allow water to enter. Damage to
the seed coat by insects, fungi or abrasion can also
allow the seed to take up water and germinate. But
under field conditions, these mechanisms often result
in death of the seedling due to attack by pathogens or
germination at an inappropriate time or depth in the
soil (Baskin and Baskin 2000). Since winter provides a
long period in which the processes that open the pore
can act on the seed, often species with hard seed coat
dormancy show a peak of germination in the spring.
These species also usually continue to germinate spo-
radically throughout the growing season as the seed
coats of additional individual seeds become permeable.

Consequences of Seasonal Germination
for Crop Rotation
Crops that are planted in any given season compete
primarily with weeds that characteristically germi-
nate during that season. Earlier germinating weeds
are wiped out during tillage and seedbed preparation.
Species that germinate later, after the crop is well
established, usually pose few problems since the crop
is more competitive, and if it is a non-competitive
crop, at least it will be sufficiently well rooted to stand
aggressive cultivation.

Thus, different sets of weed species are typical
of spring, summer and fall planted crops. For exam-
ple, common lambsquarters, common ragweed and
foxtail grasses are often abundant in spring planted
crops; purslane and pigweeds plague summer planted
vegetable crops; and downy brome, mayweed chamo-
mile and shepherd’s-purse are common in fall planted
grains. An important consequence of this variation
in the dominant weed species associated with the
variation in season of crop planting is that rotation
between spring, summer and fall planted crops tends
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to interrupt most weed life cycles and prevent any one
suite of species from becoming extremely abundant.

SEED LONGEVITY

If conditions are not suitable for germination, a seed
may remain alive in the soil for years. How long the
seed survives in the soil depends both on the charac-
teristics of the species and on soil conditions. Since soil
disturbance tends to prompt germination of most weed
species (see “Seed Germination: Why Tillage Prompts
Germination”), the nature and frequency of soil distur-
bance is particularly critical in determining how long
seeds survive in the soil.

Stating how long the seeds of a species survive in
the soil is difficult. Seed longevity is usually reported
in literature sources as the percentage of seeds alive
after some number of years. However, such numbers
do not reflect the nature of seed mortality in the soil.
Unlike healthy humans that mostly die of old age,
seeds in the soil tend to die at a constant rate (Roberts
and Dawkins 1967). That is, the same percentage of the
seeds that are still left die each year, regardless of how
many years they have been in the soil (Box 2.1). This
means that if the soil seed bank is not replenished by
reproduction, the number of seeds in the soil declines
relatively rapidly at first, but it also means that some
seeds will persist for many years. This is the primary

reason complete eradication of most weeds from a field
is so difficult.

Because seed mortality is best expressed as the
percentage of seeds that die in a year, we report seed
mortality in this way in the discussion of individual
species whenever the data make such a computation
reasonable. Seed survival depends on weather (partic-
ularly for recently shed seeds), the presence or absence
of seed predators, soil conditions and management.
Consequently, all types of seed survival data should
be used only as a general indicator of a species’ per-
sistence in the soil.

Weed seeds usually die in one of three ways: 1)
they begin to germinate in conditions that do not allow
establishment, 2) they are eaten by seed predators or
3) they die from physiological breakdown. The relative
importance of the three mechanisms may be in the
order just listed. Most of the species that have been
studied systematically, however, have been grasses
with relatively large seeds; small seeded and broadleaf
species may behave differently.

Although most weed species possess mechanisms
for determining appropriate seasons and conditions
for germination (see “Season of Weed Emergence” and
“Seed Germination: Why Tillage Prompts Germina-
tion”), these mechanisms do not work perfectly. Con-
sequently, many seeds germinate too deep in the soil

Box 2.1. Seeds usually die in the soil at a constant rate. The number of seeds left after one year can be determined by multiply-
ing the initial number in the soil by the proportion that survive for a year. The proportion surviving is equal to (1 - (percentage
mortality / 100)). Repeated multiplication by the proportion surviving gives the number left after any given number of years.

20% Annual Mortality

50% Annual Mortality

Year Number/ft? Computation Number/ft? Computation
Initial 1,000 1,000
After 1year 800 =1,000 x (1- 0.2) 500 =1,000  (1- 0.5)
After 2 years 640 =800x (1-0.2) 250 =500 x (1- 0.5)
After 3 years 512 =640 x (1-0.2) 125 =250 x (1- 0.5)
After 4 years 410 =512x(1-0.2) 62 =125 x (1-0.5)
After 5 years 328 =410x (1-0.2) 3l =62 x (1- 0.5)
After 6 years 262 =328 x(1-0.2) 16 =31x (1-0.5)
After 7 years 210 =262 x(1-0.2) 8 =16 x (1- 0.5)
After 8 years 168 =210x(1-0.2) 4 =8 x (1-0.5)
After 9 years B4 =168 x (1-02) 2 =4x(1-0.5)
After 10 years 107 =134 x (1-0.2) 1 =2x(1-0.5)
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for successful emergence. Others begin to germinate
and then dry out and die, or they begin to germinate
and are then killed by soil organisms.

In general, seed predators are most effective
against seeds that are on or near the soil surface.
Consequently, if weeds have gone to seed in a field, fall
tillage will bury and protect the weed seeds. Ground
foraging birds and mice are major predators on seeds
greater than 2—5 milligrams, whereas ground beetles
of the carabid family are among the major predators of
smaller seeds. Earthworms consume grass seeds and
digest a substantial proportion of the ones they eat.
The action of earthworms on broadleaf weeds has not
been studied much, but large night crawlers drag seeds
into burrows where many germinate, die, rot and are
subsequently eaten by the worms.

Although seeds are inanimate creatures, they are
metabolically active. In the soil, most species of weed
seeds persist in a moist condition and are capable
of metabolic repairs (Villiers and Edgecombe 1975).
Eventually, however, damage to membranes, genet-
ic mistakes and toxins accumulate and cause loss of
vigor. This happens most quickly at high tempera-
tures and when the seeds are damp but not fully
moistened (Villiers and Edgecombe 1975). Since both
of these conditions occur most often near the soil
surface, seeds near the surface that remain dormant
deteriorate quickly. In contrast, seeds buried deep in

100

Velvetleaf

Powell’s amaranth

Seed survival (percent)

T T T T
0 2 4 6 8 10
Depth in soil (inches)

Figure 2.6. Survival of seeds of velvetleaf and Powell amaranth (a
pigweed species) at different depths in the soil over the course of
one year (spring to spring). Data are for the survival of seeds that did
not produce emerged seedlings. The apparent slight decline in survival
at the maximum depth tested is not statistically significant (Mohler,
unpublished data).
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the soil remain cold and wet, and retain viability for
longer periods.

Thus, seed survival tends to improve with the
depth of burial in the soil (Figure 2.6). The soil surface
is a deadly environment for weed seeds, and the top
few inches are an unhealthy environment. In contrast,
seeds tend to survive well deep in the soil where they
stay cool and moist and are relatively safe from animal
activity. Some species, like velvetleaf and common
lambsquarters, survive well when buried. Others, like
the galinsogas and downy brome, survive poorly when
buried, but no species survives well on the soil surface.

Although weed seeds die most rapidly near the
soil surface, tillage that incorporates seeds into the soil
often reduces the number of weeds that establish in
the next crop after the seeds are produced. Whether
or not those seeds will return to the surface during
subsequent tillage events depends on the death rate of
the seeds deep in the soil and how easily seedlings can
reach the surface when the seeds are more than slight-
ly buried. The complexity of managing seed banks with
tillage is discussed more fully in Chapter 4.

A few generalizations about the persistence of
different taxa are possible. Few grass species persist
well in the soil for more than a few years, whereas
many broadleaf species form long-lasting seed banks.
Wetland species often survive well in the soil and then
establish profusely when a dry period exposes the mud
to light and air. Finally, large seeds and elongated
seeds tend to survive more poorly than small, round
seeds (Thompson et al. 1993). This last generalization
may stem from the difficulty large and elongated seeds
have in entering untilled soil. Mechanisms allowing
long-term survival would provide little advantage for
seeds stuck on or very near the soil surface. Many
exceptions to these generalizations exist. For example,
the small seeds of broadleaf galinsoga species survive
poorly in the soil, whereas the large seeds of velvetleaf
persist well in the soil provided they are hard when
they are shed. Nevertheless, these rules of thumb may
be useful when managing a species that is not covered
in the later chapters of this book.

DEPTH OF SEEDLING EMERGENCE

FROM THE SOIL

In the discussion of individual species, we give the
optimal and maximum depths of emergence for each
species for which this has been measured. Emergence
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Table 2.2. Growth Rates of Some Weeds and Crops in Relation to Seed Size (from Seibert and Pearce 1993)

Species Seed Weight
(mg)
Common lambsquarters 041
Velvetleaf 78
Cocklebur 38
Sunflower 6l
Soybean 158

Initial Growth Rate Relative Growth Rate
(mg/day) (mg/mg/day)
014 0.35
19 0.24
71 019
12 0.2
24 016

from various depths is affected by soil properties
(Gardarin et al. 2010), and thus studies sometimes
vary in the proportion of seedlings emerging from a
given depth. For most species, emergence is poor to
moderate at the soil surface, increases rapidly to a
peak with shallow soil covering and then decreases
exponentially as burial depth increases. The increased
emergence with slight burial is due to increased ger-
mination from improved soil-seed contact (Grundy et
al. 2003).

The ability of seedlings to emerge from various
depths is a major factor in how the species responds
to tillage following seed production. If the weed seeds
are incorporated to the optimal depth for emergence,
then you will likely see more seedlings than if the seeds
are left too shallow or too deep for good emergence.
Subsequent tillage events redistribute seeds that were
previously buried, however, and as explained in the
“Seed Longevity” section, depth of burial also affects
seed survival. The interaction of seed survival, depth
of emergence and the redistribution of seeds by tillage
implements is discussed in the section “Tillage Effects
on Weed Seedling Density” in Chapter 4.

The ability of weed seedlings to reach the soil
surface is roughly related to seed size, although other
factors are also involved (Grundy et al. 2003, Gardarin
2010). The giant seeds of bur cucumber emerge well
from anywhere in the plow layer, whereas the little
seeds of the two galinsoga species can barely emerge
from a depth of 0.25 inch. Most species with seeds less
than 1 milligram emerge poorly from depths greater
than 1 inch, and only a few weed species have seeds
that allow a high rate of emergence from deeper than
2 inches.

The relationship between seed size and depth of
emergence is far from exact, however. Grass seeds of
a given size often emerge from deeper in the soil than
broadleaf weeds with seeds of the same size, though
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this has not been studied systematically. Also, long
seeds and seeds with an uneven surface tend to ger-
minate exceptionally poorly on the soil surface due to
poor soil-seed contact.

GROWTH AND COMPETITION FOR LIGHT

The growth rate of a plant depends on its size. For
annual weeds and annual crops (plants that complete
their life cycles in less than one year), larger plants
usually grow faster than small ones, at least until they
begin to mature and redirect resources to reproduc-
tion. Since weeds tend to have small seeds (see “Seed
Weight”), their seedlings are usually much smaller
than crop seedlings and transplants. Consequently, the
growth of small seeded weeds (weight gain per day)

as seedlings is usually slow compared to crops, simply
because the crops have more leaf area per plant (Table
2.2). This gives the crops an initial advantage. If man-
aged carefully, the crops can grow up above the weeds
and shade them, thereby slowing further growth.

The tiny plants that emerge from little seeds, how-
ever, tend to have a higher relative growth rate (weight
gain/unit weight/day) (Table 2.2). This is largely
because they have more photosynthetic area relative
to the weight of non-photosynthetic tissues, like roots
and the inside of stems. Due to their small seed weight
and to other factors (see “Nutrient Use”), weed seed-
lings have some of the highest relative growth rates
recorded for any plant species. Consequently, small
seeded weeds start out life weak and non-competitive,
but if given a chance, they rapidly grow large enough to
compete with crops.

If a plant already occupies a piece of ground,
other plants will have difficulty displacing it. Its roots
already fill the most opportune crevices in the soil
and have already multiplied to tap tiny pockets of
high nutrient concentration. Furthermore, during dry
spells, an established root system can tap moisture in



deeper layers of soil that will be unavailable to newly
germinated seedlings. Even more importantly, an es-
tablished plant casts shade. It intercepts light and uses
it for further growth. In the process, it deprives newly
established plants of the light they need to grow. Thus,
plant competition is governed by the rules of “first
come, first served” and “those who have will get more.”
Thus, two critical principles of weed management are
1) always maintain a positive size difference between
the crop and the weeds, and 2) ensure that crops oc-
cupy as much of the space available as possible. If you
can implement these two principles, the crop will do
most of your weed management for you.

PHOTOSYNTHETIC PATHWAY

Various plant species perform photosynthesis by
different metabolic pathways. The most common of
these are referred to as the C, and C, pathways. The
biochemical details of these photosynthetic pathways
do not require discussion here but can be found in
any botany text and in most general biology texts. The
two pathways do, however, give plants contrasting
ecological behaviors. Thus, knowing whether a species
uses the C, or C, pathway can help you understand its
growth requirements.

In general, C, plants thrive under cool, moist
conditions, although some species tolerate warmer,
drier conditions as well. Their rate of photosynthesis
reaches a maximum at some fraction of full daylight.
In contrast, C, plants reach peak performance at high
temperatures and are often drought tolerant. Their
photosynthetic rate does not reach a peak even at full
sunlight intensity. Thus, photosynthetic pathway is
one indicator of the season and habitat favored by a
species. Most broadleaf weeds and cool season grass
weeds like quackgrass use the C, pathway. Most warm
season grasses like bermudagrass and the foxtails use
the C, pathway. In addition, a few broadleaf weeds,
including the pigweeds and common purslane, use the
C, pathway.

C, plants substantially increase their photosynthet-
ic rates and growth rates as the concentration of atmo-
spheric carbon dioxide increases. Experiments show
that C, weeds like common lambsquarters and Canada
thistle will likely become worse pests as carbon dioxide
concentrations continue to rise due to the burning of
fossil fuels and clearing of tropical forests. In contrast
with C, weeds, carbon dioxide concentration has little
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Table 2.3. Effect of Increased Atmospheric Carbon Dioxide
on the Relative Competitive Ability of Crops and Weeds
as Affected by Photosynthetic Pathway (Ziska 2001)

C, Crop C, Crop

G weed Depends on the Favors the weed
species
C, weed Favors the crop Depends on the
species

effect on C, species. Although C, weeds will proba-
bly not become less vigorous with increased carbon
dioxide, competition between C, weeds and the many
C, crops like wheat, soybeans, potatoes and pumpkins
will likely tip in favor of the crops (Table 2.3).

Competition, however, of C, crops like corn and
sorghum with C, weeds will likely favor the weeds. The
future competitive balance between C, crops and C,
weeds is difficult to predict in general, since it depends
on the relative responsiveness of the particular crop
and weed to increased carbon dioxide (Table 2.3).

The shifting competitive balance between C, and
C, plants due to increased carbon dioxide will be af-
fected by changes in climate. For example, the warmer,
drier climate predicted for the Southeast may favor C,
weeds and crops relative to C, crops and weeds de-
spite the fertilization effect of carbon dioxide on the C,
species. In contrast, the more modest changes predict-
ed for the West Coast may allow the carbon dioxide
fertilization effect to be expressed.

SENSITIVITY TO FROST

No species tolerates a rapid change from summer-like
temperatures to sub-freezing conditions. Most tem-
perate species, however, adapt to temperatures that
are low but above-freezing by a variety of physiological
changes that can include modification of the structure
of membrane lipids, an increase in soluble carbohy-
drates that essentially act as antifreeze, and, in some
species, an increase in the amino acid proline (Hughes
and Dunn 1990). In some weed species and winter har-
dy crop cultivars, these changes allow the plant, after
a period of acclimation to low but above-freezing tem-
peratures, to tolerate freezing with little or no damage.
Weed species vary greatly in their tolerance to
frost. Some, like hairy galinsoga, die with even a mild
frost, whereas others, like field pennycress, tolerate
freezing at 7°F. Such species can persist through even
a harsh northern winter, particularly if protected from
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drying winds by snow cover, crop debris or a cov-

er crop. Many other species, like wild mustard, can
tolerate temperatures a few degrees below freezing,
but not much lower. Knowing the frost sensitivity of
your various weed species allows you to judge whether
late emerging individuals will be controlled by frost
before they set seed or whether some cleanup action

is required.

Most perennials survive low temperatures by
dying back to the ground and persisting in the soil as
rhizomes or storage roots. These belowground struc-
tures may be sensitive to freezing but escape it below
the freezing depth of the soil. If the storage organs are
primarily in the plow layer, sometimes partial control
can be achieved by working them to the surface where
they will freeze, or by plowing frozen ground to expose
them to sub-freezing soil temperatures.

DROUGHT TOLERANCE

In irrigated cropping systems, withholding water for a
few days before and after cultivation will help prevent
weeds from rerooting. Similarly, in rainfed systems,
timing cultivation with weather and soil conditions

in mind can improve cultivation effectiveness. With
the exception of drought stress on uprooted weeds,
drought is rarely a viable weed management strate-
gy since crops also require adequate water for good
growth. Nevertheless, understanding your weeds’ re-
sponse to drought can help inform your management
decisions when drought does occur.

A few, mostly cool-season species like common
chickweed and henbit, are quite sensitive to dry
conditions and typically die back, often completely,
after a few warm, dry periods of a week or more. Most
weeds, however, like many crops, can survive a few
weeks of dry weather and then recover when water is
again available. A few weeds, like Palmer amaranth
and common purslane, are physiologically adapted to
withstand high temperatures and prolonged drought.
Their anatomy, enzyme systems and gas exchange pro-
cesses allow them to maintain growth when experienc-
ing water stress. Since drought usually occurs during
hot weather with intense sunlight, the characteristics
that adapt these species to drought cause them to grow
poorly during cool weather and make them susceptible
to dense shade. Other species, like shattercane and
field bindweed, are susceptible to drought as seedlings
but develop exceptionally deep root systems that allow
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them to access water that is unavailable to most crops.
Both types of drought tolerant weeds are likely to be
highly competitive during dry conditions. Although
they always grow faster if given adequate water, the
difference in growth rate between the crop and a high-
ly drought tolerant weed is likely to be less under moist
conditions. This understanding can help in allocating
limited irrigation water among fields with different
weed problems. Although deliberate drought is rarely
useful on a field-wide basis, as explained in Chapter

3, benefits can be obtained from applying water in
ways that maximize uptake by the crop rather than by
the weeds.

MYCORRHIZAE

Mycorrhizal fungi are species that live in close and
usually mutually beneficial association with plant
roots. Several types of mycorrhizal associations exist,
but most mycorrhizal crop and weed species form ar-
buscular mycorrhizal associations. In these, the fungi
penetrate the cells of the plant roots as well as spread
into the soil beyond the roots. Carbohydrates are
passed to the fungus from the plant, and the fungus
passes nutrients and water to the plant. This exchange
is believed to occur in special bodies, arbuscules, that
the fungus makes in cells of the plant root. Mycorrhizal
fungi should not be confused with rhizobium bacteria
that fix nitrogen in the roots of legumes.

Although the great majority of flowering plants
form mycorrhizal associations, many weed species and
some crops do not. In particular, plants in the mus-
tard, goosefoot, pigweed, smartweed, pink and sedge
families usually do not (Jordan et al. 2000). In con-
trast, both crops and weeds in the grass, aster, legume
and nightshade families usually form extensive mycor-
rhizal associations.

The ability of mycorrhizae to assist host plants by
obtaining nutrients, especially phosphorus, and by
reducing stress from drought, non-optimal pH, salinity
and soil toxicity is well established. Mycorrhizal fungi
also help prevent infection by soil pathogens. Never-
theless, if the soil is in good condition and the plant
can obtain all the nutrients and water it needs without
the help of the fungus, then supporting the fungus may
be detrimental. This may be why many weeds adapt-
ed to highly fertile conditions, like those frequently
found in agriculture, have lost their fungal associates
during evolution.



Some agricultural practices are detrimental to my-
corrhizal fungi. These include tillage, bare fallow peri-
ods, chemical fertilizers, manure-based amendments
that are high in P, and rotations with non-mycorrhizal
crops (Jordan et al. 2000). Prolonged use of such prac-
tices can lead to low populations of mycorrhizal fungi.
In contrast, reduced tillage systems and most cover
crops promote dense populations of mycorrhizal fungi.
When conditions are favorable to mycorrhizal fungi,
they can make a mycorrhizal crop more competitive
against non-mycorrhizal weeds and can greatly reduce
weed growth (Jordan et al. 2000).

NUTRIENT USE

When you disturb the soil, say by spring tillage, you
incorporate oxygen into the soil and release the carbon
dioxide that has built up in the soil profile through the
respiration of plant roots and soil organisms. Soil tem-
peratures also increase because plants and dead plant
residues are worked into the soil and no longer shade
the soil surface. The increases in oxygen and soil tem-
perature stimulate microorganisms that decompose
soil organic matter. As they consume organic matter,
they release the nutrients in the plant tissues. Weeds
are well adapted to take advantage of the pulse of
nutrients that accompanies the breakdown of organic
matter following soil disturbances.

Small seeded species, including most agricultur-
al weeds, have small diameter roots. In contrast, the
roots of large seeded crops usually have a greater di-
ameter. This difference in root diameter has important
consequences. First, the small diameter of weed roots
allows them to grow longer more quickly than large
seeded crops. Essentially, the energy gathered by the
leaves is packaged into great lengths of fine roots in-
stead of into a shorter length of thick roots. As one ex-
ample, redroot pigweed at emergence had a root length
to weight ratio eight times higher than that of domestic
sunflower, and after 28 days of growth, pigweed plants
had a total root system twice as long as the sunflower
plants (Seibert and Pearce 1993). The difference in
root length means that weeds are better at thoroughly
exploring the soil for nutrients that are released from
decaying organic materials. Second, the greater length
of smaller diameter roots provides a greater surface
area for nutrient uptake.

Several studies have examined the concentration
of mineral nutrients in weeds. Weeds commonly have
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one to three times higher concentrations of N, P, K,
Ca and Mg in their tissues than the crops with which
they compete (Vengris et al. 1955). This deprives the
crop and gives the weed a competitive advantage.
High nutrient concentrations are probably one factor
contributing to the generally high relative growth rate
of weeds, since those nutrients supply the metabolic
machinery of the weed with the materials needed for
rapid growth. High tissue concentrations of nutrients
stored early in the life of a weed may also allow it to
continue growth later in the season when soil nutrients
may become scarcer.

Whereas small seeded weeds rely on rapid acqui-
sition of soil nutrients to achieve their extraordinarily
high relative growth rates, large seeded crops and
transplants can achieve good growth rates at moderate
soil fertility levels because they are partially sup-
ported by nutrients stored in the large seed or in the
transplant plug. Consequently, nutrient sources that
release steadily as the crop grows tend to favor crops,
whereas a large pulse of nutrients at planting tends to
favor weed:s.

The high mineral content of agricultural weeds has
two other interesting consequences. First, many weeds
are highly nutritious food for humans and livestock.
Second, however, the nitrate content of some weed
species, for example, redroot pigweed and black night-
shade, can reach levels that are toxic to livestock when
growing on highly fertile ground.

Not only do weeds concentrate nutrients, but they
also often continue to respond to additional nutrients
with increased growth even after crops have reached
their maximum yield. For example, following incor-
poration of clover and alfalfa, several important weed
species responded to rates of composted chicken
manure far beyond the point at which corn ceased to
increase dry weight (Figure 2.7). This result highlights
that when compost is applied in excess of crop needs,
increased weed problems may result. Even though
lettuce continued to respond to high application rates
in this case, the increased yield might not be worth
the additional cost of keeping the crop free of weeds
(Figure 2.7).

In another experiment, poultry litter composted
with wood fiber was applied at various rates in an
organic corn-soybean-spelt rotation. The spelt was
overseeded with red clover, and in the fourth year the
clover was incorporated to supply nitrogen for the next
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corn crop. No compost was applied for the corn that
year. Corn yield did not respond to the various levels
of residual nutrients in the soil from applications the
previous three years, but several annual weed species
grew significantly larger at the higher nutrient rates
(Figure 2.8). This experiment illustrates the danger of
creating lasting weed problems through over fertiliza-
tion with organic nutrient sources like compost and
manure. Unlike mineral salts that are often quickly
leached or converted to unavailable forms in the soil,
organic materials can continue to supply nutrients to

weeds for several years after application. Phosphorus
is particularly prone to buildup with repeated heavy
applications of manure or compost, and many weed
species respond strongly to high rates of P (Blackshaw
et al 2004). We believe that many growers are creat-
ing severe weed problems through over-application of
manure and compost.

ALLELOPATHY

Plants compete for light, mineral nutrients and water,
but sometimes they also “cheat” and slip some poison
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Figure 2.7. Response of common lambsquarters, Powell amaranth (a pigweed), giant foxtail, corn and lettuce to increasing rates of composted chicken
manure. Rates of composted chicken manure are expressed as the amount of N and P, O, contained in the compost (redrawn from Little et al. 2015).
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Figure 2.8. Response of weed size to residual nutrients (Mohler, Bjorkman,
Martens and DiTommaso, unpublished data). Nutrients were applied as
composted poultry litter over a three-year corn-soybean-spelt crop
rotation. Spelt was overseeded with red clover, and the red clover was
plowed under prior to planting corn in the fourth year. No compost was
applied in the fourth year, but weed size responded strongly to increasing
residual nutrient levels from the previous years. In contrast, corn yield

did not differ across the nutrient treatments. Nutrient rates are the total
applied over the first three years of the crop rotation.

to potential competitors. This is known as allelopathy.

Most plants are full of chemical compounds that
are not involved in the processes of growth and repro-
duction. These compounds are referred to as “second-
ary” because they play no direct role in plant metabo-
lism. Many of these substances are, however, toxic to a
variety of other organisms. Sometimes they are toxic to
the plant itself and must be stored in special organs or
compartments within the plant’s cells where they will
not cause harm. The best explanation for the presence
of these compounds is that they help defend the plant
against insects and diseases. When tissues are broken
by an insect’s chewing or by the invasion of a fungus,
the toxins poison the attacker. You are familiar with
many secondary plant compounds because they pro-
vide the pungent odor of onions and the characteristic
taste of cabbage and carrots. In most vegetable crops,
however, the levels of secondary compounds have been
reduced by centuries of plant breeding to make the
produce more palatable.

Some species release such large amounts of sec-
ondary compounds into the environment that they poi-
son adjacent plants. Weeds that do this include shat-
tercane and common milkweed. Many crops and cover
crops, including rye, barley, sorghum-sudangrass
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and buckwheat, have allelopathic properties, and that
activity probably contributes to their effectiveness in
suppressing weeds. Farmers who use straw mulch in
vegetable production employ allelopathy in their weed
management. Transplants and most large seeded crops
are relatively immune to the allelopathic compounds
from straw. The allelopathic substances move only a
fraction of an inch in the soil. Since large seeded crops
are planted below this toxic zone, their germination
and root growth are not affected (Figure 2.9). The
shoot quickly pushes up through the toxic layer. In
contrast, most small seeded weeds arise from the top
inch or less of soil, where the allelopathic compounds
are concentrated. In addition, large seeded seedlings
have a greater capacity to metabolize toxins than do
seedlings of small seeded species. Consequently, most
crops are relatively immune to allelopathic toxins from
straw compared to the majority of weed species.

Incorporated cover crops can also release alle-
lopathic compounds that kill weed seedlings. These
compounds are released from tissues as they decom-
pose and are generally most active during the first one
to two weeks after incorporation, after which they are
degraded. They can also inhibit crop growth, though
some crops, like corn, seem to be more sensitive than
others, like soybeans. Allelopathy is one of several rea-
sons to consider delaying planting for one to two weeks
after incorporating a heavy stand of a cover crop.

Allelopathy is notoriously unpredictable. The
effect will depend on weather, soil type, soil organic
matter content and the particular species and growth
stage involved. Researchers often find no effect in
field trials, even when the same material shows potent
effects in the laboratory. Researchers and farmers are
still working out the rules for using allelopathy for
weed management.

RESPONSE TO SOIL PHYSICAL CONDITIONS

All plant species have habitats in which they grow best.
For agricultural weeds, the principal habitat condition
required is soil disturbance, and physical and chemical
characteristics of the soil generally are only secondarily
important. Thus, most agricultural weeds grow well on
a wide range of soil textures from sand to clay, pro-
vided moisture and fertility (see “Nutrient Use”) are
available. Nevertheless, a few species do thrive better
on particular soil textures. For example, the sandburs
do best on sandy soils, and giant ragweed grows most
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Figure 2.9. Allelopathic effect of straw mulch on weeds. Allelopathic compounds leaching from the mulch are concentrated near the soil surface. Small
seeded weeds germinating in the allelopathic zone are poisoned, whereas those germinating below the allelopathic zone exhaust seed reserves before
reaching the soil surface. In contrast, large seeded crops are planted below the allelopathic zone and have sufficient seed reserves to reach the surface.
Small seeded weeds are also physically hindered by the mulch more than large seeded crops are.

vigorously on medium- to fine-textured soils.

The ancestors of several agricultural weeds were
species of wetlands or periodically flooded land, such
as yellow nutsedge, waterhemp and barnyardgrass.
Accordingly, such species tolerate poor soil drainage
and are favored over crops in such conditions. At the
other extreme are species like Palmer amaranth and
common purslane, which are adapted to deserts and
droughty soil. They naturally become intensely com-
petitive with crops during drought. Some species such
as kochia and Russian-thistle are well adapted to sa-
line soils. When poor irrigation practices allow buildup
of salt in the soil, these species thrive, placing the crop
under double stress from salt and competition, partic-
ularly for water.

Few crops are well adapted to compacted soil.
Although no weeds actually grow better in compacted
soil than in friable, uncompacted soil, some species,
such as giant foxtail, are inhibited much less by com-
paction than are the crops with which they compete.

In general, for every soil condition stressful to the
crop, there will be some weed species that can take
advantage of it. Relieving stress conditions through tile

32 MANAGE WEEDS ON YOUR FARM: A GUIDE TO ECOLOGICAL STRATEGIES

drainage, irrigation or better management of soil tilth
will not eliminate all weeds, but it may provide lever-
age in the management of particular problem species.

RESPONSE TO SHADE

Competition for light is a primary factor determining
the outcome of crop-weed interactions (see “Growth
and Competition for Light”). Although shade from

a crop generally reduces weed growth, weed species
greatly differ in their capacity to tolerate shade. Weed
scientists conduct shading experiments with shade
cloth to isolate shading effects from those imposed by
crops, where both competition for light above ground
and for nutrients and water below ground can occur.
Weeds that are relatively short in stature respond
variously, with weeds such as common purslane and
yellow nutsedge being relatively shade sensitive, while
weeds such as plantains and large crabgrass are rela-
tively shade tolerant. Thus, the shade sensitive species
are often most troublesome in vegetable crops with in-
complete leaf canopies, and the shade tolerant species
are found in pastures or lawns with a more complete
leaf canopy.



The response of tall growing weeds to shade has
been studied more thoroughly. Generally, at inter-
mediate levels of shade, these species (e.g., common
lambsquarters, giant foxtail, jimsonweed, pigweed
species and velvetleaf) increase in height but decrease
in stem thickness and number of branches as they
attempt to grow above a competing crop. Responses
also can include production of larger, thinner leaves
that increase the surface area available for intercept-
ing the light that is available. Common ragweed has a
temperature dependent response whereby growth is
only reduced by moderate shade at lower temperatures
but not at higher temperatures. Common cocklebur
has the capacity to maintain function of lower leaves
within the crop canopy while increasing light capture
by upper leaves when lower leaves are shaded. Thus, it
is highly adapted to compete with crops of intermedi-
ate height such as soybeans.

At very high levels of shade, however, most species
will become uncompetitive, and time to flowering
may increase. For example, shade can double the
time to flowering for Palmer amaranth. However,
many species are still capable of producing seeds
under heavy shade, so elimination of uncompetitive
plants is still important for reducing long-term seed
population levels.

THE TIMING OF REPRODUCTION

Weeds vary in their approach to reproduction. Most
perennial weeds do not produce seeds in the first grow-
ing season of their life. Instead, they save resources
below ground as roots and rhizomes. Most perennials
then reproduce more or less continuously over many
years beginning in the second year of life. Relatively
few agricultural weeds, such as wild carrot, common
teasle and common mullein, sometimes referred to as
“biennials,” produce a massive number of seeds when
they reach a minimal size, and then die. Usually this
occurs in the second year of life (hence the name) but
may require longer if the plant is stressed or damaged.
In regularly tilled fields, most “biennials” occur along
edges where soil disturbance does not occur every
year, or as young plants that never reach maturity.
They can, however, be abundant in the second year of
a hay seeding and in heavily grazed pastures.
Creeping perennials like quackgrass and field
bindweed usually produce relatively few seeds, and
as explained in the section on pollination, some
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populations of creeping perennials produce no viable
seeds at all (for example, purple nutsedge).

Annual weeds also vary in their approach to
reproduction. Some species flower near the end of
their lifespan so that death and reproduction occur as
an integrated process. Redroot pigweed and common
lambsquarters are examples of species that conserve
resources for a “big bang” of seed production late in
their lifespan. This type of species is often capable of
growing to large size in favorable conditions. Con-
sequently, control early in the season is critical. The
massive seed production from even one 3—4-foot plant
will ensure a viable population for years to come.

Other species, like hairy galinsoga, common purs-
lane and common chickweed, begin to flower and set
seed while still small plants. Under favorable condi-
tions these species will begin releasing seeds when
just a few weeks old. They do not make many seeds at
a time, but they continue to grow, flower and dribble
seeds throughout most of their lifespan. These little
plants may hide among larger crop plants, producing
thousands of seeds, week after week. Most species
that behave as winter annuals reproduce quickly after
the weather warms and continue to produce seeds
for many weeks. This reproductive behavior allows
them to take advantage of periods of favorable weath-
er conditions during a time of year when conditions
are unpredictable.

Many weed species are sensitive to day length.
“Short day” species like redroot pigweed and sickle-
pod flower more quickly as days shorten in mid to late
summer. Consequently, individuals establishing earlier
in spring take longer to flower and generally grow
larger than those that emerge later. This behavior has
a selective advantage since it allows early emerging
individuals to use the full growing season to produce
the maximum number of seeds while ensuring that late
emerging individuals still produce some seeds. The
opposite behavior, in which the plant flowers as days
lengthen, is less common among weeds but is exhibit-
ed by some winter annuals, like Italian ryegrass.

The “big bang” annuals tend to predominate in
full season crops that become difficult to weed as their
growth approaches full size. They are often the worst
weeds in fields of corn, spring-planted grains and soy-
beans. The “dribbling” annuals, in contrast, are better
adapted to the frequent cultivation that often occurs
on vegetable farms. They produce seeds before they are
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noticed, and often their seed dormancy (see “Season
of Weed Emergence”) is such that a new generation
can immediately sprout to replace plants that have just
been killed. Weeds are disturbance-adapted plants,
and the dribblers are the most disturbance adapted of
the weeds.

Because different types of weeds are adapted
to different disturbance regimens, vegetable fields
frequently undergo a succession of different weed
communities. Often perennials and “big bang” annu-
als predominate on new vegetable farms as holdovers
from previous uses of the land. Frequent cultivation
and hand weeding may eventually bring these species
under control, though they may persist indefinitely
if weeding is less rigorous. Meanwhile, the dribbling
annuals slowly increase due to their ability to rapidly
produce seeds during the inevitable brief periods of
neglect (Mohler et al. 2018). Some people say that the
“dribblers” increase because they no longer face com-
petition from the larger “big bang” species, but more
likely the shift is just a natural but slow response to the
change from one disturbance regimen to another.

POLLINATION

Most annual and stationary perennial weeds self-pol-
linate. This adapts them well to high-disturbance
environments, since one lucky individual that escapes
destruction can begin a new population or regenerate
a population that has been nearly eliminated. Virtually
all annuals and stationary perennials do cross polli-
nate occasionally by wind or insects. This generates
genetic variation and allows the population to adapt to
new conditions.

In contrast with the annuals and stationary peren-
nials, most species of creeping perennial weeds must
cross pollinate with a genetically distinct individual to
produce seeds. Since populations of these species often
exist as large clones of genetically identical plants,
many populations of creeping perennials never pro-
duce seeds. Because their populations are maintained
by vegetative reproduction, however, lack of seed pro-
duction does not inhibit their spread through a field.
For creeping perennials, seeds are mostly a means for
long distance dispersal to other sites. Production of
genetically diverse seeds by cross pollination means
that these seeds are suited to a range of conditions,
and some may find a new location suitable for growth.

Species with a high degree of self-pollination, and
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those that propagate vegetatively with only occasional
reproduction from seed, sometimes exist as a series of
distinct, self-propagating forms referred to as biotypes.
Herbicide resistant weed biotypes are perhaps the best
known, but others have substantial consequences for
weed management. For example, wild-proso millet
biotypes differ substantially in their seed color, seed
dormancy, seed longevity in the soil, growth form and
tendency to shatter. Similarly, dandelion, whose seeds
form vegetatively without genetic mixing, has popula-
tions composed of biotypes that differ in growth form
and in seed production, and these biotypes respond
differently to management practices (Solbrig and
Simpson 1977).

Outcrossing species are ones that form seeds
primarily by cross pollination. If such species lack
vegetative reproduction, they usually also lack distinct
biotypes, but they may form races that differ in habitat
preference or geographical distribution. For exam-
ple, the “common” and “tall” forms of waterhemp are
sufficiently distinct that they were formerly considered
different species. Both invade fields, but the “common”
type has a more western distribution than the “tall”
type and is more frequent as a weed in farm fields.

THE MAGNITUDE OF REPRODUCTION

Most annual weed species produce high numbers of
seeds if grown in isolation but produce considerably
fewer when grown in competition with a crop. We give
a range of seed output in the in the individual species
chapters, ranging from typical production without
competition to typical production with crop competi-
tion. These reported figures are very rough, however,
because seed production is highly dependent on plant
size. For a given annual weed species during a partic-
ular growing season, the number of seeds produced is
generally proportional to the weight of the plant. The
size of the plant is highly dependent on the intensity of
competition from the crop and other weeds, as well as
on local weather conditions.

Annual weeds generally divert about 15—30% of
their resources to seeds and seed producing structures
during the course of the season, with the “big bang”
reproducers tending toward the upper end of this
range, and the “dribblers” tending toward the lower
end. Although the pattern of seed production over the
life cycle of the species has some effect on seed pro-
duction, the main plant attribute that determines the



number of seeds produced is seed size: On plants of
the same size, species with large seeds produce fewer
seeds than small seeded species. Large seeded annual
weeds like common cocklebur invest a lot in each off-
spring and are rewarded, on average, by relatively low
seedling mortality. In general, the high disturbance
rates in agricultural fields have selected for species
that package their reproductive output into many very
small seeds. Since most will die, only individuals that
produce many seeds have their genes represented in
the next generation, and those genes, in turn, program
for plants that also produce many small seeds.

Because annual and biennial weeds are such pro-
lific producers of seeds, preventing or reducing seed
production is an important component of weed man-
agement. Reducing seed production generally involves
eliminating early flushes of seedlings, since those have
the potential for producing the largest plants and the
maximum seed numbers. In addition, development
of a highly competitive crop canopy is important for
depriving later emerging weeds of light needed for es-
tablishment and growth. For many weed-crop combi-
nations, significant reductions in seed production can
be achieved by cleaning up the field immediately after
harvest when weeds can otherwise resume growth with
access to full sunlight. Various management approach-
es are discussed in chapters 3 and 4.

Within a population, plants vary greatly in size
and thus in the number of seeds they produce. The
distribution of plant size (and seed production) within
a population of annual weeds is often a lopsided curve
with many small plants and only a few large ones. One
practical consequence is that removing the largest
individuals has a disproportionate effect on reducing
the seed production of the population. Thus, hand
rogueing large plants out of intensive vegetable pro-
duction systems can help suppress weed populations.
Weed pullers, elevated mowers and electrical dis-
charge weeders have been developed to kill weeds that
overtop row crops in land-extensive cropping systems.
Such tools are discussed in Chapter 4.

DISPERSAL

Most attentive growers find a new weed species
occasionally sprouting up in a field. Understanding
how weeds move about in the landscape can help you
prevent the arrival of new, difficult-to-manage spe-
cies. This section reviews the many ways weeds can
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disperse, both naturally and due to human activity. See
the section “Preventing the Arrival of New Weed Spe-
cies” in Chapter 3 for guidance on how you can limit
the spread of weeds.

Weeds disperse in a variety of ways. Some of these,
like the explosive shattering of yellow woodsorrel
capsules or the caching behavior of small rodents,
move seeds only a few feet. Such processes are unlikely
to bring new weeds into a field unless they are pres-
ent in immediately adjacent habitats, like a hedgerow
or a neighboring field. A few agricultural weeds like
dandelion and common milkweed disperse by means
of hairs attached to the seed that provide buoyancy
for travel on wind currents. Most individual seeds of
wind-dispersed species travel only a few yards or less
and thus remain in the field of origin (Figure 2.10).
Occasionally, however, wind-dispersed seeds get
caught on updrafts and are carried for long distances.
Horseweed seeds are particularly suited to this form
of long-distance dispersal. Other weeds break off and
roll over the ground as “tumbleweeds,” dispersing
seeds as they go. Such species are most common in
the open grazing lands of the western United States.
Russian-thistle and witchgrass behave this way and are
well adapted to dispersal across recently tilled ground.
A few agricultural weeds like catchweed bedstraw have
prickles that catch on clothing and the fur of animals.
If the person or animal cleans the seeds off outside,
they have dispersed the seeds to a new location. Conse-
quently, paying attention to where you clean the seeds
out of your socks can potentially save you a lot of work.
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Figure 2.10. Dispersal distances of common milkweed seeds released at a
height of 3.3 feet (redrawn from Morris and Schmitt 1985; 1982 data).
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Finally, a few weeds, mostly in the nightshade family
(for example, horsenettle and the black nightshades),
make berries that are consumed by fruit-eating birds.
The birds digest the fruit but regurgitate the seeds or
pass them in their feces.

Despite these examples of species that possess
special adaptations for dispersal, the great majority of
agricultural weeds lack obvious dispersal adaptations.
Most species of agricultural weeds have unadorned
seeds that simply fall to the ground around the parent
plant. This leads to the interesting paradox that the
world’s most widespread species have no apparent
adaptation for dispersal! Many of the most abundant
and problematic agricultural weeds are included in this
category, for example, common lambsquarters, most
of the pigweeds, common purslane, the foxtail grasses,
bindweeds and morningglories.

Before the advent of human agriculture, seeds
of agricultural weeds probably moved around the
landscape primarily in the guts of grazers and in soil
clinging to their feet and hides. The high persistence
of most weed seeds in the soil allows them to reach
typical densities of hundreds to thousands per square
foot, making it highly probable they are present in soil
clinging to animals. Moreover, the tough seed coat that
allows most weed seeds to persist in the soil also allows
them to pass unharmed through the digestive tracts
of grazers. The high palatability of most agricultural
weed species may not be accidental. Dispersal on and
in large mammals would have placed seeds of these
weeds in exactly the locations in which they thrive:
ground disturbed by hooves and fertilized with dung.

Today the many agricultural weeds that lack
special adaptations for dispersal are moved around
the landscape by human activity. They are carried
in the soil clinging to shoes, tractor tires and tillage
implements. They move longer distances on car tires
and wheel wells, and in the root balls of landscaping
plants. They are also often abundant in barnyard
manure. For farms with livestock, manure is often the
means by which weed species spread from an initial
invasion point to infest the whole farm. Commercially
composted manure is usually free of weed seeds, but
as explained in the next chapter, killing weed seeds by
composting requires optimum composting conditions
(see “Weed Seeds in Compost and Manure”). Since
weed seeds usually remain in the guts of livestock for
several days, weeds can travel long distances when
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livestock are moved between locations.

New weed species also arrive in crop seed. Cover
crop seed is especially likely to contain weed seeds,
since it is rarely certified for quality. Be especially
cautious about seed produced far from your farm,
since it is more likely to contain species that are new to
your area.

Note that when your fields were native forest or
grassland, they probably contained no agricultural
weeds at all. All of them have arrived there since peo-
ple began disturbing the soil, and most have arrived
in the last 150 years or less. Even the species native to
your region were probably not present on your farm
prior to European settlement. Instead, most were rel-
atively rare plants that existed in naturally disturbed
habitats like the edges of watering holes and the banks
of streams. They were brought to your fields by people
not so different from you. Some thoughtful prevention
can save a lot of future work.

NATURAL ENEMIES

All plant species, including all agricultural weeds, are
attacked by a diversity of other organisms, includ-
ing fungal and bacterial diseases, insects, mites and
mammals. Except in cases where the enemy has only
recently arrived in the region, these organisms do not
devastate the plant population because the plant’s
defensive mechanisms will have evolved to blunt the
enemy’s attack. Consequently, examples of a natural
enemy consistently controlling a weed species are few.
They are mostly limited to cases of classical biological
control in which an enemy species, usually an insect,
is introduced from another continent to control an
introduced weed. Classical biological control has had
some notable successes in managing perennial range-
land weeds. However, it has not been successful for
management of agricultural weeds. Agricultural weeds
mature and die back before the insect population can
build up. Also, frequent disturbance in agricultural
systems interrupts the growth of insect populations.
Diseases occasionally devastate weed populations,
but usually the conditions for rapid spread are absent
or short lived and the impact of fungi and bacteria on
weed shoots is minor. A few microbial strains have
been developed as host-specific bioherbicides. The
bacteria or fungal spores are dried for storage and dis-
tribution. They are then sprayed on the crop and weed
in massive numbers, usually with chemical agents that



prolong favorable moisture conditions to ensure high
infection rates. Because the pathogen is host specific
for one or a few related species, the weed is killed but
the crop is not affected. As of the writing of this book,
no bioherbicides are commercially available due to
limited demand for herbicides that target only one or a
few weed species.

These considerations have led many farmers
and weed scientists to conclude that natural enemies
have little impact on weed populations. The effects of
natural enemies can be substantial, however, with-
out being obvious. We measured the mortality of two
weed species in the absence of any control measures
(Mohler and Callaway 1992). Eighty percent of the
first cohort of common lambsquarters emerging after
tillage died before maturity in both years of the study.
Later-emerging cohorts suffered even greater mortal-
ity. Some deaths were due to damping off fungi, but
many individuals were just missing and were presum-
ably consumed by insects. Results for redroot pigweed
were generally similar. Weed populations are lower
following successful management, but the extent to
which the observed decline is due to natural enemies
acting either independently of the management or in
conjunction with the management practice is gener-
ally unknown. For example, fungi probably kill many
seedlings that emerge in the moist, shady conditions
under an organic mulch, but the contribution of fungi
to weed suppression by mulch has not been assessed.

The most substantial effects of natural enemies
appear to occur in the soil and on the soil surface. The
heavy consumption of weed seeds by insects and small
mammals is discussed in Chapter 3 (see “Promoting
Weed Seed Predation After Seed Dispersal”) along
with methods for managing the impact of these natural
enemies. In addition, earthworms consume many
seeds in the soil and digest a substantial proportion of
what they ingest. The effects of fungi and other micro-
flora in the soil may be as large as macrofauna, such
as insects and worms. Any seed with an even slightly
damaged seed coat quickly succumbs to fungal attack.
Moreover, seed coats themselves can be attacked by
fungi. Fungi also kill many weed seedlings in the white
thread growth stage. How to manage microflora for
weed control is less clear, but we have demonstrated
that incorporation of green plant materials into the soil
reduces weed seedling emergence, and that the effect
is associated with attack by soil fungi (Mohler et al.
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2012).

PALATABILITY

The foliage of most weeds is palatable to livestock,
particularly when the plants are immature. The use of
weeds by livestock is reflected in common names such
as henbit and pigweed. However, a few weeds, such
as jimsonweed, are highly toxic (Burrows and Tyrl
2006), and some others, such as common groundsel
and kochia, cause health problems when they form a
large proportion of the diet for several days or weeks
(Burrows and Tyrl 2006). Some other species, notably
many of the pigweeds, concentrate nitrogen as nitrate
when growing on highly fertile soil, and this can lead
to health problems in livestock. Although some species
retain palatability as they mature, some, like velvetleaf,
become highly fibrous and a few, notably the sand-
burs, pose a physical hazard to livestock when mature.
Despite these issues, many weeds are good forage for
livestock (Abaye et al. 2009), and the integration of
livestock into weed management plans can be useful.

The general palatability of weeds is related to their
evolutionary origins. Most of the world’s perennial
species have physical and chemical defenses. Peren-
nials are continuously present in the habitat, which
means animals that feed on them can converge. Small
animals, like insects, can build up a population to
exploit the plant. Consequently, most perennial plants
have tough leaves with low nutrient content, and they
often contain tannins and various toxins that make
the plant hard to digest. In contrast, annual plants in
natural conditions largely escape their predators by
being unpredictable in space and time (Feeny 1976).
They sprout up from a buried seed bank following
disturbance or are carried in from another location
in or on animals. They then may be absent from that
location for several years. Consequently, natural selec-
tion has favored diversion of resources from defense
to reproduction since many seeds die in the soil or are
lost on their way to a suitable disturbance. The shift
from defense to escape results in high palatability. For
some weeds, palatability to grazers may be an adap-
tation to promote the consumption of seeds, since a
high proportion of most species of weed seeds pass
through herbivore digestive tracts and are dispersed by
this means.

Most creeping perennial weeds originated in
prairies and wet meadows. Such places are generally
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grazed. Fast growing, disturbance-adapted weeds
tolerate grazing by rapidly recovering from roots and
rhizomes. They may even benefit from the passage of a
herd of grazing animals that consumes slower growing
competitors. The advent of agriculture provided an
opportunity for the most rapidly growing and distur-
bance-adapted perennial meadow species to explode

across landscapes.

Many weeds are suitable for consumption by hu-
mans as well as livestock, and in some cases, their de-
sirable properties have led to development of domestic
cultivars (Table 2.4). A few, like common chickweed,
common lambsquarters and many of the pigweeds can
be used as a salad green when young, and these and

Table 2.4. Weed Species Treated in This Book That Have Value as Forage or Human Food"?

Species

Forage Quality

Human Usage*

Grasses and sedges
Annual bluegrass
Barnyardgrass
Bermudagrass
Downy brome
Fall panicum
Foxtail, giant
Foxtalil, green
Foxtalil, yellow
Goosegrass
Italian ryegrass
Johnsongrass
Large crabgrass
Purple nutsedge
Quackgrass
Sandbur species
Shattercane

Wild oat
Wild-proso millet

Yellow nutsedge

Good

Good

Good (cultivated)

Good when young; mature plants irritate
Good when young; can cause photosensitivity
Good when young; mature plants unpalatable
Good when young; mature plants unpalatable
Good when young; mature plants unpalatable
Good

Good (cultivated)

Widely cultivated; stressed plants can be toxic
Good

Tubers relished by pigs

Good

Acceptable when young; mature plants hazardous
Good for ruminants; can poison horses

Good; mill screening used as feed grain

Good; can poison young sheep and goats

Tubers relished by pigs

Seeds (Japanese millet)

Seeds (foxtail millet)
Seeds (kora)

Seeds (one ancestor of finger millet)

Seeds

Seeds (sorghum)

Seeds
Tubers (chufa)

Broadleaves
Bindweed, field

Common chickweed
Common lambsquarters
Common milkweed

Common purslane
Common sunflower
Dandelion

Dock, broadleaf
Field pennycress
Flixweed

Galinsoga

Good

Good; may contain toxic levels of nitrate
when grown on fertile soil

Good; use in moderation for sheep and pigs

Toxic

Good
Good
Poor
Poor

Poor
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Shoots; raw or cooked

Seeds; young leaves as salad greens,
leaves as cooked greens

Young shoots and buds as cooked greens
following several changes of water

Salad or cooked greens (domestic purslane)
Seeds (culinary and oil seed sunflowers)
Salad or cooked greens

Cooked greens

Young shoots as salad or cooked greens
Cooked greens, following changes of water

Cooked greens



HOW TO THINK ABOUT WEEDS

Species Forage Quality®

Human Usage*

Broadleaves (cont.)

Giant ragweed
Hemp sesbania
Henbit

Purple deadnettle
Kochia

Morningglory, ivyleaf

Morningglory, tall
Nightshade, black

Palmer amaranth

Perennial sowthistle

Pigweed, redroot

Pigweed, smooth

Plantains

Powell amaranth

Good

Good

Acceptable in moderation
Acceptable

Good (cultivated)

Good

Good

Can be toxic but often is acceptable
Good

Good for cattle; poor for lambs
Good

Good

Good; buckhorn plantain cultivated
Good

Prickly lettuce

Prickly sida Acceptable
Russian-thistle

Shepherd's-purse

Young, fresh is toxic; mature or dry is acceptable

Seeds

Salad or cooked greens

Salad or cooked greens

Berries; leaves as cooked greens (garden huckleberry)
Seeds; cooked greens

Cooked greens

Salad or cooked greens; seeds

Salad or cooked greens; seeds (grain amaranth
A. cruentus)

Broad|eaf plantain as cooked greens

Salad or cooked greens; seeds (grain amaranth
A. hypochondriacus)

Extremely bitter but is the ancestor of
domestic lettuce

Good when young and growing on saline soil

Cooked greens

Sicklepod Poor Young leaves as cooked greens
Velvetleaf Acceptable for sheep but not other livestock Seeds

Waterhemp Poor

Wild buckwheat Seeds

Wild mustard Young plants acceptable; mature plants

moderately toxic
Wild radish

Yong shoots acceptable; mature plants toxic

Leaves as salad or cooked greens

'Additional information is given in the “Palatability” section of species chapters.
Domesticated species and cultivars derived from the species are given in parentheses.

*A blank in the Forage Quality column indicates a lack of information.

“A blank in the Human Usage column indicates that the plant is not consumed by humans.

many other broadleaf weeds can be used as a cooked
green. Because most annual weeds concentrate min-
eral nutrients at levels higher than common crops (see
“Nutrient Use”), they can provide an important source
of these nutrients in the diet. They also frequently con-
tain high levels of vitamins and antioxidants. Although
harvesting weeds for sale is rarely a viable control
tactic, weeds can add diversity and customer interest
to a vegetable business and can provide nutritious food
for a farm family.

SUMMARY

Several important lessons for weed management can

be deduced directly from the biology of weeds dis-

cussed in this chapter. Implementation of these princi-

ples in the field is the subject of the next two chapters.

« The relative strengths of the many processes that
affect the death and reproduction of weeds change
with weed density. Thus, the goal of ecological weed
management is to manipulate birth and death pro-
cesses to keep the density of weed populations low
most of the time and to reduce them quickly when
they rise.

» Chopping up the roots and rhizomes of perennials
with tillage releases dormant buds, thereby in-
creasing the number of shoots present in the field.
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However, the smaller the pieces, the less vigorous

are the resulting plants, and this makes them sus-
ceptible to further soil disturbance and other man-
agement procedures.

« Early season growth of perennials drains resources
out of rhizomes and storage roots and makes them
increasingly susceptible to management. They are
most susceptible when storage reserves are lowest.

« Most weed species have a characteristic season in
which seeds germinate due to mechanisms that keep
seeds dormant the rest of the year. They are often
less abundant in crops that are planted when the
seeds are dormant. Consequently, rotation between
spring, fall and summer planted crops tends to
interrupt most weed life cycles and prevent any one
suite of species from becoming extremely abundant.

« Seeds of most weed species respond to environmen-
tal cues that indicate soil disturbance, a near-surface
environment and the absence of competing plants.
Manipulating these cues provides a means for
controlling when weed seeds germinate, so they can
be subsequently eliminated or, alternatively, so that
germination is reduced in the crop.

+ Seeds of most weed species survive a few to many
years in the soil. The rate of mortality varies greatly
between species, but seed mortality for all weed spe-
cies increases with the frequency of soil disturbance
and decreases with the depth of burial in the soil.

» The much greater size of most crop seeds relative to
most weed seeds gives the crop an initial advantage.
The same advantage can be produced in many small
seeded crops by using transplants. Small seeded
weeds usually have a greater relative growth rate,
however, and this can allow them to outgrow crops if
given a chance. Thus, two critical principles of weed
management are 1) attempt to always maintain a
positive size difference between the crop and the
weeds, and 2) ensure that crops occupy as much of
the space available as possible.

+ Weeds are very good at concentrating nutrients in
their tissues and saving them for later use. Hence,
nutrient sources that release steadily as the crop
grows tend to favor crops, whereas a pulse of nutri-
ents at planting tends to favor weeds.

« Many weeds continue to respond to additional
nutrients even when fertility is high. This can result
in increased weed pressure when the crop receives
more fertility than it can use. Hence, avoiding
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over-fertilization assists weed management.

» Most annual weed species are prolific seed pro-
ducers. Consequently, preventing seed production
reduces weed pressure in future crops. Moreover,
because a few large individuals produce most of
the seeds, removing the largest individuals has a
disproportionate effect on reducing the seed pro-
duction of the population.

» Additional weed species can be expected to disperse
onto your farm by a variety of means. Blocking the
avenues for weed dispersal onto the farm, and quick
recognition and eradication of newly arrived weed
species, can greatly reduce future weed problems.
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CHAPTER 3

Cultural Weed Management

MANY LITTLE HAMMERS

Wise management of weeds in an organic cropping
system involves integration of many separate man-
agement tactics. Which tactics you use will depend on
the weed species present, the crop, the time of year

the crop is planted, the type of equipment you have
available, other crops in the rotation, and other site-
and operation-specific factors. This is why understand-
ing how weeds operate as species is so critical: Only
through this understanding can you effectively match
your tactics to the weed problem at hand.

Most of the individual tactics discussed in the
following sections cannot control weeds by themselves.
Instead, they shift the population dynamics of the
weeds so that mortality increases by some percentage
and consequently fewer individuals grow into the next
size class. Matt Liebman and Eric Gallandt have re-
ferred to the use of multiple tactics as the “many little
hammers” approach to weed management (Liebman
and Gallandt 1997). Instead of attacking the weeds
with a single, big hammer like an herbicide that is
intended to kill off all the weeds at once, many tactics,
each of which may be relatively ineffective when used
alone, can be used together to accomplish successful
management. For example, tactics that each reduce the
number or size of weeds present by only one-half can
prove highly effective in combination if they are cheap,
easy and compatible with the overall cropping plan. In
some cases, one tactic may enhance the effectiveness of
another (synergism), so discovering multi-tactic, syn-
ergistic combinations will prove particularly effective
for managing your weeds.

We introduce cultural tactics in this chapter before
discussing tillage and cultivation in the following chap-
ter because organic farmers too often place excessive
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emphasis on cultivation for weed control. Cultivation
is an important part of weed management on many
farms, but it can damage soil structure and cause
crusting and compaction. If used thoughtfully, culti-
vation will complement cultural practices so that both
become more effective.

CROP ROTATION AND WEED MANAGEMENT

Rotation between spring, summer and fall planted
crops is an important strategy to reduce overall weed
problems becaue it interferes with the life cycles of
weed species that have preferred seasons of germina-
tion. (see the “Season of emergence” section in each
species chapter.) For example, spring germinating
weeds will be destroyed during seedbed preparation
for summer planted crops, and relatively few individ-
uals of those species will subsequently sprout because
the season is not favorable for their germination.
During the summer, fall and winter, some of the dor-
mant seeds of the spring germinating species will be
eliminated by accidental germination deep in the soil
and because earthworms, carabid ground beetles and
other soil organisms will consume them. (see the “Seed
longevity” section in each species chapter.) Hence, a
summer planted crop decreases future pressure from
spring germinating weeds.

Similar processes occur when rotating between
spring and fall planted crops or between summer and
fall planted crops. Fall planted crops like spelt and
winter wheat are well established and growing vigor-
ously by the time spring weeds emerge. Thus, spring
germinating weed species tend to suffer from severe
competition in a fall seeded grain. Furthermore, you
will usually harvest a winter grain before the spring
weeds set seed. If the field is cleaned up after harvest,



for example by light disking and planting a cover crop,
seed production by spring germinating weeds can

be prevented. Alternatively, if the winter grain was
interseeded with forage or a clover cover crop, combin-
ing the grain will cut off immature flowering stalks of
many spring germinating species, and the interseed-
ed crop will compete heavily with the weeds as they
attempt to regrow.

Some crops are hard to keep weeded and others
are relatively easy. Also, the best method for weeding
varies between crops. Row crops can be intensively
cultivated whereas cultivation in grain crops is largely
limited to harrowing. Hilling potatoes or mounding
soil around the base of corn stalks in a timely fash-
ion can kill most of the weeds present by uprooting
those in the inter-row and burying those in the row.

In contrast, hilling would ruin lettuce and many other
short-statured vegetable crops. Late germinating
weeds in corn, cotton or onion rows can be killed by
flame weeding, whereas few other crops will toler-
ate flaming. Some crops like soybeans are naturally
highly competitive and effectively suppress weeds
after they are well established, while other crops like
onions require regular weeding throughout the grow-
ing season. Consequently, alternating crops in which
you use different weed control tactics varies the types
of pressure you can apply to weed populations. This
prevents strong dominance by a single hard-to-con-
trol species and lowers the abundance of most of the
species present.

The length of the crop-growing period is also a
critical factor affecting the promotion or control of
weeds. Short cycle crops like lettuce, radishes, spin-
ach and mustard greens that are harvested only a few
weeks after planting tend to reduce weed populations
if you clean up the area after harvest. They are in the
ground for so short a time that the weeds do not have
a chance to go to seed and thus act in a manner similar
to a tilled fallow. In contrast, weeds commonly go to
seed in winter squash and field corn, which have long
growing seasons and are difficult to weed late in the
growth cycle. Consequently, using short cycle “cleaning
crops” after long cycle crops in which weeds go to seed
helps keep weed populations under control.

Rotating grain and vegetable crops with forage
crops can be effective in reducing weed populations.
Annual forages like triticale and sorghum-sudangrass
cut for silage or hay have been shown to reduce wild
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oat populations in a subsequent field pea crop, since
cutting prevented the wild oat from going to seed.
Only annual forages that continued growing the full
season, however, were effective for reducing broadleaf
annuals. Perennial forages such as alfalfa are partic-
ularly effective for suppressing many weed species
because the repeated mowing prevents most annual
weeds from going to seed and tends to deplete root
reserves of many perennials. A survey of Canadian
grain fields found that a wide range of weed species
were less abundant when grain followed alfalfa than
when it followed another grain crop (Ominski et al.
1999). Field pennycress and dandelion, however, were
more abundant following alfalfa because field penny-
cress had time to set seed before the first cutting and
because dandelion established easily in alfalfa and tol-
erated mowing. A study of long-term organic cropping
systems in Maryland found that seed banks of smooth
pigweed and common lambsquarters sampled before
corn were lower following hay than following soybeans
or wheat, but that the seed bank of prostrate-growing
annual grasses was greater following hay (Teasdale
2018). The weed community on land rotated between
perennial hay and annual crops appears to undergo

a cyclical change in species composition, with many
species decreasing during the hay part of the rotation
while others increase. Whether a species increases or
decreases depends on its biology but also on wheth-
er or not it has an opportunity to set seed during the
forage establishment year. Thus, the utility of forage
crops for suppressing weeds in a crop rotation will
depend on the identity of your problem weeds and on
your management practices.

This discussion has highlighted that the diversity
of field operations associated with specific crops is as
important as the diversity of crops themselves (Teas-
dale 2018). Each crop has a unique set of tillage, plant-
ing patterns, cultivation, fertility, harvest and other
operations that suppress those weed species that are
not adapted to those operations. Likewise, operations
are conducted at different times for each crop, thereby
adding to selective suppression of species whose life
cycles are unlike that of the crop. Therefore, planning
a diverse rotation should also include planning for the
diverse set of associated management operations that
will target and suppress the most problematic weed
species. Carefully planned rotations of crops and oper-
ations can be an effective preventive approach that will
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lower the initial weed populations faced in rotational
crops and increase the potential effectiveness of the
weed tactics used within each crop.

CROP COMPETITIVENESS

Weed control should not be viewed as simply a set

of tactics designed to kill or impair unwanted weedy
plants but rather as an integrated set of cultural prac-
tices that give the species being grown (the “crop”) a
competitive advantage over competing species (the
“weeds”). A large proportion of weed control comes
from the weed having to compete with the crop. For
example, a study with field corn found that the weight
of velvetleaf and Pennsylvania smartweed was reduced
96% and 99% by the presence of the crop (Jordan
1979). You can easily demonstrate the effect for your-
self by leaving two patches of ground unweeded for

a few weeks in the middle of the season: one in the
crop and one that is left unplanted. Both will become
weedy, but the weeds in the patch with the crop will
likely be much smaller. Thus, crop competition is the
foundational element of weed management, and all
practices that favor crop growth, from seedbed prepa-
ration and selection of vigorous seed, to density and
spacing, fertility and water management should be
considered part of a weed management program.

The usefulness of crop competition in managing
weeds depends on weed density. If weeds are abundant
many will likely escape control methods and, in this
case, managing crop competition becomes critical. In
contrast, if the density of weed seeds and perennial
storage organs in the soil is low, then the competitive
ability of the crop is less important for preventing yield
loss. However, strong crop competition can still
be useful for reducing reproduction of the few
weeds present.

Crop Vigor and Uniformity

Producing a competitive crop begins with a vigor-
ous, uniform crop stand. Planters should be kept in
good repair and adjustment so that seeds are placed
at a precise depth without skips. Remember that any
skip in the row provides an opportunity for weeds to
grow with reduced competition. Similarly, if seeds
are placed too deep or too shallow, they may emerge
slowly with reduced vigor, a situation that favors
weeds. In addition, planting too shallow or too deep,
or at an inconsistent depth will cause variation in crop
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emergence, leading to challenges in timing cultiva-
tion for optimum crop size. Generally, grain drills
and planters with double disk openers provide more
accurate seed placement than those with single disk
openers.

Always use high quality seed. Old, moldy or dam-
aged seed will produce a crop stand that has skips,
overall low density and slow-growing plants that com-
pete poorly with the weeds. As discussed in Chapter
4, rapid crop growth is important not only for direct
competition of the crop with weeds but also for main-
taining a size difference that allows for effective me-
chanical weed control. If you produce your own seed or
save seed from a previous year, you will want to test it
for viability and speed of germination before you plant.
Germination speed is a good indicator of seed vigor
and tends to indicate seedling growth rate. Small flat
corn seed has the most rapid emergence, but medium
flat seed tends to produce faster-growing plants after
emergence. Large round corn seeds can be damaged
during harvest and consequently have low vigor. And
even if undamaged, they take up water more slowly
than flat seeds because of less surface area relative to
seed volume.

For vegetable crops, be sure transplants are
vigorous. Growing mixes vary greatly in nutrient
availability, and finding the right mix for each crop
can pay off in improved vigor, weed suppression, yield
and quality. Also ensure that the transplants are at
the optimum growth stage when the time comes to set
them out. If transplanting will be early or delayed, try
adjusting the temperature in the greenhouse to ensure
that the plants are the right size at transplanting. En-
sure that the plugs are wet before you put them in the
ground, and give them water during or immediately
after transplanting to ensure a good start. Adjust press
wheels so that 1) the plug is well covered with loose soil
to ensure that the spongy potting soil does not wick
away the water, and 2) that soil is firmed in around the
plug so that roots are not blocked by air pockets. Good
planting practices ensure faster crop growth and better
competition with weeds. Rapid establishment of the
crop also allows earlier and more effective cultivation
(see Chapter 4).

Some evidence indicates that crops tolerate weed
competition better when steps are taken to maintain
soil quality. For example, in the long-term cropping
systems study at the Rodale Institute in Pennsylvania,



corn in the organic treatments, which received cover
crops and compost, suffered less yield loss from a giv-
en level of weed competition than the conventionally
managed system that lacked those soil building inputs
(Ryan et al. 2010). Similarly, few crops tolerate poor
soil drainage, but some weed species like yellow nut-
sedge and barnyardgrass thrive under such conditions.
Hence, practices that improve drainage and water
infiltration will tend to shift the competitive balance in
favor of your crops.

Dense Planting

High crop density provides early leaf canopy closure
and more intense competition against weeds within
the row than a sparse planting. Note in this regard that
plant density recommendations are always developed
in weed free conditions. If your field usually has mod-
erate to high weed density, typical recommendations
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Figure 3.1. Effect of spring wheat density on (A) weed dry weight and

(B) wheat yield with three planting patterns. Rows were drilled 5 inches
apart. Seeds in the uniform treatment were planted in a square grid using
a custom-built machine. The random treatment was created by bouncing
seeds from a drill box onto a metal plate and then covering with 1.5
inches of topsoil. Drawn from data of Olsen et al. 2005.
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may be inappropriate. In a survey of the many studies
on competition between a wide range of crops and
weeds at various crop densities, we found that increas-
ing crop density nearly always reduced the growth of
weeds regardless of the crop (Mohler 2001 and, for
example, Figure 3.1).

Not all crops, however, can tolerate high densities.
Crops that produce a single unit (corn, root crops and
crops producing heads) may have lower yield quantity
and quality at higher than recommended densities.
Root crops will tend to make small roots if planted too
closely, and this can lead to poor yields in marketable
size classes. Similarly, the size of lettuce, cabbage,
broccoli and cauliflower heads will shrink with increas-
ing density, and the sprouts of Brussels sprouts will be
too small for use if the plants are closely spaced. As the
great Dutch agronomist C.T. DeWit once commented,
“Brussels sprouts grown at high density are collards.”
Sweet corn will tolerate small increases in planting
density, but ear size shrinks, and the frequency of
barren plants increases with increasing density. Also,

a high-density planting can encourage disease or cause
lodging. Evaluate where your problems lie!

Any crop that makes multiple units of produce on
a single plant (for example, wheat, soybeans, squash or
tomatoes) and most leafy greens (for example, chard,
leaf lettuce or kale) can be planted at higher than
recommended rates without yield loss. Each plant will
yield less, but the higher density will compensate. For
crops that tolerate high density, yields generally con-
tinue to increase with planting density when the field
is weedy, whereas yields typically plateau in weed free
conditions. The extent to which the extra yield com-
pensates for the extra cost of seed depends on the crop,
weed pressure, how effectively the crop can be cultivat-
ed and other factors. In our experience, a 50% increase
over recommended densities is often worthwhile. A
North Carolina study in which soybeans were planted
in 30-inch rows at 75,000 per acre to 225,000 per acre
and in which the weeds were managed with cultivation
found the lowest weed cover and highest net returns
consistently occurred at the 225,000 per acre planting
density (Place et al. 2009). Even if a higher crop den-
sity does not improve net income during the current
year, the decreased weed seed production will benefit
subsequent crops.

Weed suppression by cover crops increases
substantially with dense plantings. Sowing
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Figure 3.2 Row orientation can affect the vigor and competitiveness of the crop relative to weeds. East-west oriented rows in the morning, noon and
afternoon are (A), (B) and (C), respectively; north-south oriented rows in the morning, noon and afternoon are (D), (E) and (F), respectively. lllustration by

Vic Kulihin.

recommendations for cover crops are usually derived
from use of the same species for forage or grain. When
the crop is used for cover, however, higher densities
are possible, and these give substantially better weed
suppression. The principle upper limit on cover crop
density is the cost of the seed. Winter cover crops sown
at very high density (e.g., 10 times a normal rate), how-
ever, may suffer winter damage due to the weakness of
individual plants.

Row Spacing

As a general rule, the closer crop plants come to a
square grid arrangement, the more competitive they
are against weeds (Figure 3.1). This means that, in
principle, narrowly spaced crop rows provide better
competition against weeds than do widely spaced
rows. In row crops, the need to provide space between
the rows for cultivation severely limits options for
narrowing row spacing. Work with small grain crops,
however, has shown that narrow row spacing often
improves both weed control and yield, and that the
benefits are magnified further by moderate increases
in sowing density (Olsen et al. 2005). Both narrow row
spacing and wide row spacing, plus inter-row cultiva-
tion, improve weed control in small grains relative to
using neither of these practices. One way to halve the
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row spacing in a small grain is to link two drills such
that the second is offset from the first.

In the northern United States, conventional
soybeans are usually planted in narrowly spaced rows
with a drill. Providing weeds are well controlled, soy-
beans in closely spaced rows out yield those in widely
spaced rows due to more optimal resource use. In
contrast, organic soybeans are typically sown with a
planter in rows spaced 2.5 feet (76 centimeters) apart
to allow room for inter-row cultivation. However, with
an adequate cultivator guidance system and narrow
shovels, cultivating more closely spaced rows is possi-
ble. Rapid canopy closure would reduce the number of
inter-row cultivations to one instead of the usual two
and would reduce weed growth in the row by decreas-
ing penetration of light from the side. As a general
rule, weed suppression from narrow row spacings
will be most effective when combined with increased
crop density.

Row Orientation

Several mathematical models of orchard and row crop
canopies have shown that during most of the growing
season in temperate latitudes, crop plants intercept
more light if the rows are oriented in a north-south
direction rather than in an east-west direction (Smart



1973). Late season and winter crops, however, capture
more light if planted in east-west rows. The reason
north-south rows capture more light during the sum-
mer growing season is because, in the early morning
and late afternoon, sunlight strikes the side of the

row rather than shining on the bare ground between
rows (Figure 3.2). Moreover, this is the time of day
when light is most limiting to crop growth. The effect
increases as one moves south from 55° to 25° latitude.

By increasing light capture by the crop, north-
south planting increases shade cast by the crop onto
weeds, which should decrease their growth. Clover
interseeded into oats had lower density in north-south
oriented plots, especially in the crop rows. A study of
cover crops interseeded into corn showed that, when
rows were oriented east-west, a zone of high light on
the south side of rows reached to the base of the crop,
whereas with north-south orientation shade was most
intense in the row. This result is important since weeds
are more easily controlled in the inter-row area than in
the rows.

In contrast with summer crops, which should be
more weed suppressive in north-south oriented rows,
winter crops should be more weed suppressive in
east-west oriented rows since the sun will be low in the
sky through most of the period of active crop growth.
As predicted, winter wheat and barley in Western
Australia had greater light interception and usually
had greater yield and lower weed biomass in east-west
rows than when planted in north-south rows (Borger
et al. 2010).

The effect of row orientation should increase with
the size of the crop species and the distance between
rows. For short crops in closely spaced rows, the
benefit will probably be small, whereas in larger crops
in widely spaced rows, they should be noticeable. For
example, a study of apple orchards calculated a 24%
increase in light interception with north-south plant-
ing (Jackson and Palmer 1972). The potentially small
weed control benefits from adjusting row orientation
should be considered relative to potential consequenc-
es on operational efficiency, cost and soil conservation.

Competitive Varieties

Many factors enter into variety selection. When
selecting varieties, most farmers consider market
demand, produce quality, yield and disease resis-
tance more important than ability to suppress weeds.

CULTURAL WEED MANAGEMENT

Nevertheless, factors such as vigorous early growth,
speed of leaf canopy closure, height and foliage density
should be considered as qualities contributing to weed
suppression. All crop varieties differ in capacity for
weed suppression. If you produce several varieties of a
given type of crop, consider planting the more robust,
rapidly growing and competitive varieties in weedier
fields and planting the less competitive varieties in
cleaner fields. For example, the Russet Burbank potato
produces more shade and suppresses hairy nightshade
better than Russet Norkotah (Hutchinson et al. 2011)
and suffers less yield loss in weedy conditions (Col-
quhoun et al. 2009), so Russet Burbank would be a
better choice for the weedier of two fields. Similarly,
butternut squash varieties are more competitive than
delicata type squash, and Danvers type carrot varieties
are more competitive than Nantes type varieties.
Modern cereal grains have been bred for a high
harvest index by shifting allocation of plant resourc-
es from the stem to the seeds. This increases yield
in weed free conditions, but if a short-statured crop
is overtopped by weeds, the higher yield potential
may not result in greater actual yield. Consequently,
some organic growers are experimenting with older,
tall-statured grain varieties. Even among short-stat-
ured, high yielding varieties, weed competitiveness can
vary substantially. Specific recommendations are nec-
essarily constrained by the need for good adaptation to
regional climate and soil conditions.

Seed Size

Because seed size affects the rate of growth shortly
after emergence and the rate of leaf canopy closure,
crop varieties with larger seeds tend to be more
competitive than varieties with smaller seeds. Some
experiments have shown that when grain and soybean
seeds are screened into size classes, planting the large
size seeds resulted in a crop that competed more effec-
tively against weeds (Stougaard and Xue 2005). Note
that if the seed is larger then more pounds of seed
must be planted per acre to achieve the same plant-
ing density. Some work, however, has shown that the
increased yield from the larger seeds can more than
compensate for the increased seed cost (Stougaard
and Xue 2005). In principle, a grower could invest in
either larger seeds or in more seeds per acre. Since 1)
the mechanisms increasing competitive ability may
differ between seed size and seed density and 2) the
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incremental effects of both factors decrease as seed
size and density increase, the optimum strategy may
be to increase both seed size and density moderately
rather than concentrating investment on one tactic or
the other. Thus, for example, a study on spring wheat
competing with wild oat showed a 12% yield increase
with higher seed density, an 18% increase with larger
relative to smaller seeds and a 30% yield benefit from
using both a high density and larger seeds (Stougaard
and Xue 2004).

Use of Transplants for Small Seeded Crops

Most annual weeds have very small seeds and conse-
quently they establish relatively slowly. If the crop is
also relatively small seeded (for example, cole crops,
lettuce, tomatoes, leeks, etc.) then growing the crop

in weed free soil and transplanting after the plants

are well established gives the crop a substantial head
start over the weeds. Few experienced organic growers
direct seed small seeded crops on any substantial scale
if the crop tolerates transplanting.

If the bed was prepared before the transplants are
ready, the surface soil should be tilled thoroughly to a
depth of 1—2 inches with a harrow or rotovator to kill
any weed seedlings before transplanting. This should
be done even if weed seedlings have not yet emerged:
they are on their way up and you always want to give
the transplants the maximum head start over the
weeds. The depth of tillage depends on the depth that
the dominant weeds in the field are likely to emerge
from (see the “Emergence depth” section in each spe-
cies chapter). You want to kill those weeds that have
already germinated and are likely to emerge, while
minimizing the number of new seeds that are brought
to a shallow depth where establishment is more likely.

Planting Date

Every season has weeds that are well adapted to the
prevailing weather conditions at that time of year, and
every weed has a period of the year when it is most
likely to emerge and grow. This optimal emergence
period can vary with location and seasonal weather
variability (see the “Dormancy” and “Season of emer-
gence” sections in each species chapter). Generally,
crop species will be most competitive when planted
during a period when the dominant weed species in

a field are less likely to emerge and grow vigorously.
This can both reduce the number of weeds emerging
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and the vigor with which emerged weeds will compete
with the crop. Several strategies discussed in this book,
including rotation, cover cropping and stale seedbed,
will disadvantage weeds by manipulating crop planting
and tillage dates relative to weed emergence dates.

Many of our crops have their origin in the tropics
or subtropics, for example corn, cotton, beans, squash,
tomatoes, peppers, etc. Consequently, they grow most
vigorously when the soil and air are warm. As a result,
pushing warm season crop species to get an excep-
tionally early or late harvest puts the crop at a disad-
vantage relative to the weeds. You may find harvesting
warm weather crops outside of their usual season is
worth the additional effort but anticipate weed prob-
lems and take measures to compensate for them. For
example, use low or high tunnels, or ridge planting to
promote early soil warming.

Corn is a crop that illustrates this point. Conven-
tional field corn growers in the Northeast and the
upper Midwest get maximum yields by planting long
season hybrids in late April or early May. Growers
transitioning to organic practices often encounter diffi-
culties if they continue planting so early. Wet soil often
prevents timely cultivation, and slow emergence and
growth of the corn makes it relatively uncompetitive
with weeds that are favored by cool spring conditions.
Moreover, without fungicidal seed treatments the
seeds often rot in the cold soil, leaving skips in which
weeds grow out of control. Consequently, many or-
ganic growers plant corn two to four weeks later than
their conventional neighbors. Although the organic
corn yields are often lower than the best conventional
yields, the higher soil quality on organic fields often
compensates for the shorter season varieties and
results in yields above the county average. Organic
sweet corn growers who want to produce an early crop
increasingly transplant their corn. This allows the
young sweet corn to establish in optimal conditions
and assures a uniform stand.

Intercropping

Another way to increase the competitiveness of crops

is to plant them in mixtures. Some mixtures may be

less competitive against weeds if the crops compete

more with each other than they do with the weeds, so

the mixtures must be chosen carefully.

« Clover or alfalfa overseeded into winter grain in the
spring or planted simultaneously with a spring grain



establishes too slowly to compete with the grain crop
but slows down weed growth when the grain ma-
tures and light penetrates through the crop canopy.
Similarly, red fescue planted in the fall with winter
wheat does not reduce wheat production but helps
suppress quackgrass (Bergkvist et al. 2010). Con-
versely, when grain and hay are sown together, the
fast, early growth of the grain suppresses weeds that
would otherwise compete heavily with the slower-es-
tablishing hay species.

« Lettuce is harvested much sooner than tomatoes if
they are planted at the same time. Consequently, a
row of lettuce next to a row of tomato plants com-
petes with the weeds when the tomato plants are
small and is harvested before it is overtopped by
the tomatoes. Similarly, kohlrabi can fill the space
between young Brussels sprouts and is harvested
about the time the Brussels sprouts start to shade
the whole bed.

« Light can penetrate the leaf canopy of sweet corn
and allow weed growth. Interplanted winter squash
or pumpkin vines that run under the corn will com-
pete with the weeds and improve late season weed
control. Squash or pumpkin yield will be greatly
reduced (for example, by 50—75%) under the corn,
so the total planting should be increased according-
ly. You need to carefully plan the planting date and
maturity of both crops to avoid trampling the vines
when you harvest the corn.

« On intensive vegetable farms, when skips occur in a
row due to poor establishment, some other crop can
be planted to fill in the gap. If you do not have a crop
that fits appropriately into the space, you can sow a
rapidly growing cover crop like oats or buckwheat
(see “Summer Cover Crops”). You may find it worth-
while to keep a supply of cover crop seed on hand for
such emergency purposes.

Nutrients and Water

Several studies have shown that weeds are often better
equipped for taking up mineral nutrients like nitrogen,
phosphorus and potassium than are the crops with
which they compete. Not only do many weeds produce
root surface area at a faster rate than typical crops, but
they also concentrate nutrients in their tissues (see the
“Response to fertility” section of each species chapter).
Consequently, highly available forms of nutrients like
chemical fertilizers and rapidly decomposing organic
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fertilizers like blood meal tend to favor weeds relative
to crops. In contrast, the slow release of nutrients from
green manures and compost tends to favor crops rel-
ative to the weeds. Particularly for long season crops,
the slow release from organic materials may slow early
top growth slightly but encourage a stronger root sys-
tem and an overall healthier, more productive crop by
harvest time.

Most of the mineral nutrition of the crop should
come from soil organic matter built up by feeding the
soil with green manure and compost. Some crops, like
field corn, will often benefit from an additional dose
of starter fertilizer banded next to the row, and some
heavy feeding crops like broccoli may yield better if
given an additional nitrogen source like composted
chicken manure after they are well established. Ap-
plying such supplements in a band next to the row
will avoid feeding inter-row weeds before the crop can
reach the fertilizer. Foliar application of a soluble fer-
tilizer like fish emulsion can similarly direct nutrients
specifically to the crop, provided weeds are not already
established within the crop row.

Similarly, drip irrigation, which applies water next
to the crop plants rather than sprinkling it over the
whole field, will favor crop plants relative to weeds.
This is especially useful for managing weeds along
the edges of vegetable beds where they usually receive
less shade and root competition from the crop. If the
wetting zone is too narrow, however, roots may fail to
spread throughout the bed, leading to inefficient use of
nutrients released from soil organic matter and incor-
porated amendments.

COVER CROPS

Sowing a cover crop into or after the final crop of the
year can be an effective tactic for managing weed
populations. They compete with weeds during periods
when cash crops are not grown, thereby suppressing
growth and seed production of weeds that otherwise
could replenish their seed banks. Soil preparation for
planting and terminating cover crops also can destroy
weeds that would otherwise have established and pro-
duced seeds. In addition, cover crops provide several
advantages to the agroecosystem. Benefits for the soil
include prevention of erosion, reduced leaching of
nutrients and increased favorable biological activity.
The dense root systems and the organic material that
is incorporated into the soil in the spring also improve
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soil structure. As explained in the section “Principles of
Mechanical Weeding,” maintaining good soil proper-
ties by using cover crops makes weeding easier.

Winter Cover Crops

Winter cover crops usually are planted and establish
in late summer or fall, have the capacity to survive
winter conditions and complete their life cycle or are
terminated before cash crops are planted in spring.
Winter cover crops directly compete with weeds,
particularly species that thrive in cool weather, like
common chickweed, shepherd’s-purse and quack-
grass. They may provide little benefit for control of
the warm season weeds that will infest the succeeding
cash crop, however, when the crop rotation moves to a
cool season vegetable crop or winter grain, the reduced
input of cool season weed seeds to the soil may prove
helpful. Because some cold tolerant weeds like com-
mon chickweed are relatively shade tolerant, ensuring
a highly competitive cover crop through high planting
density and optimal planting date may be required to
effectively control seed production.

Various crop species are harvested on different
dates, and this will determine to a large extent the type
of cover crop that can follow those cash crops. In the
northern states, the only readily available annual cover
crops that survive the winter well are winter wheat,
spelt, grain rye, triticale, annual ryegrass, hairy vetch
and Austrian winter peas. In more southern regions,
the list of winter covers increases substantially to
include crimson, berseem and subterranean clover,
winter barley, winter oats, black oats, and brassica
species. Although these are useful in many situations,
the cold adapted species are among the most popular
cover crops in southern regions of the United States as
well as in the north.

Hairy vetch, grain rye and annual ryegrass can all
become severe weed problems in winter grain crops,
though their potential for weediness seems to vary geo-
graphically. Caution should be exercised when using
these species as cover crops if winter grains are part of
the crop rotation. Regardless of the rotation, no cover
crop should be allowed to go to seed without having a
plan for managing volunteer plants growing from this
seed. Hairy vetch usually has a small percentage of
hard seed that does not germinate the year of sowing
and thus can infest a field in later years even if the
cover crop does not set seed.
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Summer Cover Crops

Weeds grow rapidly during warm weather and con-
sequently, large seeded cover crops that quickly
produce leaf area will suppress weeds best. Common
summer cover crops with large seeds include buck-
wheat, sorghum-sudangrass hybrid (sudex), cowpeas
(also called blackeyed peas) and soybeans. If a crop
will not be planted until mid-summer and no winter
cover crop was planted the previous year, you can use
a spring sown cover crop to protect the soil, suppress
weeds and add organic matter to the soil until you are
ready to plant. Many organic growers use oats, grain
rye, field peas or bell beans (a relatively small seeded
variety of the normally large seeded broad bean) for
this purpose. On grain farms, mustards can be sown
in early spring for a weed- and disease-suppressing
cover crop before early-summer-sown soybeans or dry
beans. We do not recommend the use of mustard cover
crops on farms that produce cole crops since frequent
planting of members of the mustard family in the crop
rotation can promote disease and insect pests.

Several of the cover crops mentioned above have
special properties that are worth noting. White clover
forms a low growing sod that works well between beds
of long season vegetables on plastic. To prevent the
white clover from becoming very weedy, sow it with
oats (spring planting) or buckwheat (summer plant-
ing) and then mow the nurse crop after the clover is
well established. Because they have large seeds, a thick
sowing of bell beans, cow peas, field peas or soybeans
will completely cover the ground within two weeks
after emergence and effectively smother annual weeds.
Similarly, buckwheat has large horizontal leaves that
cast dense shade and is thus especially effective at sup-
pressing annual weeds. It is relatively short, however,
and thus can be overtopped by tall or vining perennial
weeds that survive on belowground reserves until they
reach sunlight. Sorghum-sudangrass hybrid (sudex)
is an extraordinarily competitive cover crop. It grows
6 feet tall or more and can thus compete effectively
even with most perennial weeds if you sow it thickly.
Height, however, has disadvantages. A tall stand of
sorghum-sudangrass can shade neighboring crops, and
the long stems are difficult to incorporate when you
are ready to plant the next crop. Also, vigorous stands
of sorghum-sudangrass require relatively high nitro-
gen fertility, and when N is in short supply, the cover
crop is likely to be thin and weedy. Part of the weed



suppression by sorghum-sudangrass is due to allelopa-
thy (Weston et al. 2013). Because of its allelopathic po-
tency, direct seeding of crops should be delayed 10—14
days after incorporating the residue (see the section
“Cover Crop Management”).

Cover Crop Mixtures

Grasses are often more competitive against weeds
than are legumes, possibly because grasses develop

a more extensive and competitive root system and
extract nitrogen from the soil profile (Teasdale 2018).
Grass-legume mixtures are sometimes more com-
petitive than the grass or legume component alone;
for example, rye-hairy vetch mixtures can be more
suppressive than either rye or hairy vetch alone.
Multi-species mixtures of up to eight species are being
investigated as a means for achieving more consistency
in productivity and ecological benefits across a range
of climatic conditions. Such mixtures often show lower
variability and improved productivity compared to the
average performance of individual species, although
even these multi-species mixtures often produce no
greater biomass than the most productive individual
species (Teasdale 2018). Mixtures that pair comple-
mentary species, such as nitrogen-fixing legumes with
non-legumes or highly winter-hardy with partially
winter-hardy species, can potentially achieve multiple
benefits with greater resilience over a broader range of
conditions. However, if a cover crop is used for a single
purpose, such as weed suppression, then the single
species that functions best for that purpose will often
be the best choice. For example, the legume compo-
nent of a mixture can dilute the weed suppressive abil-
ity of the more competitive grass, causing the mixture
to be less competitive than the grass alone (Mohler
and Liebman 1987, Brainard et al. 2011). Thus, the
grass component may be the better choice for pure
weed suppression, but the legume component would
be important for achieving a combination of nitrogen
fertility and weed suppression goals.

Cover Crop Management

Termination of the cover crop has important conse-
quences for weed suppression in the following crop.
Usually, you will want to mow a cover crop before
incorporating it. This is particularly important if the
cover crop is taller than 8—12 inches or if you are
using an implement other than a moldboard plow. If
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the cover crop is not well incorporated, it may recover
and compete severely with the subsequent cash crop.
Flail mowers work best because they cut the material
into short pieces and leave it uniformly distributed

on the ground. Rotary mowers tend to bunch the crop
residue into clumps that are difficult to incorporate.

If the cover crop has grown tall and you are using a
sickle bar or disc mower, cut the top first and then cut
closer to the ground. Rye stems longer than 12 inches
will make rotary tillage completely impractical. Long
rye stems also collect on shanks of chisel plows and
field cultivators. Hairy vetch is easier to incorporate,
but by late spring the stems will become tough and
will wrap on implements. Most experienced grow-

ers incorporate their cover crops 10—14 days before
they plant. This gives the material time to rot and for
allelopathic compounds that can harm sensitive crops
to decompose (see “Allelopathy”). Many damping-off
and root rot fungi thrive on fresh green organic matter,
and allowing the green manure to rot for a week or two
allows time for these to be replaced by beneficial fungi
(Hoitink et al. 1996). A lag between incorporation and
seedbed preparation also gives many weed seeds an
opportunity to germinate in response to tillage and be
killed by final seedbed preparation (see “Seed Germi-
nation: Why Tillage Prompts Germination”). Ultimate-
ly, the goal is for rapid establishment of a uniform and
competitive cash crop.

Cover crops also can be terminated with the resi-
due left on the soil surface as an organic mulch. This
option provides a great deal of flexibility for conven-
tional no-till producers who can kill the cover crop
with a burndown herbicide at the optimum time for
planting spring crops. In addition to herbicides, cover
crops can be terminated by mechanical means with
equipment such as a flail mower that shreds vegetation
and drops it in place, a sickle bar mower that drops
intact residue in place, a light disk set to slice over the
vegetation and leave it on the surface, an undercutter
that severs roots from stems just below the soil sur-
face and a roller-crimper that crushes vegetation. The
success of a mechanical approach to terminating cover
crops requires waiting until the cover crop is flowering,
otherwise it will usually recover and regrow. The re-
quirement to wait until flowering may require delaying
cash crop planting. However, delayed plantings can
also be beneficial for weed management purposes (see
“Planting Date”). Finally, no-till planters need to be
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fitted and adjusted to plant through the dense layer of
cover crop residue on the soil surface. An alternative
is strip-till, which allows the cash crop to be planted in
narrow tilled strips but retains the cover crop residue
on the untilled area between crop rows. When accom-
plished successfully, no-till production with surface
cover crop residue offers multiple environmental ben-
efits besides suppression of emerging weeds, includ-
ing protection from soil erosion and nutrient runoff,
improved rainfall infiltration, reduced evaporation of
soil moisture, and increased soil organic matter.

Additional information on the properties and
management of winter and summer cover crops can
be found in SARE (2007, www.sare.org/mccp) and at
attra.ncat.org.

Rotational No-Till Cropping with Rolled Cover Crops
The capacity of cover crop residue to suppress weeds
provides an opportunity for no-till production of cash
crops without herbicides. Organic growers are often
faced with the tradeoff that multiple pre-plant tillage
and post-plant cultivation operations are required to
manage weeds, but this can lead to loss of organic mat-
ter and destruction of soil structure. In theory, cover
crops can provide a solution to this dilemma by uti-
lizing a uniform, dense layer of cover crop residue on
the soil surface to suppress weed emergence, while at
the same time providing the benefits of no-till, adding
organic matter to the soil and releasing nutrients to the
crop. Recent research has identified the roller-crimper
as the tool of choice for cover crop termination because
it is fast and leaves the cover crop tissue intact, thus
slowing decomposition and maximizing weed sup-
pression. It is typically designed with blades welded

to a drum that simply roll down the cover crop stems
in one direction and kill the cover crop by crushing

the stems where the blades pass over them. The cash
crop is usually no-till planted in the same direction to
facilitate seed placement.

The production of a uniform, dense layer of cover
crop residue is required to maximize suppression of
weed emergence. This means that tillage to prepare a
seedbed is usually needed to achieve rapid establish-
ment of a uniform cover crop stand. This explains why
this approach is referred to as “rotational no-till,”
because it relies on tillage within the rotation for
maximizing cover crop production, while the cash crop
is produced using no-till techniques. Maximum cover
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crop biomass is then achieved by planting the cover
crop early enough in the fall for good establishment
before winter and by allowing sufficient growing time
in spring to maximize production before termination
at flowering. As a rule of thumb, a cover crop residue
biomass of at least 7,200 pounds per acre needs to be
left after crimping to provide consistently good weed
suppression (Teasdale and Mohler 2000). Biomass
levels less than this do not completely cover the soil
but leave small openings through the dead residue
where weeds can receive light and emerge (see dis-
cussion of “How Much Mulch” in the “Organic Mulch”
section). Achieving such a high production of biomass
often requires a cover crop mixture such as a legume
and rye.

One drawback to reliance on cover crop residue for
weed suppression is that if weeds do escape because
of deficiencies in the mulch coverage, the dense mulch
and un-tilled soil can hinder post-planting cultiva-
tion operations to destroy these weeds. High-residue
cultivation techniques can be used, whereby a coulter
cuts through residue in front of a flat cultivator shank
that moves just below the soil level, severing weed
shoots from roots with minimal disturbance of the
residue. Generally, cultivation in no-till soils with high
residue is not as efficient as cultivation of tilled soils.
Thus, cultivation and no-till cover crop mulches are
not complementary weed control tactics but instead
tend to antagonize each other (Teasdale 2018). On the
other hand, growing the cash crop at high densities can
be complementary with a cover crop mulch. Research
has shown that the cover crop residue reduces and
delays weed emergence enough to permit a crop such
as soybeans to develop a leaf canopy faster than weeds
and enhance the competitiveness of the crop relative to
weeds. In addition, reduction of the weed seed popu-
lation and elimination of perennial weeds in rotational
crops prior to no-till crop production can complement
cover crop mulching and can greatly enhance the
weed-suppressing efficacy of rolled cover crops.

There are several constraints on crop performance
in this no-till system, including the difficulty of plant-
ing through a dense layer of cover crop residue, the
short growing season in northern areas, low soil tem-
peratures under the dense residue, destructive insect
populations sheltered by the mulch, and nutrient re-
lease that is poorly synchronized with crop needs. The
need to plant cover crops early and terminate late to



achieve high biomass levels can conflict with the need
to harvest and plant cash crops within a recommended
time frame. A fall grain crop or a relatively short-sea-
son vegetable crop can be planted during the preceding
year to allow time for optimal establishment of the
cover crop in late summer/early fall. In addition, a suf-
ficiently long growing season is needed after the cover
crop flowers and is terminated to grow a productive
cash crop. These requirements generally mean that the
rotational no-till system works best in the southern or
middle latitude states, but usually insufficient time is
available to fit a long cover crop growing period into
rotations in northern areas. If these constraints can

be overcome, this rotational no-till system offers the
opportunity for reducing tillage operations in organic
crop rotations.

ORGANIC MULCH

In addition to growing a mulch in place by killing

a cover crop before planting, organic materials can

be brought in from other locations to mulch the soil
surface surrounding crop plants. Mulches of organic
materials are highly effective for suppressing emer-
gence of small seeded (that is, less than 2 milligrams)
annual weeds. Since most agricultural weed species are
small seeded annuals, the use of mulches is broadly
effective against many species. Mulches are ineffec-
tive, however, for controlling perennial weeds because
these have sufficient energy stored in the roots or
rhizomes to push shoots up through even very thick
layers of mulch. For example, we once observed hedge
bindweed sprouting up through an 18-inch-thick pile
of bark mulch that was waiting to be spread around
ornamentals. Large seeded weeds (for example, greater
than 5 milligrams) may also emerge through substan-
tial layers of mulch, though a sufficiently thick and
dense mat can suppress all but the largest-seeded an-
nual weeds. Grass weeds can usually emerge through
more mulch than can broadleaf species with the same
size seeds.

How Much Mulch

Two attributes of a mulch mat are critical for weed
suppression (Teasdale and Mohler 2000). The first of
these is the number of layers of mulch particles, for
example leaves or stems, that cover the soil surface.
The second is the fraction of space in a mulch mat
that is occupied by solid material rather than air. The
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Figure 3.3. Mean amount of loose rye straw through which seedlings
emerge from seeds of various weights. The data includes both weeds and
crops (Mohler, unpublished data).

importance of the first of these is that more layers

of material block more light from reaching the soil
surface and a seedling must twist and turn more as it
grows up into the mulch. The importance of the second
factor is that when the mulch material is more tightly
packed, seedlings have difficulty finding gaps in which
to grow upward. Also, the more space is occupied by
solid material, the less light is reflected from particles
and down into the mat.

Since both factors are important, specifying how
thick a layer of mulch material needs to be to sup-
press weeds depends on the type of mulch as well as
the species of weeds present. Larger seeded weeds
require more mulch for suppression than do smaller
seeded species (Mohler and Teasdale 1993, Figure
3.3). A 5-inch layer of loose straw, hay or leaves that
subsequently settles to about 2—3 inches is generally
effective against most small seeded annual weeds.
Because compost is denser, about 2 inches is usually
enough to suppress most weed seedlings. Applying
compost at such a high rate, however, is likely to
create excessive fertility and stimulate weed growth in
subsequent years (see “Nutrient Use”). Compacted hay
or straw used as slabs from a bale is highly effective at
thicknesses of about 1.5—2 inches. Often weeds emerge
between the slabs if they do not cover the ground com-
pletely. To compensate for this, thin slabs of mulch
(say 1 inch) should be placed over the joints between
main slabs to obtain full coverage.

Although dense material like compost and slabs
of hay or straw are very effective at blocking growth of
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weeds up from the soil, they also hold water well and
provide a good medium for germination of windblown
seeds like dandelion or seeds that are present in the
mulch itself. Hay and straw become progressively
more prone to support windblown or resident seeds as
these mulches rot.

When to Mulch

The optimal time to mulch a crop depends on the crop
and the season of planting. Large seeded and trans-
planted crops can be mulched almost immediately
after planting. For summer planted vegetable crops,

a heavy cover crop can be mowed or rolled, or new
mulch material can be laid and the vegetable crop
transplanted through the mulch. For spring plantings,
however, you may want to delay application until the
soil warms. Also, removing the first flush of weeds
prior to laying organic mulch is often helpful. Although
a thick mulch eliminates most light at the soil surface,
even a homogenous-appearing mulch layer has partial
“windows” through which some light penetrates. If
weeds have already emerged before laying mulch,
more weeds will be positioned to exploit such windows
and emerge through the mulch. In contrast, if the first
flush of weeds has been removed then fewer weeds will
successfully penetrate the mulch.

Weed Seeds in Mulch

The most commonly used mulch materials are straw,
hay, compost, tree leaves and bark chips. Regardless of
the material used, you should thoroughly check it for
weed seeds. Hay, and particularly late cuttings of grass
hay, often contain mature weeds and perennial grasses
that you do not want in your fields. Straw is generally
free of weed seeds but may have thistle seed heads

and some grain seed heads that did not get picked up
by the combine. Tree leaves are generally free of weed
seeds but may contain acorns and other tree seeds that
subsequently germinate and compete with crops.

Applying Mulch

Applying straw or hay mulch is often unpleasant.
Doing so by hand is backbreaking, and it is usual-

ly scratchy. It is also usually dusty enough that you
should wear a dust mask. Bale choppers and blow-
ers are available, however, which can automate the
process. The gun type blowers that are used to apply
mulch in landscape seedings need to be modified for
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most work in vegetables. They are useful for blowing
mulch between plastic covered beds, provided the beds
are swept off afterwards (either by hand or with a ro-
tary brush). Adding a flexible tube allows mulch to be
blown in under established crop plants, but you may
have to modify the fan speed. Wetting loose organic
mulch with sprinkler irrigation before it is subjected to
high winds will help keep it in place.

Sources of Mulch

In grain growing regions, grain straw is often plentiful
and cheap. The source of straw should be checked to
ensure the grain crop was not grown with phenoxy
herbicides, which can later volatilize off the straw and
injure sensitive crops like tomatoes. In areas with
dairy farms, straw will be in demand for bedding, but
spoiled hay will likely be cheap and readily available,
at least in some years. Growers should assess available
sources of organic materials in their region for creative
ways to mulch soils while also improving soil quality
(Box 3.1).

In hilly regions, many vegetable farms use the best
bottom land soils for vegetables but have upland parts
of the farm that are underutilized. These upland areas
can produce a steady supply of mulch for weed control
and nutrient supply for the vegetable fields, provided
you replace mineral nutrients (especially P, K and Ca)
exported with the mulch. These minerals will end up
in the vegetable production soils after the mulch rots
or is incorporated, and the soil should be monitored
to avoid nutrient imbalances. In particular, build up
of K to excessive levels can be a problem when organic
mulches are used to the exclusion of other weed man-
agement methods.

Notes on Particular Mulches
Some mulches pose special problems and advantages.
Bark and wood chips can pose problems in vegetable
cropping systems because their high C:N ratio encour-
ages decomposer microbes to take nitrogen from the
soil, thereby starving the crops. The problem is not
during the year the mulch is applied, since the mi-
crobes only have access to the mulch at the mulch-soil
interface. But when the soil is eventually tilled, N will
be tied up by the decomposing wood.

Unlike hay and straw, tree leaves do not tangle
into a mat and thus sometimes blow about and smoth-
er small crops. Applying the leaves after the crop is
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established helps hold them in place. Chopping the continuous no-till systems that rely on mulch and
leaves also helps prevent movement. hand weeding. Mulch is used to prevent emergence of
Rye straw commonly releases allelopathic com- weed seedlings, and the few that do emerge are hand
pounds (see “Allelopathy”) that are toxic to other pulled to prevent reproduction and competition with
plants. Since small seeded weeds are more susceptible the crop. After several years, the near-surface seed
than large seeded or transplanted crops, this can be bank is depleted, and the amount of mulch and hand
advantageous. However, in some circumstances, the weeding required can be reduced.
toxins may also slow crop growth. For example, early The approach is illustrated by Jay and Polly
growth of corn can be slowed by a rye mulch, possibly Armour’s Four Winds Farm in Gardiner, N.Y. (www.
due to an interaction between soil cooling, N immobi- fourwindsfarmny.com). This 24-acre farm has four
lization and allelopathy. However, application of rye acres in permanent raised vegetable beds, with the rest
straw after sweet corn is well established seems to be a of the land used to produce grass-fed beef cattle. The
safe practice. cattle manure that accumulates in the barn over the

winter is composted with horse manure from a nearby

CONTINUOUS NO-TILL VEGETABLE PRODUCTION  farm to make compost. The temperature in the pile

USING ORGANIC MULCHES is monitored during composting to ensure that weed
Although continuous no-till cropping is general- seeds in the manure are killed. The compost forms the
ly impractical without the use of herbicides, a few principal mulch material used on the vegetable beds.
small-scale intensive vegetable farms have developed When beds are first brought into production, compost

Box 3.1. Mulched Beds for Onion Seedling Production

is made of some mixture of vegetable waste, cotton gin trash and
peanut hulls, depending on what is available. She adds bark fines to
the finished compost to create a fine textured but fibrous material
that spreads uniformly over the beds. Although the mulch layer is
relatively thin, the pores between mulch particles are small so that no
light reaches the soil surface. She sprinkle irrigates the mulch to wet it
down and then lets it set for one day, or ideally two. This allows her to
be sure that the compost mulch will not reheat. The onion seeds are
planted into the mulch with a gang of four EarthWay seeders pulled
by a tractor. The mulch holds moisture to facilitate good seedling
establishment while suppressing the weeds. Of course, eventually
some weeds do come through the mulch, but the mulch keeps the
soil loose so that these are easier to hand weed. With this system the
onions are ready for transplanting around Thanksgiving.

She uses a similar system for more northerly markets. For
shipping to the mid-Atlantic states, she plants in October and pulls
Relinada Walker farms 67 acres of organic vegetables and grains near the seedlings from late January through early March. Before plantings
Sylvania, Ga. One of her specialties is organic onion transplants, which in January and early February she has used clover and rye as cover
she ships to various locations in the South and Northeast. Mulch is a crops but is concerned about the possible allelopathic effect of rye on

key component of her onion transplant production system. tiny onion seedlings. Consequently, she is still experimenting to find
The first step is to create a clean seedbed. When growing the best cover crop to use with these mid-winter plantings. January

transplants for the late fall market in the Southeast, she starts by plantings are ready to pull in April for buyers in Pennsylvania.

plowing under a cover crop of brown-top millet around September 1. Walker grows one to two acres of onion transplants each year,

She lets this break down for 2-3 weeks before rotovating and creating  depending on the volume of advance sales. Using mulch allows her
beds with a bed shaper. This break between operations not only gets ~ to keep hand weeding costs down and thereby grow a product that

the soil ready for making beds but also allows time for a flush of fall other organic farmers can afford. The increased organic matter from
weeds to come up and be killed during seedbed preparation. She the mulch and the lack of weed seed shed during the production of
then ensures that the beds are moist, if necessary by irrigation, and onion seedlings also create a good location for direct seeded rotation
spreads 1inch of compost as a mulch over the beds. The compost crops like carrots.
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is spread 2 inches thick and seeds or transplants are
planted directly into the compost. The thick layer of
compost effectively isolates the soil surface from the
cues that prompt weed seed germination (see “Why
Tillage Prompts Seed Germination”). The few weeds
that arrive by wind-blown seeds, particularly dande-
lion, are hand pulled. After nearly 20 years without
wheel and foot traffic, tillage or weed seed production,
soil on the beds has a high tilth and a very low seed
bank near the surface. These factors allow beds to be
planted without tillage and with compost applied only
to meet the nutrient demands of the crop.

Although repeatedly applying compost at high
rates can be expected to create excessive phosphorus
concentrations in the soil, if weed seed production
is prevented in the early years, the high P may not
exacerbate weed problems. In principle, other mulch
materials could be used, at least for some crops, once
soil tilth is sufficiently good to allow planting without
tillage for seedbed preparation.

SYNTHETIC MULCH

Many synthetic mulch materials are marketed for

use in vegetable production, including plastic films of
various colors, spun and woven cloth that is permeable
to water, and plain and oiled paper. All of these can
control weeds, but they all pose problems as well.

Plastic Mulches
Plastic films come in various colors. Clear plastic
warms the soil better than black plastic, but it allows
weeds to grow. Normally it is used in conjunction with
residual herbicides. Infrared transmitting films warm
the soil about as well as clear plastic but suppress
weeds by blocking light that triggers weed germina-
tion. Plastic films warm the soil for early production
and can be highly effective for suppressing weeds
in the crop row, where they are difficult to control
with cultivation. Plastic films are especially useful for
weed control in onions, which grow slowly, and in full
season vegetable crops like peppers and winter squash
that tend to get weedy late in the season (Figure 3.4).
They are also particularly useful for vegetables like
trellised tomatoes, where the supports interfere with
cultivation and even with hand hoeing.

Weeds frequently grow in the planting holes and
may be sufficiently competitive to require laborious
hand weeding. In particular, perennial weeds that
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Figure 3.4. Peppers growing on black plastic mulch with a cover crop of
annual ryegrass and Dutch white clover between the rows.

sprawl or vine will grow toward light entering at plant-
ing holes and will thereby be directed onto the crop.

Landscape Fabrics

Spun cloth ground covers are similar to floating row
covers but are colored brown or black to block light
from weeds. These are reasonably effective at pre-
venting the growth of annual weeds. Many perennials,
however, can penetrate these materials. Pulling these
weeds pulls on the cloth, and that may disturb crops
planted in holes in the material. Moreover, great
masses of quackgrass and other perennials will cling to
these ground covers when they are collected, thereby
increasing the expense of disposal.

Woven landscape fabrics are generally much
heavier than the spun fabrics (5—7 ounces per yard as
compared to 2 ounces per yard for the spun materials).
Woven fabrics effectively block growth of perennial
weeds for several years. They are much more resistant
to tearing than plastic film or spun fabrics and are
suitable for long-term installation around grape vines
and fruit trees. In this application, the fabric should be
covered with bark mulch or rounded pebbles to pre-
vent deterioration by ultraviolet light. Avoid crushed
stone, which has sharp edges that can puncture the
fabric. After a few years, weed seeds blown in from ad-
jacent areas will germinate in the organic mulch or in
soil that naturally accumulates on the fabric. Whereas
shoots cannot push up through the fabric, fine roots
can penetrate it, allowing establishment of the weeds.
In addition, weeds that spread by runners may also
begin growing on the fabric. Consequently, the period



of effective weed control is often substantially shorter
than the lifetime of the fabric.

Organic standards currently require that synthetic
mulches be removed annually. Woven fabrics can be
reused repeatedly for growing annual crops, but re-
moving debris from the fabric can be laborious. While
these durable fabrics are initially substantially more
expensive than other synthetic mulches, they can be
used for multiple years.

Biodegradable Mulches

Brown kraft paper can be used as a biodegradable
mulch, but it presents several challenges. The rolls of
paper mulch are heavy, bulky and difficult to handle.
Paper alone is a poor mulch material because it tears
easily during installation, and this problem is made
worse by wind. Usually, paper mulches will not endure
long enough to provide weed control during the entire-
ty of a long season. Kraft paper treated with vegetable
oil or other stabilizers is somewhat more durable, but
still compares unfavorably with plastic film. Organ-

ic certifiers generally allow paper mulch, including
non-colored newsprint, to be incorporated into the soil
at the end of the growing season.

Although paper is relatively ineffective as a mulch,
paper covered with an organic mulch material can be
more effective than using either the paper or the or-
ganic material by itself. The paper provides a thin but
dense layer that blocks weed growth while the organic
material on top helps hold the paper down and inter-
cepts light that would pass through the paper.

Recently, high-performing, biodegradable, starch-
based plastic films have become available as substi-
tutes for polyethylene plastic mulches. These require
careful field application to optimize their performance.
The thickness and polymers in the mulch affect
biodegradation rates, and weather conditions affect
the speed of degradation. The initial area of mulch
breakdown is usually along the edge where the mulch
is covered with soil. Some starch-based, biodegradable
mulches are not approved for soil incorporation on
certified organic farms.

Weeds Along Edges of Synthetic Mulch

All synthetic mulches must be anchored along all
edges to prevent the material from blowing in the
wind. Normally, this is accomplished by pressing soil
along the edge of the mulch material, usually with
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hilling disks attached to the mulch layer. This soil is, of
course, above the mulch and so tends to become weed
infested. Although the weed roots cannot grow directly
down through the mulch, they can grow around the
edge and into deep soil. Also, getting cultivating tools
close to the mulch without snagging and cutting it

is a problem. One way to cope with weeds along the
edges of the mulch is to use vegetable knives that are
set deep enough to reach in under the mulch without
catching it. Alternatively, a rolling spider gang culti-
vator with the gangs tilted upward toward the bed can
be run along the edges. Another approach is to mulch
the inter-bed areas, including the anchoring soil along
the edges of the plastic, with an organic mulch such

as straw. In addition to suppressing weeds, the organ-
ic mulch will protect the soil and makes a mud-free
path during harvest. A fourth alternative is to apply

a band of a natural product burn-down herbicide
along the edge of the plastic to kill young weeds (see
“Natural Product Herbicides”). Multiple applications
may be required for a long-season crop. The effect of
these herbicides on various mulch materials has not
been well studied, and some may speed deterioration
of certain synthetic mulches. We suggest you check
with the manufacturer of the mulch or apply a normal
application rate to a small area of stretched mulch for
a season before using any herbicide extensively on
mulched beds.

Tarping

A different approach to the use of synthetic soil covers
for weed control involves covering the soil with a large,
opaque tarp for several weeks and then removing it
prior to planting. Unlike solarization (see the next sec-
tion), in which the objective is to achieve soil tempera-
tures sufficiently high to kill weed seeds, the objective
of tarping is to smother emerged weeds to create a
stale seedbed and to shift soil properties in ways that
are detrimental to seed persistence as described below.
Tarps are typically 6 mil black polyethylene plastic,
which is tough enough to be rolled up and reused
repeatedly. Tarps can cover multiple beds, but tarps
larger than 30 by 100 feet can be difficult to handle
(Maher and Caldwell 2018). Often, beds are prepared
prior to tarping, in which case the tarp is used to create
a stale seedbed (see “Stale Seedbeds” in Chapter 4).
Alternatively, tarps can be used to smother existing
weeds, harvested crops or cover crops prior to no-till
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planting. In the latter application, any living plant
biomass should be mowed prior to tarping to help
manage residues. Tarping durations are typically 3—10
weeks depending on the cropping plan, though tarps
can be applied in the fall as a way to preserve beds and
control soil moisture prior to early spring planting.
They can also reduce fluctuations in soil moisture and
conserve moisture during dry periods. Tarping peri-
ods less than three weeks are unlikely to completely
kill emerged weeds. Tarps can add crop management
flexibility by suppressing weeds and holding beds idle
when time, equipment or field constraints limit other
types of bed preparation.

Tarping is a relatively new practice and conse-
quently has received little systematic study. Weeds
vary in susceptibility to tarping. As might be expected,
perennial weeds are generally resistant to tarping but
can be stressed by extended tarping periods. Annu-
al weed species also vary in their susceptibility. The
mechanisms whereby tarps affect weed seeds in the
soil is unknown. The primary mechanism may be the
stimulation of germination that results in death due
to lack of light. The magnitude of this effect could
depend on soil conditions prior to and during tarping,
including the intensity of pre-tarp soil disturbance, soil
moisture and the time of year. The covered soil is, on
average, usually a few degrees warmer than adjacent
uncovered plots, even during cool spring weather in
the northeastern United States (Maher and Caldwell
2018). Also, since growing plant roots are not present
to take up nitrate and water cannot percolate through
the soil to wash away nitrate, nitrate levels rise with
the period of tarping (Ryberger et al. 2018). Both
elevated temperatures and the presence of nitrate in
the soil are known to stimulate the germination of
many weed species, and the resulting seedlings would
then die in the soil or after emergence under the tarp.
Elevated soil nitrate after tarp removal could also favor
some weeds in the following crop. Biological activity
that is detrimental to weed seeds may also occur under
tarps, but such effects have not yet been demonstrated.

Disposal

Most synthetic mulches pose significant end-of-season
disposal problems. The labor and cost of disposing

of large amounts of dirty, and probably wet, material
should be considered when contemplating the use

of these materials. If biodegradable mulches are not
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gathered and composted, they can be difficult to fully
incorporate and fragments can blow about, leaving
the farm an unsightly mess. Biodegradable mulch-

es vary in how quickly they decompose. Combining
paper mulch with an organic mulch material like straw
or compost improves decomposition of the paper
and helps hold it in place during the growing season
(see “Biodegradable Mulches”). Organic standards
currently require complete annual removal of most
synthetic mulches other than paper, even if they are
biodegradable.

WEED MANAGEMENT DURING TRANSITION
TO ORGANIC PRODUCTION

Vegetable Farms
Organic vegetable farms are often established on old
hayfields or pastures. This shortens the time until cer-
tification since semi-abandoned land often receives no
chemical fertilizers or pesticides. Such fields, however,
often have severe infestations of perennial weeds and
dense seed banks of annuals.

Avoid planting vegetables the first year when
you are starting vegetable production on very weedy
ground. Instead, till, plant a cover crop, till in the cover
crop before perennial weeds get large or annuals go
to seed, and repeat this at four- to six-week intervals
throughout the summer. This will reduce the weed
seed bank and exhaust the storage organs of perennial
weeds, while simultaneously building up soil organic
matter and soil tilth (see “Tilled Fallow” and “Soil Tilth
and Cultivation™). Oats or barley planted early in the
spring at a high seeding rate make suppressive cover
crops for the beginning of the season. Buckwheat and
sorghum-sudangrass are fast growing, competitive
summer cover crops. Near the end of hot weather,
plant oats or an oat-field pea mixture on land that will
be planted early the next year. This cover crop will
compete with weeds in the fall, but frost kill in most
regions, leaving the field ready for early planting. On
fields that will be planted to vegetables after the last
frost in the spring, plant hairy vetch, rye or a mixture
in early fall (see “Winter Cover Crops”). To compete
effectively with weeds, sow them all at high density
(see “Crop Competitiveness”).

Although there are costs to keeping fields in cover
crops/fallow for a year before planting, these costs are
often less than the labor required to control weeds in



relatively uncompetitive crops. Since most growers
bring fields into production on a staggered basis as
their operation grows, usually opportunities exist for
getting the weeds at least partially subdued before
planting cash crops.

You have several good options if weed problems
seem likely following the fallow/cover crop year. One
is to plant short cycle transplanted crops like lettuce
and kohlrabi that can be cultivated throughout their
growth cycle and are harvested before most weeds get
a chance to shed seeds. A second option is to plant sweet
corn or potatoes. They can be cultivated with a tine
weeder before and after emergence to reduce the den-
sity of annuals. They can also be cultivated aggressively
between the rows and will tolerate having a lot of soil
thrown into the rows to bury small weeds. Unless you
can hoe or flame weed the corn, some weeds are likely
to go to seed. Further weed suppression in potatoes
can be obtained by mulching with straw, and in warm-
er climates this will keep soil temperatures in a favor-
able range for tuber production. Both the short cycle
crops and intensively cultivated sweet corn or potatoes
can continue the cleaning of the soil you began the
previous year if they are managed well. A third option
is to plant a highly competitive crop like winter squash.
The squash can be cultivated until it starts to run, and
it will tolerate the weeds that come up later. Unless
you mulch heavily, you will likely have substantial
weed seed production with this option, but at least you
can get a crop off the field. Finally, you can grow a crop
that you would produce on plastic for cultural reasons.
You will probably have to hand weed the planting holes
and possibly the edges of the plastic (see “Synthetic
Mulch”), but with only moderate effort you can get a
crop and still reduce the weed problem. Laying straw
mulch between the plastic strips is initially laborious
but saves labor later. If at all possible, avoid planting a
slow growing, poorly competitive crop like onions, car-
rots or parsnips on the field until you have the weeds
under control. Onions, however, can be transplanted
into plastic mulch, which makes their production in
high weed pressure conditions more practical.

Grain and Mixed Grain and Livestock Farms

Grain fields transitioning from conventional agri-
culture often have two weed management problems.
First, the soil may have relatively low tilth, and this can
make cultivation relatively ineffective. To understand

CULTURAL WEED MANAGEMENT

why low tilth interferes with cultivation and how to
improve your soil, see “Soil Tilth and Cultivation” in
Chapter 4. The other problem is that you may have
high densities of a few weed species that the previ-
ous herbicide regimen did not control well. Study the
sections on those particular weeds and expand on the
general strategy below accordingly.

If you have livestock, the best crop for transition
is alfalfa or a grass-alfalfa mix. Repeated mowing will
bring many perennials under control, and natural seed
mortality will destroy part of the seed bank of annual
weeds. Grass or clover will have similar benefits for
reducing populations of annual weeds, but the less
frequent mowing may not effectively suppress some
perennials. If you do not have livestock, perennial
sod crops have the same advantages for weed man-
agement, but you will export nutrients in the hay or
haylage you sell. If your P or K are excessive, that
may be desirable since excess nutrients can promote
certain weeds. If P and K are very low to medium,
however, exporting them in forage could set back your
overall transition.

From a weed management perspective, soybeans
are also a good crop to begin transition since 1) it is
a competitive crop and 2) it can be cultivated aggres-
sively early in the season with a tine weeder or rotary
hoe and then later with a row-crop cultivator. From a
nutrition perspective, soybeans are also a good crop to
start transition since it is a nitrogen fixer and therefore
does not require external nitrogen inputs. If the farm
has been largely cropped in the past with summer row
crops and spring grains, a winter grain crop early in
the transition will help reduce weed populations. Due
to the history of spring crops, the field will have few
fall germinating species, and harvest and post-harvest
operations will kill spring germinating species before
they set seed (see “Crop Rotation and Weed Manage-
ment”). For most farms a spring grain crop is a poor
crop to start transition because the options for weed-
ing are limited to early harrowing and many weeds
will certainly go to seed before harvest. The Farming
System Trial at Rodale showed that transitions begin-
ning with corn tended to be weedier than a transition
beginning with soybeans or winter wheat (Liebhardt et
al. 1989), probably because corn grain is harvested late
in the season and because the relatively open canopy
allows light to penetrate to late maturing weeds. The
low nitrogen status of most soils at the beginning of
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transition will also reduce the growth potential of
high-N-requiring crops like corn, further reducing
their competitiveness with weeds. Generally, corn
harvested for grain causes more weed problems than
silage corn or sweet corn because many more weed
seeds will mature before grain has dried sufficiently
to harvest.

SOLARIZATION

Soil solarization is an approach for killing weed seeds
located near the soil surface. It is suitable for regions
with warm climates and intense sunlight. Typically, the
soil is tilled, firmed to create good soil-seed contact, ir-
rigated and then covered with a clear polyethylene tarp
for several weeks. To maximize heating, the tarp is laid
close to the soil surface and the edges are covered with
soil. The plastic transmits and traps sunlight, thereby
heating the surface soil. Clear plastic is more effective
for heating the soil than black plastic (Standifer et al.
1984). The soil is irrigated prior to covering because 1)
moist, biologically active seeds are more susceptible to
heat damage than are dry seeds, 2) moist soil conducts
heat better than dry soil and 3) moistening the soil
increases biological activity of microorganisms that
attack seeds. Although solarization will kill many dor-
mant seeds, much of the action appears to be against
seedlings that result when seeds are prompted to
germinate by warm, moist conditions under the tarp.
Generally, seedlings are more susceptible to heat stress
than are the seeds they come from.

Most weed species adapted to the warm climates
where solarization is practical can tolerate tempera-
tures up to 122°F, but few tolerate prolonged or repeat-
ed exposure to temperatures higher than that. Many
studies have shown the effectiveness of solarization
for achieving lethally high surface soil temperatures in
warm climates. In an experiment in India, soil tem-
peratures at 2 inches deep under clear plastic exceeded
132°F on 23 out of 32 days and exceeded 140°F for
7 days, whereas temperatures at the same depth in
uncovered soil never exceeded 122°F. Similarly, in
Mississippi, soil temperatures at half an inch reached
149—156°F under clear plastic, but only 103—122°F in
the uncovered soil (Egley 1983). Daily maximum tem-
peratures at 2 inches averaged 18°F higher under the
plastic than in bare soil.

The many studies on soil solarization indicate
several important points. First, because solar heating
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Figure 3.5. Emergence of weed seedlings during a three-month period
(June 10 to September 10) following one, two, three or four weeks of
solarization in Mississippi. Data from Egley, 1983.

of the soil acts primarily near the soil surface, usual-
ly the seed bank is substantially reduced only in the
top few inches. For example, a study in Louisiana
found that annual bluegrass and barnyardgrass seeds
were completely eliminated from the top 1.2 inch and
substantially controlled down to 2.4 inches, although
some reduction in the barnyardgrass seed bank oc-
curred down to 6 inches (Standifer et al. 1984). Since
most weed seeds need to be close to the soil surface to
produce seedlings, the minimal damage to deep seed
banks is not critical for weed control in the crop that
immediately follows solarization. However, since via-
ble seeds may remain just below the cleaned soil layer,
minimizing soil disturbance before, during and after
planting is critical for the success of this method.
Second, the soil must remain covered for sever-
al weeks to effectively kill weed seeds (Figure 3.5).
This factor largely precludes use of solarization in
regions with relatively short growing seasons, even
if mid-summer is hot and sunny. Similarly, the long



periods of hot, sunny weather required for effective
solarization largely limits use of the procedure to
late-summer and fall planted crops.

Finally, species differ substantially in how well
they are controlled by solarization. For example,
pigweed and morningglory species were controlled by
three weeks of solarization whereas grasses and horse
purslane required longer periods of treatment (Fig-
ure 3.5). Purple nutsedge, a perennial emerging from
tubers, was not significantly affected by solarization at
all. Generally, perennials are not effectively controlled
by solarization because they can emerge from large
storage organs deep in the soil where the killing effect
of the solar heat does not penetrate. Similarly, large
seeded annual species can sometimes emerge from
below the depth of the well-cooked soil.

In addition to killing weeds, solarization can kill
soilborne plant pathogens, mobilize nutrients and
increase crop yields. However, the high cost of the ap-
proach, the long amount of time the field has to remain
covered and the ineffectiveness of the method against
some weed species makes solarization only appropri-
ate for selected regions, fields and cropping systems.

NATURAL PRODUCT HERBICIDES

Several natural product herbicides are approved
for use on organic farms. Except for corn gluten, all
registered materials are “burn-down” type herbicides
that kill or damage only the green tissues they contact.
Destruction of the roots of well-established plants re-
quires multiple applications, which eventually exhaust
the plant’s belowground reserves. Note that these
burn-down products are non-selective, meaning that
they will kill green crop tissue as easily as weed tissue.
Therefore, direct applications away from crop plants.
Acetic acid, the active ingredient in vinegar, is the
best-known natural product herbicide. Note that or-
ganic standards require that the acetic acid be derived
from natural fermentation. Generally, it is most effec-
tive against small annual broadleaf weeds that do not
have a waxy or densely hairy leaf surface. Apparently,
acetic acid does not stick well to waxy surfaces, and
the dense leaf hairs on plants like velvetleaf prevent
the acid from reaching vital tissues before it evapo-
rates. Tests in several states have shown that acetic
acid concentrations of 5-10% are relatively ineffec-
tive against even small annual broadleaf weeds, and
that effectiveness in the 15—30% range increases with
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concentration (Brainard et al. 2013). High application
volumes whereby weeds become visibly wet are re-
quired for consistent control. Grasses tend to resprout
after getting burned back. Control is improved when
temperature and relative humidity are higher at the
time of application (Brainard et al. 2013).

Several other burn-down products based on clove
oil, lemongrass oil, citrus oil and capric plus caprylic
acid are also available. Trials with these products indi-
cate that concentrations and application rates similar
to those for acetic acid are required to achieve reason-
able control, but they may be more or less effective
against specific weeds or growth stages. OMRI-ap-
proved herbicidal soaps are available, but their use is
not allowed on organically certified crop land. They do
provide a way to burn down weeds along fences and
around building foundations where mechanical man-
agement can be difficult.

Because natural product herbicides require several
to many gallons of concentrate per acre, they are an
expensive approach to weed management. Conse-
quently, they are most cost effective when applied to
intermittent patches of weeds, such as along the edges
of mulch, or in a band, such as to the row just before
emergence of slowly emerging crops like carrots. In
these applications, inter-row cultivation can be used
to inexpensively remove weeds between the crop rows.
Natural product herbicides may also find some use in
preparation of stale seedbeds for high value crops. In
such applications, however, high rates of the active
ingredient will be necessary to avoid escapes that then
have a substantial head start on the crop.

A corn gluten meal product is currently the only
OMRI-approved pre-emergence herbicide. Corn gluten
that is not specifically OMRI approved is likely to have
been made from genetically modified corn. The active
principles in corn gluten are very short chain proteins.
The material thus also doubles as a nitrogen fertilizer
(10% N). Corn gluten kills a substantial percentage of
most weed species during germination. It inhibits root
growth, and the seedlings die of drought stress. It is
not effective against perennial weeds. A drawback to
the material is that it is toxic to most crops when they
are germinating and, consequently, the manufacturer
recommends waiting 4—6 weeks before planting seeds.
Whether corn gluten is more effective for weed control
than a 4—6-week tilled fallow seems doubtful. The ma-
terial can be used safely, however, with transplanted
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crops. Several crops, including broccoli, cauliflower
and strawberries, have been transplanted into soil
recently treated with corn gluten without harm, and it
is probably safe for many other transplanted crops as
well. Since it is a legitimate fertilizer, the material can
be used in the many states where it is not registered as
an herbicide. The recommended application rate is 446
pounds per acre, which makes it a bulky and expensive
way to manage weeds. Other seed meal byproducts
from processed mustard and soybean oil crops have
shown potential for controlling weeds, but their bulk
and cost represent major obstacles to adoption.

LIVESTOCK FOR WEED MANAGEMENT

Farmers have used cattle, sheep and goats to control
weeds for many centuries. Most common agricultural
weeds make nutritious forage. Of course, some are
toxic (Burrrows and Tyrl 2006), and others become
unpalatable when they mature (see “Palatability” in
Chapter 2 and the “Palatability” section of each species
chapter for details). The most common way growers
use large livestock is to clean up fields after harvest. A
brief period of intensive grazing is most effective for
this purpose since the animals then trample any weeds
that they do not eat. Intensive grazing will kill most
annuals and set back perennials, but most perennials
will resprout after the livestock are removed.

Cattle feed almost exclusively on grasses and herbs
and can therefore be used to manage ground vegeta-
tion in orchards, though care must be taken to avoid
damage to tree roots. You can run sheep in orchards
too if the trees are tall, but they will nip buds and
young branches from dwarf trees. They will also strip
bark if preferred forage is not available. Goats prefer
woody browse over most herbaceous plants, so they
are inappropriate for use in orchards. For the same
reason, however, goats can very effectively reclaim
brushy pastures. We once watched a flock of goats at-
tack a patch of the introduced Himalayan blackberry in
Oregon. They ate it with relish despite the large thorns
that covered the tall, tough canes. Sheep do not eat as
wide a range of woody browse as goats do, and they
cannot reach as high, but sheep can effectively control
many nuisance shrubs in cattle pastures, including red
cedar, multiflora rose and speckled alder.

Pigs can root out perennial weeds that are other-
wise difficult to control. They are especially effective
against species like quackgrass, perennial sowthistle
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and the nutsedges, where most of the rhizomes, stor-
age roots or tubers are in the plow layer. Breaking the
soil, for example with a chisel plow, will allow the pigs
better access to the weed storage organs. To minimize
damage to soil structure, avoid both prolonged grazing
by pigs and grazing when the soil is wet.

A flock of chickens makes an excellent adjunct to a
vegetable operation. Since they essentially spread raw
manure as they graze, they should not be put into the
field before a short season crop. The National Organic
Program requires 9o days between manure applica-
tion and harvest of crops in which the edible portion
does not touch the soil and 120 days for crops where
the edible produce does touch the soil. Following this
standard protects public health regardless of whether
or not your farm is certified organic. Chickens can be
released into the field after harvest, however, and will
pick out weed seeds, clean up perennial weeds and also
eat slugs and insect pests. Chickens relish dandelion,
quackgrass and most other weeds but will reject some
members of the mint and parsley family. They can also
help weaken a cover crop in preparation for incorpo-
rating it or speed the decomposition of a cover crop
after it is mowed prior to incorporation. A low, tem-
porary fence coupled with clipping the wing feathers
keeps them confined to the area where you want them.
Chickens should not be left in the same area for long
periods, however, because their constant scratching
will ruin soil structure. Their potential for damaging
the soil is particularly great if the soil is wet and the
ground is mostly bare.

Geese can also be useful for weed management.
They are true grazing animals. They selectively eat
grass and a few other weeds (chickweed, horsetail) but
avoid most broadleaf species, including most fruit and
vegetable crops. Goslings can be trained to eat a wider
range of weeds by feeding them the weeds with little
choice of other forage when they are young. Although
geese have been used successfully in vegetables, par-
ticularly potatoes, their droppings constitute a poten-
tial health risk that most growers will want to avoid.
Geese were widely used in cotton, however, prior to the
development of herbicides. They can be helpful in con-
trolling weeds in nurseries and in other non-food crops
like cut flowers. They have also been used successfully
in perennial crops including orchards, grapes, straw-
berries, brambles, blueberries and asparagus. These
crops often have severe problems with perennial grass



weeds, and geese can help manage these weeds. To
avoid health risks, the geese should be removed four
months before harvest, which in most crops restricts
their use to postharvest weeding. Geese should be
fenced, and electrified mesh is probably the best choice
for simultaneously confining the geese while keeping
out predators. Goslings are generally preferred over
adult geese for weeding since they are more active and
less likely to trample crops. Two to six goslings per
acre are sufficient to keep weeds under control if they
are released against the weeds early in the season. The
optimal number depends on weed density and whether
inter-row areas are cultivated. Placing water and sup-
plemental food at opposite ends of the pen encourages
the geese to walk through the whole area, weeding as
they go (Geiger and Biellier 1993).

Very few farmers will keep livestock just for weed
control. Sustainable farming, however, is based on eco-
logical integration. Using your livestock to help control
weeds is one more way to achieve that integration.

PREVENTIVE WEED MANAGEMENT

Minimal Weed Competition Versus
Preventive Management
Farmers take one of two approaches to weed manage-
ment. Most seek to keep weed populations sufficiently
low that they can obtain good yields but otherwise
do not worry if their fields have some weeds present.
Ecological theory predicts that even minor weed infes-
tations reduce crop yield, and that the impact per weed
is actually greatest when weed density is low (Cousins
1985). Variation in yield from year to year and field to
field is so large, however, that weed abundance usual-
ly has to be surprisingly high before yield loss can be
detected statistically. The bottom line is that although
weeds usually hurt yield, the impact on profits from
a moderate stand of weeds may be too low to mat-
ter most of the time. But, given their great powers
to reproduce, even maintaining weeds at moderate
levels usually requires substantial effort and diligence.
Moreover, a moderate density of weeds can hurt your
crop in a year when growing conditions prevent timely
cultivation or if the crop is stressed.

The other approach to weed management is to
consistently minimize weed reproduction through
a program of preventive management coupled with
attack on soil seed banks and reserves of perennial
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roots and rhizomes. Farmers who follow this strategy
may eventually have fields with low weed populations
that allow them to greatly reduce weed management
efforts. Their small seed banks and low populations
of perennial weeds also buffer them against yield

loss to weeds in years when weather makes timely
cultivation difficult.

Preventive management often requires more
precise cultivation with a wider array of implements.
It also usually involves extra hand pulling, flame
weeding and hoeing of weeds to prevent seed set, even
though the impact of the weeds on the immediate crop
may be negligible. Although hand weeding is usually
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Figure 3.6. A conceptual illustration of the effects of standard manage-
ment and preventive management on (a) the costs of weed management
and (b) the costs of yield loss due to weeds. Standard management aims
to keep crop yield losses due to weeds low in most years (in this case,
nine out of 10 years). Preventive management aims to prevent all weed
reproduction. Preventive management has a relatively high investment
in weed management in early years, but low risk. Standard management
has an approximately constant investment in weed management over
years, but moderate risk. The example is hypothetical. The time course
of costs for each strategy on an actual farm will depend on the weed
species present, the resources of the farm and the management skills of
the farmer.

MANAGE WEEDS ON YOUR FARM: A GUIDE TO ECOLOGICAL STRATEGIES 63



CULTURAL WEED MANAGEMENT

associated with vegetable production, see profiles of
Carl Pepper and Paul Mugge in Chapter 5 for exam-
ples of applying this approach cost effectively in field
crop production. Many growers who follow a preven-
tive management approach use tilled fallows to flush
seeds from the soil (see “Tilled Fallow” in Chapter 4)
and intensive cover cropping to prevent seed produc-
tion when a cash crop is not present. If nothing else,
seedbed preparation for a cover crop after harvest kills
weeds before they can make additional seeds. Preven-
tive weed management sometimes even involves sac-
rificing a crop by tilling it under rather than allowing
heavy weed seed production. The loss of the crop has
an immediate cost, but it is a cost that can be partial-
ly offset by planting another (often different) crop.
Farmers following a preventive management strategy
sustain a cost they understand and can manage com-
pared to the unknown costs of future weed problems.

Neither strategy is “correct” (Brown and Gallandt
2018). Farmers following each of these strategies have
been highly successful for many years. With the more
common strategy of weeding enough to get a good
yield in most years, weed management costs vary
moderately from year to year, with occasional spikes
to bring weed problems under control after bad years
(Figure 3.6a). On average, however, the cost of weed
management remains about the same over the long
run. With this strategy, costs due to yield losses from
weeds are generally low but occasionally become sub-
stantial in bad years.

With a preventive management strategy, costs
of weed management are relatively high in the early
years but drop with time along with weed popula-
tions (Figure 3.6b). If the preventive strategy is highly
successful, the farmer may eventually be able to relax
management in later years and actually have lower
management costs than the grower following the stan-
dard “weed enough to get a good yield” strategy. Great-
ly reduced weeding may never prove possible, howev-
er, if any of a variety of factors prevent perfect control
in every year. The great benefit of a preventive strategy
is that yield losses due to weeds decline essentially to
zero after a few years. Most importantly, the large yield
losses due to weeds in occasional bad years disappear.

Cleaning up After Harvest

Even if you do not follow a strict program of preven-
tive management, steps to reduce seed production
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will help keep weeds under control. Probably the most
important of these is to clean up the field as quickly

as possible after harvest. Once the crop is removed, it
no longer competes with the weeds and they will then
grow and mature rapidly. Depending on the crop, the
weeds and the season, delaying cleanup by a week may
increase seed shed by several fold; delaying cleanup
by a month may increase seed production by a hun-
dred-fold. Cover crops are another important tactic
for reducing seed production. Because they reduce
weed density and slow growth and maturation of
weeds, a competitive cover crop can mean the differ-
ence between no seed production and substantial seed
production prior to the next crop. Tillage associated
with cover crop establishment also can help eliminate
weeds that would otherwise mature after harvest.
Experienced growers recommend keeping a supply of
frequently used cover crop seeds on hand so that cover
crops can be planted without delay after crop harvest.

Reducing Seed Shedding During Combining
Combine harvesters normally spread weed seeds
throughout a field. Most weed seeds are dispersed with
the chaff rather than with the straw. Consequently,
several companies have developed systems for col-
lecting the chaff, usually in a wagon pulled behind
the combine. In a Canadian study on spring wheat,
chaff collection reduced the number of wild oat seeds
dispersed by the combine by 77% (Shirtliff and Entz
2005). Although 50-60% of the seeds had already
fallen from the weeds by harvest, chaff collection still
captured roughly one third of the seeds produced.
Chaff collection also greatly reduced the average dis-
tance weed seeds were spread and would thereby tend
to keep weed problems more localized. As an alterna-
tive to chaff collection, a Harrington Seed Destructor
has been developed in Australia that mechanically kills
seeds in the chaff before the chaff is released onto the
field (Walsh et al. 2012). Mechanically killing the weed
seeds avoids the need to handle large volumes of chaff.
A related approach is to direct the straw and chaff
into narrow windrows that are then burned. This has
the disadvantage of destroying crop residues that would
otherwise support soil health, and it is not allowed in
some areas due to air quality regulations. Neverthe-
less, the practice is widespread in some regions.
Depending on the weed and the crop, the combine
can be set to collect weed seeds along with the grain.



The weed seeds can then be separated by subsequent
cleaning, thereby removing them from the field. We
know a grower who regularly removes wild mustard
seed from small grain fields in this way. He sells the
seeds to an artisanal mustard producer. Computer
models show that removing a substantial portion of
weed seeds during harvest can tip the balance between
an increasing weed problem and a decreasing one.

The benefits of removing weed seeds during harvest
depend on the crop, your particular weed problems and
other factors. Most weed seeds have already dispersed
by the time corn or soybeans are harvested, though a
substantial proportion of seeds of some species like
giant ragweed, waterhemp and common lambsquar-
ters remain on the plant well into the fall. In contrast,
collecting weed seeds during the harvest of any spring
grain will substantially reduce seed dispersal by many
weed species. In winter grains, it can often reduce the
number of weed seeds reaching the soil from a moder-
ate number to almost none, but the effects will depend
on how fast the grain and the weeds mature. The
captured weed seed and chaff can be fed directly to
poultry, ground with a hammer mill to destroy viability
and then fed to other livestock or used for biofuel.

Promoting Weed Seed Predation After Seed Dispersal
Predation of weed seeds can substantially reduce seed
populations. A summary of 10 experiments estimated
that short-term weed seed predation rates averaged
52%, with the potential for considerably higher loss-
es (Davis et al. 2011). Generally, loss rates from seed
predation at the soil surface are higher than losses
would be from aging and decay if seeds were buried in
the soil. In one study, seed removal by predators was
responsible for a 38% reduction in seedling emergence
and an 81% reduction in weed biomass in the subse-
quent season (Blubaugh and Kaplan 2016). However,
seed predators do not affect the abundance of seeds
already buried in the soil, suggesting that additional
tactics would still be needed for long-term seed bank
management (Blubaugh and Kaplan 2016).

Both invertebrates and vertebrates contribute to
weed seed predation. The most prominent inverte-
brate predators include carabid beetles and crickets.
Invertebrates are generally most active during warmer
months in mid to late summer and have a foraging
range of tens of yards. The most prominent vertebrate
predators are rodents and birds, which can be active
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throughout the year and have a foraging range of hun-
dreds of yards or more. Generally, the larger the pred-
ator, the larger their weed seed size preference. Thus,
invertebrates tend to consume smaller seeded weeds
and vertebrates prefer larger seeded species. From a
broad ecological perspective, seed predators should be
considered as part of a larger food web, so their behav-
ior not only reflects search strategies for food sources
but also avoidance of predators that can consume
them. The preference of most grain-eating beetles and
rodents for denser vegetation, and grain-eating birds
and ants for open patches, is probably related to their
relative need for predator avoidance.

Maintaining fields in an untilled condition is the
most important management practice for encouraging
weed seed predation because it keeps weed seeds on
the soil surface where predators can more easily find
them. This practice is most advantageous for reduc-
ing a high density of seeds in a year with poor weed
control; once seeds are incorporated into the soil seed
bank, the opportunities for predation are limited.
Leaving seeds on the soil surface is most beneficial
when seed shed occurs at or before crop harvest. For
example, peak activity by seed predators often oc-
curs in late summer, which coincides with weed seed
production in full season crops but is not well synchro-
nized with crops harvested in mid-summer. Caution is
required, however, to ensure that leaving fields un-
tilled after harvest does not permit weeds to grow and
produce additional seeds, thereby undoing the benefits
of predation.

A second practice that usually enhances weed seed
predation is maintenance of high vegetation cover
(Meiss et al. 2010). Including forage crops, cover
crops or dense plantings of row crops in rotations
can increase vegetative ground cover and the poten-
tial activity of seed predators in fields. Although an
abundance of living vegetative cover enhances seed
predatory activity, dead crop residue on the field has
little influence. In addition, some research has indi-
cated that seed predation is higher near the edge of
fields and that increasing the field-edge-to-area ratio
may enhance seed predator activity, but other research
shows high local variability and the lack of a definitive
response to border management.

Generally, seed predation is controlled by a
complex interplay of environmental and biological
interactions that occur locally within individual fields
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and can, therefore, be a very dynamic and ephemeral
process. Although weed seed predation can provide
substantial weed management benefits, weed seed
predation should not be a primary factor driving crop
management decisions.

Maintaining Clean Field Margins

A final step to help reduce weed reproduction is good
management of field edges and driveways. Weeds often
survive in a field primarily by seeds entering from un-
tilled land adjacent to the field. Although some individ-
uals within the tilled field may set seed in some years,
that reproduction may not be sufficient to maintain the
population without supplementary seeds from the field
margins. For example, we believe that curly dock and
broadleaf dock populations are often maintained in
this way in regularly tilled fields. Similarly, field edges
may be critical for maintaining populations of creeping
perennial weeds and those with wind-dispersed seeds.
Your management of the field may be continuously
eliminating the weed, but roots or rhizomes grow into
the field each year and are then spread about on tillage
implements the next season. If a species is more abun-
dant along the long edge of a field than it is toward

the middle, this indicates that increased management
of the field margin may prove worthwhile. Weeds are
often more abundant on headlands due to soil compac-
tion and gaps in the stand as well as seed input from
the field margins.

To avoid spread of weeds from the field edges,
keep grassy margins and driveways mowed frequently
enough to prevent seed production. Regular mowing
will also force perennials to put energy into shoots
rather than into roots or rhizomes that spread into
the field. Where a grass way abuts to a hedgerow or
woods, keep the brush trimmed back so that you can
mow consistently along the edge. When using a rotary
mower along field edges, drive around the field in the
direction that throws the cuttings, which contain weed
seeds, away from the field rather than into it. Elimi-
nate irregular edges along tilled fields so that the edge
is straight or smooth. Old rock piles or encroaching
brush that prevent mowing or tillage also create pock-
ets where weeds thrive and then spread.

PREVENTING THE ARRIVAL OF NEW
WEED SPECIES

Most farmers who know their weeds eventually
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observe a new species that has not been on the farm
previously. Invasive species from other continents and
regions are spreading through the United States and
Canada. Other long-naturalized species are shifting
their ranges as the climate changes. When a new spe-
cies shows up on the farm, prudence dictates that you
attempt to eradicate it during the year it arrives. Once
it has multiplied and spread, eradication becomes
much more difficult, and you will likely have to learn to
live with the new weed species. Consequently, learn to
recognize at least the most problematic species found
in your region even if they are not yet common, and
keep an eye out for new species as you work. Many
resources are available for helping you identify weeds
(see Box 3.2).

New weed species can arrive on the farm by any
of the means discussed in the “Dispersal” section of
Chapter 2. You can protect yourself against most of the
ways new species arrive.

Weed Seeds in Forage, Cover Crop and Grain Seed
Corn, soybean and small grain seed produced off the
farm should be confirmed free of weed seeds before it
is sown, even if you are just using it for a cover crop.
Because they have very large seeds, corn and soybeans
can usually be cleaned completely. Small grain seed
may still have a low level of contamination that is
sufficient to start a weed infestation, even after clean-
ing. Blue tag certified grain seed is usually safe. To give
perspective, for grain sown at 110 pounds per acre, a
0.01% contamination translates to about 5,000 1-mil-
ligram seeds per acre, though often the contamination
level is much lower than the maximum indicated on a
bag of certified seed. Always visually inspect non-cer-
tified seed for contamination. We have frequently
found grain rye being sold for cover crop seed that was
severely infested with noxious weeds.

Forage seed often contains weed seeds because
many weed species have seeds that are similar in size
and density to various forage species. Always inspect
forage seed for weed contamination. Be especially cau-
tious of seed produced in other regions, since it is more
likely to contain new weed species you want to avoid.

If contaminated seed has weeds of a species that is
already common on your farm, calculate how the level
of contamination you are observing translates into the
number of weed seeds you are sowing. Remember that
your soil probably already contains at least several



Box 3.2. Resources for Weed Identification
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Weed identification guides are available for most regions of the United States and Canada.

Alex, J.F.1992. Ontario Weeds: Description, lllustrations and Keys
to their Identification. Consumer Information Centre, Ontario
Ministry of Agriculture and Food: Toronto, Ontario.

Barkley, .M. 1983. Field Guide to the Common Weeds of Kansas.
University Press of Kansas: Lawrence, Kansas.

Bouchard, CJ., R. Néron and L. Guay. 1999. Identification Guide to
the Weeds of Quebec. Centere ARICO Direction des services
technologiques MAPAQ: Quebec, Quebec.

DiTomaso, J. 2007. Weeds of California and Other Western States (2
volumes). University of California Dept. of Agriculture and Natural
Resources: California.

DiTommaso, A. and A K. Watson. 2003. Weed Identification, Biology
and Management. Two CD set. HRC Photo.

Gains, X.M. and D.G. Swan. 1972. Weeds of Eastern Washington and
Adjacent Areas. Camp-Na-Bor-Lee Association, Inc.:
Davenport, Washington.

Georgia Cooperative Extension Service. 1987. Weeds of the Southern
United States. Cooperative Extension Service, College of
Agriculture, University of Georgia: Athens, Georgia.

Hall, D.W. 1994. Weeds of Florida. University of Florida, Cooperative
Extension Service, Institute of Food and Agricultural Sciences:
Gainesville, Florida.

Haragan, P.D. 1991. Weeds of Kentucky and Adjacent States: A Field
Guide. The University Press of Kentucky: Lexington, Kentucky.

Harrington, H. and R. Zimdahl. 1974. Weeds of Colorado. Colorado
State University Extension: Fort Collins, Colorado.

Kinch, S.S.1975. South Dakota Weeds. South Dakota State Weed
Control Commission: South Dakota.

hundred weed seeds per square foot, so it is only the
unusual weeds you have to worry about. Resources for
visual identification of weed seeds include Davis (1993)
and Ohio State University’s OARDC Seed ID Work-
shop (www.oardc.ohio-state.edu/seedid/), although
the latter requires you to guess at the seed’s identity.
Alternatively, grow some of the weed seeds out in
flowerpots to see what comes up: If you cannot identify
the weeds as species already on your farm, then you
probably have a potential problem.

Weed Seeds in Feed and Forages
You can introduce new weeds onto your farm by
purchasing weedy feed grains and forages. Since seeds

Muenscher, W.C. 1955. Weeds, Second Edition. Comstock: Ithaca, New
York.

Stearmar, W.A. 1941. Weeds of Alberta. A. Shnitka, King’s Printer:
Edmonton, Alberta.

Stucky, J.M., TJ. Monaco and A.D. Worsham. 1981. Identifying Seedling
and Mature Weeds Common in the Southeastern United States.
North Carolina Agricultural Research Service Bulletin No. 461:
Raleigh, North Carolina.

University of California Statewide Integrated Pest Management
Program. Weed photo gallery. http://ipm.ucanr.edu/PMG/
weeds_intro.html

University of Missouri, Weed ID Guide. University of Missouri,
Division of Plant Sciences. https://weedid.missouri.edu/

Uva, R.H., J.C. Neal and J.M. DiTomaso. 1997. Weeds of the Northeast.
Cornell University Press: Ithaca, New York.

XID Services. 2012. 1200 Weeds of the 48 States and Adjacent Canada.
Interactive CD. XID Services: Pullman, Washington.

XID Services. 2012. 1000 Broadleaf Weeds of North America for
Android. Android App. XID Services: Pullman, Washington.

Whitson, T.D. 2006. Weeds of the West. Western Society of Weed
Science in cooperation with the Western United States Land Grant
Universities Cooperative Extension Services: Laramie, Wyoming.

Color photographs of many weed species can be found

at the Weed Science Society of America (WSSA) website
http://wssa.net/wssa/weed/weed-identification/. Additional
photographs and distribution information can be found at the
U.S.D.A. Agricultural Research Service’s PLANTS database,
http://plants.usda.gov/.

of most weed species readily pass through the guts of
livestock alive, weed seeds can spread with manure
throughout the farm in a single season. Note that even
a few dozen seeds per ton may be enough to start a se-
rious weed infestation. For example, velvetleaf-infest-
ed corn from the Midwest probably caused the rapid
spread of this weed across the dairy farms of New York
and New England during the 1970s and 1980s.
Discussing potential weed problems with the
farmer from whom you are buying feed is probably the
best insurance against accidental introduction of a new
weed species in feed. The alternative is to inspect the
feed for weed contamination. If you are buying grain,
attempt to check samples from the bottom of the bin.
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Small weed seeds tend to sift downward as the bin is
filled so the bottom material will likely show them.
Carry along a screen and sift off the grain so you can
examine the material that is left. If you can identify the
seeds of the weeds you already have on the farm, you
will recognize any that are unfamiliar. Some Extension
agents can also help identify weed seeds. With forag-
es, the easiest way to check for weeds is to walk the
field before it is chopped or hayed. Identifying weeds
in green chop is usually hopeless. Buying a few sam-
ple bales from different parts of the stack and pulling
them apart to look for seed stalks, however, can help
you avoid buying half a barnful of contaminated hay.
The same principle applies to bedding straw, since

it will eventually end up in the field as well. We have
frequently observed Canada thistle seeds in straw, and
we are aware of an infestation of mayweed chamomile
that was initiated by infested straw used as mulch.

Weed Seeds in Compost and Manure

Composting can effectively kill weed seeds if it is done
properly. This is not easy, however, and if you make
your own compost it is safer to use seed-free material
rather than relying on the composting process to pro-
tect you. The problem with adding weedy compost or
manure to your fields is not that you will immediately
be overwhelmed with weeds: Usually the weed seed
density of field soil is higher than that of manure or
compost. Rather, the problem is that you may intro-
duce a new pernicious weed species that will cause
management problems for years to come. By the same
principle, however, if you only use materials generated
on the farm to make compost (including the feed that
made the manure), you probably have nothing to fear
from weed seeds in that compost.

Many materials used for making compost are com-
monly contaminated with weed seeds. Late cut hay will
certainly contain weed seeds. Straw can be examined
for fruiting stalks of weeds, but it is often clean. Leaves
from street trees usually have very few weed seeds but
may contain traces of toxic materials like motor oil and
rubber dust. Cotton gin waste is usually heavily con-
taminated with weed seeds, and compost made from
gin waste is frequently contaminated as well (Norswor-
thy et al. 2009). You should consider all manure from
off the farm to be contaminated unless you have tested
it. Horse manure and manure from livestock that have
access to weedy pastures or pastures along roadsides
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are most likely to contain a high density and diversity
of weed seeds.

You can test manure and compost for weed seeds
by mixing several quarts taken from various parts of
the pile with potting mix in a 1:1 ratio and spreading it
in flats. Keep the flats warm during the day and cool,
but not cold, at night. For example, run the test inside
on a windowsill in winter, outside in the summer, and
in a cold frame or unheated greenhouse during the
spring or fall. Water the flats regularly and observe any
weed seedlings that emerge over the following two to
three weeks. This test will usually show if weed seeds
are present, but it may not accurately predict their
density or which species are present, since some seeds
may be dormant.

To kill weed seeds during the composting process,
the pile should reach at least 140°F for at least two
weeks. Some of the more resistant species may not
be killed even by this treatment. For a small compost
pile, achieving a high sustained temperature will prove
difficult. Thoroughly mixing the pile several times is
necessary to ensure all the materials are aerated and
attain the required temperature for a sustained period.
Mixing with a front-end loader is less likely to provide
the sustained high temperatures needed to kill weed
seeds than using a compost turner. Whenever you use
compost that is potentially contaminated, watch your
weed flora carefully for the next year and vigorously
attack any new species that appear.

Weed Seeds on and in New Livestock

Weed seeds commonly travel on the fur and soil cling-
ing to the feet of livestock. Clean off any newly pur-
chased animals and dispose of the waste in a way
that will avoid introducing weeds into the field. Most
species of weed seeds pass largely unharmed through
the guts of horses and all ruminants. Isolate new-

ly purchased animals for a few days indoors or in a
small exercise yard until seeds have passed before
releasing them onto pastures. Dispose of any manure
collected during those few days. Monitor the exercise
yard and promptly eliminate any weed species you
don’t recognize.

Weed Seeds on Machinery

Tillage and cultivation implements commonly trans-
port weed seeds and storage organs of perennial weeds
between fields. The problem arises primarily in two



situations: 1) when you are trying to contain a prob-
lem weed to one part of the farm and 2) when you are
doing custom operations on another farm or having
them done on your farm. The more soil that clings to
an implement, the more likely you are to transport
weed seeds. Plows and disks can transport a lot of
soil. For example, we once cleaned 46 pounds of soil
off of a 6-bottom plow after it had traveled 1.5 miles
back from the field. Cultivators usually carry less soil,
but the hooked arrangement of shovels is effective at
transporting perennial roots and rhizomes. Rotary
tillers are also good at transporting perennials because
shoots wrap around the tine shaft, and they drag roots
and rhizomes along with them. Tractor tires can also
carry a substantial amount of soil.

Some idea of the potential of weed seed transport
in soil can be judged from the density of seeds in the
soil. Weed seed densities often reach several hundred
seeds per square foot of soil. A density of 100 seeds per
square foot in a plow layer 8 inches deep translates to
about one seed per half pound of soil. Thus, the risk
of transporting seeds in soil is relatively low until the
weed becomes abundant in the field. The chance of
picking up seeds on equipment increases, however, if
conservation tillage leaves the seeds concentrated near
the soil surface. Also, species are often more abundant
on headlands, which tend to be tilled or cultivated
last—just before the implement leaves the field. Final-
ly, seeds of weeds along field edges can easily get stuck
in the soil clinging to tractor tires. Thus, watching for
unwanted species on headlands and field edges when
doing custom work can help prevent weed spread.

If transport of an unwanted species seems likely,
wash your implement either before or after transport-
ing it, depending on which is appropriate. A power
washer is more effective than a hose for cleaning caked
soil out of crevices in implements. The best place to
wash is in the field before you leave, but that is rarely
practical. A thick, healthy lawn is a good place to clean
implements since few agricultural weeds can establish
in a frequently mowed lawn. Avoid washing on weedy
areas where you park implements, since establishing
a population there will lead to seeds subsequently get-
ting carried into the fields on tires. Also, avoid washing
the soil into road ditches. Weed populations often
establish and spread along ditches and embankments
first before subsequently spreading into fields.

Combine harvesters are probably even more
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effective than tillage implements for transporting weed
seeds between fields. They have a variety of locations
where seeds can lodge and then later become dis-
lodged. One study found that more weed seeds accu-
mulated in the central divider assembly of a corn head
than elsewhere, and this can be easily cleaned with a
vacuum. Forage harvesters have been shown to move
seeds long distances within fields when chopping corn
(Heijting et al. 2009), and this indicates their potential
for dispersing seeds between fields as well.

Weed Seeds in Irrigation and Flood Water

Most common agricultural weeds will survive for
several months completely immersed in fresh water,
and many can survive immersion for more than a
year (Comes et al. 1978). Moreover, flower and fruit
parts cling to the seeds of many species, trapping air
and providing buoyancy. Consequently, seeds can be
carried long distances by flood waters and deposited
in low lying fields when the flood recedes. Therefore,
watching for and eliminating new species that show up
after floods can prevent weed problems later.

Many weed species are also dispersed in surface
irrigation water (Kelley and Bruns 1975). For example,
164 different weed species were found in water from
the Columbia River and irrigation canals supplied
from the river. The density and diversity of weed seeds
in irrigation water can be reduced by managing vegeta-
tion along canal banks and drainage ways feeding into
the canals, for example, by grazing or tillage (Kelley
and Bruns 1975). Ultimately, however, the most effec-
tive way to prevent new weed species from entering a
field in irrigation water is to screen the water before
it is distributed. Since the density of most species in
irrigation water is low, growers should not assume that
just because a field has been irrigated for many years,
all potential species have already arrived. Moreover,
water courses of all types can act as effective routes for
the dispersal of invasive species new to the region, as is
demonstrated by the close correlation of giant hog-
weed sites in the United Kingdom with stream courses.

Awareness of Emerging Weed Problems

Knowledge and vigilance are the keys to successfully
preventing outbreaks of new weed species and manag-
ing existing problems. To repel new invaders, you need
to know that they are new to your farm. Moreover,

to use the species-specific strategies outlined in later
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chapters of this book, you need to know which species
you are trying to control. Although distinguishing be-
tween a few closely related species can be challenging,
for the most part weed identification is not difficult.
Learning to identify the weeds on your farm plus a few
likely potential invaders will pay dividends for you and
for future generations.

SUMMARY

+ The core principle of ecological weed management
is the integration of multiple tactics that attack weed
populations at multiple points in their life cycles.

+ Sound ecological weed management begins with a
diverse crop rotation that allows implementation of
the preceding principle.

+ Rotation between crops with different planting
dates, growth periods and harvest times tends to dis-
rupt weed reproduction. Rotation between different
types of crops allows for the use of diverse tactics
during the overall crop rotation.

« Enhancing crop competition is a critical component
of weed management and becomes more important
as weed pressure increases. Increasing crop density
always improves competitiveness of the crop, and
narrowing row spacing often improves crop com-
petitiveness as well. For summer crops, north-south
oriented rows are most competitive, whereas for
cool season crops east-west oriented rows are most
competitive. Use of crop cultivars that are good
competitors can facilitate weed management. Use of
transplants increases the competitiveness of small
seeded vegetable crops. Sometimes, additional crop
competitiveness can be achieved by growing two
crops together, particularly when one matures more
quickly than the other.

« Nutrient amendments like green manures and
composts with high organic matter content tend to
favor long season crops like corn relative to weeds,
whereas amendments that rapidly release nutrients
like poultry manure and Chilean nitrate will tend to
favor weeds. Banding rapidly released amendments
next to the crop row or side dressing them after crop
establishment will help direct nutrients to the crop
rather than to the weeds.

« Cover crops can contribute to the diversity of crop
rotations and provide opportunities to suppress
weed growth and seed production during periods be-
tween cash crops, in addition to their many benefits
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for improving soil quality. To achieve good weed
suppression, attention should be given to planting
cover crops to ensure a dense, uniform stand.

Cover crop residue can provide weed suppression
for no-till crop production. When cover crops flower,
they can be killed with a roller-crimper and the next
cash crop can be planted directly into the residue. If
the cover crop has been sufficiently productive, the
residue will suppress the emergence of most annual
weeds. This procedure allows the soil conservation
benefits of no-till planting for some crops within the
crop rotation.

Organic mulch materials can also be brought to a
field or bed and spread to suppress emergence of
annual weeds. Weed species vary in their suscepti-
bility to suppression by mulch, with smaller seeded
species more susceptible than larger seeded species.
A variety of synthetic mulch materials are available
to provide a physical barrier to prevent weed emer-
gence. These vary greatly in durability and difficulty
of disposal after harvest.

When transitioning an old hay field to organic vege-
table production, reducing perennial weeds and the
weed seed bank prior to planting the first vegetable
crop is often less costly than expending labor to
manage extreme weed pressure. When transition-
ing a field from conventional to organic field crops,
perennial forage crops or soybeans are likely to have
fewer weed problems and lower yield loss than corn.
In warm, sunny climates, covering the soil with clear
polyethylene tarps for several weeks can heat-kill
most weed seeds in the top few inches of soil (solar-
ization), thereby creating a weed-free seedbed for
high value crops.

Natural product herbicides like acetic acid and
essential oils can effectively burn down weeds if used
at high concentrations. They are, however, expensive
and will damage crops, so their use is restricted to
localized directed sprays or pre-emergence applica-
tions (e.g., for creating a stale seedbed).

Livestock can provide substantial weed control.
Goats and sheep can clear brushy pastures. Pigs can
root out storage organs of difficult-to-control peren-
nial weeds. Chickens can clean up weeds and weed
seeds after harvest. Geese can remove grassy weeds
from cotton, fruit and perennial vegetable crops.
Maintenance of food safety requires thoughtful tim-
ing in the use of livestock for weed management.



« Strategies focused on preventing weed reproduction
can help reduce weed problems and the expense of
weed management in future years. Some approach-
es to prevention include hand rogueing, promptly
cleaning fields after harvest, capturing or destroying
weed seeds during combine harvesting, and main-
taining clean field margins.

Simple steps can block the arrival of new weed
species onto the farm and thereby prevent future

problems. These steps include careful inspection

of forage, cover crop and grain seed, feed grain,
and purchased hay and straw; knowledge of weed
problems on farms supplying your forage, compost
or manure; precautions to prevent arrival of weed
species on or in the guts of newly purchased live-
stock; cleaning machinery that has been on other
farms before using it in your fields; and filtration of
surface irrigation water. Awareness of new weeds
moving into your region and an understanding of
weed problems on other farms in the neighborhood
can provide early warning of problem weeds that
may show up on your farm.
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CHAPTER 4

Mechanical and Other Physical Weed
Management Methods

ESSENTIAL CONCEPTS OF MECHANICAL
WEED MANAGEMENT

Soil disturbance is the most powerful lever a farmer
has for manipulating the ecological processes of a field.
Soil disturbance changes the physical environment

of all species present, including soil microorganisms,
insects, diseases and, most importantly for the pur-
poses of this chapter, weeds and crops. Tillage and
cultivation directly affect weeds by burying shoots, by
cutting up plants and by uprooting plants so that they
desiccate. As discussed in Chapter 2, soil disturbance
stimulates the germination of many weed species (see
“Seed Germination: Why Tillage Prompts Germina-
tion”). Finally, tillage changes the vertical distribution
of weed seeds in the soil, and this affects their proba-
bility of survival, germination and emergence.

A central principle of this chapter is that the effect
of tillage or cultivation on a weed population de-
pends on the interaction between the nature of the
soil disturbance and the ecological characteristics
of the weed. The size, shape, position and physiology
of shoots and underground organs, and particularly
whether the species is an annual or a perennial, greatly
affect whether a weed survives a particular tillage or
cultivation practice. Similarly, the size, longevity and
germination characteristics of seeds largely determine
how they respond to a tillage or cultivation event.
Thus, to effectively control weeds with tillage and
cultivation, you need to think about the properties of
the particular species and size of weeds in a field and
choose tillage and cultivation practices that prey on
the weaknesses of those weeds. Moreover, your best
choices will vary depending not only on the weeds but

also on the crop stage, the weather and soil conditions.
Understanding what you are specifically trying to do
to the weeds, and balancing this with the machinery
options available, is the essence of good mechanical
weed management.

A second general principle of mechanical weed
management is that timing determines how success-
fully tillage and cultivation control weeds. First, sea-
son, weather and soil conditions greatly affect how the
operation will affect the soil and the weeds. Second,
the effectiveness of tillage and cultivation methods de-
pend on the size of the weed. For example, tine weed-
ing only works on very small weeds; controlling very
large weeds often requires heavy tillage implements.
Thus, the choice of implement and how it is set up and
used depends on the size of the weeds. Finally, the
stage of crop development and soil conditions deter-
mine the types of cultivation that the crop can tolerate.

A third general principle is that mechanical weed
management is most effective when you use several
operations in a planned sequence. Each operation
should target particular types and sizes of weeds in
accord with the previous two principles. For exam-
ple, corn production usually begins with tillage to
bury early emerging annuals and disrupt the growth
of perennials. After planting, a grower will usually
cultivate two or three times with a rotary hoe or tine
weeder to remove weeds in the white thread and early
cotyledon stage from the crop rows. Typically, these
operations will be followed by inter-row cultivation
with a row-crop cultivator. During inter-row cultiva-
tion soil is usually thrown into the row to bury weed
seedlings. Burial only works, however, if the weeds are
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small. Hence, the success of that operation depends
on removal of the first flushes of seedlings during the
earlier tine weedings or rotary hoeings. The sequence
and types of practices you use will depend on the crop,
but in general, your success at eliminating weeds will
depend on a well-planned program of multiple opera-
tions with a variety of tools.

TYPES OF TILLAGE AND THEIR EFFECTS
ON WEEDS

Different tillage implements move soil in different
ways, and consequently they differ in their effects on
weeds (Table 4.1). Moldboard plows invert the soil
and are thus very effective at burying weeds. Since
large blocks of soil within the furrow remain relatively
undisturbed, a moldboard plow is relatively poor at
fragmenting weeds or dislodging soil from weed roots.
Chisel plows crack the soil laterally and send a wake of
soil rolling away from both sides of the shank. A chisel
plow uproots weeds that are directly in the track of a
shank, but these are a small proportion of the total.
Many weeds are buried, however, by the soil thrown
from the shank. Field cultivator blades cut deeper
roots of weeds, and their relatively steep pitch churns
the soil, thus burying small to moderate sized weeds.
In contrast, the lower pitch of a sweep plow blade
primarily lifts and loosens the soil. The roots of large
weeds are sliced off the shoots by a blade plow, and
seedling weeds may subsequently dry out and die due
to loss of soil-root contact. Disks and rotary tillers are
very effective at chopping weeds into fragments. They
also separate weed roots from soil by fragmenting soil
masses, and the rotary action tends to bury the frag-
ments. Plowing with either a moldboard or chisel plow
is usually followed by disking or harrowing to create a
level seedbed of uniform consistency. In the process,
weeds are further fragmented, and roots are exposed
to additional drying.

Annual weeds that germinated earlier in the same
season are usually completely killed by any kind of till-
age. Annuals that germinated the previous season are
well established by the time of tillage and may respond
to tillage more like perennials.

The growth habit of perennial weeds indicates to
what extent they are susceptible to uprooting, break-
age or burial (Table 4.2). The effect of tillage on a
creeping perennial species depends on the depth of the
storage organs. Species like field bindweed and com-
mon milkweed, in which most of the storage organs
are below the normal depth of tillage, are not suscep-
tible to uprooting. Moreover, if the shoot is buried, it
will usually quickly resprout from dormant buds on
the vertical rhizome just below the soil surface. Thus,
the damage these species sustain from tillage comes
primarily from severing the shoot from the deep roots
or rhizomes. Several cycles of tillage and resprouting
are usually required to deplete deep storage organs
(see “Exhaust Perennial Storage Organs”).

Creeping perennials with shallow storage organs
(for example quackgrass or perennial sowthistle) are
easier to exhaust because the storage roots or rhizomes
can be broken into small pieces, each of which has less
stored energy (see “Vegetative Propagation of Peren-
nial Weeds”). Moreover, creeping perennials that have
storage roots or rhizomes in the plow layer are more
easily controlled by tillage because they are susceptible
to uprooting and desiccation (see “Dry Out Perennial
Storage Organs”), and may be susceptible to physical
removal from the field.

A few perennials spread by rhizomes but overwin-
ter by means of a bulb or tuber (for example, yellow
nutsedge, purple nutsedge or wild garlic). Usually,
most of the tubers are in the plow layer, though a few
may form deeper in the soil. Tillage usually has little
effect on dormant tubers. It may redistribute them
vertically, but energy stored in the tuber is generally

Table 4.1. Effectiveness of Tillage Implements for Uprooting, Breaking and Burying Weeds (Reproduced from Mohler 2001)

Implement Uprooting
Moldboard plow Good
Chisel plow Moderate
Field cultivator Moderate to good
Sweep plow Poor
Disks Moderate
Rotary tiller Moderate

Breakage Burial
Poor Good
Poor Moderate

Moderate Moderate

Moderate Poor
Good Moderate
Good Moderate
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Table 4.2. Susceptibility of Perennial Weeds with Different Growth Habits to Uprooting, Breakage and Burial by Tillage Implements

Growth Form Uproot SFer ‘:::; ill‘::;t
Creeping perennials
Storage organs are below tillage Very low Moderate
depth
Storage organs are in the plow Moderate Moderate
layer
Stationary perennials
With a taproot Low Low
With fibrous roots Moderate High

Fragment .
Storage Organ Burial Examples
Very low Moderate Field bindweed, common milkweed
Moderate, Moderate Quackgrass, perennial sowthistle
propagates
Moderate' High Dandelion, curly dock
High High Broadleaf plantain

'Fragmentation can potentially propagate taprooted perennials, but this rarely poses a problem in practice.

enough to allow sprouts to emerge from anywhere in
the tilled layer. Once the tubers sprout, however, till-
age that breaks or cuts the shoots from the tuber will
force resprouting and weaken the plant. Both dormant
and sprouting tubers can also be killed by drying. See
individual species accounts for details on using these
management strategies against particular weeds.

Fixed perennials, including biennials, have to
reproduce by seeds, and when they are young, they are
susceptible to the same methods that control annu-
al weeds. The response to tillage of fixed perennials
that have developed substantial taproots is similar to
that of creeping perennials with storage organs in the
plow layer. Usually, species with taproots cannot be
killed by uprooting unless the taproot is brought to
the soil surface and thoroughly dried. Just cutting the
shoot off with shallow tillage does not usually control
a taprooted weed because it quickly grows new leaves
using the large reserves of energy in the root. Using
tillage to chop the roots into small pieces and burying
them deeply is a good first step toward exhausting the
plants, but usually will not be sufficient to control the
weed without additional measures. Biennials like bull
thistle and common burdock are susceptible to tillage,
however, after they have bolted and transferred energy
to the shoot.

Tillage easily kills most fixed perennials without
taproots (for example, broadleaf plantain). These
species cannot easily grow back to the surface after
burial, and they do not tolerate getting chopped up.
Consequently, these species are rarely a problem in
tilled fields but are instead primarily weeds of no-till
fields and perennial crops, including fruit, mowed
forage crops and pastures. Overwintering populations
of annual bluegrass are an exception that proves the

rule. They often do survive tillage, but not because they
tolerate burial or dismemberment. Rather, the tight lit-
tle clumps of roots embedded with soil resist breakage
and tend to float to the surface if harrowing is used to
create the seedbed.

USING TILLAGE AGAINST PERENNIAL WEEDS

Exhaust Perennial Storage Organs
Many perennial weeds have deep storage roots or
rhizomes that resprout after the tops are cut (for
example field bindweed or common milkweed). Since
the storage roots or rhizomes are too deep in the
soil to damage with normal tillage, your best hope
for controlling these weeds without chemicals is to
exhaust the storage organs by repeatedly removing the
top growth. Generally, the net flow of carbohydrates
is from the storage organ until at least three or four
leaves have formed (see “Vegetative Propagation of
Perennial Weeds”), but it may be later in some species.
Timing your operations to correspond to the target
species’ minimum food reserves will reduce the popu-
lation with the least amount of labor. Typically, eradi-
cation of deep-rooted perennials requires about six to
eight well-timed tillage events the first year followed
by three to five the second year. A field cultivator,
spring tooth harrow or sweep plow run shallowly are
good implements for this job. However, many repeated
diskings can cause soil compaction. If previous activi-
ties have removed most storage organs from the plow
layer, deep cutting at 16—18 inches can greatly slow
re-emergence and reduce the number of operations
needed to control the weed.

Few growers can afford to remove land from
production long enough to completely eradicate
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perennials by exhausting the storage organs. If the
population is light to moderate, one to three cycles of
sprouting followed by tillage may, however, be suffi-
cient to keep the weed at tolerable levels.

Species that have their storage organs primarily
in the tilled layer of the soil (quackgrass, perennial
sowthistle, dandelion) are easier to exhaust than deep
rooted perennials. Use a tillage method that breaks up
the storage organs into small pieces, but if the prob-
lem is localized, avoid dragging the pieces all over the
field. Breaking up the storage organs will increase the
number of plants but will make each one substantial-
ly weaker (see “Vegetative Propagation of Perennial
Weeds”). The little sprouts can then be killed by shal-
low tillage or, in some cases, suppressed by a dense,
competitive cover crop. Since the point is to induce the
fragments to sprout and then be killed, tilling at a time
of year when the weed is actively sprouting is usually
best, although breaking up dormant storage organs
may be useful as well (Anbari et al. 2011).

If the perennial weed is posing severe problems,
try to bury the storage organs as deeply as possible.
This will force the weed to put more energy into reach-
ing the soil surface and thereby weaken the plant. For
example, a tillage sequence for weakening a perennial
with storage organs in the tilled layer might begin with
two passes with a disk or one slow pass with a rotary
tiller. Note that the tines of a rotary tiller cut off pieces
of the well anchored root or rhizome on the first pass
but may just throw the pieces around on the second.
Thus, the slower the first pass, the smaller the pieces
will be. Follow the initial tillage with deep moldboard
plowing to bury the fragments and finish with shallow
harrowing to create a seedbed. Follow the tillage treat-
ment either with extraordinarily intense competition,
as from a densely planted cover crop, or with regular
shallow tillage before the plants begin to restore root
or rhizome reserves (see species chapters). Either
approach should reduce the population to manageable
levels. Clearly, such an intensive tillage regimen, and
particularly the deep moldboard plowing, will be hard
on your soil and should be used only when less strin-
gent measures fail. Use cover crops or heavy applica-
tions of high organic matter compost to restore the soil
structure and biological activity after this technique.

Remove Perennial Storage Organs
Perennial weeds depend on resources stored in roots,
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rhizomes and tubers to establish new shoots the fol-
lowing year. You can reduce the population of creeping
perennials with tough rhizomes like quackgrass and
johnsongrass by physically removing the rhizomes.
Moldboard or chisel plow the soil, and then work the
rhizomes to the soil surface with a spring tooth har-
row. Rake them off the field or into piles with a bent
tooth tine weeder. Piles can then be forked onto a
wagon. You can feed them in moderation to livestock
or chickens, or dump them in woods or a hedgerow
where they cannot grow due to shade. The practicality
of this approach depends on the size and configuration
of the area to be cleaned. Removing rhizomes from a
large field may not be practical, but often only restrict-
ed areas of a large field will be infested. If a mowed
field margin or grass waterway is nearby, the rhizomes
can be raked onto that. The thickened storage roots of
most perennial broadleaf weeds are too fragile to allow
this technique to work.

Dry Out Perennial Storage Organs

You can also control creeping perennials that have
most of their rhizomes or tubers in the plow layer by
drying. Start by watching the long-term weather fore-
cast. When the weather will be dry for at least a week,
work the perennial storage organs to the surface with
a spring tooth harrow as you would to remove them
(see “Remove Perennial Storage Organs”). Stir the
soil with a spring tooth harrow every couple of days to
ensure that the surface soil dries completely, and that
all storage organs are fully dried. A peanut digger has
been used to bring nutsedge tubers to the soil surface
for drying. Drying storage organs is much quicker
than exhausting the storage organs, but unless the dry
weather period is long and you till deeply, some frag-
ments will likely escape. Nevertheless, the treatment
can reduce a severe infestation to a minor one.

As with all procedures for controlling perennials,
its long-term success will depend on follow-up mea-
sures. If you keep pressure on the population with ad-
ditional fallow cultivation or strong competition with
a vigorous cover crop, the population will continue to
decline rather than begin to recover.

European farmers in the early 20th century often
had severe infestations of perennial grasses due to the
high frequency of cereal grains in their crop rotation.
One way in which they dealt with the problem was
to plow the soil when wet to create clods. During dry



weather, they then stirred the clods with a field cul-
tivator to thoroughly dry them out and kill the grass
rhizomes. This is obviously an extreme measure that
should only be used in desperate situations. It might
be preferable, however, to frequent, long periods of
tilled fallow.

In general, all tillage measures to control perennial
weeds tend to have a negative effect on soil tilth, and
some also expose the soil to erosion. Consequently,
when you use these methods you need to compensate
for them with actions that build soil quality, both to
maintain good crop yields and to cultivate effectively
(see “Soil Tilth and Cultivation”).

TILLAGE EFFECTS ON WEED
SEEDLING DENSITY

Timing of Tillage Affects Weed Density

Tillage has profound effects on weed seeds and seed-
lings as well as on perennial weeds. Since most agri-
cultural weed species have particular times of the year
in which they germinate most profusely, the timing

of weed emergence relative to the timing of tillage

and planting can either help control a weed species

or ensure that it becomes a problem. You can reduce
weed problems by timing tillage relative to weed ger-
mination in two ways, either 1) by destroying a large
proportion of the weeds that will emerge that year with
your seedbed preparation, or 2) by planting well before
the weeds emerge to increase crop competition and
the intensity of cultivation. Which option you use will
depend on the crop.

Many spring germinating weeds reach peak emer-
gence in mid-spring, with emergence decreasing later.
If you wait until many seeds have already produced
seedlings before tilling, then the tillage operation will
eliminate a large fraction of the weeds that will appear
that year. For example, a study in Wisconsin showed
that delaying corn planting from April 25 to May 15 re-
duced in-row weed density after rotary hoeing by 55%.
In organic systems, delayed corn planting has other
advantages as well (see “Planting Date” in the “Crop
Competitiveness” section).

Since many of the weeds that infest winter grain
crops germinate best in late summer or early fall,
delaying seedbed preparation and planting until
mid to late fall also potentially reduces weed densi-
ty. Delayed planting can, however, reduce the crop’s
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competitiveness in the spring and may decrease yield.

Delaying tillage and planting for summer planted
vegetable crops like tomatoes and peppers tends to be
less effective than for spring or fall planted crops. The
weeds that dominate following tillage in hot weather
tend to be species like hairy galinsoga and common
purslane. Seeds of such species do not go dormant in
hot weather. Consequently, you cannot out-wait them.

Note that to use tillage and planting date to elim-
inate early emerging weeds, you need to manage your
tillage in a particular way. Specifically, primary tillage
must occur long in advance of final seedbed prepara-
tion and planting. The reason is that if you till deeply
just before planting, you will eliminate the current
weed seedlings, but you will also bring many new seeds
to the surface. Many of these will be released from
dormancy by the usual cues associated with tillage
and near-surface conditions (see “Seed Germination:
Why Tillage Prompts Germination”). Your crop may
then end up as weedy as it would have been if you had
not delayed planting. Consequently, a shallow final
seedbed preparation will result in less weed emergence
than deep preparation.

Spring grains germinate and establish well at
low temperatures. If planted in early spring they will
emerge before most weeds. In particular, most annual
grass weeds do not emerge in large numbers until mid
or late spring. Moreover, after the soil settles due to
rain and the crop begins to cast shade, the intensity of
tillage-related cues that prompt germination will be
reduced and consequently, so will weed emergence.
The head start the grain gets from early planting also
makes the crop more competitive against weeds. The
larger difference in size between crop and weeds allows
you to tine weed more aggressively to remove weeds
that do emerge. In principle, early spring planting of
vegetable crops that thrive in cool weather should also
reduce weed density and favor the crop relative to the
weed. The effect of tillage and planting date on weed-
crop interactions in vegetables has not, however, been
well studied.

Type of Tillage and Weed Seedling Density

Tillage redistributes weed seeds vertically in the soil
column. This has three main effects. First, it changes
the proportion of seeds that germinate. Seeds that
move downward toward constant soil temperatures
and away from light and gas exchange tend to become
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dormant, whereas those that move up into the light,
warmth, fluctuating temperatures and rapid gas
exchange of the surface soil tend to lose dormancy

and germinate (see “Seed Germination: Why Tillage
Prompts Germination”). Second, vertically redistribut-
ing the seed bank changes the fraction of germinating
seeds that successfully grow to the surface and emerge.
Finally, vertically repositioning seeds in the soil will
change the proportion of weed seeds that are killed by
the several factors that influence seed mortality.

Various tillage implements redistribute seeds
differently. A moldboard plow distributes surface sown
seeds in a bell-shaped curve, with the peak density
usually 5—7 inches deep. The location of the peak
depends on how deeply you plow and how well the soil
is inverted (Figure 4.1). Regardless, a moldboard plow
usually places seeds that were formerly on the surface
too deep for emergence. Other implements keep most
seeds relatively close to the soil surface, with ever few-
er seeds present as depth increases. However, when
you use any implement a second time, particularly a
moldboard plow, the seed bank becomes more verti-
cally even (Figure 4.1).

With time, seeds become mixed throughout the
soil profile. Their exact distribution depends on how
fast they germinate or die at various depths and how
the tillage implement redistributes the seeds that are
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Figure 4.1. Vertical distribution of surface sown weed seeds or soil mark-
ers after one (1x) or two (2x) passes with a moldboard plow.
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already buried. We studied the redistribution of buried
seeds by placing millions of colored seed-like beads at
various depths in the soil and then tilling with various
implements (Mohler et al. 2006). By analyzing the
location of the beads after tillage we developed tables
showing the probability of beads (or seeds) moving
from one position in the soil to another.

As expected, moldboard plowing followed by
disking and shallow harrowing tended to move shal-
low beads downward and deep beads upward. Chisel
plowing followed by disking and shallow harrowing
tended to move seeds in the top 4 inches downward,
but mostly left deeper beads in place. Remarkably, a
single pass with a rotary tiller or disk moved beads in
a qualitatively similar way to the chisel plow followed
by disks.

The utility of this information for weed manage-
ment comes through understanding the relation of
the vertical position of seeds in the soil to survival and
emergence (Mohler 1993). As discussed in Chapter 2,
weed seedlings emerge best from near the soil surface
and germination deep in the soil will produce seedlings
that fail to emerge. Consequently, seeds of most weed
species have been selected to remain dormant when
deep in the soil. Some fatal germination occurs below
the surface zone of optimal emergence, particularly if
the seeds have been exposed to favorable conditions
for germination before they are buried by tillage.
Nevertheless, deep burial usually reduces mortality of
dormant seeds whereas seeds near the soil surface age
rapidly if they do not germinate. Consequently, bury-
ing weed seeds with tillage tends to preserve them,
both by reducing germination and by slowing the aging
process. However, species differ greatly in how fast
they die off in the soil.

If effective herbicide regimens are available in a
conventional agricultural system, then a strict no-till
program provides an opportunity to quickly deplete
the near-surface seed bank and may result in fields
with very low weed pressure within a few years. In
addition to maximizing seed mortality, a no-till system
provides good conditions for germination of seeds that
fell the previous year, thus making them susceptible to
both pre-emergence and post-emergence herbicides. A
few intensive organic vegetable growers have produced
a similar effect by combining no-till with mulch and
intensive hand weeding (see “Continuous No-Till Veg-
etable Production Using Mulch”).



Information on seed movement, seed survival and
emergence depth can also be combined to predict the
optimal type of tillage, if tillage is a regular practice.
First, if the seeds of a species are short lived and the
seed must be near the soil surface to emerge success-
fully, then inversion tillage will help control the weed.
Consider hairy galinsoga, whose seeds rarely live more
than a year or two and which must be within 0.25 inch
of the soil surface to successfully emerge. If the seeds
are plowed under, the probability of a seed returning
to the top 0.25 inch of soil in any future year is very
low. Since seed survival is low, even when well bur-
ied, the chances are good that any given seed will die
before it is plowed back up again.

Generally, for spring and summer germinating
species, plowing is best left until the spring to allow
seeds to die off on the soil surface through the winter.
Some tillage may be necessary to establish a winter
grain, cover crop or late vegetable crop, but if seeds
were shed during the summer, then minimizing tillage
in the fall will increase winter mortality. If the field
must be plowed in the fall, then till shallowly in the
spring to avoid plowing up seeds before they have had
time to die.

In contrast with shallow emerging species with
short lived seeds, a species like ivyleaf morningglory
that survives very well when deeply buried and emerg-
es from a depth of 2 inches or more has a high prob-
ability of eventually returning alive to its emergence
range if you regularly moldboard plow. If the seeds
are left on the soil surface over the winter, however,
many will die. If you follow this treatment with shal-
low tillage that prompts germination, you can then kill
off many of the remaining individuals with a shallow
tillage pass. In neither the galinsoga case nor the
ivyleaf mornigglory case will these methods com-
pletely control your weed populations. Rather, they
provide one component of an overall ecological weed
management program.

When is deeply incorporating weed seeds a pref-
erable strategy to keeping them on the soil surface?
Although we are working on that question, we do not
yet know the answer. However, evidence indicates
that cumulative velvetleaf density over several years is
lower when seeds are plowed under relative to shallow
tillage or no tillage. This occurs despite velvetleaf’s
good persistence when deeply buried (Figure 2.7) and
its high rate of emergence from anywhere in the top
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2 inches of soil. This indicates that most species that
have regular seed input to the soil probably have lower
average density with annual moldboard plowing than
with any reduced tillage regimen or rotary tillage,
which produces vertical seed distributions similar to
typical reduced tillage practices (Mohler et al. 2006).
The lower the seed survival rate and the shallower the
depth from which seedlings can emerge, the greater
will be the benefit of moldboard plowing. Reduced
tillage has many benefits for soil health, and we do not
advocate continuous moldboard plowing. However,
understanding the effects of different types of tillage
on weed populations will help in making informed
choices about how you manage your cropping systems.

Most fields have a diversity of weed species but,
generally, only one or two cause most of the problems.
Choosing a tillage strategy that reduces the population
of these problem species will allow other management
tactics to act more effectively (see “Weed Density
Affects Death and Reproduction” in Chapter 2). A shift
in tillage regimen may favor other species, even as it is
helping reduce the problem species. Our experiments
(Mohler unpublished) indicate that sometimes a rota-
tion of tillage regimens is more effective for weed man-
agement than following a single practice consistently.
For example, the many seeds produced during a weedy
year can be plowed under, and then shallow tillage can
be used for a few years while the deeply buried seeds
die off. (see the Nordell case study in Chapter 5).

RIDGE TILLAGE

Ridge tillage is a highly reduced tillage system in which
tillage is done with just the planter and a row-crop
cultivator. An attachment on the planter scrapes the
top off the ridge, pushing the top few inches of soil,
crop residue and weed seeds produced the previous
year into the inter-row area. Meanwhile, the planter
units place crop seeds on the scraped down ridges. The
cleaned area on the ridge can be cultivated with a rota-
ry hoe if needed, and weeds emerging in the inter-row
area can be eliminated with a row crop cultivator. At
the final row-crop cultivation, soil is piled up around
the base of the crop, which buries small weeds and
recreates the ridge for next year (Figure 4.2).

Studies have shown that the density of weed seeds
near the row immediately after planting is only about
one third as high in a ridge till system as with conven-
tional tillage, whereas seed density in the inter-row
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Figure 4.2. Annual cycle of soil movement in a ridge tillage system. (A)
Ridges before planting. (B) Crop residue, weeds and soil on the top of
the ridge are scraped into the inter-row furrow by an attachment on the
planter that runs ahead of the seed openers. (C) After the crop is well
established the ridges are rebuilt with a cultivator that throws soil into
the row around the base of the crop plants. Illustration by Vic Kulihin.

area is about two times higher. Thus, most of the
seeds get moved to the inter-row area where they are
easier to control with cultivation after they germi-
nate. Moreover, the soil remaining in the ridge is only
slightly disturbed, so fewer seeds there are prompted
to germinate than with conventional tillage. Since the
soil in and below the base of the ridge is not disturbed
by implements or packed by wheel traffic, it tends to
develop good crumb structure that promotes healthy
plant growth. The permanent, firm ridge bases also
allow use of guide cones on the cultivator to ensure
accurate and relatively stress-free cultivation.

A comparison of ridge tillage plus rotary hoeing
versus conventional tillage plus herbicide in 51 on-
farm trials in Iowa showed no difference in corn yield

between the two systems and only slightly higher weed

densities in the ridge till system. Extensive farmer

experience with the system has led to several rules of

thumb for ridge tillage:

 The ridge should be wide and flat topped, about 12
inches wide for crop rows spaced 30 inches apart.
The wide ridge allows the planter ridge cleaning
attachment to remove last year’s crop of weed seeds
from a strip several inches wide on both sides of the
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row. It also allows a wide strip of residue-free soil
to speed soil warming and thereby encourage rapid
crop emergence.

« Usually, you want to remove about 2 inches of soil
from the top of the ridge at planting. This is enough
to move most of last year’s weed seeds out of the row
and clear off residue from the previous crop, but to
still leave an elevated ridge base for rapid soil warm-
ing and cultivator guidance.

« Ridge till planting should occur early enough in
the spring that weeds have not yet grown too large
to eliminate with the planter attachment. A winter
cover crop can help slow spring weed growth so that
a good weed kill on the ridges is more likely.

« Ridge building should occur early enough in the sea-
son that you can move a lot of soil from the inter-row
to the row without pruning crop roots. You probably
want to minimize root pruning when cultivating
anyway, but root pruning when ridging is especially
likely since the cultivating tools dig deeper relative to
the base of the crop plant than when cultivating a flat
tilled field. We find that a sweep with hilling wings
builds a more uniform ridge than disk hillers, and
since it operates further from the row, it is less likely
to cause root pruning. We have also built excellent,
wide, flat topped ridges with potato hillers.

As with other reduced tillage methods, perennial
weeds can increase in ridge tilled fields. Certainly, you
will not want to use ridge tillage on a field unless it is
nearly free from perennial weeds at the outset.

Compost or manure applied prior to planting
will become concentrated in the inter-row areas after
scraping and planting, as will legume cover crop
residue. Consequently, nutrient availability during
early crop growth can be an issue, and banding starter
fertilizer next to the row may be useful for some crops.

Ridge tillage also poses some problems for crop
rotation. With crops like cabbages, beets and lettuce,
the ridges have to be built in a separate operation after
harvest since ridging at inter-row cultivation will bury
the crop. For small grains, some grain drills will not
plant well on both the ridges and valleys, and the grain
in the valleys may grow poorly in any case. For hay
crops, the field has to be tilled flat before planting since
ridges will interfere with hay harvest. This limits the
soil structure benefits of the undisturbed ridge bases.

Most growers who avoid using herbicides ro-
tate ridge tillage with other tillage systems (see the



profile of Paul Mugge). For example, Dick and Sharon
Thompson in Iowa used a five-year rotation of hay—
corn—soybeans—corn—oats underseeded with hay. The
field is moldboard plowed after the hay, ridges are
created by cultivation in the first corn crop, the soy-
bean and second corn crops are ridge-till planted, and
the field is disked flat for planting the oats and hay. A
study of this system showed an increase in the weed
seed bank, mostly waterhemp and foxtail, follow-

ing the oats and hay due to seed production during
the oat/hay establishment year (Buhler et al. 2001).
Waterhemp declined steadily during the years with
corn and soybeans. Foxtail dropped greatly following
moldboard plowing and the first corn crop and it was
then held low through the following soybean and corn
crops. This demonstrates the utility of ridge tillage for
weed management in a tillage rotation/crop rotation.

TILLED FALLOW

A tilled fallow is a period during which no crop is
planted and the soil is regularly tilled to eliminate
weeds. The bare soil and regular stirring of the soil
provide cues that prompt seed germination (see “Seed
Germination: Why Tillage Prompts Germination”) and
the young weeds are then destroyed. If many weeds
went to seed the previous year, avoid deep tillage that
will place many seeds deep in the soil where they will
remain dormant and have a higher rate of survival. In
addition, if you clean the surface soil with a shallow
tilled fallow, avoid using deep tillage when you prepare
the seedbed for the next cash crop, because this will
bring up more seeds. Tilled fallows are also an effective
way to decrease perennial weeds (see “Exhaust Peren-
nial Storage Organs”).

A period of tilled fallow prior to planting is some-
times referred to as a “stale seedbed,” though properly,
this term only applies if the weeds are killed without
disturbing the soil surface, for example with a pro-
pane flame or an herbicide (see the next section, “Stale
Seedbed”). Other opportunities for tilled fallows exist
between harvest of early crops (for example spinach or
lettuce) and fall crops (for example broccoli), or after
the harvest of cereal grains. The optimal time to use
a tilled fallow for weed management depends on the
seasonality of the weeds that are causing your most
severe problems.

How often should you weed during a tilled fallow?
The answer depends on the weed species you are trying
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to control. Most annuals require at least five weeks to
set seeds, though common purslane in warm weather
can set seed in four weeks. Certainly, you should till
before any weeds go to seed! Usually, you will want

to till sooner, while the weeds are small and easy to
kill. Also, if you are targeting perennials, you will want
to kill them before root reserves are replenished (see
“Exhaust Perennial Storage Organs”). Once every three
weeks is often the right interval.

When cultivating in a crop, part of the objective is
to create a loose layer of surface soil (dust mulch) in
which weed seeds germinate poorly. In a tilled fallow,
however, you want the seeds to germinate so you can
kill them, and for this you need good soil-seed contact.
Thus, either use disks, which leave a firm seedbed, or
firm the seedbed with a roller or cultipacker. Rolling
the seedbed will usually be more effective, since it
firms the surface layer where the seeds you are trying
to flush out are most likely to germinate (see “Seed
Germination: Why Tillage Prompts Germination™).
Rolling is also easier on soil tilth since the compaction
will be localized to the surface inch or two. Waiting a
day or two between tillage and firming the soil is often
beneficial to allow uprooted weeds a chance to die.
Otherwise, you may be firming the soil back around
the roots and encouraging re-growth. As with all tillage
and cultivation, tillage for a fallow is most effective
when the surface soil is drying and the weather is
warm and sunny. However, rainfall or irrigation
may be needed to bring on the next flush of weed
seedling emergence.

Tilled fallows tend to harm soil structure. If your
intent is to clean out seeds from the surface soil prior
to planting a crop, then only shallow tillage is neces-
sary to kill the weeds, and this reduces the problem
since less of the soil column is disturbed and lighter
tractors can be used to reduce wheel compaction.
Nevertheless, soil-building practices discussed in the
section “Soil Tilth and Cultivation” should be used to
counteract the damaging effects of tilled fallows. A
modification of the tilled fallow is to grow short season
cover crops between tillage operations. The cover crops
protect the soil from sun, wind and rain, and the incor-
poration of the cover crops feeds the organisms that
build soil structure. With the cover crops slowing weed
growth rates due to competition, fewer tillage opera-
tions may be needed to prevent weeds from producing
seeds. Parallel experiments in Pennsylvania and Maine
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showed that a sequence of yellow mustard, buckwheat
and winter canola with tillage before each cover crop
was as effective as a season long bare fallow with four
tillage operations (Mirsky et al. 2010). Both treatments
nearly eliminated the seed bank of foxtail and reduced
common lambsquarters and velvetleaf seeds by over
80%. Systems with less soil disturbance were not as
effective, though a snap bean cash crop cultivated
between the rows followed by a rye/hairy vetch cover
crop also substantially depleted the seed banks of these
long season summer annuals.

Another strategy for preserving soil health during
a tilled fallow is to chop up the cover crop and then
incorporate it only shallowly. The soil then acts like
a sponge to absorb rainfall with minimal runoff and
erosion, while nitrate released from the decaying cover
crop can stimulate emergence of some weed species.

STALE SEEDBED

The stale seedbed technique is a special variation on
the tilled fallow. For a stale seedbed, you till the soil
and prepare a firmed seedbed. Then after 2—3 weeks,
when the weeds have sprouted, you kill them without
soil disturbance. In organic systems this can be done
with a flame weeder or natural product herbicide like
acetic acid. You then immediately plant into the stale
seedbed with as little soil disturbance as possible.
Since you have depleted the near-surface seed bank
and have not provided the disturbance related cues
that would prompt another flush of germination (see
“Seed Germination: Why Tillage Prompts Germina-
tion”), relatively few new seedlings will emerge. The
procedure is even more effective if the flame weeding
or herbicide treatment is repeated again just before
crop emergence.

The stale seedbed technique is commonly confused
with tilled fallow. If even a minimal amount of second-
ary tillage is used prior to planting, for example, by
taking a light harrow or basket weeder over the field,
then the surface soil is disturbed, not “stale,” and addi-
tional weed seeds will be prompted to germinate (see
“Tilled Fallow”).

The stale seedbed technique is an exacting and
potentially expensive procedure. Thus, it is usually
reserved for high value but hard to weed or slow grow-
ing crops like parsnips, carrots or onions. One way to
reduce costs for less valuable crops is to stale seedbed
only a strip centered on where you intend to plant the
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row, and then cultivate inter-row areas using shields to
keep soil (and therefore weed seeds) off of the cleaned
area. If you plan to attempt this, we suggest you set

up your cultivator, planter and flame weeder or band
sprayer with a good guidance system (see “Cultivator
Guidance Systems”).

PRINCIPLES OF MECHANICAL WEEDING
Cultivators act by cutting, uprooting or burying weeds
with tools that disturb the soil. In addition to cultiva-
tors, other types of weeders can damage weed tissues
with heat, cold or electricity. The most common of
these are the various types of flame weeders that dis-
rupt weed tissues with a propane flame. Mowers are
also used to control weeds between rows or beds, es-
pecially when sod strips are sown between beds. Weed
pullers can pull tall weeds out of crop rows. All of these
implements may be classified according to where they
work relative to the crop row. Inter-row cultivators
remove weeds between crop rows. They are what most
growers think of when the word “cultivator” is used.
In contrast, in-row cultivators and weeders specifically
attack weeds within the crop row. Near-row cultivators
and weeders may or may not kill weeds between rows,
but they can harm weeds closer to the crop row than
most inter-row cultivators. Finally, some machines act
similarly on both the in-row and inter-row areas, and
we will refer to these as full-field cultivators. These
are often used for blind cultivation: that is, cultivation
before crop emergence. The most difficult weeds to
remove with cultivators are the ones that establish in
the crop row, and much of our discussion will focus on
implements that control these weeds.

The use of cultivators and other mechanical weed-
ers is guided by several simple principles.

Principle 1: Cultivators other than full-field im-
plements should work the same number of rows as
the planter, or a simple fraction of this number (for
example, one half).

If the planter and cultivator have incompatible
sizes, inexact spacing between rows in adjacent planter
passes may place cultivator tools too close to some
rows and too far from others. The result will be dam-
age to the crop where the rows are too close together
and poor control of weeds in the inter-row where the
rows are too far apart. Even if the planter passes are
only off by 2—3 inches, root pruning and suboptimal



weed control will be likely if you use, say, a 4-row culti-
vator with a 6-row planter or vice versa.

Principle 2: The action of the cultivator must be
appropriate for the growth stages of the weeds and
the crop.

The timing and number of cultivations depends
on how fast the weeds are growing and the size range
over which the weeds are susceptible to the imple-
ment. Based on many years of farming experience, Jim
Bender suggests that staggering planting times helps
improve the timeliness of cultivation when only short
time periods are available between rainfall events.

The degree to which precise timing is critical
depends on how close to the crop row the imple-
ment operates. Tine weeders, rotary hoes and in-row
weeding tools will damage the crop if they dig deep-
ly. Consequently, these machines have to catch the
weeds after they have germinated but before they
become well rooted. Delay of even a single day may
allow many weeds to escape once they begin to appear
above ground. Implements that work close to, but not
in the row, like spyders and basket weeders, have a
larger window of opportunity for killing weeds but still
require attention to timing. In contrast, timing is less
critical for inter-row cultivation of many crops. For
example, experiments in New York showed that timing
of cultivation with an S-tine cultivator with goosefoot
shovels had little effect on either the dry weight of
between-row weeds or on corn yield (Mt. Pleasant and
Burt 1994). Of course, if an inter-row cultivator is used
to bury weeds in the row, then timing becomes critical.

Principle 3: Control of weeds in the crop will be
more effective if you create and maintain a size differ-
ence between the crop and the weeds.

The most sophisticated mechanical weed man-
agement programs begin with a stale seedbed or blind
cultivation to ensure that the crop emerges before the
weeds. Many vegetable crops can be transplanted to
give the crop a head start over the weeds. Regardless
of how the initial size difference is created, full-field,
in-row and near-row cultivation can then increase in
depth and degree of soil movement as the crop grows
larger. For many row crops (for example, corn, sor-
ghum, soybeans or potatoes), once the crop is well es-
tablished, you can move large amounts of soil around
the base of the shoots to cover small weeds. Because
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most agricultural weeds have a high relative growth
rate, however, burying weeds in the row will be most
effective if you have already killed the first flushes of
weeds that emerge after crop planting. Ultimately,
the greater the size differential established, the great-
er the competitive advantage the crop will have over
the weeds.

Principle 4: The effectiveness of cultivation declines
when weed density becomes very high.

Over a wide range of weed densities, cultivation
will kill the same proportion of weeds. However, when
weeds become very dense, cultivation can become
ineffective for several reasons. First, some weeds in
the crop row will escape even a well-timed and well
managed cultivation program. If the density is high,
enough weeds may escape to cause substantial yield
loss. In contrast, if the density before cultivation is
low, the few weeds that survive will cause little harm to
a competitive crop species and can be cost-effectively
hoed or hand-weeded out of a high value crop. Second,
soil clings better to a mat of roots from a dense stand
of weeds than it will to the roots of an individual weed.
Consequently, more weeds will reroot when weeds are
dense. Finally, some shallow-working implements will
not penetrate well if the soil is tightly bound by roots
and the soil surface is lubricated by plants smashed
by the cultivation tool. For these reasons, if the field
is badly infested with perennial weeds or the weed
seed bank is unusually high, consider reducing weed
pressure by using a tilled fallow period before planting.
Also consider rotating to a vigorous crop that toler-
ates early and frequently repeated cultivation to keep
emerged weeds from accumulating to a high density.
Or, rotate to a crop that grows during a different sea-
son than the problem weed species.

Principle 5: Planting density should be increased
when using implements that randomly kill a percent-
age of the crop.

Rotary hoes, tine weeders and some in-row tools
often reduce crop density by several percent. This
stand loss associated with tools that attack weeds in
the crop row usually takes the form of random miss-
ing individuals rather than as blighted row sections.
Consequently, you may find planting at a rate near
the upper limit of the acceptable range improves yield
and competitive pressure on surviving weeds. Good
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understanding of how your machinery interacts with
your particular soils and crops is necessary to balance
the risks of yield loss from stand reduction with the
yield loss from weed competition. Attempting to pre-
serve every crop plant will usually result in an ineffec-
tive in-row weeding operation. As a rule of thumb, we
aim for a stand loss of around 2% when using full field
and in-row tools, but the optimal balance between tol-
erable stand loss and the intensity of weeding depends
on the density of the weeds.

Principle 6: Good soil drainage and careful timing
relative to changing weather and soil conditions can
improve the effectiveness of cultivation.

Rotary hoes just poke holes in the ground if the
soil is too wet. Flame weeders work best when leaf
surfaces are dry. Most cultivators kill more weeds
during hot, dry weather since uprooted weeds dry out
quickly without rerooting. Thus, planning cultivation
with the weather forecast in mind will frequently
improve results.

Because timeliness is critical to the success of most
in-row, near-row and full-field cultivation, adequate
soil drainage may make the difference between suc-
cessful weed management and substantial crop loss.
When storm events are following in close succession
with short rain-free periods in between, then adequate
tile or swale drainage may allow cultivation on fields
where it would otherwise be impossible. Similarly,
improving surface drainage of poorly structured and
compacted soils with deep rooted cover crops and
crops can increase the possibility of timely cultivation.

Principle 7: Effective cultivation requires good tilth
and careful seedbed preparation.

Good tilth is critical for effective cultivation. Good
tilth facilitates shaking soil from weed roots. It also
decreases the chances of knocking over crop plants
with clods when soil is thrown into the row. Moreover,
tools that work shallowly in or near the crop row are
relatively ineffective in cloddy soil for three reasons.
First, seedlings of some species emerge from greater
depth in cloddy soil (Cussans et al. 1996), and the
tools cannot reach them without damaging the crop.
Second, when clods are moved, seedlings emerge that
otherwise could not reach the soil surface. Finally,
seedlings that sprout in clods may eventually take root
if rain or irrigation subsequently allows the clods to
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merge into the soil matrix. All of these factors argue
for practices that improve soil structure, including
cover crops, compost, rotating with sod crops and
controlling wheel traffic. They also argue for delaying
tillage until soil moisture conditions are appropriate,
even if this requires a delay in planting.

Depending on the way the seedbed is prepared,
clods can form even in well-structured soil. A coarse
seedbed does not inhibit establishment of many large
seeded crops and may help reduce erosion. However,
for the reasons mentioned above, a coarse seedbed is
never an advantage during cultivation.

For shallowly working implements, a level seedbed
facilitates depth control. For some implements like
basket weeders, a level seedbed is essential for ade-
quate performance.

Principle 8: Create a dust mulch.

In regions where the risk of wind erosion is slight,
one objective of cultivation should be the creation of a
dust mulch. This is a surface layer of loose soil crumbs,
typically 0.5—1.5 inches deep. The term “dust mulch” is
really a misnomer but is in wide use. Ideally, the loose
layer consists not of powder but of small aggregates
(0.1-0.4-inch diameter) that allow good air circulation
to dry out the surface soil. This loose surface layer can
be achieved with most tools that work the soil shallow-
ly. Since most annual weed species emerge from the
top inch of soil, maintenance of a loose, dry surface
layer of soil greatly decreases weed establishment. At
the same time, this loose soil slows upward movement
of moisture from deeper in the soil and can facilitate
emergence of crops planted deeply into moist soil
(1.5—2 inches) while restricting weed establishment in
the dry surface soil. Obviously, you cannot maintain
a dust mulch during wet weather, but a dust mulch is
a highly effective weed management technique when
weather allows. It is also an effective way to conserve
soil moisture during dry periods.

Principle 9: Weed early, shallow and often.

Most annual weed seeds are tiny—often about
the size of the head of a pin or smaller (see “Seed
Weight”). Because their food stores are small, they
cannot emerge from deep in the soil, and they are very
thin and fragile shortly after germination. Hence, very
shallow disturbance of the soil (less than 2 inches) can
effectively eliminate a large percentage of these weeds.



Deeper soil disturbance brings additional seeds to the
surface where they will germinate.

If planting has been delayed since the seedbed
was prepared, work the surface soil thoroughly with a
spring tooth harrow, field cultivator or similar imple-
ment before planting to kill any weeds that have ger-
minated. Most tine weeders are not aggressive enough
for this job. You may not see the weeds yet, but if the
soil is moist enough for germination you can be sure
that they are getting a head start on your crop.

Note that you may not be able to see newly
emerged seedlings unless you get down on hands and
knees. For large seeded crops that are planted more
than 1 inch deep, such as corn or snap beans, you
can cultivate right over the row with a tine weeder or
rotary hoe before crop emergence until the crop is sev-
eral inches tall. These “blind cultivations” as they are
sometimes called are the best technique you have for
controlling weeds in the row for crops that will tolerate
such treatment. Note, however, that blind cultivation
is pointless if the surface soil is too dry for seed germi-
nation. So, look for tiny weed seedlings and check the
soil for the white threads of germinating weeds before
you cultivate.

As weeds get larger, rerooting following cultivation
becomes more probable. Hence, inter-row cultivation
should occur before the weeds are larger than about 2
inches in height or lateral spread.

Principle 10: Plant carefully and adjust the cultivator.

Weed control will be improved and stand loss
minimized if the rows are straight and the space
between planter passes is identical to the spacing
between rows within a pass. Computer guidance
can help ensure planting uniformity (see “Cultivator
Guidance Systems”).

Adjust tool depth and position relative to the row
to ensure safety of the crop and effective killing of the
weeds. Be sure the cultivator frame is level front to
back and side to side. This will ensure that all tools are
working to their maximum effectiveness. For some im-
plements, notably tine weeders, the adjustments must
be made after the machine is in the soil, since forward
motion in the soil will pull the nose down.

Unless you are using a guidance system to position
the cultivator, put on the tractor’s sway bars so that
the cultivator is held rigidly to the tractor. This will
prevent the cultivator from creeping from side to side,
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blighting rows and missing weeds.

Expect to readjust the machine, as soil moisture
varies across the field. A hydraulic top link can save
much starting and stopping and will quickly pay
for itself in time saved, decreased crop damage and
improved weed control. However, changes in the top
link can shift the cultivator out of level and may not
compensate for other needed adjustments.

CULTIVATORS AND CULTIVATING TOOLS

A cultivator consists of a frame and one or more types
of tools that engage with the soil and weeds. Most com-
monly, cultivators are belly mounted under the tractor
or carried on a rear three-point hitch. Some imple-
ments can be front mounted. Belly or front mounted
implements are easier to guide and less prone to dam-
age the crop because the tractor operator can see the
position of at least one set of tools relative to the row.
However, wider, longer (to accommodate more tools)
and higher clearance implements are generally more
feasible with a rear mount. Belly mounted implements
are stabilized by the tractor, but most three-point hitch
mounted cultivators require additional stabilization to
prevent sideways drift. Usually this is accomplished by
large diameter coulters mounted near both ends of the
toolbar. Wheels are also available that track the sides
of raised beds, furrows made by the planter or the
ridges in ridge-till systems. Some rear mounted cul-
tivators have a seat and steering mechanism to allow
working very close to the row.

Frames are of two basic types: rigid toolbars or in-
dependent parallel gangs. Usually, rigid cultivators are
constructed with several parallel toolbars so that tools
can be staggered. Staggering tools reduces opportuni-
ties for jamming with weeds, crop residue and stones.
Rigid toolbars are adequate for flat land and smooth
seedbeds. Parallel gang cultivators are more suitable in
areas with swales and rocks, and in crops where back
and dead furrows are unlikely to be worked flat during
secondary tillage. Parallel gang cultivators work better
under such conditions because the gangs for each
inter-row track the soil topography independently by
means of gauge wheels. Usually, the gangs are con-
nected to the toolbar by a parallelogram-shaped link-
age that causes the whole length of the gang to move
up or down as a unit. This prevents minor variation
in the depth of the forward tools or the gauge wheel
from creating larger changes in the depth of the rear
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tools. Usually, parallel gang cultivators are three-point
hitch mounted.

A variety of tools are available for mechanical
weed management (Table 4.3). The amount and type
of information available on these implements varies
greatly. For most equipment, comparative data are
meager, and some devices have received no scientific
study at all. Consequently, much of the information
compiled in Table 4.3 and discussed below is based on
our personal experience, derived from discussion with
farmers and colleagues who have used the implements,

or taken from manufacturers’ promotional materials.
Two excellent videos are available that show many
of these tools in action (Grubinger and Else no date,
OSU 2005).

Shovels, Sweeps and Knives

Sweeps and shovels are the most commonly used cul-
tivation tools. They are simple and durable. They vary
greatly in width, shape and pitch (Figure 4.3). General-
ly, soil movement away from the shank increases with
width and pitch of the sweep or shovel and decreases

Table 4.3: Operating Parameters, Uses and Limitations of Various Types of Mechanical Weeding Tools and Implements

Implement/ Position of  Operating Speed® Weed Size*
Tool' Action Depth’
inches mph inches
Shovels and Inter-row 15-3(4) 15-5(6) To large size
sweeps (hoes)
Rolling cultivator ~  Inter-row, 13 15-5 To 12+
— spider gangs near row,
sides of beds
Rolling cultivator ~  Inter-row 2-3(1) 15-5  To largesize
— disk gangs
Horizontal disk Inter-row 1-2.5 4-8 To16
cultivator
Rotary tiller Inter-row -3 15-5  To large size
(power hoe)
Mower, inter-row Inter-row None 25-6 To large size
Disk hillers Near row -3 16-5  To largessize
(cutaway disks)
Spyders Near row 15-37 15-5 To 12+
Basket weeder Very nearrow  15-2.5 4-6 To?2
to inter-row
Brush hoe— Very near row 1-2 -3 Uproots
horizontal axis to inter-row seedlings,
strips larger
weeds
Brush weeder— Near row, 0.5-15 0.3-25 To4
vertical axis in row
Vertical axis Near row, -3 24 To4
tine weeder in row
Torsion weeders, In row 1-1.5 15-5 Thread to
spring hoes’ cotyledon
Spinners’ In row 1-2 1.5-5 Thread to
cotyledon (5)
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Crop Size®

inches

Soil

Movement

Soil Limitations

Limit set by Toward All row crops Few soil limitations;
clearance row high residue
models available
Limit setby ~ Operator’s All row crops Tolerates moderate
clearance choice rockiness; poor
in residue
Limit setby ~ Operator’s All row crops Tolerates moderate
clearance choice rockiness and
high residue
Limit set by Toward Most row crops Tolerates moderate
clearance row residue
Limitsetby ~ Random Most row crops® Reduces soil
clearance structure
Limit set by None Most row crops Problem with
clearance surface rocks
Limit setby ~ Operator’s All row crops Few limitations
clearance choice
Limit setby  Operator’s All row crops High residue
clearance choice model available
1-10 Parallelto ~ Most row crops’, Intolerant of rocks;
row tree seedlings best with
flat seedbed
To 8 (1) Parallelto ~ Most row crops®, Tolerates wet soil;
row tree seedlings, rocks may jam
cereals shields; best with
flat seedbed
Limit setby ~ Operators  Many row crops Tolerates wet soil
clearance choice
Limit setby  Away from  Many row crops Tolerates residue
clearance row
Limit set by Slightly Most row crops®, Tolerate minor
clearance toward heavy model for  rockiness and residue
row tree and vine crops
To4(8) Minimal Many row crops’ Tolerate moderate

rockiness



Weed Size*

Operating  Speed®
Depth?

inches

Position of
Action

Implement/
Tool'

mph inches
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Soil Soil Limitations

Movement

Crop Size®

inches

Rubber finger In row 1 15-5 Thread to To 10 (16) Minimal, High value row Poor in crusted soil
weeder’ cotyledon oraway  crops, nursery stock or large pieces
from row of residue
Rubber star In row 1 1-5 Thread to Limit set by Usually Most row crops Poor in crusted soil
wheels’ cotyledon clearance toward
row
Rotary hoe Full field 1-1.5 7-13 Thread to Tol6 Random  Large seeded crops,  Tolerates moderate
cotyledon cereals rockiness; poor in
wet soil; high residue
models available
Tine weeder Full field 0.7-2 2-5(6)  Thread to To 6 (8) Random  Large seeded crops, Poor in residue
(weeding harrow) cotyledon cereals, transplants or crusted soil
Spike harrow, Full field 07-2 2-5(7)  Thread to To6 Random  Large seeded crops, Poor in residue
chain harrow cotyledon cereals
Rod weeder Full field 15-2.5 8-12  Tolargesize  Fallow, post-  Minimal Primarily dryland Tolerates residue
harvest fallow
Flame weeder Full field None 0.6-4 To2(8) Mostly pre- None Pre-emergence in Fire hazard
or in row (8) emergence; most crops; post- in residue
to large size emergence in crops
in a few crops with protected buds
Hot water Inter-row, None -4 To large size  Tall, woody None Tree and vine crops Potential for
weeder full field crops compaction
Weed puller In row None 3-5  >8tallerthan  Mid-season None Short row crops Best in slightly
crop moist soil
Mower, weed In row None 4-6  >3tallerthan  Mid-season None Short row crops Not affected by
topper crop soil conditions
Electric discharge Full field None 2-5  >3taller than To 40 None Short row crops Best with dry soil

weeder crop

'Implements are in singular form; tools that attach to another implement are given in plural. Synonyms are given in parentheses.

2Unusual operating depths that are used in some circumstances are given in parentheses.

3Unusual operating speeds that are used in some circumstances are given in parentheses. Speeds listed assume normal operating conditions and no special guidance system. Variation is largely
due to variation in crop size and skill of the operator.

“To large size” indicates that the implement is effective against even large weeds; how big a weed the implement can destroy will depend on the weed species and operating conditions, but
generally, the effectiveness of the implement is not affected by the size of the weeds. A number followed by a plus indicates that normally the machine is effective to weeds of that size, but
that in some circumstances it may be effective against larger weeds.

S“Limit set by clearance” indicates that the implement can be used until the crop has spread laterally so much that it is crushed by tractor tires, or is so tall that it will no longer pass under the

tractor axle or implement toolbar. “Mid-season” indicates that the implement will generally be used after the crop is well developed but before it is maturing, regardless of crop stature.
¢The implement is effective in most row crops but is largely limited to high value crops because of the need for time consuming adjustments or for a flat seedbed, or for its slow operating

speed, etc.

"These are high precision tools that must track the row precisely. This requires either an effective guidance system or a belly mounted cultivator.

with increasing angle between the sides. “Goosefoot”
style shovels (Figure 4.3) move less soil than sweeps.
Typical cultivators carry three to seven sweeps or shov-
els per inter-row, each mounted on a separate spring
steel shank. S-shaped (Danish) shanks allow greater
vibration, which helps bring weeds to the surface and
shake soil loose from the roots. They bend to allow the
tools to slide by stones. They may also, however, de-
flect around a well rooted weed, like a large dandelion,
rather than digging it out or cutting it off. They are less
robust than C-shaped shanks and will do a poor job if

they get bent. If you use S-shanks in rocky soil, keep a
spare or two on hand and replace bent shanks prompt-
ly to avoid crop damage. C-shanks are usually heavier
and are protected by springs or break pins, so they are
therefore better suited to cultivating untilled or very
stony ground.

Multiple shanks provide flexibility. For example,
in one experiment we used 1-inch spikes nearest the
row when corn was young to reduce soil movement
toward the row, but we changed to 4-inch sweeps to
throw more soil into the row at the second cultivation.
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Figure 4.3. (A) One gang of a parallel gang row-crop cultivator showing
C-shanks, sweeps, a gauge wheel, hilling disks and parallel linkage. (B)

Small cultivating sweeps. (C) Goosefoot shovels. (D) Cultivating spikes.
(E) Large V-sweeps and a pair of half-sweeps. lllustration by Vic Kulihin.

Minimum tillage cultivators designed to operate in
high crop residue, however, usually have a single
shank with one broad sweep per inter-row. This design
presents less metal at the ground level to snag debris
and uses a coulter in front of each shank to cut residue
so it can flow past the shank. Minimum tillage ma-
chines operate with sweeps just below the soil surface
to sever weed stems from roots with minimal soil dis-
turbance and are best suited for killing larger weeds.
However, hilling can be accomplished with wing
attachments that increase the lateral displacement of
soil or with disk hillers (see below).

Vegetable knives (beet knives) are a special type
of half sweep that is useful for cultivating close to the
crop row. They have a shallow pitch so that lateral soil
movement is relatively small. When the crop is young,
most growers run them with the knife tip pointing
toward the inter-row so that no soil is thrown onto the
young plants. When the crop gets large, you can turn
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them around so that the tips of the knives reach in
under sprawling leaves of crops like cabbage and sugar
beets. Whereas most other types of shovels and sweeps
are inter-row tools, vegetable knives are effective near-
row tools.

Horizontal Disk Cultivators

These machines are built like a typical parallel gang
row-crop cultivator, except that instead of sweeps or
shovels, they are mounted with rotating disks that travel
roughly parallel with the soil surface. The disks are de-
signed to be self-sharpening. They are tipped slightly
so that they rotate as they travel through the soil. The
disks cut through weed roots and lift the soil, causing
it to shatter and exposing near surface roots to drying.
The disks, typically three per inter-row, overlap to
ensure complete cutting of the weeds. An advantage of
the machine is that the soil experiences little inversion
and thus residue is retained on the soil surface, though
these benefits are not necessarily superior to what can
be achieved with flat sweeps. The spindles that carry
the disks are spring loaded to deflect on impact, but
high-speed encounters with rocks can damage the disks,
making the implement inappropriate for rocky soil.

Rolling Cultivators

This implement usually consists of gangs of “spider”
wheels (not to be confused with spyders, spelled with

a “y”—see below). Each gang is mounted on a separate
tube (Figure 4.4). Two gangs work each inter-row. The
spiders are ground driven and cut and dig out weeds as
they roll. Aggressiveness and amount of soil movement
are controlled by adjusting the angle relative to the di-
rection of travel (Figure 4.4). Depending on the setting
of the gangs, soil flow is strictly toward or away from
the row. The gangs can also be tilted, which makes this
the implement of choice for cultivating the sides of
raised beds. In European sources these implements are
sometimes referred to as “rotary hoes,” but they are
constructed and used very differently from the Ameri-
can rotary hoe discussed below.

Rolling cultivators are less able to dig out large
weeds than are shovel type cultivators, but they work
the soil more thoroughly for shallow cultivation. A
sweep can be mounted on alternate tubes to work the
center of the inter-row, and this is helpful for digging
out weeds that slide between the gangs. The sweeps are
also useful for ripping up tire tracks. Because soil flow



Figure 4.4. (A) Rolling cultivator. Illustration by Vic Kulihin. (B) Detail of
one spider gang.

is strictly in one direction, and because the gangs can
be tilted to work very shallowly next to the crop row,
rolling cultivators can safely cultivate closer to the crop
row than can shovel cultivators.

The rolling cultivator can be outfitted with disk
gangs for work in high residue. These chop through
dense residue without jamming, but the curvature of
the disks prevents the tools from working as close to
the row as is feasible with spider gangs.

One drawback of rolling cultivators is that the
tubes are connected to the toolbar by a hinge linkage
rather than by a parallel linkage. This does not affect
the performance of the rolling gangs much, but it
means that if the rolling gang hits a rock or hard spot,
the end of the tube rises and the sweep comes out of
the ground. Also, the hinge linkages are not heavy
enough for using the disk gangs in previously unbro-
ken ground (for example, in a ridge tilled system)
unless the soil has exceptionally good tilth.
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Rotary Tillers (Multivators)

These implements consist of gangs of PTO driven,
rotating tines that chop up weeds and mix them into
the soil (Figure 4.5). The tines are either curved or
L-shaped. In most models you can adjust the position
and width of the tilled strip. They are an alternative

to zone tillage tools for tilling strips into cover crops if
deep ripping is not desired. They are also currently the
best tools available for strip tillage into perennial living
mulches prior to planting. Their principal advantages
in cultivation are that they completely incorporate all
aboveground weed tissues, and they chop near-surface
roots and rhizomes to smaller fragments than do most
other implements. Disadvantages include relatively
slow speed compared with shovel type cultivators for
similar operations and deterioration of soil structure
that results from repeated pulverization.

Disk Hillers and Spyders
Disk hillers consist of curved disks mounted on a ver-
tical shank. Usually, they are placed in the front-most
position and next to the row on shovel type cultivators
(Figure 4.3). Early in crop growth they are set to cut
soil and weeds away from the row; later they may be
used to hill up soil around the base of the crop. They
are aggressive tools that can dig out large annual
weeds and cut the stems of rank perennials. This also
allows them to perform well in heavy crop residue.
Since they are used relatively close to the row, under-
standing the rooting habit of the crop is required to ob-
tain optimal use of disk hillers without pruning roots.
Spyders are star shaped wheels that are used in
much the same way as disk hillers (Figure 4.6). They

Figure 4.5. Rotary cultivator with shields. The arrow indicates the direc-
tion of travel. lllustration by Vic Kulihin.
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Figure 4.6. Spyders. Arrows indicate direction of travel. Illustration by Vic
Kulihin.

are somewhat similar to the spiders (spelled with an
“i”) of a rolling cultivator, but, in addition to import-
ant details of design, they are run singly rather than

in gangs. They are smaller diameter (13 inches) than
most disk hillers, which allows you to get closer to
some crops. Also, when cutting soil away from the row,
they leave a loose soil layer next to the row rather than
a bare shoulder, and this probably reduces drying in
the row. A disadvantage of spyders is that unlike a disk

hiller that cuts off crop leaves that lie in its path, the
thicker blade of the spyder grabs the leaves and drives
them into the soil. This jerks the crop plant sideways,
causing greater damage than just the loss of the leaf tip
that is actually hit. Thus, you can run spyders closer

to the row in upright crops, like leeks, than you can in
crops where leaves on the young plant spread out, like
corn or cabbage. We experimented with shields at-
tached to the spyder shank to protect crop plants from
getting snagged. They had to be set close to the ground
to push leaves of young plants aside, and consequent-
ly they jammed with stones. Shields would probably
work well in a stone free soil.

For maximum effectiveness, you should adjust
both disk hillers and spyders for angle, distance from
crop and depth. On an implement for cultivating six
or more rows, this is time consuming. We do not know
of any studies directly comparing effects of disk hillers
and spyders on different weed and crop species or
stages of weed growth.

Basket Weeders

These cultivators consist of two sets of rotating wire
cages (Figure 4.7). The forward cages are ground
driven; the rear cages are driven by a chain connected
to the forward cages, and they turn twice as fast in the
opposite direction. Penetration is very shallow (Table
4.3), but they work the soil thoroughly. Consequently,

2x gearing
spins rear shaft

Mounting frame

Ground-driven
weeding baskets

Figure 4.7. Basket weeder. The arrow indicates the direction of travel. lllustration by John Gist.
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Figure 4.8. Brush hoe. (A) rear view; (B) side view. lllustration by Vic Kulihin.

few small weeds escape substantial damage even if
they are not completely uprooted. Since the flow of soil
is strictly parallel to the crop row, the implement can
get within about 2.5 inches of the crop. Thus, it is very
useful for cultivating close to the row in young crops.
The manufacturer makes specially shaped baskets for
cultivating the sides of beds. Because the baskets must
be sized appropriately to the dimensions of the in-
ter-row, you need to have separate machines for each
row spacing. Basket weeders are not suitable for stony
ground because rocks bend the baskets out of shape
and can become caught between adjacent wires.

Brush Hoes

The standard brush hoe consists of PTO driven poly-
propylene brushes working parallel to the crop row
(Figure 4.8). These cultivators uproot small weeds and
shear off larger ones. The soil flow is primarily parallel
to the row, which, in conjunction with narrow tunnel
shields (2.5—8 inches wide) allows you to cultivate very
close to small crop plants. You need to switch to anoth-
er type of cultivator once the crop plants grow too large
to move easily through the shields.

The brush hoe resists clogging with large weeds
and debris, and works well in wet soils. An additional
advantage is that, like the basket weeder, it leaves a
loose, uniform soil surface that slows weed germi-
nation. However, because the brushes are mounted
on a common axle, the implement requires a flat
seedbed for consistent depth of operation. Working
depth declines with increasing tractor speed, and
consequently operating the implement at a high speed

is impractical. Adjusting the row spacing requires
substantial disassembly.

Because brush hoes work very close to the crop
row, they come equipped with a driver’s seat and
steering mechanism. They are thus a labor-inten-
sive implement. Moreover, when run on dry soil,
they create much dust, which makes steering the
implement unpleasant.

Torsion Weeders and Spring Hoes
Torsion weeders consist of spring steel rods that reach
within a few inches of the crop row and travel about
1 inch below the soil surface (Figure 4.9a). The com-
pressive action of the springs causes the soil in the row
to boil up, thereby heaving out weeds that are not yet
fully rooted. For weeds in the row, torsion weeders
only work against weeds in the white thread stage, or
ones that have just emerged. The tool shears off most
of the larger weeds next to the crop row. Spring hoes
work in a similar manner to torsion weeders but are
more robust and aggressive (Figure 4.9b). A smooth,
flat seedbed improves the consistency of weed control.
The inventor of these tools recommended torsion
weeders for cultivating small crop plants and spring
hoes for larger plants. We have not observed much
difference in the action of the two tools in a silt loam
soil, but action may vary with soil type. Both torsion
weeders and spring hoes usually mount on a shovel
cultivator in front of the forward shovels. These tools
may perform better if spyders are run ahead of them to
loosen the soil, but we know farmers who use the tools
successfully without spyders. Several studies have
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Figure 4.9. (A) Torsion weeders and (B) spring hoes. lllustration by Vic Kulihin.

demonstrated improved weed control and crop yield
with these tools plus spyders relative to shovel cultiva-
tors without them.

Torsion weeders and spring hoes are precision
tools that must be carefully set for depth and distance
from the row to achieve good weed control without
damaging crop plants. Consequently, they work best
when belly mounted or front mounted. With a rear
mounted cultivator, you need a guidance system. Oth-
erwise, you will have to set the tools so far apart that
the soil in the row will not boil properly. Most gang
type, rear mount cultivators do not have enough room
to mount these tools plus spyders. Since these tools
and the spyders are close to the row you still need all
the shovels. If too many tools (and the gauge wheel)
are crammed close together, the implement will jam
with weeds, crop residue or stones. One option is to
lengthen the gang bars. A more elegant solution is to
belly mount the torsion weeders (or spring hoes) and
spyders, and then use a rear mounted row-crop culti-
vator to clean out the inter-row area.

Stiff, heavy duty spring hoes are available for work
in orchards and vineyards. These scrape the soil sur-
face free of weeds in and near the row. A castor at the
tip allows the tool to bend past trunks without scraping
the bark.

Vertical Axis Tine and Brush Weeders

These machines are designed to work very close to,

or sometimes in, the row. They are rear mounted and
have a seat for an operator, though the tine type can be
locked for inter-row cultivation without an operator.
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The operator controls the position of a pair of rotating
wire baskets or polypropylene brushes that stir the soil
next to the crop. Handles allow the operator to accu-
rately control the position of the tools. For crops that
are well spaced within the row, the operator can bring
the tools fully into the crop row between plants, there-
by eliminating most in-row weeds. These are precision
implements that require operator skill for maximum
effectiveness while minimizing crop damage. The
speed of use depends on the skill of the operator.

The tine type machines have inverted baskets of
nearly vertical spring tines that aggressively stir the
soil and can uproot and break weeds of moderate size.
These machines are particularly useful in strawberry
production because, in addition to controlling weeds,
they brush runners into the crop row with little damage.
Because the operator is controlling the position of each
of the rotating baskets independently of the other, the
standard machine cultivates a single row. However, a
machine with similar operating principles but controlled
by a machine vision system can cultivate multiple rows.

The brush type machines have inverted cones
of bristles that brush the soil surface with minimal
disturbance of the soil profile. Although they can
uproot very small weeds, much of their action involves
shearing off the weeds at the soil surface. Because the
bristles flex, they can brush against the stems of some
crops with little crop damage, which allows the brush-
es to work in the crop row to control small weeds.

Spinners
These ground driven in-row weeders consist of a



basket-like arrangement of spring steel wires that
scratch laterally across the crop row (Figure 4.10).
Spinners are normally used in pairs, with the two
tools working in opposite directions across the row.
This increases the proportion of the row area that gets
worked. Usually, the depth is set so that the deepest
penetration is a little above the planting depth and
squarely in the row. Alternatively, you can set the

tool so that it penetrates deepest next to the row and
scratches across the row with an ascending or descend-
ing stroke. Either way, deeper planting allows more
aggressive weeding. Cultivation late on a sunny day,
when crop stems are less stiff, reduces mortality in
corn. Spinners are primarily effective against weeds
in the white thread to cotyledon stages and are only
safe while the crop is small. Consequently, the win-
dow of usefulness for these tools overlaps greatly with
that of rotary hoes and tine weeders. Those full-field
cultivators are easier to use but are less versatile than
spinners.

A direct strike by the tip of a wire can cut off a crop
plant. Consequently, spinners tend to thin crops like
soybeans or peas that are planted closely within the
row, but mortality from properly set tools is usually no
more than a few percent in crops spaced more than 6
inches apart in the row. Spinners should not be used
in transplanted crops until the plug is well rooted. If
set deep, spinners can be used to deliberately thin an
overly dense crop stand. Since the probability of a fatal
strike is higher where crop plants are dense, thinning a
spotty but overly dense stand with spinners results in a
more uniform spacing of crop plants.

Figure 4.10. One spinner. Normally, these are used in a staggered pair
with the two spinners scratching across the row in opposite directions.
Illustration by Vic Kulihin.
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Figure 4.11. Rubber finger weeder.

Rubber Finger Weeders and Rubber Star Wheels
Rubber finger weeders consist of two pairs of ground
driven wheels equipped with rubber-tipped fingers
that stir the surface soil in the row but bend around
well rooted crop plants. These are followed by wire
baskets that aggressively stir the area adjacent to
the row (Figure 4.11). The implement is usually belly
mounted. Single row machines can work with row
spacings as narrow as 20 inches, but cultivation of
multiple rows requires a minimum row spacing of 34
inches. This essentially limits use of the machine to
high value crops that are worth cultivating one row
at a time or to crops with wide row spacing. Although
the rubber fingers have some ability to flex, they are
sufficiently stiff to damage most young crops. Unlike
some other implements that attack weeds in the crop
row, finger weeders can be used on large, upright crop
plants. The upper limit on height is set by clearance
under the tractor. This makes them useful in nurseries.
Rubber star wheels (Figure 4.12) are similar in
concept to rubber finger weeders but are designed to
mount on a row-crop cultivator to provide in-row and
near-row weeding that cannot be achieved by sweeps
and shovels alone. The rubber stars are available with
multiple grades of stiffness, and the more flexible
versions can be used in young and relatively delicate
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Figure 4.12. Rubber star wheels. Illustration by Vic Kulihin.

crops. The more flexible the rubber is, the more the
soil in the row needs to be loose for the tools to work
well. As with torsion weeders and spring hoes, find-
ing a place to mount these tools on a cultivator gang
can be challenging. As with all in-row weeding tools,
exact guidance is required to prevent crop damage and
achieve good in-row weeding.

Pneumatic Weeders

These consist of a PTO driven air compressor leading
to a pair of small air-blast nozzles in each row. The
nozzles point toward the row but somewhat backward,
and they travel just under the soil surface. The blast
of air blows shallowly rooted weed seedlings out of
the ground, without damaging more deeply rooted
crop plants. Effective action requires a loose, friable
soil surface.

Rotary Hoes

A rotary hoe consists of one or two ranks of wheels
each bearing 16 spoon-like projections (Figure 4.13).
The wheels are attached to the toolbar by spring load-

ed arms to allow movement over obstacles. The ground

driven wheels typically penetrate to a depth of 0.8-1.5
inches and flick up soil and small weeds as they turn.
To disturb the soil effectively, you must operate the
machine at high speed (Table 4.3). This allows rap-
id treatment of large acreage. Shallow penetration
allows the wheels to contact young crop plants with
little damage.

Most rotary hoes less than 20 feet wide do not

come equipped with depth gauge wheels. If your rotary

hoe does not have gauge wheels, you should get some.
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Although soil conditions that lead to excessive pene-
tration only occur occasionally, running a rotary hoe
deeper than planting depth will badly damage the crop.
Carrying the implement on the three-point hitch is a
poor alternative to gauge wheels because at the high
speed necessary for effective operation, the tractor will
bounce, and this causes inconsistent penetration.

Rotary hoes mostly kill weeds in the white thread
stage; by one or two days after emergence, most weed
species will be sufficiently well rooted to survive.
Hence, timeliness is critical for success. When soil con-
ditions are suitable for weed germination, typically the
implement is used five days after planting and at five-
to seven-day intervals after that. Two or three passes
are usually all you can fit in before the crop will grow
large enough to be damaged. One study showed that
whereas three timely rotary hoeings reduced weed dry
weight by an average of 72% in drilled soybeans, two
untimely rotary hoeings only reduced dry weight by
38%. However, if the timing is good, most of the weed
control results from the first rotary hoeing.

Wet soil conditions reduce the effectiveness of ro-
tary hoeing. If the soil is too wet, the spoons just punch
holes in the ground rather than throwing the soil and
seedlings into the air. In addition, rainfall or irrigation
soon after rotary hoeing reduces the percentage of
weeds that dry out and die.

Figure 4.13. Rotary hoe. The arrow indicates the direction of travel.
Illustration by John Gist.



Unlike many cultivating implements that have a
long lifespan, rotary hoes wear out within a few years.
The spoon tips wear off and either tips or the whole
wheels have to be replaced. Worn tips will not throw
much soil and thus make the implement ineffective.

Tine Weeders (Weeding Harrows)

These implements vary greatly in design, but all con-
sist of a frame with many downward pointing, small
diameter tines (Figure 4.14). These machines are a key
element in weed management on many organic grain
and vegetable farms. Although some growers still use
chain harrows and spike tooth or peg tooth harrows
for weed control, these more traditional designs are
rapidly being replaced by tine weeders. The tines on
tine weeders are usually flexible spring steel wires,
typically 0.19—0.38 inch in diameter. The popularity
of this implement comes from the ability to adjust the
tine angle and the down-pressure, and hence aggres-
siveness, coupled with the ability of the tines to spring
around well rooted crop plants. Also, the springiness
of the tines causes them to vibrate from side to side,
which helps shake the weeds free from the soil. Unlike
more traditional harrows with rigid tines, they do not
throw rocks onto crop plants. Tine weeders are also
sometimes called “finger weeders” but should not be
confused with rubber finger weeders.

Makes and models vary in design. Machines with
tine carriers rigidly mounted to the frame can trans-
fer weight from the tractor to force tines into the soil.
They can be used more aggressively but require careful
adjustment to avoid crop damage. Machines in which
the tine carriers are suspended from chains float on
the soil surface and are less likely to damage the crop.
Some designs lift the tine carriers on chains so they
can float but also provide means for transferring trac-
tor weight when necessary. The springiness of the tines
increases with their length and decreases with their
diameter but also depends on the type of steel and
the design of the coil. A highly flexible tine will easily
deflect around crop plants but may also leave many
weeds undisturbed. Tines may be straight or bent at an
angle from 45 to 85 degrees. A 45-degree tine will work
well in most situations. An 85-degree tine can aggres-
sively pull weeds out of taprooted crops like green
beans and soybeans but easily damages corn, trans-
planted vegetables and other crops with a diffuse root
system by hooking under the roots. Straight tines are
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Figure 4.14. A tine weeder. Illustration by Vic Kulihin.

generally less aggressive than bent tines of the same
flexibility. A stiff straight tine can bury weeds in soil
that is too damp for effective weeding with a springier
bent tine.

Generally, corn and soybeans can be tine weeded
from pre-emergence to about 77 inches, but avoid weed-
ing soybeans or other beans from ground crack until
the seed leaves are horizontal. Tine weeding is most
effective against weeds that are just emerging or are in
the white thread stage. Thus, tine weeding should be
done before the weeds are readily visible. However, if
the soil is too dry for weed seed germination, then tine
weeding may be pointless. The soil disturbance from
tine weeding will often prompt germination of a new
flush of weeds. If a pre-emergence tine weeding is done
too soon, then these weeds may emerge when the crop
is susceptible to damage. Consequently, delaying the
first tine weeding until the very first weeds emerge is
often optimal. However, effectiveness of the operation
declines rapidly once the weeds emerge, so tine weed-
ing early by one day is usually preferable to weeding
later by one day. Basically, tine weeding involves bal-
ancing timing of weed emergence, crop development,
and weather and soil conditions.

We have successfully tine weeded soybeans up un-
til the second leaves with three leaflets were beginning
to emerge. Tine weeding in soybeans can be aggressive
once the soybeans have developed deep taproots. The
aggressive tine weeding will flatten many of the weeds
that are not uprooted, and these can then be buried
by immediately throwing 1 inch of soil into the crop
row with a row-crop cultivator. When corn is between
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emergence and about two leaves, use tine weeders at a
low aggression setting to avoid killing the crop.

Regardless of the crop or the weeder, the machine
must be carefully adjusted to kill the weeds while pre-
serving the crop. The tine carriers should be level when
they are in the soil. As a general rule, the tines should
not penetrate deeper than the seeds are planted. Since
the tines bounce and seed depth varies a little, this
means the tines should be adjusted to run at least 0.5
inch above the seeding depth (even shallower in rough
or crusted conditions).

In small grains, tine weeders are most commonly
used pre-emergence or at emergence, and again when
the crop has two to four leaves. Many experienced
operators suggest waiting until oats have two to three
leaves and until barley, wheat or spelt have four leaves
before a post-emergence tine weeding. Several exten-
sive studies have demonstrated, however, that earlier
weeding can be conducted without stand loss. Whether
early post-emergence weeding is safe probably de-
pends on soil type, soil moisture and how carefully
the weeder is adjusted and operated. Waiting for the
crop to become well established is the safest course
of action, but this also allows the weeds to become
larger and more resistant to damage and soil covering.
Generally, a tine bent at 45—60 degrees works best
with small grains. An 85-degree tine tends to uproot
the grain. A straight tine works well pre-emergence but
tends to bury more plants during early post-emergence
weeding than a bent tine. Some growers also use tine
weeders to comb sprawling and vining weeds like com-
mon chickweed and catchweed bedstraw out of small
grains shortly before the stem of the grain elongates.
Several studies in small grains have shown a close re-
lation between the percentage of weed control and the
percentage of grain plants covered with soil. Conse-
quently, you may want to increase planting density to
compensate for plant loss during tine weeding. Close
spacing of plants in the row also helps deflect the tines
out of the row, thereby causing more damage to weeds
and less damage to the crop. Because of the tradeoff
between crop damage and weed control, most studies
in small grains and legumes planted at narrow row
spacings have found no consistent increase in yield
with tine weeding relative to weedy control plots, ex-
cept occasionally when the weeds are dense. This does
not mean, however, that tine weeding small grains is
useless. Generally, weed seed production in grains is
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directly related to the density of mature weeds. Tine
weeding may not improve yield of this year’s grain
crop, but it will reduce seed input and help prevent a
dangerous buildup of weeds that can affect yields in
later years.

To prevent damage to your tine weeder, always
lower it to the ground when the tractor is moving
forward. Also, avoid turning with the implement in the
ground, as this can bend the tines.

Tines wear faster on the sides than on the front or
back, leading to sharpening over time. A sharpened
tine can cut the crop. Also, it will not push enough soil
to bury weeds. Moreover, the flattening will prevent
the tine from wiggling from side to side, which is im-
portant for uprooting small weeds. When tines become
sharpened by wear, they can be clipped off. Note,
however that this changes the length of the tine and
therefore the action of the weeder. Remember that a
shorter tine is stiffer and more aggressive. Be cautious
after clipping tines until you understand how your
rejuvenated weeder will perform.

Rod Weeders

These consist of a rotating square or triangular rod
that is turned by a chain or gear drive connected to the
implement’s gauge wheels. When the rod encounters
a weed, the turning motion of the rod pushes the plant
upward out of the soil (Figure 4.15). The implement

is commonly used for fallow weed control in dryland
farming systems where land is regularly fallowed to
restore soil moisture. It is ideal for post-harvest me-
chanical weed control because it preserves and even
increases surface organic matter. However, in humid
conditions, many weeds will often reroot.

OTHER PHYSICAL WEED CONTROL DEVICES

Mowers

Mowers can be used for weed management in several
ways. They are clearly useful for preventing seed pro-
duction and suppressing perennial weeds around field
margins and in grassed alleys, particularly when these
are planted between permanent vegetable beds. A
study in Missouri showed that a mower using multiple
PTO driven string trimmers effectively controlled an-
nual weeds between the rows in a no-till system. This
implement may be useful as growers and research-
ers continue to develop increasingly reduced tillage



Figure 4.15. Rod weeder. The arrows indicate the direction of travel and
rod rotation. lllustration by Vic Kulihin.

organic cropping systems. We also know a group of
growers that put together an elevated, multiple blade
rotary mower for topping weeds that emerge through
soybeans. Such a mower would be useful for reducing
seed production by in-row escapes even in situations
where yield is not threatened. Mowers designed for
removing corn tassels during hybrid corn seed pro-
duction are ideal for cutting off weeds that emerge
above crop canopies. However, they will generally be
too expensive for most growers to purchase specifically
for weeding. Although most weed species will recover
to some extent after being topped, the reduced shade
cast on the crop can improve yield, and removing the
tops of the weeds will often substantially reduce weed
seed production.

Flame Weeders
Flame weeders briefly expose weeds to a propane or
butane flame at 1,500—-1,800°F. This damages cell
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membranes and leads to rapid dehydration. A bank

of burners can flame a wide area to kill weeds before
crop planting or before crop emergence, or to defoliate
plants prior to harvest. Flame weeding is currently the
most common way to create a true stale seedbed in

an organic cropping system. A canopy over the burn-
er that contains the heat increases efficiency when
flaming a whole bed. If you irrigate a few days before
planting, the first flush of weeds will emerge in time to
flame before the crop is up.

Burners directed toward the row can control
in-row weeds in crops that have a protected terminal
bud, like corn and leeks, and in cotton and sunflowers,
which have tough stems (Figure 4.16). Although the
range of crops that can be flame weeded after emer-
gence is limited, the value of flame weeding for those
crops is great. Flame weeding can effectively control
weeds that escape in-row cultivation and can make the
difference between a weedy and a weed free crop. Since
most of the crops that tolerate flaming require sever-
al months to mature, they tend to be crops in which
weeds go to seed. Flame weeding thus has consequenc-
es for weed management in subsequent crops. Flaming
has little effect on weed seeds that have already fallen
to the ground, however, since these are protected by
surrounding soil particles.

Shields can also be used to protect flame sensitive
crops from the direct heat of the flame and to allow
highly effective weed control close to the crop row.
Shields similar to those used for close cultivation of
small crops can be fitted on tractor mounted flame

Figure 4.16. In-row flame weeder. (A) Top view; (B) rear view. Note that the burners are staggered to avoid forcing flame up onto the crop canopy.

Illustration by Vic Kulihin.
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weeders. With a shield in place, the flame should

be directed rearward instead of toward the row as
when weeding flame tolerant crops. Fixing a wheel
and a shield to the flame wand of handheld and
push type flame weeders allows precision flaming of
small acreages.

The length of time weeds are exposed to the flame
is usually adjusted by changing the speed of move-
ment through the field. A slow speed kills better but
also uses more gas. The amount of gas required for
95% control varies substantially with weed species
and weed size. For example, control of white mus-
tard (similar to wild mustard) in the two- to four-leaf
stage required 1.5—2 times more propane per acre
than seedlings in the zero- to two-leaf stage (Ascard
1994). Many species such as common lambsquarters,
common chickweed and common groundsel are well
controlled by gas doses of less than 45 pounds per
acre when young (Ascard 1995b). In contrast, grasses,
which will generally resprout from ground level, and
broadleaf species in which the bud is protected by
tightly clustered leaf bases (for example, corn chamo-
mile and common purslane) may regrow after flaming.
Controlling such species may require multiple treat-
ments or large gas doses (Rahkonen and Vanhala 1993,
Ascard 1995b).

Flame weeding is most effective when the plant
surface is completely dry. Otherwise, vaporization of
surface moisture absorbs some of the heat and protects
the weeds. Soil moisture is not critical, but the soil
surface should be smooth. A lumpy surface will shelter
some weeds and, during in-row flaming, reflect heat up
onto sensitive parts of the crop plants.

Starting a fire is a risk with flame weeding. Partic-
ular care should be taken to avoid igniting dry grass
or brush when turning near the ends of a field. Bits
of crop residue may also catch fire, even in a relative-
ly clean tilled field. These usually quickly burn out
without damaging crops but under windy conditions
may blow away to ignite flammable materials outside
the target area. Particular care also should be taken
in small scale intensive vegetable systems where dry
crop residue or a bed mulched with straw may be near
a flamed area. Other methods of killing weeds with
heat or cold that have reduced fire danger have been
studied. These include freezing the weeds with a jet
of liquid nitrogen or with carbon dioxide snow, and
cooking the weeds with infrared radiation. The latter
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simply involves running a very hot metal plate near the
weeds. These approaches all use substantially more
energy than direct flame weeding and have not been
commercialized.

Steam and Hot Water Weeders

Like flame weeders, steam and hot water weeders kill
by disrupting plant surfaces, leading to subsequent
desiccation. Their advantage over flame weeders is that
the flame is enclosed in a boiler, which minimizes risk
of starting a fire. Their energy use, however, is several
fold higher per acre than typical flame weeders. Hot
water weeders are more energy efficient than steam
weeders because they do not bring water to a boil,

but steam weeders require a smaller volume of water.
Although hot water and steam weeders are finding
some acceptance for urban weed management, adop-
tion rates in agriculture have been low due to their
high fuel usage and the potential soil compaction from
hauling large volumes of water over tilled fields.

Electrical Discharge Weeders

The type of electric discharge weeder currently mar-
keted in the United States is used primarily to kill
weeds that escaped cultivation earlier in the season in
relatively low growing row crops like beets and beans.
They operate by bringing a high voltage electrode into
contact with weeds above the crop canopy. Electrical
resistance of the weeds causes sap to vaporize, which
disrupts tissues. The proportion of weeds that are con-
trolled decreases with increasing weed density because
many pathways for electricity to reach ground results
in a lower energy dose per plant.

The equipment consists of a horizontal charged
bar carried by a front three-point hitch or loader arms.
This electrode is powered by a PTO driven generator
and transformer carried in a cart behind the tractor.
Large tractors of 125 hp or more are required. Energy
use increases with weed density, which makes charged
bar electrical discharge weeders impractical as a pri-
mary weed management tool. However, they are cost
effective for low density populations that escape other
management measures. Operating speeds vary with
weed density and the type of weeds, from 3 to 6 mph.
Generally, slower speeds are required for grass relative
to broadleaf weeds because the electricity has to travel
down many leaves rather than a few primary stems.
Ground speed will be slow and fuel use excessive if



the weeds are wet because the moisture on the plant
surfaces provides alternative routes for the current to
travel to ground.

One study showed that an electric weeder, an
herbicide wiper and a mower all controlled seed pro-
duction of sugar beet bolters equally well, but that the
electric weeder killed more bolters than the mower and
could be used in a wider range of weather conditions
than the wiper without damaging the crop. Electric
discharge weeders are important in an integrated
weed control program because they are one of the few
implements that can remove weeds from the crop row
after the crop grows large. Removing the largest weeds
potentially improves yield in the current crop, but it
also reduces weed seed production. This can ease weed
management in subsequent crops. Because the electri-
cal discharge kills the weeds and disrupts development
of immature seeds, charged bar electrical discharge
weeders have advantages over other late season weed
management tools like raised mowers and weed pull-
ers. Electrical discharge weeders are, however, sub-
stantially more expensive to purchase and operate.

A radically different type of electrical discharge
weeder is sold in Europe. In this type of weeder, a
row of electrodes is pulled through the soil or brush
over all vegetation in an area. Models are available
for inter-row weeding and to kill weeds prior to no-
till planting of crops. It has potential for continuous
no-till organic cropping systems. However, few data
are available on horsepower requirements, fuel usage,
ground speed or effects of weed density, residue and
soil conditions on performance.

Weed Pullers

Mechanical weed pullers are another tool for removing
tall weeds that have overtopped the crop. The only ma-
chine of this sort currently on the market consists of
hydraulically driven pairs of wheels that rotate upward
over the crop row (Figure 4.17). The wheels consist of a
rubber tire either backed or fronted with a metal wheel
covered with rubber mesh. When a weed contacts the
wheels, it is drawn into them and pulled out of the
ground. The machine can be front or rear mounted
but works best in a front mounted position. It can be
attached to a front-end loader, however, so a front
three-point hitch is not required. Moist, loose soil and
dry foliage improve action. The device is most effective
against tall, fibrous stemmed species like waterhemp,
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Figure 4.17. Weed puller. Illustration by Vic Kulihin.

shattercane, volunteer corn and sugar beet bolters.
The tool is potentially effective for reducing weed seed
production if it is used before seeds have begun to
form. However, in many cases, by the time the weeds
have gotten tall enough for the puller to selectively
pull the weeds without damaging the crop, seeds will
have begun to form and will continue to develop on
the dying weeds. Crop root damage is likely to be slight
in taprooted crops like soybeans and carrots, but the
potential for root damage of fibrous-rooted crops like
tomatoes needs to be evaluated.

Abrasion Weeders

Abrasion weeders are still in the development stage
but offer potential for weed management without soil
disturbance. These weeders work like miniature sand
blasters, with an air stream directing grit at small
weeds, particularly in the crop row. The grit of choice
appears to be ground corn cobs. Trials with prototypes
have shown good control of broadleaf weeds with min-
imal damage to corn. One potential application for this
type of weeder might be supplemental weed control in
crops no-till planted into rolled cover crops.

CULTIVATOR GUIDANCE SYSTEMS

Cultivation is an exacting task that wearies the tractor
operator and can kill crop plants if you are not careful.
These problems are multiplied when you use tools that
work in or very near the crop row. Fortunately, great
progress has been made recently in automation of
implement and tractor guidance.

The simplest approach is purely mechani-
cal. Wheels mounted on the cultivator guide the
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implement by rolling along the sides of raised beds or
ridges, or else travel in furrows that are laid down by
the planter. These systems are sufficiently accurate
for cultivating at high speeds with in-row tools. They
are best adapted to rear mounted machines since the
implement must have some lateral sway relative to the
tractor. These systems are inexpensive relative to the
electronic guidance systems discussed below. Fur-
row guidance requires implements that are six rows
or wider, however, since two wheels are needed for
stability, and the tractor tires must not obliterate the
furrows. Also, if you are working with a planter-made
furrow rather than with ridges or raised beds, you need
to preserve the furrow through early season full-field
cultivations. We have done this by removing rotary hoe
wheels or raising tine weeder tines over the inter-rows
where the furrows are located (Mohler et al. 1997).
This does not reduce weed control since you will later
clean up the inter-rows with a row-crop cultivator. The
furrow also has to be recreated by the row crop cultiva-
tor for subsequent passes. You can do that by mount-
ing a furrower instead of the central sweep in the
appropriate inter-rows. Placing the guide wheels onto
the cultivator is usually easy, but mounting the furrow-
er on the planter may require substantial shop work.
In loams and clay soils, the guidance furrows can be
stabilized by running a wheel behind the furrower. An
appropriately shaped packing wheel can be construct-
ed by welding two disks together at the rims. In sandy
soils, instability of the furrow can limit the usefulness
of furrow guidance.

Three general types of electronic guidance systems
are currently in use. They are distinguished by the
type of sensors that determine the position of the crop
rows: 1) wands that sense the crop rows by physically
touching them, 2) global positioning systems (GPS)
that create an electronic map of the crop rows and 3)
machine vision systems that find the crop rows optical-
ly. Once the position of the rows is sensed, a computer
sends a signal to a steering mechanism that adjusts
the position of the cultivator. Steering devices correct
the cultivator’s position either by 1) shifting it laterally
relative to the tractor’s three-point hitch, 2) turning
it slightly using disk wheels or 3) turning the tractor
steering wheel. The last approach results in a longer
delay between error and correction on rear mounted
machines but allows the driver to watch for jamming
and other problems. It is also the only approach that
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is well adapted to belly or front mounted machines,
although in principle the first approach could work if
the implement is attached to the tractor by a laterally
sliding carriage.

The oldest electronic guidance systems use a pair
of wands that touch a pair of rows. If the cultivator
strays to one side, then one of the wands loses contact
with its row and a signal is sent to correct the cultiva-
tor position. Generally, the wands cannot sense crops
like corn and sorghum that are flexible when young
until the crop is 5—6 inches tall; beans can be detected
at 3—4 inches. Since guidance is most critical when
the crop is small, the crop size limitation on wand-
based systems restrict their usefulness. In particular,
by the time the crop is large enough to sense, many
weeds will be too large for control with in-row tools.
Some wand systems can guide electronically off of a
planter-made furrow when the crop is too small to be
sensed. However, if an adequate furrow is available,
one might as well guide the cultivator directly from
this without the wands. High weed density can also
limit the performance of wand guidance systems by
causing the wands to lose track of the crop rows.

Real-time kinematic (RTK) GPS can accurately
determine the position of a sensor to within less than
0.5 inch and can be used to guide tractors and culti-
vators. These systems greatly improve GPS accuracy
by analyzing the carrier waves from the satellites in
reference to a ground station. For cultivator guidance,
a map of the crop rows is made during planting. Sen-
sors on the tractor or cultivator then allow a computer
to direct the tractor and cultivator through the precise
electronic map of the field. If side hills are present on
the farm, a dual guidance system, in which the tractor
is guided between the crop rows and the cultivator is
independently adjusted to the proper position relative
to the crop rows, is useful. In theory, RTK GPS can
determine position with great accuracy. However,
suboptimal satellite positioning, unfavorable weather
conditions for signal transmission and the inevitable
error in translating a computer position into position-
ing a large piece of machinery reduce the accuracy of
positioning an actual implement to within 1—1.5 inches
of the crop row. This level of accuracy is sufficient for
high-speed inter-row cultivation with minimal fatigue
for the tractor operator but is not sufficiently accurate
for use with most in-row cultivating tools without risk
of crop damage.



Most machine vision guidance systems use black
and white video cameras operating in the visual spec-
trum coupled with artificial intelligence image-rec-
ognition software to distinguish the regular pattern
of plants in the crop row from weeds. These systems
work best when the crop is taller than the weeds and
the weeds have low to moderate density. Performance
is markedly better with two camera systems relative
to those with a single camera, because a single camera
can be fooled by shadows. Good machine vision sys-
tems provide enough guidance accuracy to allow use of
in-row weeding tools like rubber star wheels at speeds
up to 7 mph. For such high-speed weeding, sweeps
will usually be the most practical tool for cleaning out
the inter-row weeds. The most sophisticated trac-
tor-mounted machine vision systems distinguish indi-
vidual crop plants from weed plants and cultivate the
spaces between crop plants using reciprocating knives,
horizontal cultivating disks or rotating tines that move
in and out of the crop row.

Machine vision systems that use hyper-spectral
analysis to distinguish between hundreds of colors are
under development. Coupled with computation-in-
tensive visual recognition software, these systems can
distinguish between closely related species like toma-
toes and black nightshade. These systems could be
very useful in situations where weed density is high or
where the weeds have over-topped the crop. Another
system under development that could be useful in high
weed density situations involves the measurement of
x-ray absorption by the crop-weed canopy. Absorption
of this short wavelength electromagnetic radiation
is usually greatest in the crop row where biomass is
greatest, and thus the sensors can find the crop row
even when it is over-topped by weeds. Whether the
sophistication of hyper-spectral and short wavelength
absorption systems has value for routine cultivation
remains to be determined.

Rapid strides in artificial intelligence are leading
to the development of autonomous, self-driving robot
weeders. Multiple models of such machines should be
commercially available by the mid-2020s or sooner.
Some of these machines simply allow inter-row culti-
vation without the supervision of an operator. More
sophisticated machines can locate individual crop
plants and remove in-row weeds from between them.
Some current prototypes use a solar panel to allow
continuous operation during daylight hours without
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the need for recharging or refueling. The only robot
weeders commercially available as of the writing of
this book are small devices that wander about random-
ly, deflecting off crop plants taller than about 1 inch
while cutting weed seedlings with a tiny string trim-
mer. They are only suitable for small areas, such as a
home garden.

MATCHING THE IMPLEMENT TO THE TASK

Effective mechanical weed control typically requires
several machines. These need to be appropriate for the
type of crop, timing of crop development, tillage prac-
tices and type of weed problem. That is, you need to
integrate various mechanical weed management prac-
tices into a program appropriate for the crop and your
farm. Moreover, you need to integrate the mechanical
methods with the cultural management methods dis-
cussed in Chapter 3.

A mechanical weed management program com-
monly used by organic corn and soybean growers
in the midwestern United States consists of two to
three rotary hoeings followed by two cultivations with
sweeps or shovels. It is well adapted to both ridge
tilled and flat tilled fields. In this system the rotary
hoe reduces weed density and delays establishment
of the weeds relative to the crop. At the first inter-row
cultivation the crop is usually protected from burial
by shields, though some soil may be allowed to roll
under the shields to bury small weeds. At the second
inter-row cultivation, the grower uses the cultivator
to throw more soil around the plant bases to bury
more weeds. The machines used are simple, robust
and pulled at high speeds, allowing rapid cultivation
of large fields. The weed control may be less complete
than that achieved by more sophisticated devices, but
some weeds can be tolerated in competitive field crops.

Well managed mechanical weed control programs
in high value vegetable crops vary enormously in
detail, but many share common elements. Often the
grower uses a short-tilled fallow or stale seedbed to re-
duce initial weed density. Tine weeding of large seeded
crops or flaming of small seeded crops can then be
used to further reduce weed density before crop emer-
gence, but surprisingly few growers use these options.
After the crop is up, the emphasis is often on frequent
cultivation close to the crop row using a basket weed-
er or vegetable knives. After the crop gets large, most
growers cultivate the inter-rows with duck-foot shovels
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or sweeps. The high value of the crop often makes
hand hoeing of weeds in the crop row economically
viable. Consequently, the fields may be very clean, and
this facilitates weed management and minimizes the
cost of hand weeding in subsequent years.

You need to find the right mix of implements to
meet the particular situations presented by the soils,
climate, crops and weed species on your farm. Given
the idiosyncrasies of many cultivation tools, the equip-
ment should also match your personality and your pro-
clivity for adjusting and experimenting with machin-
ery. You will probably need multiple implements to
meet the diversity of weeding tasks that you encounter;
additional machines may be useful for saving crops in
unusual circumstances.

HOEING WEEDS

Hand hoeing is often cost effective for in-row weeding
of high value crops, especially if they are poor com-
petitors (figures 4.18, 4.19 and 4.20). Hoeing is easiest
when the weeds are still small. For example, Maine
farmer and author Eliot Coleman finds that multiple
passes hoeing small weeds is less time consuming than
hacking out large weeds in a single pass. In addition,
hoeing when the weeds are small allows you to hoe

shallowly, which prevents bringing more seeds to the
soil surface where they can establish.

Traditional chopping type hoes (figures 4.18 E, F,
H, and 4.19 D) tend to dig too deep, damage crop roots
and bring up more weed seeds. They also tend to leave
an uneven soil surface that exposes more weed seeds
to germination cues (see “Seed Germination: Why
Tillage Prompts Germination”). Stirrup hoes (Figure
4.18 K) (also called scuffle or shuffle hoes), onion hoes
(Figure 4.18 G), sweep hoes (Figure 4.18 N, O) and
diamond hoes (Figure 4.18 M) are designed to weed
shallowly and move less soil. They can cover more
ground with less effort than traditional hoe designs
if weeds are small, but they have difficulty digging
out large weeds if hoeing is delayed. Sweep hoes and
diamond hoes (Figure 4.18 N, O, M) have long handles
and a blade angle that allows reaching across a typical
vegetable bed so that the whole bed can be weeded
from one side without walking on it. They can easily
cut off a crop plant, however, if not aimed carefully.
Stirrup hoes (Figure 4.18 K), in contrast, can easily
be used close to the crop without damaging it since
the sides of the stirrup help prevent the crop from
being nicked by the blade. The wobble in the blade of
a stirrup hoe helps keep the blade horizontal as the
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Figure 4.18. Various types of long handled weeding tools. From left to right: (A) garden rake, (B) weeding rake, (C) weeding rake-shuffle hoe combination,
(D) furrowing hoe, (E) narrow garden hoe, (F) wide garden hoe, (G) onion hoe, (H) heavy chopping hoe, (1) fine-point hoe, (J) circle hoe, (K) stirrup hoe, (L)
another type of weeding rake, (M) diamond hoe, (N) narrow sweep hoe, (O) wide sweep hoe.
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Figure 4.19. Some short handled weeding tools. From left to right: (A)
weeding claw, (B) spring tine weeding claw, (C) swan weeder, (D) short
handled hoe, (E) draw knife hoe, (F) asparagus knife. Scale is 1foot.

hoe slides toward and away from the user. The circle
hoe (Figure 4.18 J) is similarly effective for precision
weeding around delicate crop plants, but its area of
coverage is small. Weeding forks, particularly those
with spring steel tines (Figure 4.18 B, C) can be used
like a precision tine weeder in taprooted crops when
they are young. An ordinary garden rake (Figure 4.18
A) can sometimes be used in the same way. Garden
rakes are also useful for loosening soil to kill small
weeds when planting a small area is delayed, for ex-
ample, when sowing parts of a bed with different herbs
at various times. Handheld, battery powered, variable
speed mini-rototillers are now available for power
assisted hoeing.

Using short handled tools for more than a few
hours is potentially damaging to the ergonomic health
of workers and should be avoided. Situations some-
times arise, however, when use of these tools is un-
avoidable without substantial crop loss. For example,
we have used swan neck weeders (Figure 4.19 C) and
short handled hoes (Figure 4.19 D) to remove weeds
from cabbage after the leaves had become too large
and brittle to allow use of stirrup hoes (our preferred
tool for this crop). If the farm manager participates in
weeding with short handled tools, he or she is likely to
take precautions to avoid the need for short handled
tools in the future!

Wheeled hoes can be used for inter-row weeding in
place of a tractor mounted cultivator on small acre-
age farms (Figure 4.21). They are several times faster
than conventional hoeing. Since hand guidance allows
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operation very close to the crop row, they can remove
weeds that tractor drawn sweeps and knives cannot get
without an expensive guidance system. A wide range
of tools can be mounted on wheel hoes, from sweeps,
to narrow tines, to stirrup hoes. The double wheel type
wheel hoe allows very close, simultaneous cultivation
on both sides of the crop. A disadvantage of wheel hoes
is that the operator generally walks close to the crop
row, creating compaction. Not only can this inhibit
crop growth, but it also helps bring on the next flush

of weeds and makes subsequent hoeing more difficult.
Battery powered wheel hoes are now available that
reduce the labor involved in pushing the hoe. If soil in
the bed is loose, the battery powered wheel hoe can be
guided from the side of the bed, thereby eliminating
the compaction problem.

Crops that you expect to hoe should be planted
with hoeing in mind. Space the crop 1—3 inches farther
apart in the row than the hoe is wide. If you plant sev-
eral rows to the bed, stagger the middle row relative to
the outer rows so that you can hoe in a cross hatched

Figure 4.20. Proper hand positions for using an onion hoe, collinear hoe
or stirrup hoe. lllustration by Vic Kulihin.
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Figure 4.21. (A) Typical wheel hoe with cultivating tines. (B) Two-wheel wheel hoe for cultivation close to the row on both sides of the row simultaneous-
ly. Other types of tools including sweeps and stirrup blades can be mounted on either type of implement.

pattern without having to try to straddle the bed. Hav-
ing hoes of several widths and types helps you match
the hoe’s action to the crop and situation. Many of the
basic principles of mechanical weeding apply to hand
hoeing as well.

CULTIVATION AND TILLAGE IN THE DARK

As explained in Chapter 2, light stimulates seed ger-
mination in many weed species. During cultivation or
tillage, seeds may be exposed to a brief flash of light
and then buried again. Consequently, tillage and cul-
tivation at night, or with implements that are covered
with light-excluding canopies, can result in a modestly
lower weed density. Nevertheless, some seeds, even of
generally light sensitive species, do not require light
for germination. Others will end up near enough to the
surface to satisfy their light requirement regardless of
how or when you do the operation. Thus, dark cultiva-
tion only reduces but does not eliminate weed emer-
gence. Probably for the same reasons, the degree of
weed reduction by dark cultivation has varied greatly
across experiments. Reductions in weed density of
20-50% relative to tillage in light are typical, but in
some experiments, no reduction was observed.

The optimum strategy for using dark cultivation
may be to perform primary tillage in the light, wait
for emergence, and then prepare the final seedbed
and plant in the dark. So far, no studies have reported
on the effectiveness of dark cultivation after plant-
ing. A possible strategy for post-planting cultivation
would be to perform tine weeding or rotary hoeing
in the dark to minimize weeds in the crop row. Early
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inter-row cultivation could then be done in the light
to help clean out the seed bank, since usually 100%
of young weeds in the inter-row can be killed by
subsequent operations.

Some species, like the pigweeds (Gallagher and
Cardina 1998), require only a very tiny amount of light
to stimulate germination. Potentially, moonlight or
light reflected from tractor headlights could be suffi-
cient to stimulate germination, and a canopy over the
implement is unlikely to provide a sufficient level of
darkness. Given that the method is ineffective against
species that are not light sensitive or those that are hy-
persensitive, and that the procedure usually provides
a relatively low reduction in weed density, the extra
bother of cultivating at night will rarely be worthwhile.

SOIL TILTH AND CULTIVATION

Good soil tilth is critical for weed management. Good
tilth helps the cultivator break weed roots free from
the soil. It also reduces the chances of knocking over
crop plants with clods. Moreover, shallowly working
tools like tine weeders is relatively ineffective in cloddy
soil because 1) seedlings emerge from greater depths
in cloddy soil, and the tools cannot reach them without
damaging the crop, 2) when clods are moved, seedlings
emerge that otherwise could not reach the soil surface,
and 3) seedlings in clods may be rolled around by the
cultivator but continue growing if rain or irrigation
eventually allows the clods to merge back into the soil.
All of these factors argue for practices that improve soil
structure, including cover crops, manuring, rotation
with sod crops and controlling wheel traffic. They also



argue for delaying tillage until soil moisture conditions
are appropriate, even if this entails a delay in planting.

Even in soil with good structure, clods will form
if the seedbed preparation is inadequate to eliminate
them. For many large seeded crops, a coarse seedbed is
not detrimental to establishment and may be beneficial
in reducing erosion. However, for the reasons men-
tioned above, a coarse seedbed is rarely advantageous
during cultivation. If the seedbed is too fine, however,
the probability of wind erosion may increase, and a
crust may form when the soil dries after rain.

Four elements are key to obtaining good soils
structure:

Avoid Working the Soil When Wet

Tillage or cultivation when the soil is wet smears the
soil below the tool, creating a sealed layer that roots
and water have difficulty penetrating. The soil chunks
that are thrown up by the implement later bake into
clods that interfere with cultivation. Moreover, pres-
sure of the implement on wet soil squeezes out pore
space, creating a massive structure that will be difficult
to work into a seedbed in the future.

Working the soil when it is wet is also a poor prac-
tice from a weed management perspective. Soil will
not flow properly off of sweeps and tines, and it will
gum up spyders and rolling gangs. Wet soil will tend to
stick to weed roots, preventing desiccation. Moreover,
weeds are more likely to reroot if the soil is wet.

Control Wheel and Foot Traffic

In vegetable systems, you can control wheel traffic

by creating permanent beds with paths between the
beds. The beds never have to be driven on. You can
sow the paths with grass and then mow periodically

to prevent weed growth. The sod will compete with
weeds between the beds, help support the weight of
the tractor and reduce muddy working conditions for
the field crew. You will, however, need to regularly
edge sod alleys to prevent grass from encroaching on
the beds. Raised beds have advantages, including early
warming in the spring and less stooping by workers
during picking. Weeding the sides of the beds will
require equipment that can disturb soil on the sides of
the beds while simultaneously pushing it up out of the
alley. Rolling cultivators and disk hillers are common-
ly used for this task. Avoid walking on the beds. Foot
traffic can create an amazing amount of compaction,
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especially when the beds have been recently tilled.

In grain crops, the traditional way of controlling
wheel traffic was to use a ridge till system. The tractor
tires always travel in the furrows between the ridges,
so that the area where the crops grow never gets com-
pacted by wheel traffic. Maintaining the ridges through
a rotation into small grain crops requires planting
arrangements that skip planting rows in the furrow.
Innovative growers are increasingly using high accura-
cy GPS systems to maintain the same wheel tracks (see
profiles of Scott Park and Carl Pepper). This approach
is applicable to complex crop rotations and a wide
range of crops. At present, however, the systems are
expensive, and this restricts use to larger farms.

Regardless of what system you use, avoid walking
and driving on the soil when it is wet. Soil strength
declines with increasing moisture content, and com-
paction from traffic thus increases with increasing soil
moisture. Combine harvesting of crops like corn and
soybeans is a frequent cause of compaction because
the soil often dries slowly in cool autumn weather and
combines are heavy machines. If combine harvesting
frequently causes ruts in a field, avoid planting late
harvested crops there. Shifting these fields to perennial
forages or early harvested row- and small-grain crops
will decrease compaction and improve mechanical
weed management.

Add Organic Matter to Soil

When compost, cover crops and mulch materials from
the previous year are incorporated into the soil, the de-
composing organic matter and the beneficial fungi that
grow on it bind soil particles into small, stable crumbs.
The spaces between crumbs allow air and water to
easily penetrate the soil and crop roots to grow rapidly.
Good crumb structure also facilitates cultivation and
formation of dust mulches. The decomposing organic
matter provides a source of nutrition for crop growth.
Since much of the benefit of organic matter additions
to the soil derive from the activity of rapid-acting
microbial populations, regular annual additions of
organic matter are better than occasional heavy pulses.
Cover crops are a particularly valuable source of soil
organic matter because they improve the soil while
growing as well as after incorporation. The fibrous
roots of grasses help bind soil into crumbs, and root
secretions from legumes also bind soil into aggregates.
Finally, taprooted cover crops like red clover and sweet
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clover penetrate and loosen the subsoil. Killing the
cover crop and leaving it on the surface as a mulch for
weed suppression will be more beneficial for surface
soil structure than incorporating it, since tillage tends
to disrupt aggregation. But either way, the soil benefits
from a cover crop.

Keep Soil Covered

Keeping the soil continuously covered with a crop,
cover crop or mulch prevents raindrops from breaking
up soil crumbs. It also prevents the soil from baking
hard in the sun. Moreover, organic materials from
cover crops and mulches provide food and cover for
earthworms. Earthworms avoid hot, dry soil and are
much more active near the surface when the soil is
covered by an organic mulch or a dense crop canopy.
Earthworms create soil pores with their burrowing
and cement soil particles into crumbs with their slime.
They also consume many weed seeds.

Keeping the soil covered has additional benefits for
weed management. Fewer weed seeds will be prompt-
ed to germinate under a cool, dark cover of crop plants
or residue, and the weeds that do emerge from the soil
will grow poorly in the low light conditions.

ENERGY USE IN PHYSICAL AND CHEMICAL
WEED MANAGEMENT

Physical weed management is often assumed to re-
quire more energy than chemical management. This
is sometimes the case, but depending on the imple-
ments and chemicals compared, the two approaches
are often surprisingly similar in energy intensity, and
sometimes the physical approach compares favorably.
Primary tillage is unquestionably energy intensive
(Table 4.4), and if perennial weeds are not an issue,
then reducing tillage will result in substantial energy
savings regardless of the overall weed management
strategy. If perennial weeds are a problem, however,
then in a chemical no-till system a glyphosate contain-
ing product like Roundup PowerMax® will probably
be used, whereas in a non-chemical system the field
will probably be moldboard plowed and then disked or
finished with a harrow before planting. Plowing plus
disking uses approximately 2.02 gallons per acre of
diesel fuel (Table 4.4). However, control of perennial
weeds with Roundup® typically requires 1—3 quarts
per acre (Monsanto 2010), and manufacturing the her-
bicide is an energy intensive process (Table 4.5). Even
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assuming a relatively low application rate for peren-
nial weed control of 1 quart per acre, manufacturing
the active ingredient (glyphosate) requires the energy
equivalent of 1.69 gallons per acre of diesel. With an
additional 0.27 gallons per acre of diesel required to
spray the herbicide (Table 4.4), chemical control of

the perennials in a no-till system requires the equiva-
lent of 1.96 gallons per acre of diesel, which is scarcely
different from the mechanical management. If a higher
rate of Roundup® or an additional herbicide is needed,
then the mechanical management is likely to be the
less energy intensive approach. Conversely, if multiple
passes with a tillage implement are required, as in a
bare fallow, then the mechanical approach may require
more energy.

Chemical and mechanical weed management in
the crop can also have similar energy requirements.
For example, a common cultivation regimen for corn
and soybeans is to rotary hoe twice and then culti-
vate with a row-crop cultivator twice (Mohler et al.
1997). From Table 4.4, this requires approximately
1.38 gallons per acre of diesel fuel. If triazine resis-
tant weeds are not present in the field, a reasonable
herbicide program for field corn might be 1 pint per
acre of an atrazine product plus 1.33 pints per acre
of Dual IT Magnum® (Table 4.5). This requires the
energy equivalent of 1.22 gallons per acre of diesel for
manufacturing the active ingredients in the herbicides
plus 0.27 gallons per acre of diesel for spraying, for
a total energy usage of 1.47 gallons per acre, slightly

Table 4.4. Energy Requirements for Tillage and Weed
Management Machinery, Given in Equivalents of
Gallons per Acre of Diesel Fuel Used"?

Tool Fuel Use

Gallons per Acre of Diesel

Moldboard plow 132
Chisel plow 0.99
Disk 0.7
Field cultivator 043
Inter-row cultivator 038
Rotary hoe 0.31
Sprayer 0.27
Flame weeder 793

'All figures are from Clements et al. (1995) except the flame weeder, which is from Ascard
(1995a).

*Fuel required for use of a harrow or tine weeder is probably similar to that for an inter-row
cultivator or rotary hoe.
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Table 4.5. Energy Embodied in the Active Ingredients of Various Common Herbicides,
Given in Equivalents of Gallons per Acre of Diesel Fuel Used per Application'

Product® Active Ingredient Typical Rate per Acre®  Energy per Application
Solve 24-D LVE 24-D Phenoxy acid 1pt 013
Banvel Dicamba Benzoic acid 4floz 01
Fusilade DX Fluazifop-butyl Aryloxyphenoxy propionate 8floz 043
Dual Il Magnum® Metolachlor Chloroacetimide 133 pt 03
Glean Chlorsulfuron Sulfonyl urea 0.66 oz 0.01
Aatrex Atrazine Triazine 1pt 031
Treflan Trifluralin Dinitroaniline 15pt 0.37
Gramoxone Paraquat Bipyridylium 35pt 133
Roundup PowerMAX® Glyphosate Organophosphorus 22floz 116
Lorox Linuron Substituted urea 1pt 048

'Energy embodied in herbicides from Green (1987), converted to diesel fuel equivalents assuming one liter of diesel = 36.4 megajoules of energy (NCCE 2009). The embodied energy in a
chemical is the cumulative energy in the form of heat and electricity required to transform and purify simple precursor molecules into the final product through many steps.

The same active ingredient may be present in several commercial products. The herbicides listed are used as examples and do not imply endorsement of any particular product.
3Application rates vary with crop, timing and target weeds. The application rates listed are typical of those used for major crops in which the herbicides are commonly used.

more than the standard cultivation practice. The usual
management for conventional soybeans is 22 ounces
per acre of Roundup®, which requires the equivalent
of 1.16 gallons per acre of diesel for manufacturing

the glyphosate plus 0.27 gallons per acre to spray the
herbicide, for a total energy usage equivalent of 1.43
gallons per acre of diesel. Again, this is slightly greater
than the standard cultivation program.

These calculations leave out some energy costs
such as the energy required to make additives like
wetting agents and to package, transport and market
the herbicides. They also leave out the energy costs of
manufacturing the cultivators and transporting them
from the factory to the farm. All of these energy costs
are relatively small on a per acre basis (Green 1987,
Clements et al. 1995), however, and would not sub-
stantially affect the comparisons above.

Obviously, both herbicides and physical weed
management programs vary greatly with crop and
region. Tank mixing multiple herbicide products and
repeat applications are common for some crops, and
some crops may be cultivated many times. Flame
weeding has very high energy costs compared with
both mechanical and chemical approaches (Table 4.4).
In contrast with these energy intensive approaches, the
sulfonyl urea herbicides are applied at very low rates
and thus have negligible energy costs (e.g., Glean in
Table 4.5). But these herbicides are commonly used in
conjunction with others to achieve a broader spectrum
of control and are more prone than most classes of

herbicide to select for resistance. Consequently, they
cannot be considered a panacea for the problem of
energy use in weed management. Although particular
chemical and physical weed management practices use
more energy whereas others use less, neither approach
appears generally superior to the other with regard to
energy use.

As more weeds become resistant to particular
herbicides, however, additional herbicides will need to
be added to herbicide programs to obtain full spectrum
control. This seems likely to improve the energy use
advantage of mechanical weed management programs.
This will probably result in a greater integration of her-
bicide-based systems with the cultural and mechanical
systems described in this book.

SUMMARY

« Tillage and post-planting cultivation affect growing
weeds by cutting them up, burying them and uproot-
ing them so that they desiccate. They affect seeds in
the soil by changing soil properties and the position
of seeds in the soil profile.

The effect of tillage or cultivation on a weed popula-
tion depends on the interaction between the nature

of the soil disturbance and the ecological character-
istics of the weed.
The timing of a tillage or cultivation event relative to

season, weather, and the growth stage of the weeds
and the crop largely determines the effectiveness of
the procedure.
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« Mechanical weed management is most effective
when it follows a well-considered sequence of events
using a variety of implements, with each one appro-
priate to the size and species of the weeds present
and the crop being grown.

A primary way to control perennial weeds is the
repeated removal of the shoots to exhaust the stor-
age roots or rhizomes. The process is most effective
if the storage organs are first cut into small pieces
and subsequent shoot removal occurs at the point
carbohydrate reserves in the storage organs are at a
minimum. Other tactics that may be effective against
certain perennial species include drying out the stor-
age organs, exposing the storage organs to freezing
and physically removing the storage organs.

Delayed tillage and planting of spring planted crops
often reduces subsequent weed density because

the early flushes of weeds will be eliminated by

the tillage and many species of spring germinating
weeds enter secondary dormancy during hot weath-
er. Delayed tillage before planting winter grains may
similarly reduce the density of winter annuals in the
crop. Delayed tillage and planting before summer
planted crops is rarely effective for reducing subse-
quent weed density.

Tillage redistributes seeds in the soil profile, which
can change the proportion of both seeds that sur-
vive and seedlings that emerge. Moldboard plowing
buries most seeds on the soil surface too deeply

for subsequent emergence. If seed survival is high,
moldboard plowing the next year will bring many
seeds back to the upper part of the soil profile. Chisel
plowing, disking and rotary tillage keep a large
proportion of surface seeds in the upper part of the
soil profile. A consistent no-till system with good
weed control can exhaust the near surface seed bank,
leading to low weed pressure. If the field is regular-
ly tilled, then moldboard plowing will tend to have
lower weed emergence than other tillage systems,
particularly if it is used after seasons with high weed
seed production.

Ridge tillage reduces tillage intensity while achieving
adequate weed control. Ridges built the previous
year are scraped by an attachment on the plant-

er and rebuilt during inter-row cultivation. Ridge
scraping moves seeds shed the previous year into
the inter-row, where emerging seedlings are easily
controlled by cultivation.
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« Tilled fallows can flush seeds out of the seed bank.

Integrating tilled fallow with good cover crop man-

agement can maintain soil tilth.

In the stale seedbed technique, the soil is tilled and

firmed as for a tilled fallow, but then the weeds are
killed with a propane flame or herbicide without
further soil disturbance before planting. The absence
of soil disturbance reduces the emergence of weeds,
giving the crop a strong head start and minimizing
expensive hand weeding in high value crops.

Cultivation for weed management is guided by sever-

al simple principles:

1. The planter and any inter-row cultivator should
work the same number of rows.

2. Cultivation timing becomes increasingly critical
the closer to the row that the cultivator operates.

3. Cultivation is most effective if a size difference
between the crop and the weeds is created
and maintained.

4. Over a wide range of weed densities, cultivation
kills the same proportion of the weeds present,
but at a very high weed density, the proportion of
weeds killed declines.

5. When you intend to use an implement that
randomly kills a small proportion of the crop,
like a rotary hoe or tine weeder, you should plan
ahead by increasing your planting density to
compensate.

6. Good soil drainage and careful timing with re-
gard to changing weather and soil conditions can
improve the effectiveness of cultivation.

7. Effective cultivation requires good soil tilth and
careful seedbed preparation.

8. Using cultivators to create a 1-inch-thick layer of
loose crumbs on the soil surface (a “dust mulch”)
keeps the zone from which most weed seedlings
arise too dry for successful weed emergence.

9. Use cultivators to weed early, shallow and often.

10. To weed effectively without damaging the crop,
cultivators must be adjusted to the conditions at
hand. Generally, the importance of adjustment
is greater the closer the implement works to the
Crop row.

» A wide range of implements is available for killing

weeds within a crop. Inter-row cultivators can be
equipped with sweeps, knives, horizontal disks and
spider gangs. PTO powered tines rotating on either
horizontal or vertical axes can create intense soil



disturbance to kill weeds. Machines that work espe-
cially close to the crop row include cultivating disks,
spyders, basket weeders and weeders that use plastic
brushes. Tine weeders and rotary hoes kill weeds
regardless of their position relative to crop rows but
are aimed primarily at removing weeds from within
the row. Additional devices that kill small weeds in
the crop row include torsion weeders, spring hoes,
spinners, rubber finger weeders, rubber star wheels
and air jet weeders. All of these implements kill
weeds through soil disturbance that uproots, breaks
or buries weeds.

Additional weed control implements that do not rely
on soil disturbance include mowers, weed pullers,
electric discharge weeders, abrasion weeders, and
flame and other thermal weeders.

Each of the many machines available for managing
weeds within crops has its particular strengths and
weaknesses. Acquiring a complementary set of im-
plements appropriate for the types of weeds, crops,
soils and weather conditions on the farm is critical
for good weed management.

Guidance systems ranging from the simple and
mechanical to sophisticated computer-based sys-
tems are available to facilitate operating cultivation
equipment. Good guidance allows higher cultivat-
ing speeds with less stress on the tractor operator.
Highly precise guidance facilitates the use of in-row
cultivating tools.

Hand hoeing is frequently an economically viable
option for high value crops. The long-handled gar-
den hoe is the most widely used type of hoe, but it is
neither the fastest nor the most effective tool. Short
handled weeding tools provide greater precision, but
due to health problems associated with prolonged
stooping, they should only be used when other man-
agement options are ineffective.

Good soil tilth helps cultivators shake soil loose from
crop roots and decreases crop damage caused by
clods thrown into the crop row. Good tilth can be
achieved by regular incorporation of crop and cover
crop residue, rotation with soil building perennial
forage crops, keeping the soil covered with vegeta-
tion as much of the time as possible, and controlling
wheel and human traffic.

Although tillage during seedbed preparation is high-
ly energy intensive, energy use during common me-
chanical post-planting weed management programs

MECHANICAL AND OTHER PHYSICAL
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is similar to or even lower than the energy use
required for manufacturing and applying common
herbicide programs. As additional herbicide appli-
cations become necessary to control herbicide-resis-
tant weeds, the energy use advantage of mechanical
weed management is likely to increase.
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CHAPTER 5

Profiles of Farms with Innovative
Weed Management Practices

The farms included in this chapter were chosen for
their interesting, innovative and integrated approach
to weed management. These farms are also innovative
in a variety of other ways. Most notably, all achieve a
substantial reduction in tillage relative to otherwise
similar organic farms.

The farms include both large and small farms, and
they represent both field crop and vegetable production
systems. The farms span a wide geographical range.

THE MARTENS
Penn Yan, N.Y.

Grain, forage and
processing vegetables

Klaas Martens. Photo by Jack Waxman.

Klaas, Mary-Howell and Peter Martens grow a wide
range of grain, forage and, in some years, processing
vegetable crops on 1,700 acres of certified organic land
in the Finger Lakes region of central New York. The
Martens are widely acknowledged as leaders in the
organic farming community, and their advice is widely
sought by growers in New York and beyond. Among
the more notable aspects of their farm is the high level
of weed control. Their son, Peter, an expert in weed

management in his own right, is playing an increasing
role in the management of the farm. In addition to
farming, the Martens operate Lakeview Organic Grain,
a feed mill and organic seed company that is at the
heart of a growing organic grain and dairy industry in
central New York. Another son, Daniel, is active in the
management of the mill and seed business.

Consistently good weed management is diffi-
cult to achieve on a large organic farm in the humid
Northeast, where rain in early summer often inter-
feres with timely cultivation. Although cultivation
is a key element in the Martens’ weed management,
other elements of their farming system complement
the cultivation and help keep their fields clean. These
include a diverse crop mix, sound crop rotation,
cover cropping, timing of field operations and careful
nutrient management.

The Martens grow a wide variety of crops includ-
ing food grade soybeans, dry beans, corn, spelt, wheat,
triticale, barley, oats and, depending on market condi-
tions, cabbage, snap beans and sweet corn. Recently,
they began growing perennial and annual forages
for neighboring dairy farms. They regularly experi-
ment with new crops like hull-less oats and edamame
soybeans. Their clean fields and careful management
allow them to sell much of the harvest as certified seed
to other growers through their seed company. The high
diversity of crops they grow spreads out the workload,
making timely cultivation more feasible. In addition,
the wide range of crops provides a variety of oppor-
tunities for disrupting weed life cycles. For example,
the cabbage is sufficiently high value that they can
justify hiring a crew to hoe it, and this provides a level
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of weed control that is rare on a farm growing only
grain crops.

For many years, their basic crop rotation was
soybeans, then a small grain overseeded with red clo-
ver, followed by a heavy feeding row crop like corn or
cabbage. They sometimes departed from this sequence
due to weather, market demands and other consider-
ations, but it provided a framework for planning their
assignment of crops to fields each year. This rotation
helped control weeds. The alternation of winter grains
with spring sown row crops helps control both spring
and fall germinating weeds. By the time spring germi-
nating weeds begin to establish, the winter grains are
growing vigorously and competitively suppress these
weeds. The Martens usually overseed the winter grains
with red clover while the ground is still frozen. The
clover thus establishes early and competes with weeds
as the grain begins to dry down and becomes less com-
petitive. After the grain is harvested, they wait until
the weeds begin to flower and then mow the weeds and
clover at 4—6 inches. By waiting until the weeds start
to mature, they reduce the weeds’ ability to sprout
from below the mowing height while ensuring a high
vigor in the clover. Consequently, few weeds produce
seeds during a year with winter grain.

By the time the clover is plowed under for plant-
ing corn or another heavy feeding crop, it has had a
full year to fix nitrogen. As a result, the Martens only
need a little organic fertilizer in the seed box to get
high corn yields. The soybeans usually do not receive
fertilizer, but based on results of a Cornell University
organic cropping systems experiment (Caldwell 2016),
they have been applying manure before planting
winter grains.

The disruption of life cycles created by high crop
diversity and crop rotation, coupled with minimal
use of soluble fertilizers, has prevented any one weed
species from becoming a severe problem on the farm.
In 2002 and 2003 several scientists, including the
authors, studied most aspects of the Martens’ opera-
tion, including the weeds in their fields. A list of the
three most abundant weeds in each of five key crops
(soybeans, corn, spelt, cabbage and snap beans) in-
cluded 15 species, an unusually diverse community for
a farm. Common lambsquarters, quackgrass, ragweed
and giant foxtail were among the most commonly
encountered species, yet none of these weeds were very
productive. Weed dry weight in the field crops rarely
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exceeded 300 pounds per acre and was often much
less, though a few fields had moderately high weed

dry weight in the 500—1,200 pounds per acre range.
Weeds in the vegetables never exceeded 100 pounds
per acre and were usually less than 10 pounds per acre.

In recent years, the Martens developed innovative
cooperative agreements with three small dairy farms
in the neighborhood. In this arrangement, the Martens
supply all of the forage, grain concentrate and bedding
needed by the dairy farms in exchange for a percentage
of the milk check. The arrangement gives the Martens
an incentive to provide the highest quality feed for
the cows and ensures high productivity of the organic
dairy herds. The addition of forage crops to the farm
has further increased crop diversity and provided new
crop rotation opportunities. For example, black turtle
beans can be grown after triticale harvested for forage,
and brown mid-rib (BMR) sorghum-sudangrass can
be grown after a winter barley crop. Double cropping
forages with grains not only increases the profitabili-
ty of the farm, but it also provides new opportunities
for interrupting weed life cycles. The Martens avoid
growing corn for silage. Klaas believes that the annual
forages they grow produce higher quality forage and
that, by double cropping them with grains, the prof-
itability is greater. With the increased crop diversity,
they now largely avoid growing soybeans after corn,
which he says sets the soil up for erosion.

As an additional consequence of the Martens’
close relationship with the neighboring dairy farms,
they now raise 70 replacement heifers. Raising heifers
allows them to keep three fields in a creek floodplain
in permanent pasture. Rather than losing soil during
flood events, they now capture soil with permanent
grass sod. Any new weed species arriving in the flood-
water is much less likely to establish in a grazed and
trampled pasture than in an arable field. They also
graze the heifers on cover crops. This allows them to
incorporate the cover crops without mowing first.

Since the Martens take back the manure from the
dairy barns, they are able to close the nutrient cycles
on the farm in a way that was impossible when they
concentrated on cash crops. The grain going to their
mill and seed company slowly draws down the excess
P and K from an earlier era. This reduces the vigor of
many weed species relative to farms that regularly ap-
ply high rates of off-farm manure as a nitrogen source.

The great diversity of their crop mix allows them



opportunities to plant a rye cover crop before soy-
beans. They then roll down the rye with a roller-crimp-
er on the front of the tractor and drill the soybeans
into rolled down rye in a single pass. This practice was
not feasible when the soybeans followed corn since

the corn was harvested too late to plant the rye. The
absence of soil disturbance and the temperature-mod-
erating effect of the rye avoids triggering weed seed
germination. Their Great Plains drill has a 5-inch
spacing between the openers, which leads to rapid can-
opy closure to suppress any weeds that break through
the rye mulch. In the occasional year with a spring
drought, the rye can dry out the soil enough to prevent
good soybean emergence. In dry springs, they cut the
rye for silage to avoid this problem.

Although the Martens use a multi-tactic approach
to weed management, their innovative mechanical
methods distinguish them from other growers in the
Northeast. Early season in-row weed management is
critical for successful weed control in field crops, and
Klaas and Peter have become experts in the art of tine
weeding. They believe that different situations require
different machines. For soybeans and beans, which
have a deep taproot, they often use a Lely, because the
close spacing of the 85-degree tines allows aggressive
uprooting of weeds, but the flexibility of the thin Lely
tines allows them to bend around the relatively brittle
beans. After dissatisfaction with the performance of
the Lely and a straight tine Kovar in corn, Klaas asked
the Kovar Co. to make him a weeder with a 45-degree
tine. The shallower bend avoids uprooting of young
corn but is more aggressive than the straight tine. The
45-degree Kovar weeder is now marketed nationally.
When soil is relatively wet, the Martens shift to the
straight tine Kovar. Klaas points out that uprooted
weeds do not dry out when the soil is damp, so the
objective then is to bury small seedlings. The straight
tine more effectively throws a wake of soil than a bent
tine. They also bought a set of Einboch gangs that they
have adapted to mount on a Kovar frame. Multiple
machines and careful set up adjustments optimize tine
weeding in a variety of crops and soil conditions.

The Martens have a good farm shop with substan-
tial capacity for fabrication. And they use it. Among
their more important creations are several 6-row belly-
mounted cultivators they have fabricated out of older
machines. These were the mainstay of their row-
crop cultivation for many years. The belly mounted
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machines carry two gang bars per row, with each gang
pulling just a single half sweep next to the row. This
configuration allows each sweep to have its own gauge
wheel, so if a gauge wheel goes over a rock, only one
sweep comes up out of the ground. More important-
ly, however, the belly mounted cultivators allow the
Martens to cultivate close to young crops early in the
season. Such exact cultivation would be impossible
with a rear-mounted cultivator alone. To rip out weeds
in the inter-row area, however, they do pull a three-
point hitch mounted cultivator with heavy C-shanks.
Klaas prefers C-shanks to S-shanks because he says
weeds can slip between the shovels on the more flexi-
ble S-shanks.

Although a lot of the Martens’ soybeans are now
no-till planted into rolled down rye, they still cultivate
many row crops. After poor satisfaction with RTK GPS
guidance for cultivation, they purchased a machine
vision system for a 6-row rear mounted cultivator.
The machine vision system has two cameras that focus
on different rows. Klaas says that this arrangement
prevents a single camera from becoming confused by
shadows, weedy patches and thin places in a row. The
high accuracy of the machine vision system allows
Klaas and Peter to run Kress rubber star wheels in
the crop row. Klaas says that this often allows them to
skip the final tine weeding. Although they still use the
belly mounted cultivators, Klaas says that the machine
vision system allows them to cultivate four times faster
and requires less skill to operate.

Although they do not currently use RTK GPS
when cultivating, they find it very useful for planting
accurately. Much of their planting is done with a 240
horsepower, GPS guided Fendt tractor. They have fit-
ted an in-line disk and power harrow with three-point
hitches, which carry either their Great Plains drill or
Case IH planter units, depending on the crop being
planted. To balance the weight, they feed the drill or
planter from Amazone air-seeder boxes on the front of
the tractor. The tractor is sufficiently heavy and pow-
erful to pick up both the tillage implement and drill or
planter. This system allows them to till and plant in a
single pass. Although the tractor is heavy, they reduce
potential compaction using dual rear wheels and low-
ering the tire pressure to 13 pounds per square inch.
More critically, their single pass tillage and planting
system avoids the compaction associated with driving
over tilled ground for secondary tillage and planting.
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GPS guidance during planting allows precise place-
ment of successive passes, which facilitates subsequent
good cultivation of the guess rows. GPS guidance

also allows precise planting along strip edges. Before
they had the GPS guidance, the strip edges tended to
become weedy because the edge row would get off into
the adjacent strip. That problem has now been solved.
But Klaas warns that the tradeoff for the accuracy of
GPS and machine vision is the considerable effort of
programming computers and maintaining the effec-
tiveness of sensors.

In the rare event that an unacceptable number of
weeds survive cultivation and break through the cano-
py of a soybean or bean crop, the Martens use a home-
made “weed-topper” to cut off the flowering stalks
before they can set seed. This tool consists of a hydrau-
lically adjustable front-mounted toolbar equipped with
rotary mower blades. Each blade is driven by a sepa-
rate hydraulic motor, and alternation of shorter and
longer shafts allows overlap of adjacent blades. The
weed topper reduces competition with the crop, debris
in the harvested beans and the number of weeds that
have to be managed in the succeeding crops.

A critical component in the Martens’ weed man-
agement program is vigorous crops. They maintain
and adjust their planters to get solid stands without
skips. This denies weeds gaps where they could prolif-
erate. They also usually delay corn planting until the
second half of May. This allows more time for clover to
grow. In addition, the warm soil of late spring reduces
seed rot of their untreated organic seed and promotes
quick emergence and fast early growth. This allows a
good head start on the weeds and maximizes the effec-
tiveness of their mechanical management.

The Martens’ feed mill and seed business, Lakev-
iew Organic Grain, is a key part of their farm op-
eration. It provides a market for the wide range of
crops they produce, thereby contributing to the high
diversity of their cropping system. As an independent
business, Lakeview now dwarfs the farm in sales and
its grain purchases provide a stable market for organic
grain growers across New York State. Lakeview ships
the feed it produces in bulk throughout most of New
York and much of Pennsylvania, and they ship palleted
bag feed throughout the Northeast. The seed wing
of the business provides growers with an extensive
range of certified organic and untreated conventional
grain, forage and cover crop seed. They also sell animal
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health care products. The Martens feel they have a
mission to foster organic agriculture in their region. As
a consequence, they try hard to maintain relatively sta-
ble prices both for their customers and for the farmers
they buy from.

Through a variety of good farm management prac-
tices, coupled with careful attention to the details of
cultivation, the Martens achieve a level of weed control
that makes their advice sought after by farmers across
the continent. Their enthusiasm for organic farming
and generosity of spirit leads them to answer dozens
of questions a week from farmers and agricultural pro-
fessionals. The Lakeview newsletter includes not just
the usual company price list but also provides many
pages of useful information about feeding practices,
animal health, the agronomy of various crops and the
results of the many experiments they conduct on their
farm. They invite people to call and ask questions.
Working while talking on a cell phone has become a
way of life. They were also the guiding force behind the
creation of New York Certified Organic (NYCO), a large
group of growers that meets three times each winter
to hear guest speakers and discuss a wide range of
farming issues. When a grower is facing a particularly
difficult problem, one of the Martens frequently has a
helpful suggestion.

PAUL MUGGE
Sutherland, lowa
Soybeans, corn and
small grains

Photo by Gene Lucht, lowa Farmer Today.

Paul Mugge grows 300 acres of certified organic soy-
beans, corn and small grains in northwest Iowa. After
decades following low-spray practices and relying
largely on organic fertility sources, he decided to take
the farm organic in the late 1990s. His first acreage
was certified in 2000, and the whole farm has been



certified since 2002. When he decided to get out of
pork production in 2007, he expanded his acreage
from the 300-acre home farm and began organically
custom cropping an additional 500 acres owned by a
local egg producer. Mugge discontinued operating that
farm a few years later to concentrate on his home farm.

Mugge rotates tillage practices as well as crops. He
believes that changing between spring and fall planted
crops and between row- and solid-seeded crops helps
him suppress weeds. His basic crop rotation is corn-
soybeans-small grain-corn. The corn and soybeans
are planted on 30-inch centers, which allows effective
inter-row cultivation, and the fall planted cereals sup-
press spring germinating weeds. The small grain slot
in the rotation is often fall sown triticale or wheat. He
also grows spring wheat, oats and barley. He overseeds
12—14 pounds per acre of medium red clover onto his
winter grains with a spinner as early as possible in
the spring. He tries to broadcast the clover while the
ground is still frozen, but as often as not the weather
takes his fields directly from snow to mud. He says that
even sowing later when the ground is drying consis-
tently produces a good stand. The spring grains are
also seeded with clover. For the spring crops, he puts
the clover in the grass seed box of his John Deere drill
and plants the grain and clover in a single pass.

Although his crop rotation is not unusual among
organic grain growers in the northern half of the Unit-
ed States, the tillage methods Mugge uses within this
rotation are highly innovative. He had trouble killing
the red clover varieties available in Iowa in the spring
before corn planting without a moldboard plow. So, he
began planting a southern clover variety, “Cherokee,”
which he later replaced with “Southern Belle,” a variety
that has better seed availability. These southern clover
varieties weaken during the cold Iowa winters. With
the clover winter damaged, he found he could incorpo-
rate it with just a disk and field cultivator.

The backbone of Mugge’s tillage rotation, how-
ever, is ridge-tillage planting of soybeans. He begins
the year before by building ridges in the corn with the
hilling disks on his Buffalo single sweep cultivator.
This not only buries weeds in the corn row but also
provides a 6-inch ridge for the following year. He add-
ed spacers to the front and rear wheels on his combine
so that the wheels travel in the valleys between ridges.
The 26-inch-wide tires on the combine nip the edges
of the ridges a bit, but for the most part the ridges are
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well preserved. Mugge believes that ridge-tillage has
reduced grass weeds on his farm.

The fall grain is no-till drilled immediately follow-
ing the soybean harvest. The no-till drill is adjusted so
that the height of the leading coulters matches the height
of the ridges left behind from cultivating the soybeans.
In this way the seeding depth of the grain is uniform
across the width of the drill, and the ridges and residue
cover are maintained. The grain is overseeded in the
spring with the red clover. Corn follows the small grain.
The clover is incorporated with disks and a field culti-
vator, which prepares a seedbed for corn. This tillage
rotation has allowed Mugge to move completely away
from high-draft chisel and moldboard plowing. He
finds the ridge tillage soybean system particularly ben-
eficial. “Ridge till saves a lot of fuel and a lot of time,
and it’s good for soil conservation,” Mugge says. “On
the contours it’s like a mini-terrace every 30 inches.”

All Mugge’s implements are 30 feet wide, with the
planters and row crop cultivators set up for 12 rows
on 30-inch spacing. In addition to his Buffalo planter
and cultivator, he has a White planter that he uses
for corn and an International cultivator set up with
three shanks per row. He has a Yetter rotary hoe with
staggered, self-cleaning wheel arrangement that allows
it to be used in high residue conditions. He also has an
Einbock tine weeder that he uses primarily in corn.

Mugge usually uses his Einbock tine weeder two to
three times in corn, both before and after emergence.
If the soil crusts, he uses the rotary hoe instead of the
tine weeder. His first inter-row cultivation is with the
International, which throws some soil off the front
sweeps into the row to bury small weed seedlings. At
the second and last cultivation, he switches to the Buf-
falo to really hill up around the corn to bury even some
larger weeds and create the ridge for next year’s soy-
beans. Mugge has found that staggering the disk hillers
on the Buffalo by 2 feet really improves weed control
in the row. The forward disk knocks the seedlings over,
and then the rear disk covers them up.

In the soybeans, Mugge rotary hoes once and, if
possible, twice before emergence at three- to four-
day intervals. Then after the soybeans are up, he
rotary hoes again. In contrast with the corn, his first
two cultivations in the soybeans are with the Buffalo
cultivator because it is better able to handle the heavy
corn residue that is in the inter-row areas. To make the
corn residue easier to handle, he has installed Calmer
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stalk rolls on the combine corn head that chop up the
stalks. At the final cultivation, the residue has broken
down, and he uses the International because it can
cultivate closer to the crop row. Mugge uses RTK GPS
guidance to steer the tractor between the crop rows.
He also has cultivating mirrors on both sides of his
tractor that allow him to see the position of the culti-
vator well enough that he can cultivate within one inch
of the crop row. If the cultivator drifts out of optimal
position, he manually overrides the GPS guidance to
re-center the sweeps on the row. Mugge warns, how-
ever, that if the wind is from behind, dust raised by the
cultivator can obscure the mirrors.

Mugge has a flame weeder that he uses on both
corn and soybeans if some extra weed control is
needed. He flames the soybeans at the cotyledon stage.
The soybeans get a little singed but recover. He flames
the corn when it is 18—30 inches tall. By this stage,
the leaves are above the flames and the stalks resist
the heat. This treatment kills many of the weeds that
escaped cultivation and reduces both competition with
the corn and production of weed seeds that could in-
fest subsequent crops. He says that flame weeding has
a lot of potential, but learning to do it well is difficult.

Mugge does not tine weed or rotary hoe his small
grain crops because that would disturb the clover.
Annual weeds rarely get a chance to go to seed in his
grain fields, however, because weeds that bounce back
after combining get mowed again in August. The rapid
regrowth of the clover suppresses them after that.

Mugge teaches physics and advanced mathematics
courses part-time at the local high school. “This keeps
my mind active,” he says. Teaching also lets him get
to know a lot of high school students, some of whom
he hires in the summer to pull weeds in his soybeans.
“Back before herbicides, most farmers used to walk
their beans, but people have gotten away from that
now.” Mugge’s soybeans are all high protein, food
grade beans. Keeping the fields free of weeds reduces
staining of the beans during harvest and allows him to
sell a premium product to highly discriminating cus-
tomers. The hand weeding also leads to very low weed
seed production during the soybean phase of the crop
rotation. This leads to a small weed seed bank on the
soil surface, which makes a successful no-till planted
grain possible.

Mugge’s training as an engineer and his interest
in science led him to regularly experiment with new
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farming practices. He has been participating in on-
farm trials with Practical Farmers of Iowa for more
than 25 years. These experiments are frequently
well-designed trials that are suitable for the statistical
analyses he teaches his students. In 2010 he collabo-
rated with Iowa State University plant breeders on a
trial of an aphid resistant soybean variety. “It wasn’t
a bad year for aphids, so it wasn’t a good test,” Mug-
ge says, “but the new variety hardly had any aphids,
whereas the strain without the aphid resistant genes
had around 100 per plant.” All his soybeans now have
the two-gene resistance trait, and much of his crop is
sold as seed to other growers.

The increase in extreme weather events in recent
years has been a challenge for farmers across the
country, and Iowan farmers have suffered more than
most. Mugge has been more fortunate than some with
flood prone land. But he notes that the 5 inches of rain
that he got in early October 2019 made harvesting
high-quality soybeans for seed difficult. No farmer
can make the weather cooperate with his plans, but
Mugge’s innovative methods and continuing willing-
ness to tinker with his systems increase the resiliency
of his operation.

ERIC AND
ANNE NORDELL
Beech Grove Farm
Trout Run, Penn.

Fresh market vegetables
and herbs

Photo courtesy the Nordells.

Eric and Anne Nordell summarize their weed man-
agement philosophy as “weed the soil, not the crop.”
When they bought their 9o-acre farm in the rolling
hills of northern Pennsylvania in 1982, they made
several decisions: They would farm with horses; they
would farm organically; and they would avoid hiring
laborers. They quickly realized that avoiding hired
labor meant that they needed to get the weeds under
control at the outset and keep them under control



permanently. Otherwise, they would either work them-
selves to exhaustion or have to hire in help.

Since the ground where they planned to grow
vegetables had been in hay for many years, the field
was thick with quackgrass and other perennials. So,
they planted high value herbs in a half-acre field and
fallowed the six-acre area where they planned to grow
vegetables. Plowing followed by repeated harrowing
exhausted and dried out the quackgrass rhizomes
while flushing out and killing a lot of annual weed
seeds. To compensate for a potential decline in soil
quality due to the fallowing, and to smother out re-
maining quackgrass, they planted a thick cover crop of
rye early that fall.

The success of the fallowing/cover crop treatment
led to development of a weed suppressive crop rotation
scheme in which cash crops alternate with years of
cover crops and fallow. “Instead of relying on the culti-
vator or the hoe to save the crop from the weeds,” they
say, “we use cultural practices, including cover crop-
ping, bare fallow periods, rotation and shallow tillage
to reduce the overall weed pressure in the soil” (Nor-
dell and Nordell 2007). This approach to weed man-
agement has reduced weed pressure on the farm to
extraordinarily low levels. One of the authors crawled
down 40 feet of un-hoed lettuce about ready for har-
vest in 2003 and only found a single common chick-
weed and one volunteer rye plant, each about 2 inches
tall. The weeds are so well controlled that the Nordells
now commonly plant onions without tillage, a practice
that would be unthinkable on most vegetable farms.

The key to their weed management program is
alternating cash crops with bare fallows and weed
suppressive cover crops in a regular but flexible four-
year crop rotation (Figure 5.1). They have divided
their vegetable field into 12 half-acre strips. Thus, in
any given year, they plant each of the four sets of crop
categories in the rotation in three field sections (Figure
5.2). Each year, the crop categories move to the right
in Figure 5.2 by one section. The rotation is deliberate
and systematic, but it is also highly flexible. They can
adjust the species and amount of various crops within
any of the three early sections to respond to weather
conditions and market opportunities. Similarly, they
can adjust the late crops as necessary.

Following a bare fallow in the summer of year one,
they plant a rye/hairy vetch cover crop. The absence of
a cash crop in year 1 allows them to plant the vetch in
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Figure 5.1. The crop rotation clock at Beech Grove Farm.

mid-August for optimum growth before winter. Good
growth in the fall means that they can mow and plow
under the rye/hairy vetch cover crop early in year two
and still build soil structure. For early summer crops,
they incorporate the cover crop in April and use some
compost for supplementary nitrogen. For later planted
crops they incorporate the cover crops in May after
the vetch has fixed substantial nitrogen. Although the
surface soil is inverted with a moldboard plow, when
incorporating the rye and vetch in early spring, they
disturb only about the top 3 inches, an operation they
call “skim plowing.” They use disks to incorporate the
heavier cover crop biomass in late spring. They then
fallow the field for about six weeks before planting
their late planted crops. This fallow period provides
an opportunity to flush out cool-season-germinating
weeds like common chickweed. A wide range of crops
can go into the late crop slot, from squash or a summer
planting of lettuce to fall harvested broccoli. After the
late crops are harvested, they till shallowly and plant
rye. If they plan to harvest the crop late in the fall, they
interplant a row of rye between the crop rows after the
last cultivation. This does not compete with the crop
but tillers and eventually sprawls out to provide good
soil cover over the winter.

Year three of the rotation is devoted to fallow and
cover crops. The Nordells mow the rye two to three
times in the spring before it begins to head. This
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Rotation direction

. D
Field 1 2 3 4 5 6 7 8 9 10 n 12
Initial Rye> |Rye& |[Rye> Dead |Rye> Rye & |Rye> Dead |Rye> Rye & |Rye> Dead
cover crop hairy oats & hairy oats & hairy oats &
vetch» peas> vetch» peas> vetch» peas>
fallow» fallow>» fallow>»
Year type Fallow> |(Fallow)>|Fallow> |Early  |Fallow> |(Fallow)>|Fallow> |Early Fallow> |(Fallow)>|Fallow> |[Early
late cash late cash late cash
cash crops> cash crops» cash crops»
crops fallow> crops fallow> crops fallow>
Final Rye & |Rye Oats & |Rye Rye & |Rye Oats & (Rye Rye & [Rye Oats & |Rye
cover crop hairy field hairy field hairy field
vetch peas vetch peas vetch peas
gillat e Deep |(Shallow |Deep |Shallow [Deep |[Shallow |Deep |Shallow [Deep |Shallow [Deep [Shallow
ep
Example Potatoes Lettuce Squash Onions Fall cole Herbs
cash crops peas celery crops flowers
spinach lettuce
spinach

Figure 5.2. Field layout showing cash crops, cover crops, fallow periods and tillage depth for incorporation of the cover crops in the spring for the 12 half-
acre field sections at Beech Grove Farm. Crops move to the right one section each year. The cash crops in any given position vary flexibly, and the specific
crops indicated are only typical examples. Fallow in parentheses indicates that the fallow period may or may not take place depending on the timing of

the planting of the subsequent cash crop.

promotes rapid regrowth and prolongs the growth of
the rye well into June. In late June or early July, they
moldboard plow in the rye. They then shallowly till
with a spring tooth harrow if the residue is light or
with a field cultivator if the residue is heavy, at about
10- to 14-day intervals until the time comes to plant
the fall cover crop. In the first year the Nordells farmed
the field, they maintained the fallow for three months.
As the weeds declined, they have reduced the summer
fallow period to as little as three weeks. When they
were still fighting quackgrass, they used a spring tooth
harrow to work the rhizomes to the surface and shake
the soil free from the roots. In later years they have
often pulled a cultipacker behind the spring tooth har-
row or field cultivator. This combination produces a
firm seedbed that promotes germination of weed seeds
so they can be eliminated with the next cultivation.
After the fallow period, the farm broadcasts and works
in oats and field peas in early August. If done poorly,
broadcast seeding can produce a patchy stand. In the
hands of the Nordells, however, broadcast seeding
produces a more uniformly spaced stand than drilling
could, and consequently the cover crop canopy quickly
closes to smother late emerging weeds. Increasingly
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they now create ridges with disk hillers after broad-
casting the oats and peas, in preparation for ridge
planted crops the next year. The oats and peas produce
a dense, lush growth before being killed by frost in

late fall.

They grow early planted crops in year 4 of the
rotation. These include peas, spinach and early let-
tuce but especially onions, which are one of the farm’s
specialties. If the field section was ridged the year
before, they scrape off the tops of the ridges to create
narrow bands of bare soil for planting. The raised ridge
warms quickly and promotes rapid early growth for the
early planted crops. They disk lightly field sections that
are planted “on the flat” to break up the oat and pea
residue, and they then undercut any weeds with broad,
widely spaced sweeps on a field cultivator. This shallow
tillage avoids bringing up weed seeds into the surface
zone that was cleaned by the fallowing the previous
year. They follow the early planted crops with rye or a
mixture of rye and spelt. The winter grain cover crop
is mowed two or three times the following spring (the
beginning of year one of the rotation). They eventually
incorporate the cover crop by plowing and then begin
the fallow period.



The Nordells adjust both the length and timing of
the fallow as necessary to arrest potential weed prob-
lems before they develop. If weeds are increasing, they
will lengthen the fallow period. In contrast, if weeds
are virtually absent from a strip, the fallow will be
short and cover crops will be left on the field for more
of the season. They shift the fallow period from summer
to spring if cool season annuals appear to be increasing.

Although the Nordells cultivate both early and late
planted vegetables, they emphasize that this is large-
ly to conserve soil moisture. The cultivation creates
a shallow “dust mulch” that interrupts capillary flow
of water to the soil surface. Also, they usually stop
cultivating two to six weeks after planting to interseed
a single row of rye or hairy vetch between the rows.
Often, no cultivation for weed control would be needed
to achieve high yields.

Eliminating any weeds that do emerge is import-
ant, however, to prevent seed production. If necessary,
the Nordells hand rogue out any weeds that threaten
to produce seeds. The weeds are so well controlled by
other means that the time required for hand weeding
is minimal, but the Nordells are very consistent in
preventing weeds from going to seed. Their system de-
pends on this consistency. The fallow periods eliminate
a large percentage of the surface seed bank. If many
seeds were allowed to enter the soil during vegetable
years, their weed problems following the fallow year,
though reduced, would still require much cultivation
and hoeing in later crops.

Note that the Nordells do not use a nitrogen fixing
cover crop like hairy vetch before the long summer
fallow periods (Figure 5.1). No crops are present
during the fallow to take up the nitrogen. In addition
to creating potential environmental problems, excess
nitrogen would tend to promote weeds. Instead, they
strategically position the nitrogen fixing cover crops
prior to the vegetable crops that can use the nitrogen.
By supplying most of their crops’ nitrogen require-
ments with legume cover crops, the Nordells avoid
the need for large amounts of compost. Low compost
rates have prevented the build up of excessive levels of
phosphorus and potassium that would promote weeds
like purslane and hairy galinsoga. Research at Cornell
has shown that the Nordells’ farming system maintains
a balance between inputs and exports of N, P and K.

The Nordells’ whole-farm approach to weed con-
trol has led to an elegantly integrated management
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system. The economics of the farm operation is sup-
ported by careful attention to the biological life of the
farm. For example, the four-year rotation sequence
(figures 5.1 and 5.2) makes long lags before replanting
a particular crop family relatively easy. This prevents
build up of soilborne diseases. The potentially destruc-
tive impact of the bare fallow periods is balanced by
large and repeated inputs of soil building cover crops,
and by reduced tillage during the vegetable years of
the cycle. Despite the fallow periods, the Nordells’ soil
scores very well on various measures of soil health
(Gugino et al. 2007). Their approach to farming
provides a whole new meaning to the phrase “feed
and weed.”

SCOTT PARK

Park Farming Organics
Meridian, Calif.

Tomatoes and other veg-
etables, vegetable seed,
rice and other grain crops

Photo courtesy Scott Park.

Scott Park grows 900 acres of vegetables and 800
acres of grain in the Central Valley of California near
Sacramento. He has been farming since 1973 and
farming organically since 1986. In that time, he has
developed an integrated but flexible strategy for deal-
ing with weeds. “Weeds are my major battle,” he says.
“They are 10 times more of a problem than nutrients,
water management and other production issues.”

With an operation his size, Park needs a lot of
help. He has his son, Brian, and 15 full-time em-
ployees. “Everybody knows how to do all the differ-
ent tasks. We don’t specialize,” he says. That allows
everyone to keep busy all year around. Park’s wife Ulla
handles the bookkeeping, which is fully computer-
ized. “We can track each of our 27 fields as if it were a
separate enterprise,” he says. He says that the careful
recordkeeping really helps with organic certification; it
also helps them evaluate profitability of farm practices
over multiple years.
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Park approaches weed management from a long-
term perspective. “A lot of crop rotation decisions are
made for weed management rather than for what the
net profit will be this year.” Developing crop rotations
that effectively suppress weeds is facilitated by the
diversity of crops produced on the farm. Processing
tomatoes are his biggest money maker and typically
cover about 20% of his acreage. In addition, he pro-
duces substantial acreage of lettuce, peas, dry beans
and edible sunflower seed. He also typically grows
more than 200 acres of vegetable crops for seed,
including various cucurbits, brassicas, lettuce, herbs
and others. The vegetable crops are balanced in the
rotation by rice, wheat and field corn. In fields where
he can grow rice, a typical rotation would be rice-dry
beans or peas-winter wheat-tomatoes-rice. Flooding
the rice is good at suppressing field bindweed and
johnsongrass, which Park rates at the top of his “mis-
ery index” of weeds. Other major weeds on the farm
include pigweeds, common lambsquarters and water-
grass (barnyardgrass). Since the rice depletes nitrogen
and produces a lot of residue that ties up the remain-
ing N, Park usually follows rice with a nitrogen fixing
legume crop. Wheat comes next to prepare the field for
tomatoes. The wheat is harvested in June, which leaves
plenty of time for a tilled fallow to flush weeds out of
the soil. He will typically irrigate after wheat harvest to
bring the weeds up and then tills shallowly through the
summer to kill successive flushes. If the field bindweed
is still bad at wheat harvest, he may even flood the field
for a few weeks before beginning the fallow. In the fall,
he plants a legume cover crop of purple vetch, Magnus
peas or bell beans in a mixture with a small amount of
wheat or other grain. The cover crop helps suppress
weeds through the rainy winter months and supplies
some N for the following tomato crop, though he also
spreads chicken litter before planting the heavy feed-
ing tomatoes. Some fields have too much slope for rice
or are adjacent to neighboring walnut orchards that
cannot tolerate flooding. On these fields, a typical rota-
tion might be wheat/cover crop—tomatoes/cover crop—
vegetable—winter wheat, or corn—cover crop—toma-
toes. In this sequence, winter wheat works well after a
summer harvested vegetable, whereas corn works well
after a fall harvested one. Although the crop sequences
are typical of the sort Park uses, he emphasizes that his
choice of crop depends on the weed pressure in a field.
He plans ahead one to two years so that weeds will be
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manageable in each succeeding crop.

In addition to flooding for control of perennial
weeds, the rotation sequences Park uses suppress
weeds in several important ways. First, the alternation
between spring, summer and fall planted crops and
cover crops interrupts weed life cycles so that the same
weed species rarely can prosper for two years in a row.
Second, drilled rice and wheat make dense canopies,
which tend to smother out weeds, whereas other spe-
cies are planted in wider rows and can be cultivated.
Thus, the basic weed management strategy varies from
one crop in the sequence to the next, and this also
helps prevent the buildup of particular species. Final-
ly, Park tries to plan his crop sequences so that the
ground stays covered except when he is using a tilled
fallow to deplete the seed bank. When growing toma-
toes, he aims to have the plants completely cover the
beds to provide competition against weeds and pro-
tect the soil. With crops or cover crops continuously
present on the fields, either desirable plants are there
to compete with the weeds or a high value vegetable
crop is present to provide an incentive for attacking
the weeds with cultivators and hoes.

Building soil quality is a critical part of Scott’s
farming practice. The farm’s silt loam and clay loam
soils could become massive and difficult to work if
not carefully managed. The entire farm is laid out in
permanent beds on 60-inch centers. In much of the
country, growing grain crops in permanent beds would
seem peculiar, but most of Park’s fields are furrow
irrigated, and the furrows between the beds provide
a route for water to get to the crops, whether they are
vegetables or grains. The furrows provide permanent
drive tracks for the tractors, so that the soil in the beds
is never compacted. This, coupled with high residue
inputs from the grain and cover crops, gives his soil ex-
cellent aggregation. The soil has good waterholding ca-
pacity, and this really helps with weed control. “In the
spring, we transplant the crop, and its roots are moist,”
Park says. “But the soil surface dries out so that the
weeds don’t germinate. We may not need to irrigate for
40 days. If the soil structure is bad, then you have to ir-
rigate right away, and this brings on the weeds.” In rice
production, Park pre-irrigates, then scratches the soil
and drills the rice seed into moisture 2.5 inches deep.
The light tillage eliminates the weeds germinated from
the irrigation, plus dries out the top 2 inches to curtail
further weed germination. The rice can grow 6 inches



tall before permanent flood is established. Waiting to
start permanent flood also provides an opportunity to
scratch out some weeds that come after planting.

To manage tillage and cultivation on multiple beds
at a time, Park and his staff have purchased and built
a wide range of specialized equipment. First, the beds
are laid out exactly with a GPS system. This means
that every unit of a multi-bed machine is squarely
centered on the bed. “The GPS steers the tractor,” Park
says. “The tractor operator is there to turn the tractor
around at the end of the field and in case something
goes wrong.” Key implements include ground driven
bed mulchers, furrow rippers and Lilliston rolling
cultivators. Much of the tillage is shallow, and Park
commonly uses row crop cultivators as tillage tools
by swapping around knives and sweeps. For example,
before wheat, he incorporates chicken litter with a Lil-
liston rolling cultivator equipped with 46-inch sweeps
in addition to the spider gangs. Then he just scratches
the soil surface with a Lilliston before planting. After
harvest, he disks in the wheat residue. Deeper tillage
with a chisel plow usually occurs on a given field only
once every couple of years, usually before a high value
vegetable crop.

Park Farming Organics has 20 different cultiva-
tors, many of which they built themselves. These are
set up on sleds, which provide precise depth control
on fields that have been leveled for furrow irrigation.
They also make their own cultivating knives, which
allows them to cheaply replace worn out knives. Since
they sharpen their cultivating knives to cut weeds
more effectively, knives need to be replaced regularly.
Making their own knives also allows them to customize
cultivators for any row spacing. This allows them to
cultivate effectively while using the space on the beds
optimally. “We have cultivators set up to cultivate one
row, two rows, up to 10 rows per bed depending on
the crop,” Park says. Many of the knives are made with
a pipe welded to the back side. This ensures that the
weeds are not just cut off below ground but are lifted
so that they dry out and do not reroot. Commonly a
cultivator will be set up with a standard blade in front
followed by a blade with a pipe behind. Soil is some-
times deliberately thrown into the crop row to bury
small weeds if the crop can tolerate it. But an advan-
tage of the special blades is that they provide good
disturbance of the weeds with little of the lateral move-
ment of the soil that one gets with a steeper pitched
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sweep. This is critical when cultivating close to small
vegetable plants. And they do cultivate close! “With the
GPS steering the tractor, we can cultivate to within 1.5
inches of the row,” Park says.

They also have flame weeders set up for both
in-row flaming of crops and flaming of beds to create
stale seedbeds. “We don’t use the flame weeders a lot,”
Park notes, “but they are useful for some crops and
situations.” Over the years he has tried other weed
control methods but found them unsuitable for his
farm. “All our crops are harvested mechanically, and
plastic mulch interferes with the mechanical har-
vesters,” he says. “It is also too much work to dispose
of after harvest.” In conjunction with University of
California researchers, he also experimented with
natural product herbicides, including high concentra-
tion vinegar, but found these too expensive for use on
a commercial scale.

In addition to precision cultivation, Park hires
crews to hoe the vegetable crops. The tomatoes get
hoed one to three times depending on the weed pres-
sure. He times hoeing relative to irrigation so that the
surface soil is dry. That way weeds do not germinate
after the soil is moved by the hoes. The crews use
conventional, long-handled, 4-inch-wide garden hoes
for the work. That kind of hoe moves more soil around
than he would like. “But that is the kind of hoe they
prefer,” he says. “I guess it’s what they are used to.”

All of the crops are harvested mechanically,
and this kills most of the weeds present at harvest.
Fields are cleaned up and planted with a cover crop
or another crop quickly after harvest to prevent weed
regrowth and seed set. Park also takes measures to
prevent weeds from setting seeds in the crop. He once
burned a wheat field rather than let an infestation of
canary grass go to seed. That was before his manage-
ment methods had been refined, and in any case, field
burning is no longer allowed. He has equipment set up
so that he can drive over the tomato beds and mow off
the flowering stalks of weeds that poke out above the
crop. He will also do an extra hoeing to prevent weeds
from setting seed if necessary.

Park believes in building strong relationships.
With such a diversity of crops he needs to work with
several different buyers, but he has built up a history
of trust with each of them. “T have been working with
most of these companies for decades,” he says. “We
don’t plant unless I have some parameters on what we
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can get for the crop, but often the contract doesn’t get
signed until after delivery. I know they will buy what
they agreed to, and they know I will come through with
the goods. In 46 years, I've only had to pay a lawyer for
four hours of work.”

Whether it is marketing or weed management,
avoiding problems is a big part of Park’s strategy for
successful farming. “I am out in the fields every day,”
he says, “and I keep my eyes open.” When he saw
fiddleneck coming into one field, he had it hoed up and
removed the plants from the field. He and his crew
also clean machinery before moving to a different field
to avoid spreading weeds from one part of the farm
to another. Weeds may be Park’s major battle and
perhaps one that can never be entirely won. But with
this sort of care, Park Farming Organics can hold their
own in the struggle and ensure that the farm continues
to prosper.

CARL PEPPER

O’Donnell, Texas
Cotton

Photo by Kayla Pepper.

Carl Pepper grows organic cotton on the High Plains
of west Texas, a region that has sometimes been called
“the world’s largest cotton patch.” By paying attention
to the biology of his system and developing equipment
specially adapted to his operation, he grows one of

the world’s most chemical intensive crops without

any chemicals at all. When he began farming on his
own in 1992, he began experimenting with an organic
approach on 160 acres. He currently grows organic
cotton on 3,200 acres of his own farm and another 300
acres on his sister-in-law’s farm.

Compared with most organic farms, Pepper’s crop
rotation is remarkably simple. All of his land is plant-
ed to cotton each summer and is planted with a cover
crop in the fall. The usual cover crop seeding consists
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of 10—12 pounds per acre of a mix consisting of 70%
rye, 20% tillage radish and 10% hairy vetch. Despite
the minimal diversity of the rotation, he has seen no
buildup of diseases, insects or weeds over the 25 plus
years he has been farming this land. He attributes the
low disease and insect pressure to the arid climate of
west Texas. He has also noticed that if he leaves the
aphids alone early in the season, they attract beneficial
insects that attack more serious pests later. Often boll-
worm populations in his fields crash by natural pro-
cesses about the same time his neighbors are spraying
for this pest. Since cotton matures earlier farther south
in Texas, he gets an early warning in years when boll-
worms are particularly bad, and, if necessary, he re-
leases Trichogramma wasps to help suppress the pest.

Since Pepper does not irrigate, much of his atten-
tion is focused on water conservation and ensuring
that soil moisture is sufficient to support his cotton.
This includes preventing the growth of weeds. And on
the windy plains of Texas, preventing soil erosion is
similarly critical. To simultaneously conserve water,
keep the soil in place and manage weeds, he has devel-
oped an integrated tillage/cultivation system that re-
lies on machinery that he and his full-time crew of four
employees designed and built themselves. The beauty
of his system can be best understood by following the
annual crop cycle.

The cover crop is sown into the unpicked cotton
before the last cultivation in late September or ear-
ly October. The low seeding rate of 10—12 pounds
per acre is just sufficient in a wet winter to provide
good cover, but in a dry winter, it is sparse enough to
prevent the cover crop from using moisture the cotton
will need later. He begins cultivating the cover crop to
suppress it and kill weeds beginning in early March.
For this purpose, he uses low-pitch 24-inch sweeps
on 20-inch centers, with alternate sweeps centered on
the future crop row and on the center of the inter-row
(Figure 5.3). A high accuracy GPS system allows him
to keep the tractor on the same tire tracks through-
out this and all subsequent operations. The sweeps
travel only 2 inches deep and undercut the cover crop
while leaving it on the soil surface to protect the soil.
Another one or two such operations eventually kill
the cover crop while keeping weeds suppressed until
planting time.

Pepper’s soils range from sandy loams to clay
loams. Most have a moderate number of rocks, but



in a few places the soil is shallow over bedrock. The
finer textured soils have produced good cotton yields
for decades with very little added fertility. On the
sandier soils, Pepper used to apply 1—2 tons per acre
of composted cattle manure prior to planting, but for
the last several years he has found that the compost is
unnecessary. The lack of fertility inputs probably helps
limit weed growth. Since the harvested crop is mostly
carbohydrate in the form of cotton lint, most nutrients
remain in the field. Possibly due to the consistent use
of cover crops and a conservation tillage system, he has
seen an increase in soil organic matter of 0.3.—0.8%
over the years. Since a 0.1% increase in organic matter
represents one ton per acre of additional organic mat-
ter in the soil, this increase represents an important
additional source of nutrients.

Pepper begins planting cotton between May 15 and
June 10. He uses a plant eight, skip one row planting
pattern. The skipped row provides access for ATVs
during hand weeding. Pepper uses a high seeding rate
because he expects his aggressive weeding later in the
season will kill some plants. Thus, he plants at three
seeds per foot of row, hoping for 2.25—2.5 plants per
foot at harvest.

His post-planting weeding begins with a cultivator
composed of rotary hoe gangs alternating with sand
fighters on the same toolbar. The sand fighters are
metal triangles with extensions on the sides. These
are welded on an axle in a staggered fashion so that,
looked at from the side, they look like a six-pointed

e . ~

Figure 5.3. Sweeps with wire weeders.
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star. The sand fighters flip divots of soil to create sur-
face roughness that reduces wind erosion. His rotary
hoe units over the crop line consist of an angle iron
frame holding two offset lines of hoe arms. The front
line has three arms and 1.5-inch spacers on the ends.
The second line has four arms. Thus, the hoe wheels
on each section are 3 inches apart, but the sections

are staggered so that the overall spacing of wheels

for the whole implement is 1.5 inches. He runs this
implement at 10—16 mph, which covers his extensive
acreage in two days. “I'd estimate we kill 90% of the
annual weeds with each pass of the hoe,” Pepper says.
He continues using the rotary hoe after each rain event
until the cotton reaches the two- to four-leaf stage. At
that point he switches to a specially modified row crop
cultivator. This has low pitch 32-inch sweeps that keep
the cover crop and weed residue on the soil surface to
prevent wind erosion. Over the crop rows he mounts

a gang of rotary hoe wheels spaced 2 inches apart to
continue the in-row weeding. Perhaps the most unique
feature of the cultivator, however, is the spring-steel
hay baler pick-up fingers he has bolted to the wings of
the sweeps. These reach out toward the crop row at a
30-degree angle to cut off or uproot weeds close to the
crop row. The forward motion of the cultivator causes
the springs to deflect away from the cotton, but this
creates pressure toward the row, causing the soil to
boil and disturb small weed seedlings. Pepper begins
with the spring tips spaced about 1—1.5 inches apart
and runs the cultivator at 5 mph. A GPS controlled

T
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mounting on the three-point hitch keeps the cultivator
well centered on the crop rows.

Pepper cultivates after each rain to keep the soil
surface loose. This prevents capillary draw of moisture
from deeper in the soil. During long periods without
rain, he cultivates every 30 days to keep perennial
weeds suppressed. After the cotton reaches the six-
leaf stage, the rotary hoe gangs are removed from the
cultivators. But as the bark on the roots toughens, he
is able to move the spring fingers on the sweeps ever
closer to the row, until, by the end of the season, he has
the fingers crossed so that the row is thoroughly cul-
tivated. With the help of his GPS guidance system, he
is able to cultivate at 8 mph by the end of the season.
Although he makes many passes over the field with one
sort of cultivator or another, he avoids compaction by
consistently following the same wheel tracks, and the
low draft of his implements results in a typical fuel use
of only 0.25 gallons per acre of diesel. To successfully
manage soil moisture, the machinery needs to move
fast, and Pepper and his crew can cultivate the entire
3,500 acres in six to seven days.

Pepper’s major annual weeds are kochia, devil’s
claw and Palmer amaranth, which in his region is
called careless weed. Silverleaf nightshade, lakeweed
(a spurge) and field bindweed are perennials that are
problems in parts of some fields. To control the peren-
nials, he breaks from his standard minimum tillage
and plows to disrupt the root systems. He only plows,
however, in the part of a field where the perennials are
a problem. To ensure that the weeds do not spread,
he and his crew scrape down the plow and cultivators
after they are used in areas infested with perennials.
Although Pepper’s tillage/cultivation system does
a good job of eliminating most weeds, he still finds
some hand hoeing necessary. For fields where escapes
are more plentiful, he hires in an eight-person hoe-
ing crew. On most of the land, where the weeds are
sparser, his regular full-time staff spends about two
hours per acre hoeing. To clean up any escapes, they
also roam through the skip rows on 4-wheel ATVs
to hand rouge out escapes. He estimates that hand
weeding cost an average of about $30 per acre, which
he considers a good investment. The hand weeding
helps conserve moisture for the cotton, and it also
reduces seed production by the annuals and the build-
up of root reserves in the perennials. “My fields are
generally cleaner than my neighbor’s GMO cotton,”
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Pepper notes.

Pepper broadcasts the cover crop seed into the
standing cotton near the end of September, give or
take about two weeks. He then cultivates for a final
time to eliminate any remaining weeds and to incor-
porate the cover crop seed. He times the seeding and
cultivation so that moisture is adequate for establish-
ment of the cover crop. By harvest in November, the
field is green. Since Pepper does not use defoliants,
he waits until a freeze kills the leaves before harvest-
ing the cotton. The first freeze comes about Novem-
ber 6, on average, and he usually begins harvesting
around Thanksgiving.

Pepper’s integrated system for conserving mois-
ture, protecting the soil and managing weeds produces
300—400 pounds per acre of cotton lint, a harvest that
regularly matches the county average. One of the keys
to Pepper’s success is good preparation. “We spend a
lot of time in the shop making sure that everything is
ready to go when the time is right.” This preparation
is critical since most operations are timed to rainfall
events. Pepper also recognizes that his crew of four
full-time employees is one of the keys to his success.
“They have bought into the system,” he says. “We work
really hard when something needs to be done, but
when there is a slack period, they get to spend time
with their families. Family comes first, but the farm
feeds the family.”
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PART Il

Major Agricultural Weeds of
the United States and Canada

HOW THE SPECIES CHAPTERS
WERE DEVELOPED

The species treated here include the most common
and difficult to control agricultural weeds in the United
States and southern Canada. The species were chosen
largely through a systematic analysis of Bridges and
Bauman (1992), which lists the 10 most abundant
weeds in each of the major crops grown in each of the
50 states. Space limitations and lack of information
prevents us from covering all of the less common,
though not necessarily less troublesome, species
encountered by farmers. The common names used

in this book are those of the Weed Science Society of
America’s Composite List of Weeds (http://wssa.net/
wssa/weed/composite-list-of-weeds). However, we
also provide a list of other common names by which
the species may be known in various parts of North
America. Scientific names follow the USDA Plants Da-
tabase (https://plants.usda.gov). Taxonomic contro-
versies, such as whether waterhemp is one species or
two, and the proper family in which to place common
milkweed, have been bypassed by following the USDA
Plants Database.

Information on non-herbicidal methods for man-
aging most individual weed species is sparse. Pub-
lished sources were consulted when these could be lo-
cated, but many of the management recommendations
for particular species were developed directly from
the ecological behavior of the species. Thus, many
recommendations for individual species have not been

field tested or have been tested only in a preliminary
manner. They should be considered informed sugges-
tions as to how to cope with particular problems. In
any case, you should always try a new management
method on a small area before applying it to the whole
farm. We, the authors, will appreciate your contact-
ing us directly with accounts of successes and failures
using the procedures we suggest.

The ecological information compiled for each spe-
cies came from a variety of sources. Where literature
reviews of a species were available, we relied heavily
on these but consulted the primary sources when the
information supplied in the review was ambiguous
or contradictory. For many of the species, no gener-
al review was available, and the entire account was
constructed from primary sources. For many species,
information on one or two aspects of the species’
ecology could not be located. In particular, information
on plant response to disturbance and soil conditions
(drought, fertility and physical conditions) was often
sparse or anecdotal. We give what information could
be found, but in some cases, the information is not
the aspect of the species that one might most want to
know. In chapters that cover two or three related spe-
cies, sometimes information on a topic is only avail-
able for some but not all of the species, and then the
lack of information is particularly noticeable.

References have been reduced to a few further
readings. However, the taxonomy chapters with full
documentation are available at https://weedecology.
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css.cornell.edu/. In addition to these formal sources,
however, we relied substantially on our 100+ years of
personal observations on these weed species as well as
on observations of many farmers and colleagues.

Some categories of information have inherent
problems of interpretation. The tolerance to drought
and shade has been studied for few weed species. Usu-
ally, only the general impression of those who have
worked with the species is available. When quantitative
data could be located, summarizing these in terms that
are useful for a grower has sometimes been difficult.

Most seed survival studies have placed seeds deep
in the soil and left them undisturbed. Such studies pro-
vide an upper limit on how long the seeds last under
optimal conditions for survival. Typically, seeds die off
at a constant rate, and the depletion of the seed bank
is faster near the surface and faster when the soil is
disturbed by tillage (see Chapter 2). Where data on
depletion of seeds in disturbed soil were available, we
have converted them to percentage loss per year. This
provides a more direct way to think about how man-
agement of the seed bank will affect weed pressure.
For some species, however, survival data vary substan-
tially between experiments.

Usually, seed production (described for each
species in the “Reproduction” section) has been
measured on plants that emerged at the optimal time
of year and grew with little or no competition. Under
extreme competitive stress from crops and/or other
weeds, most weed species produce very few seeds per
plant. Most agricultural situations are intermediate
between these extremes. Early flushes of weeds are
often controlled, and the crop provides some compe-
tition. Thus, most weeds in an agricultural field often
produce only 0.1-5% of the published maximum seed
output. We have tried to specify when data are derived
from plants growing with minimum competition and
when data are derived from plants growing in typical
cropping environments.

We give weights and measures in American units.
The one exception is that we consistently give seed
weights only in milligrams (abbreviated “mg”). The
smallest commonly used American unit of weight is
the ounce, but the seeds of most weed species are in
the range of 0.00001 to 0.0001 ounces. Such numbers
are difficult to read and even more difficult to com-
prehend. As explained in Chapter 2, however, seed
weight is a very important property of a weed species,
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and the difference between 0.00001 ounces (0.28 mg)
and 0.0001 ounces (2.8 mg) has substantial implica-
tions for management. Most varieties of lettuce seeds
weigh close to 1 mg, so if the mg is an unfamiliar unit,
just think of seed weights as multiples or fractions of a
lettuce seed.

HOW TO FIND ECOLOGICAL INFORMATION
AND DEVELOP A MANAGEMENT PLAN FOR
SPECIES NOT COVERED IN THIS BOOK

Many species that have limited geographical range

or are problems only in a few crops or in particular
circumstances could not be covered in this book.
Nevertheless, some of those species pose substantial
problems to particular growers. The basic concept of
this book is that understanding the ecological charac-
teristics of a weed provides insight into how to manage
the species. Consequently, when faced with managing
a weed not covered here, begin by gathering critical
information about its ecology.

Begin by identifying the weed species. Each tax-
onomic level (family, genus and species) potentially
provides additional information about the weed. For
example, species in the mallow and morningglory
families usually have hard seeds that do not germinate
until the seed coat softens. The genus potentially pro-
vides additional information—for example, the genus
Amaranthus (pigweeds, amaranths and waterhemps)
are heat loving C, plants. But the species within a
genus often differ in ways that affect management,
and having a positive identification to species will be
helpful. Many resources are available for helping iden-
tify weeds (Box 3.2). Your local Cooperative Extension
office or crop consultant can also help.

Ecological information about individual weed spe-
cies is not widely available. That is one reason we have
compiled so much of it in this book! A search of inter-
net sites may locate a Cooperative Extension fact sheet
or scientific papers on the species that contain useful
information. Information on some weeds can also
be found in the series “Intriguing World of Weeds,”
originally published in the journal Weed Technology
but available also at the WSSA website: www.wssa.
net/weed/intriguing-world-of-weeds. Some weeds
found in the northern United States and Canada have
been thoroughly described in the series “Biology of
Canadian Weeds,” published in the Canadian Journal
of Plant Science. These have been collected into five
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volumes by the Agricultural Institute of Canada (Mul-

ligan 1979, 1984, Cavers 1995, 2000, 2005). They are

likely available in the library at your state land grant
university or at a major agricultural college but may
be difficult to locate otherwise. Two large compilations
of information on particular weeds also contain some
ecological information (Holm et al. 1977, 1997). Again,

these are likely to be available only in the library of a

land grant university or major agricultural college.

Fortunately, you can obtain much useful infor-
mation by observation. Record your observations in

a notebook or in a computer document so that all the

information is organized in one place and does not get

lost. Careful observation over time will require some
effort and persistence. Note, however, that the weed
problem likely did not develop in a single year, and
resolving the problem will likely require several years.

So, investing a little time over the course of a growing

season to systematically observe the weed will likely

save effort in the long run. The quality and quantity of
the information you obtain and your ability to think
about it are likely to improve if you share the work and
results with a friend. Children can also be recruited

to collect the information as a hands-on educational

activity. Information you are likely to find useful and

methods for obtaining it follow.

« What sort of weed is it? Is it a summer annu-
al, winter annual, stationary perennial or creeping
perennial? Does it grow upright, sprawl across
the ground or twine up crops? Do the plants begin
life as a low growing rosette that later develops a
flower stalk, or does it begin vertical growth im-
mediately? How tall does it grow in your crops?
These basic attributes affect a wide range of
management considerations.

« How big are the seeds? Collect some seeds and
compare them with the seeds of species discussed
in this book. Seed size affects depth of emergence,
ability to emerge through mulch, ability of seedlings
to grow despite shade from a crop, and likely modes
of dispersal (for example, plants that produce many
small seeds often move with soil on tires, machinery
and livestock).

« What time of year does it emerge most abun-
dantly in your fields? What other times of year
does it emerge in lesser numbers? This will tell you
how rotating between crops with different planting
times may affect the weed. It will also indicate the
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best times of year for using a tilled fallow to weed
the soil.

From what depth do seedlings emerge? You
can discover this by carefully excavating seedlings
shortly after they emerge. On most grassy weeds,
the seed remains attached to the seedling for sev-
eral weeks after germination, and you can measure
the distance from the seed to the base of the shoot.
On broadleaf weeds, measure the distance from the
primary root to the green part of the shoot. Do not
wait too long to make these observations, since most
weeds will produce secondary roots near the base of
the shoot. Measure 50—100 seedlings and count how
many fall into various depth categories: 0—0.5 inch,
0.5—1 inch, etc. Knowing the depth of emergence
will tell you what percentage of the seedlings you can
hope to uproot with a tine weeder or rotary hoe. If

a substantial proportion of seedlings emerges from
below this depth, you will need to aim for physical
damage and burial of the seedlings.

For creeping perennials, where are the
storage roots or rhizomes located? Carefully
dig down through a patch of the weed and observe
where the thickened horizontal roots or rhizomes
are located. Are they within the plow layer? Do many
lie below the plow layer? This information will tell
you whether you can effectively break up the storage
roots or rhizomes, or whether you will have to focus
on repeatedly killing shoots to exhaust the plant’s
storage reserves. As you are digging up the plant,

see how long the new growth on the storage roots or
rhizomes is and use this to guess how fast the plant
spreads without the aid of tillage. Test the strength
of the storage roots or rhizomes. Can they be worked
to the surface to dry during hot weather, or do they
fragment too easily for this?

When does the weed produce seeds? Does it
begin producing seeds the same time of year re-
gardless of when it emerges (then flowering is tied
to day length), or does it begin producing seeds at a
specific interval after the plants emerge? Knowing
when seeds are produced will help you plan rotations
that suppress the weed and will help in thinking
about how to prevent seed production. For some
species, the time of seed maturity is not obvious.
Generally, however, if seeds fall out when you shake
the plant over a white cloth or into a white bucket,
then the seeds are mature. Knowing when mature
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seeds are shed from the plant can suggest whether
they can be collected and removed from the field
during combining.

» Does the species die as the seeds are ma-
turing, or does it continue to flower and set
seed for many weeks after the first seeds are

dropped? Mark a few plants that are just beginning

to flower so you can find them again later. Then visit
them every two weeks and note whether they are
flowering or shedding seeds. This information will
help you plan ways to limit seed production.

+ Are seeds dormant when they are shed from
the parent plant? Spread some freshly collected
seeds on a stack of two or three moist paper tow-
els on a plate. Cover with another moist towel. Put
them in a clear plastic bag and set them in a light,
warm, location where the temperature will fluctuate
between day and night. A north facing windowsill is
often a good choice. Observe whether few or most
germinate within a week or two. If few germinate,
then the seeds are mostly dormant when shed. This
information will help you plan crop rotations and
fallows to control the weed.

« How does the species respond to fertility?
Take some relatively poor, exhausted soil of the
same soil type as yours (perhaps from a neighbor’s
farm). Knowing how the chemical analysis of this
soil compares with yours will be helpful, but it is not

essential. Add various amounts of your usual fertility

sources and place the resulting mixes into medium
sized flowerpots. To ensure that your fertilization
rates are within a reasonable range, compute the
area of the pot in acres (a small number!). Then
calculate how much compost, manure or other
amendment would correspond to a typical applica-
tion. Try mixes that have o (no addition), 1x and 5x
your typical application rate. You will want about
three pots with each mix. Bury the pots to within

flower. Do the plants in highly fertilized soil flower
earlier? How does plant size compare in the three
treatments? This information will help you discover
whether excess or imbalanced fertilization is aggra-
vating your weed problem. Note that the high (5x
rate) may correspond most closely with your fields
since organic amendments often build up organic
matter and stored nutrients.

« What management operations likely allowed
your weed to thrive? Think closely about those
situations where your weed is most problematic and
those where it is least. What crops are most favor-
able for it? What cropping practices are associated
with that crop that may favor your weed? Think
about the degree of soil disturbance, the fertility
source, the growth form and competitiveness of
crops, the length of the growing season before har-
vest, and the timing of when all of these occur. An
understanding of what cropping practices contribute
most to the growth of your weed will provide a good
clue as to what practices may control it.

You will likely have several inspirations about
how to manage the weed by the time you have collect-
ed the information above. To add to these and help
integrate them into a comprehensive control strategy,
read the accounts of similar species provided in this
book. Reading about species in the same genus or
family that have similar growth habits will be most
informative. Note how the ecology of your target weed
is similar and different from each of the weeds you are
reading about. Where the characters are similar, see
how those aspects of the weed’s ecology are translated
into management recommendations. Lastly, compile
your management tactics into an overall plan of attack
on the weed. While composing your plan, recognize
that the weed problem is a result of your overall farm
management, and that its solution will likely require
some departure from business as usual. The solution

an inch or two of the rim in a place where they will
not get disturbed but where you are sure to observe
them periodically. The edge of a garden may work
well. Sow a few seeds of your weed into each pot,

or, if it is a creeping perennial, plant two sections of
the rhizome or storage root in each pot. After plants
emerge, thin down to one or a few plants, depend-
ing on the potential size of the species. Also pull

out competing weeds. Grow the plants until they

may be relatively easy, but more likely, you will have to
balance the costs of tolerating the weed against costs of
changing machinery, the range of crops grown, sources
of fertility etc. Although your problem weed is unlikely
to disappear entirely, we are confident that you can
create an overall management strategy that will allow
you to keep the weed in check and improve the profit-
ability of your farm operation.
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Weed Characteristics Summary Tables

The following tables summarize the characteristics of
the weed species described in Part Two. Species are
organized by summer annual weeds, winter annual
weeds and perennial weeds.

Summer annual weeds: Species that primarily emerge
in spring and set seed in summer. Some species that
are more frost tolerant may emerge in the fall and
overwinter, particularly in warm regions.

Winter annual weeds: Species that primarily emerge
in fall and set seed in spring. Most of these species also
can behave as spring emerging annuals.

TABLE HEADING NOTES—ANNUAL WEEDS
General: The designation “~” signifies that data is not
available or the category is not applicable.

Weed: Weed common name as listed in the Weed
Science Society of America Composite List of Weeds,
presented in alphabetical order.

Growth habit: A two-word description. The first word
indicates relative height (tall, medium, short, pros-
trate) and the second word indicates degree of branch-
ing (erect, branching, vining).

Seed weight: Range of reported values in units of “mg
per seed.”

Seed dormancy at shedding: “Yes” if most seeds are
dormant when shed; “Variable” if dormancy is highly
variable; “No” if most seeds are not dormant.

Factors breaking dormancy: The principle factors that

are reported to break dormancy and facilitate germi-
nation. The order of listing does not imply order of
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importance. Abbreviations are:

scd = seed coat deterioration

cms = a period subjected to cold, moist soil
conditions

wst = warm soil temperatures

li = light

at = alternating day-night temperatures

ni = nitrates

Optimum temperature range for germination: Tem-
perature (Fahrenheit) range that provides for optimum
germination of non-dormant seeds. Germination at
lower percentages can occur outside of this range. The
dash refers to temperature range, and the slash refers
to alternating day/night temperature amplitudes.

Seed mortality in untilled soil: Range of mortality
estimates (percentage of seed mortality in one year)
for buried seeds in untilled soil. Values were chosen
where possible for seeds placed at depths below the
emergence depth for the species and left undisturbed
until assessment. Mortality primarily represents seed
deterioration in soil.

Seed mortality in tilled soil: Range of mortality esti-
mates (percentage of seed mortality in one year) for
seeds in tilled soil. Values were chosen for seeds placed
within the tillage depth and subjected to at least annu-
al tillage events. Seed losses are the result of dorman-
cy-breaking cues induced by tillage, germination and
deterioration of un-germinated seeds.

Typical emergence season: Time of year when most
emergence occurs in the typical regions of occurrence
for each weed. Some emergence may occur outside of
this range.



Optimum emergence depth: Soil depths (in inches
below the soil surface) from which most seedlings
emerge. Lower rates of emergence usually will occur at
depths just above or just below this range.

Photosynthesis type: Codes “C,” or “C,” refer to the
metabolic pathway for fixing carbon dioxide during
photosynthesis. Generally, C, plants function better in
cooler seasons or environments and C, plants function
better in warmer seasons or environments.

Frost tolerance: Relative tolerance of plants to freezing
temperatures (high, moderate, low).

Drought tolerance: Relative tolerance of plants to
drought (high, moderate, low).

Mycorrhiza: Presence of mycorrhizal fungi. “Yes” if
present; “no” if documented not to be present, “un-
clear” if there are reports of both presence and ab-
sence; “variable” if the weed can function either with
or without, depending on the soil environment.

Response to nutrients: Relative plant growth response
to the nutrient content of soil, primarily N, P, K (high,
moderate, low).

Emergence to flowering: Length of time (weeks) after
emergence for plants to begin flowering given typical
emergence in the region of occurrence. For species
emerging in fall, “emergence to flowering” means time
from resumption of growth in spring to first flowering.

Flowering to viable seed: Length of time (weeks) after
flowering for seeds to become viable.

Pollination: “Self” refers to species that exclusively
self-pollinate; “cross” refers to species that exclusive-
ly cross-pollinate; “self, can cross” refer to species
that primarily self-pollinate, but also cross-polli-
nate at a low rate; and “both” refers to species that
both self-pollinate and cross-pollinate at relatively
similar rates.

Typical and high seed production potential: The first
value is seed production (seeds per plant) under
typical conditions with crop and weed competition.
The second value, high seed production, refers to

WEED CHARACTERISTICS

SUMMARY TABLES

conditions of low density without crop competition.
Numbers are rounded off to a magnitude that is repre-
sentative of often highly variable reported values.

TABLE HEADING NOTES—PERENNIAL WEEDS
(Headings unique to perennial tables are described
here. Headings in common with annual weed tables
are described under annual weeds.)

Perennial overwinter organ: Principal plant organ that
survives winter and from which growth resumes in
subsequent years.

Emergence period from perennial organs: The time
of year when most emergence occurs from perennial
overwintering organs in the typical regions of oc-
currence for each weed. Some emergence may occur
outside of this range.

Optimum emergence depth from perennial organs:
Soil depths (in inches below the soil surface) from
which most shoots emerge from perennial organs.
Lower rates of emergence usually will occur at depths
above or below this range.

Time/stage of lowest reserves: Time of year and/
or weed growth stage at which carbohydrate re-
serves are lowest. This usually corresponds to the
time when the weed is most susceptible to weed
management operations.

Frost tolerance: Relative tolerance of aboveground
shoots to freezing temperatures (high, moderate, low).

Drought tolerance: Relative tolerance of aboveground
plants to drought (high, moderate, low).

Importance of seeds to weediness: The relative im-
portance of seeds to dispersal, genetic diversity and
survival of the species as a weed in agricultural envi-
ronments (high, moderate, low).

Emergence to flowering: Length of time (weeks) after
emergence from perennial organs to the beginning of
flowering in the typical regions of occurrence. Note
that this refers to established perennial plants, recog-
nizing that some species may not flower in their initial
year of establishment.
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SUMMER ANNUAL WEEDS

Broadleaf weeds

Common cocklebur
Common groundsel

Common lambsquarters

Common purslane
Common sunflower
Field pennycress
Galinsoga species
Hemp sesbania
Horseweed
Jimsonweed

Kochia
Morningglory species

Nightshade species
Palmer amaranth
Pigweed species
Prickly lettuce
Prickly sida
Ragweed, common
Ragweed, giant

Russian-thistle

Growth habit

tall, erect

short,
branched

tall, erect

prostrate

tall, branched

medium,
branched

short,
branched

tall, erect

medium,
erect

tall, branched

tall, branched
vining
short,
branched
tall, erect
medium,
branched

medium,
erect

short,
branched

medium,
branched

tall, branched

medium,
branched

—_
o
£

~—

-
=
=)
[
=
©
[T}
(7]
(%)

50-75

0.16-0.25

0.5-0.72

0.08-0.15

43-87

0.8-15

017-0.27

6-15

0.03-0.07

6-12

0.2-0.85
19-35
04-13

0.44-049

0.25-0.54

0.45-0.62

23

12-77

17-45

1117

Seed dormancy at

shedding

Variable

No

Yes

No

Yes

Yes

No

Yes

No

Yes

No
Yes
Variable

Yes

Variable

No

Yes

Yes

Yes

Yes
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Factors breaking

dormancy

cms, li, at, ni

li, at, ni

ams

cms, wst, li,
at, ni

scd, wst

cms, li, at, ni
li, at, ni
li, at, ni
li, at
scd
cms, li, at
cms, at, ni

at

Optimum temperature
range for germination

(F)

86/68-91/77
50-68

64-77

86-95

68-77

59/43-95/68

54-97

58-104

68/50-86/68

68-95

68-77
59-95
77-86

86-99

86-104

54-75

86-104

77/68-95/86

50-75

59/32-71/41

untilled soil (% per year)

Seed mortality in

50
45

8-51

60
(hot climate)

26471
10

50-99
27
76

6-50

97-100
36-70
15

39-80
39-88
40-85
60
7-12
66-95

99

Seed mortality in tilled

soil (% per year)

100

31-52
17-29
(cool climates)

76-87
(hot climate)

50

65

58
2845

36-41

88



SUMMER ANNUAL WEEDS

Photosynthesis type
Response to nutrients
Emergence to flowering
Flowering to viable
production potential
(seeds per plant)

Drought tolerance
seed (weeks)

Frost tolerance

Optimum emergence
Pollination

depth (inches)
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(7]
©
4
2
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Typical & high seed

Mycorrhiza

mid-springto -, 4 C low high yes high 1016 34 self, 1,800 & 10,000
early summer } can cross
earlyspringfo | = g 5g | ¢ high low yes ow 45 12 sl 1,500 & 38,000
early summer : can cross
iarly spring 01-0.2 () low moderate no high 52 23 both 30,000 & 300,000
0 summer
late spring 0-01 C low high no high 2-8 12 self 10,000 & 100,000
to summer ¢
spring 0-4 C, high  moderate yes variable |~ 9-17 8 Cross -&5,000
spring and fall 0-0.8 G, high low no moderate ~ 5-7 1-2 self, 500 & 14,000
can cross
late spring 0-01 ¢ low low yes high 48 12 both 10,000 &100,000
to summer
mASPIg 0402 ¢, low  modemte  yes low 67 6  both 2000820000
0 summer
‘ . : self,
fall and spring 0-01 G high high yes low 812 23 can cross 50,000 & 300,000
mdspingto 00 C g, low _ high 59 4 self, 15008 30,000
early summer can cross
spring 0-04  C, moderate high no high 816 - self, 20,000 &100,000
can cross
summer 1-2 G, low low yes high 4-8 4 both 300 & 15,000
mEPIg - og6 ¢ low low yes high 590 48 100008500,000
0 summer can cross
:ate spring 0-0.5 C, low high no moderate 3-8 2-3 cross 40,000 & 400,000
0 summer
late spring 02-08 C,  low  moderate  no high 38 38  self  50,0008& 500,000
to summer
fall and spring 0-01 C, high high yes moderate  8-12 3 sl 5,000 & 50,000
can cross
{“id'spri”g 02 C, low  moderate yes hgh  sn 23 2,000 & 8,000
0 summer can cross
early to 0-1 C low high yes high ~ 10-20 - both 3,000 & 60,000
late spring ’
l early to 0.5-2 C, moderate low probably = moderate  8-18 3 cross 200 & 2,000
ate spring
early spring 04-1 C, low very high no low 10 - both 15,000 & 150,000
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SUMMER ANNUAL WEEDS
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Broadleaf weeds (cont.)
Sicklepod medium, 3-28 Yes scd 68-97 28-40 46
branched
Smartweed, ladysthumb short, 144
Smartweed, Pennsylvania  branched 3.6-6.8 1138 cms, at e P52y B
Sowthistle, annual medium, 97 042 No i 2195 53-55 48-65
species branched
Velvetleaf tall, erect 6-12 Variable scd 75-86 3-17 32-53
Waterhemp tall, erect 019-0.27 Yes cms, li, at 68-91 30-78 40
Wild buckwheat twining 47-7 Yes scd, cms, at 68-77 20-52 32-50
Wild mustard medium, 123 Yes  cmslijatni  50-68 2045 20-52
branched
Wild radish ALy pR)) Yes cms, at 39-68 2-3 29
branched
Grass weeds
Barnyardgrass tall 17-21 Yes cms, li 77-100 3742 -
Fall panicum tall 0.2-09 Yes cms, liat  68/50-95/68 39-56 -
Foxtail, giant rostrate 15-16
Foxtail, green P to tall 0.6-15 Yes cms, at 68-86 72-93 -
Foxtail, yellow 19-4.2
Goosegrass prostrate 04-0.5 Yes cms, li, at, ni 86/68-104/86 18-44 -
Large crabgrass prostrate 046-0.59 Yes cms, at 68-86 45-54 -
Sandbur, field 17-34 sed. ems
Sandbur, longspine short, tufted 6.8 Variable a’E ni ’ 77/50-95/77 19-67 46
Sandbur, southern 24-79 ’
Shattercane tall, erect 19-22 Variable scd, at 77-95 57-99 -
Wild oat medium 14-24 Yes wst, ni 59-82 70-90 -
Wild-proso millet tall 38-72 Variable cms 68-86 10-60 -
- (black seed)
Witchgrass short 0.15-0.65 Yes cms, li, at, ni~ 86/59-95/68 = =

]34 MANAGE WEEDS ON YOUR FARM: A GUIDE TO ECOLOGICAL STRATEGIES



SUMMER ANNUAL WEEDS

Optimum emergence
depth (inches)
Photosynthesis type
Frost tolerance
Drought tolerance
Mycorrhiza

Response to nutrients
Emergence to flowering
Flowering to viable
seed (weeks)
Pollination

Typical & high seed
production potential
(seeds per plant)

[N
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c
()
2o
[
=
(7]
©
4
2
=

tlate spring 0-3 C, low moderate yes moderate = 6-12 - both 5,000 & 16,000
0 summer
early to moderate 100 & 2,000
mid-spring 0-2 C, low low unclear  moderate  6-9 4 both 20,000 & 100,000
spring, 0-04 C high low yes low 69 1 self — &20,000
summer, fall 3
mid-spring 0.5-1 C, low high yes high 1-12 2 self 1,000 & 10,000
late spring . 200,000 &
to summer 0-1 C, low low no high -7 34 cross 1,000,000
early spring 04-16 C, low moderate no high 6-12 3 self -&120,000
spring 0-0.8 C, high low no high 3-6 5-6 cross 3,000 & -
spring and R , . g
Al oier 04-12 C, high low no high 3-7 34 Cross 500 & 10,000
midspringto ey ¢ o low yes high 58 self, 10,000 &100,000
early summer can cross
mid-spring to 0-1 C low low probably moderate 7-13 34 cross 10,000 & 100,000
mid-summer g
mid-springfo o5 low  moderate  yes high 5B 23 1000810,000
early summer can cross
t Shulle 0-0.8 C, low moderate yes high 5 5 self, 5,000 & 50,000
0 summer can cross
) . . self,
spring 0-0.8 C, low high yes high 8-10 - can cross 1,000 & 145,000
spring 04-4 C, moderate high yes - 7-13 0 self 1,000 & 100,000
t'ate spring 12 C, low moderate  yes  moderate 8- 12 self, 3,000 & -
0 summer can cross
dpiing ard 0828 C low low yes high  7-8 34 sl 100 & 500
early fall ? can cross
late spring 1-2 C, low high probably =moderate 24 = 4-5 self, 500 & 90,000
can cross
latespringto | 5 55 | ¢ | ow high yes high | 8B | 34 | seif —~&T1,000
early summer can cross
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WINTER ANNUAL WEEDS
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Broadleaf weeds
Catchweed bedstraw sprawling 4-17 No cms, ni 33-72 41 51-65
Common chickweed short, matting 0.36-0.51 Yes wst, li, at, ni 54-68 17-30 33-72
Chamomile species medium, 04-12 Yes  scdliatni  68-86 11-37 4251
branched
) medium, . .
Flixweed branched 012 Yes wst, li,at, ni  59/43-68/50 25 23-33
Henbit short, 0.5-0.6 .
Purple deadnettle sprawling 0.65-0.92 Yes wst, li at 41-68 20 39-60
Shepherd’s-purse short, erect 0.09-0.14 Yes cms, li, at, ni 59/43-86/59 1-24 35-52
Grass weeds
Annual bluegrass short, erect 019-048 Variable €™ WSt b 41-68 17-26 26-50
to prostrate at, ni
Downy brome medium 2.5-37 Variable ni 59-68 99 -
Italian ryegrass medium 13-26 Variable li 50/41-77/41 58-64 -
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WINTER ANNUAL WEEDS

Optimum emergence
depth (inches)
Photosynthesis type
Frost tolerance
Drought tolerance
Mycorrhiza

Response to nutrients
Emergence to flowering
(weeks)

Flowering to viable
seed (weeks)
Pollination

Typical & high seed
production potential
(seeds per plant)
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fall and spring 0.8-24 G, high low unclear high 6-10 4 self, 350 &1,500
can cross
fall and spring 0-04 G, high low no high 6 2 self 1,500 & 15,000
fall and spring 0-1 C, high moderate = unclear = moderate = 8-12 - cross 2,000 & 20,000
fall, some - C, high low o ow 46 6 self 2,000 & 76,000
early spring 3
late summer to 0-1 C high low yes  moderate 25 24  both 1000 & 50,000
fall, spring 3
fall and spring 0-0.5 G, high moderate no moderate  4-16  2-3 55 3,000 & 50,000
can cross
late summer to | | ¢, high low yes high 8 2 = 9000820000
fall, spring 3 can cross
fall and spring 0-2 C, high high variable high 4 4 self 50 & 500
. . cross,
fall and spring 0.25-0.5 C, moderate low yes high 4-8 3 can self -&300
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PERENNIAL WEEDS

Optimum emergence depth

(inches) from perennial

organs

c
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s

a

Emergence period from
perennial organs
Time/stage of lowest
Photosynthesis type

reserves
Frost tolerance

Growth habit

Broadleaf weeds

Bindweed, field twinin thickened mid-spring 0-6 12-28 inch stem:s, C. moderate
Bindweed, hedge g roots to summer 4-6 leaves 3
. medium, thickened mid-spring 12-inch shoots,

Caliely kit erect roots to fall i flower bud set G bouy

Common milkweed medium, thickened late spring to 1-12 mid-summer C low
erect roots early summer 3

Dandelion rosette taproot early spring 0-4 spring, flowering G high

Dock species rosette taproot early spring 0-3 - G high
short, mid-spring early summer,

Risisa branched roots to summer ak flowering G o

Plantain, blackseed
Plantain broadleaf rosette basal stem mid-spring - - G, high
Plantain, buckhorn

medium, thickened

Sowthistle, perennial erect roots mid-spring -8 5-7 leaves G, low
Woodsorrel, yellow short, rhizomes mid-spring to - - C, moderate

branched summer 3
Grass, sedge and allium weeds
Bermudagrass prostrate rhizomes late spring 24 mid-summer C low

grass "
. o 6-12 inches tall,
Johnsongrass tall grass rhizomes mid-spring 0-4 4-8 leaves C, low
Nutsedge, purple short sedge tubers summer -6 - C, low
Nutsedge, yellow short sedge tubers late spring to 4-8 late summer, C, low
early summer flowering
Quackgrass short grass rhizomes early spring -6 3 leaves G, high
Wild garlic short allium bulbs fall anq -4 2 leaves G, high
early spring
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PERENNIAL WEEDS

Dormancy of shed seeds
Factors breaking dormancy
Seedling emergence period
Emergence to flowering

Optimum temperature
(weeks)

range (F) for seed
germination
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Drought tolerance
Fertility response
Seed weight (mg)

Mycorrhiza

8-20 95/68 late spring to

high yes low moderate 1834 yes scd 77/59 arly summer 6-9
high yes moderate moderate -7 no cms, at, ni 77-86 mid-spring 8-10
high yes moderate = moderate 35-74 yes cms, at, ni 68/50-95/68 spring 6-8
. . . : early to mid-
high yes moderate high 0.34-0.54 no li, at, ni 59/41-71/59 summer 4-5
high no high high 0.7-3 variable cms, li, at 68/50-95/68 | spring and fall 4-8
high yes moderate moderate 11-19 variable at, ni 68-86 late spring 5-8
0.35-0.7 late sorin
high yes low high 082:234 variable  cms, li, at, ni 59-86 to susrfn; egr 6-10
low unclear low moderate  0.38-0.69 no li, at 77-86 ﬁzsﬂﬁi Z? 10-14
moderate yes moderate  high 013-015 no l 60-80 m'(sjusrﬁ::;% to 4-6
moderate yes high low 0.23-0.36 yes li, at, ni = - 10-15
moderate yes high high 2.6-6.2 yes cms, li, at, ni 95/59 thr(l)a:;hssﬂir:]wén or 7
high yes moderate low 0.22-03 yes scd, wst - - 3-7
high yes low low 013-031 yes l 95 spring 8-12
moderate no high low 2 no at 77/59 spring 8-12
. mid-
high yes low low 0.5-15 yes cms - - spring
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MAJOR AGRICULTURAL WEEDS OF THE UNITED STATES
AND CANADA

Grass Weeds and
their Relatives



Annual bluegrass

Poa annua L.

Annual bluegrass seedling
Scott Morris, Cornell University

Annual bluegrass panicle
Scott Morris, Cornell University

IDENTIFICATION

Other common names: low speargrass, six-weeks
grass, annual meadowgrass, annual spear grass, dwarf
spear grass, dwarf meadow grass, causeway grass,
speargrass, poanna

Family: Grass family, Poaceae

Habit: Short winter or summer annual bunchgrass,
sometimes surviving through a second growing season.
Two major variants have been identified, P. annua var.
annua, an annual with an erect habit, and P. annua var.
reptans, a short-lived perennial with a prostrate growth
habit. The perennial variants are more common in turf-
grass than are the annual variants. Perennial variants
survive by growing roots from stem nodes in contrast
with perennial Poa turfgrasses which spread by rhizomes.

Description: The linear seedling leaf (0.2—0.35 inch
long by 0.04—0.1 inch wide) emerges perpendicular to
the ground. Young true leaves unfold from the bud into
a V with a tip shaped like a boat prow; they lack auricles
and have 0.1—0.2 inch long, translucent, slightly pointed
ligules. Collar regions are green and hairless. Light
green blades are 0.75—2 inches long by less than 0.04—
0.1 inch wide, crinkled or wavy on the surface, and
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smooth edged. Blades may be hairless or have scat-
tered soft hairs. Hairless, flattened sheaths open down
the stem. Mature plants grow into 1- to 12-inch tall,
highly tillering, upright or prostrate clumps. Stems are
bright green to yellow green. Sheaths open nearly to
the base and easily pull away from the stem. Sheaths
are transparent and pale, hairless, V-shaped and with-
out auricles; mature leaves have a ligule similar to that
of seedling leaves. Blades are light green, linear, 0.5—
5.5 inches long by 0.1 inch wide, nearly hairless, with
the distinctive boat prow-shaped tip. The root system
is shallow, fibrous and matting. Spontaneous rooting
occurs at tiller bases. Numerous 1- to 3-inch tall, pyr-
amid shaped inflorescences develop. White-green
immature seedheads are open or airy, with several
small flower clusters (spikelets) loosely grouped at the
ends of branches within the pyramid. Individual spike-
lets are 0.2 inch long and contain two to six flowers. As
with other grasses, the apparent seed includes a thin,
tightly adhering layer of fruit tissue. Yellow-gray seeds
are 0.1 inch long, elliptical and with one blunt end.

Similar species: Three perennial bluegrass species
resemble annual bluegrass. Canada bluegrass (Poa
compressa L.) is 1—2 feet tall, has flat, wiry stems and
narrow, blue-green blades. Kentucky bluegrass (Poa
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pratensis L.) is 1—3.25 feet tall, with dark green leaves
2-30 inches long. It is a coarser looking plant whose
inflorescences consistently have a whorl of two to five
small branches at the base. Roughstalk bluegrass (Poa
trivialis L.) is 1—3 feet tall, with yellow-green leaves
1—8 inches long. Leaves are rough and folded in the
bud, with a large tapering membranous ligule. Italian
ryegrass [Lolium perenne L. ssp. multiflorum (Lam.)
Husnot] resembles annual bluegrass but can be distin-
guished by its long, narrow auricles.

MANAGEMENT

Annual bluegrass can be a severe problem in turfgrass.
In agriculture it is primarily a problem in vegetables
and small grain crops. Close mowing shifts the popu-
lation in grassy areas to the creeping perennial form
that is more easily controlled by tillage when it invades
tilled fields. If annual bluegrass is abundant at the time
of spring tillage, use a moldboard plow to invert the
soil, which will bury the plants and kill them. Subse-
quent shallow secondary tillage should rely on disks or
harrows to avoid bringing clumps back to the soil sur-
face. Rotary tillage is not recommended as it will leave
many clumps only partially buried. These will have a
good head start on your crop and may cause problems
if the crop is not highly competitive.

Severe infestations are usually the result of leaving
soil undisturbed from late summer/early fall through
the spring. In this situation, a few plants can produce
many seeds before late spring tillage, and the large
clumps are likely to survive tillage. To prevent prob-
lems with annual bluegrass the following year, till
seedlings under late in the fall after most have germi-
nated and then plant a winter cereal cover crop at high
density to compete with late emerging individuals.
When cultivating to destroy young annual bluegrass,
burial is more effective than uprooting since this weed
is very good at rerooting. Cultivating annual bluegrass
after it forms clumps is not effective unless performed
in very hot and dry conditions.

In pastures, annual bluegrass usually indicates
over grazing or excessive trampling. It tends to invade
where other grasses have died or been damaged rather
than displacing them by competition.

ECOLOGY
Origin and distribution: Annual bluegrass originated in
southern Europe and has been introduced into more
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than 80 countries in North Africa, North Asia, Aus-
tralia, North and South America, and even Antarctica.
It is a weed of temperate and subarctic climates and
occurs in the tropics only at high elevations.

Seed weight: Mean seed weights from field grown
plants range from 0.19—0.48 mg, though seed weights
as high as 0.59 mg have been observed from green-
house grown plants.

Dormancy and germination: Annual bluegrass produc-
es both dormant and non-dormant seeds. The propor-
tion of dormant seeds varies between populations and
is affected by conditions during seed set. For example,
a dormant Louisiana population that required warm
temperatures to break dormancy functioned as a winter
annual, whereas non-dormant Wisconsin populations
functioned as summer annuals. Annual forms gener-
ally have a higher percentage of dormant seeds while
perennial types have minimal dormancy. Dormancy
declines over a period of months. Thus, non-dormant
seeds produced in the spring germinate in the summer,
whereas the dormant seeds are ready for germination
by fall. Dormant seeds collected in Louisiana required
moist heat to break dormancy whereas seeds from
Australia required chilling. A few seeds can germinate
at temperatures as low as 36—41°F, but high germi-
nation percentages require temperatures of 41—68°F.
In ecotypes from Alabama, germination was best at
66/50°F (day/night) and declined at higher tempera-
tures. Temperatures over 86°F decrease germination
of non-dormant seeds and can reduce viability of dor-
mant seeds. Many seeds that get incorporated into the
soil before germination (for example, if they are culti-
vated into dry soil) become dormant and require spe-
cific environmental cues to stimulate germination. For
such seeds, germination is stimulated by light, fluc-
tuation in day/night temperatures and the presence
of nitrate. Germination is reduced in dry conditions
more so than for other winter annual grass species. In
the coastal area of central California, long day length
in the spring was hypothesized to contribute to induc-
ing dormancy in spring and early summer, whereas
shortening day length was hypothesized to contribute
to decreasing dormancy in fall and early winter.

Seed longevity: Few seeds of annual bluegrass survive
in the soil longer than five years. In soil stirred four times



per year, seed density declined by 26% per year, and in
undisturbed soil, it declined by 22% per year. In another
study, seed mortality was 29—50% per year in frequently
disturbed soil and 17—-26% per year in undisturbed soil.

Season of emergence: Most emergence occurs in the
late summer and fall, but some emergence occurs
during spring and summer.

Emergence depth: This does not appear to have been
studied, but given the small seed size, most seeds
probably emerge from the top 1 inch of soil.

Photosynthetic pathway: C,

Sensitivity to frost: Annual bluegrass tolerates frost
well. Exposed, fully frozen plants will die in about two
weeks, but the species commonly overwinters under
snow or in the shelter of cover crops or crop residue.

Drought tolerance: Annual bluegrass is intolerant

of drought and high soil temperatures. Plant leaf
length, tillering and mass were greater when grown at
72°F than when grown at 90°F. Plants, however, can
tolerate short exposure to high air temperatures, with
plants surviving a 3-hour exposure to 117°F.

Mycorrhiza: Annual bluegrass is mycorrhizal.

Response to fertility: Annual bluegrass size responds
directly to the amount of N, P or K applied. Nitrogen
favors leaf production, whereas P and K promote seed
production. However, herbage growth also increases
with increasing levels of P and K. It grows best on soils
with pH from 5.5—6.5 and is only rarely found on soils
with pH less than 5.3.

Soil physical requirements: Annual bluegrass can grow
in different types of soils, from clays to sands. It toler-
ates extreme compaction and waterlogged conditions.
Fine textured soils that maintain higher water content
in winter tend to have higher annual bluegrass popula-
tions than sandier, well drained soils.

Response to shade: The species grows well in moderate
shade, and it often thrives under trees and in pastures
and hay meadows dominated by taller grasses. It can
sustain vegetative and reproductive growth at 80—92%
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shade, explaining its common occurrence in fields of
highly competitive cereal crops. It is associated with
shaded cracks in sidewalks.

Sensitivity to disturbance: Annual bluegrass is difficult
to uproot with hoes and cultivators because part of the
spreading root system often remains in the ground.
The dense roots hold soil and allow uprooted plants to
survive and quickly reroot. Once the plants have made
side shoots (tillers), this species is among the hardest
weeds to kill by uprooting. It is very tolerant of tram-
pling, and it will flower and set seed when kept mowed
to a height of 0.25 inch.

Time from emergence to reproduction: Overwintering
plants begin growth in the very early spring and flower
almost immediately. Peak seed production occurs in
May to early June but also can occur throughout the
year. Cold vernalization accelerated heading, which
occurred at the 11-leaf stage with vernalization and
15-leaf stage without vernalization. Spring germinat-
ing plants of the annual form set seeds in 44—55 days,
whereas the perennial form required 81—93 days.
Shade may delay time to first flowering by up to 20
days. Cut flowering panicles can still produce viable
seeds, suggesting that seeds mature quickly.

Pollination: Annual bluegrass primarily self-pollinates
but occasionally 