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Preface

Ask people for an example of a weed, and you are likely to get a variety of responses.
For most suburban commuters, dandelion, chickweed, or crabgrass and their effect on the
aesthetic quality of their lawn might be a concern. For avid gardeners, mustard, plantain, or
clover might be a consideration. Farmers may worry most about a different group of weeds,
many of which are wild relatives of the crops they grow. For a hiker or backpacker, or an
ecologist, invasive plant species such as cheatgrass or yellow starthistle would top the list.

But there are other weeds that people rarely think about. For example, the allergist works
with pollen outbreaks from unregulated ragweed proliferation. A dermatologist may deal
with contact dermatitis from poison ivy exposure. A pharmacist might study sweet Annie,
a common roadside weed in Virginia for the production of artemesinin, a new antimalarial
drug. Drug Enforcement Agency (DEA) agents could study wild poppy production and its
impact on the global supply of Heroin.

People rarely stop to think about the full impact of weeds in human society. Weeds affect
many aspects of our daily lives, from the quantity and quality of the foods we enjoy, to the
medicine we consume, the allergies we encounter, the frequency of fires in some parts of the
world, and even the diversity of species in natural ecosystems.

There are, of course, existing tomes that assess and quantify all of these aspects of weed
biology; the goal of this book is not to duplicate previous efforts. Rather, we attempt to as-
sess and synthesize recent information regarding the unprecedented increase in atmospheric
carbon dioxide and the associated change in climate, particularly temperature and precip-
itation, in regard to basic and applied aspects of weed biology. We examine responses of
weed growth and reproduction as well as weed management, invasive weeds, public health,
ecosystem functioning, and food security.

There is still much to be learned about the responses of weeds to anthropogenic increases
in CO2 and climate change. However, we are now beginning to recognize the scale and
rapid pace of environmental perturbations caused by human society, and the implications of
these changes for weed biology. Given this pace, and the interactive dynamic between weeds
and environmental disturbance, we feel there is a critical need to begin summarizing and
publicizing what is currently known in this field.

We begin with separate overviews of weed biology and climate change, and then discuss
probable responses to climatic change and rising carbon dioxide, from the genome to the

ix
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x PREFACE

plant community level. We hope to provide a framework for greater insight into the likely
impacts of global change on agronomic weeds, invasive plant species in natural or less
managed plant communities, and the links between weeds and public health. We discuss the
implications of global change with respect to chemical, cultural, biological, and mechanical
weed management as well as some beneficial aspects of weeds. We attempt to highlight
crucial research questions and to highlight adaptation or mitigation strategies that could
reduce potential consequences.

We stress that this is only a beginning. We are seeking new ideas and models that can help
us define, understand, and predict weed biology and likely societal impacts of unparalleled
human-induced climatic uncertainty in the twenty-first century. In doing so, we wish to cast
our academic net not only within the weed science community, but also among a wide swath
of stakeholders, including environmentalists, agronomists, and health care providers.

To that end, we are indebted to Justin Jeffryes and Shelby Allen of Wiley-Blackwell
publishing for their invitation to prepare this book and for their advice and encouragement.
We are also grateful to our own scientific mentors, Hal Mooney at Stanford University, Jim
Ehleringer at the University of Utah, Chris Field at the Carnegie Institution for Science,
Paul Epstein at Harvard, David Patterson at Duke, Jim Bunce at USDA, and Tony Hall at
University of California, Riverside, who have fostered our appreciation of nature’s wonders
and provided a healthy dash of skepticism. We are also indebted to our colleagues who gave
generously of their time in helping put this book together, Jodie Holt, Jil Swearingen, Bethany
Bradley, Dana Blumenthal, Jack Morgan, and Hilda Diaz-Soltero. Finally, we express our
profound gratitude to our families and friends, who, while supporting us, must have wondered
how grown men could be so fascinated with weeds.

Lewis H. Ziska, Ph.D. USDA-ARS
Crop Systems and Global Change Lab

Jeffrey S. Dukes, Ph.D. Associate Professor,
Purdue University
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1 A Brief History of Weeds and Their Impact

“. . . the sun never sets on the empire of the dandelion”
Alfred W. Crosby, Ecological Imperialism

Weed Classification

Weeds were, and are, the largest single limitation on crop yield. Before the onset of chemical
control for weeds, most of the work on the farm from June through August was hoeing; a
weed control method still practiced around the world. Without mechanization, the size of a
farmer’s holding and yield was determined by how well (and how fast) a family could weed
its land. As suggested by Zimdahl (1993), more human labor may be expended on weeding
than on any other human enterprise (Figure 1.1).

Weeds affect nearly every aspect of our lives, from the appearance of our lawns to the
quality of the food we eat, even the state of our health. Weed science, a subset of botany, is a
multidisciplinary science with the goal of a systematic understanding of both weed biology,
and more importantly, weed control. Weed scientists represent a broad spectrum of scien-
tific disciplines including plant physiologists, botanists, agronomists, chemists, molecular
biologists, biochemists, and ecologists.

But what makes a plant a weed? If we called something a weed in the northeastern United
States, would it still be considered a weed in Australia? Are there common characteristics
among different weed species? In what habitats are weeds found? How do weeds spread?
What makes a weed harmful? How do we measure harm? How do we manage weeds
currently? How will we manage them in the future? In this first chapter we will explore these
basic concepts of weed biology.

A weed is a weed is a weed? One of the greatest difficulties in introducing the subject of
weed biology is a clear understanding of what is meant by “weed.” The term “weed” does
not exist in nature; rather, plant species assume the mantle of “weed” when classified as such
by human society.

Given the diversity of societies, many weed science books will list a number of cultural
and scientifically derived definitions. While varied in scope, these characterizations fall
into two broad categories: “an unwanted or undesired plant species” and “early vegetation
following a soil disturbance.” The first classification is used by many laypersons as well as
agronomists and weed scientists, the latter is a definition widely accepted by ecologists and
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2 WEED BIOLOGY AND CLIMATE CHANGE

Figure 1.1 The author’s (LHZ) future in-laws working on a farm near Samantha, Alabama, during the early 1900s.
Farm work, particularly hoeing weeds, was the main activity during the summer months, and the principal reason school
children were given summers off. (Photo courtesy of Mollie Guy of Tuscaloosa, Alabama.)

environmentalists. There is also a third definition—that a weed is a plant whose virtues have
yet to be discovered—suggesting that if a use were found for a weed species, it would cease
to be a weed. Yet, many of the most pernicious weeds were introduced specifically because
of their virtues (e.g., forage crops such as Johnson grass1 and kudzu, as well as aesthetic
species such as purple loosestrife).

Because the characterization of a weed is determined by human activity, the definition of
a weed is fluid; it can vary by time and space, and certainly by culture. For example, jim-
sonweed, in addition to being a common weed of roadsides, is also considered an important
medicinal plant for native peoples of the southwestern United States. However, certain plants
are universally reviled because it is acknowledged among disparate regions and cultures that
those plants can cause widespread economic or environmental damage. One such plant is
Canada thistle, considered among the worst weeds in North America (Skinner et al., 2000)
for its ability to invade, colonize, and out-compete native and agricultural vegetation. In

1 Common names of weeds will be used throughout the book, scientific names, Bayer and WSSA codes are
referred to in the appendix
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A BRIEF HISTORY OF WEEDS AND THEIR IMPACT 3

these cases, the definition of a weed is less in doubt because the impact of these plants is
universally recognized.

Ultimately, the definition of “weed” is anthrocentric and therefore flexible; however,
“weeds” in many societies share certain biological characteristics.

The following is a synthesis of some of these characteristics, most notably those presented
in Zimdahl (1993) and Radosevich et al. (1997). No single weed possesses all of these
attributes, but these characteristics encompass biological traits associated with “weediness.”

1. Long-term seed survival in the soil, including resistance to microbial degradation. In
addition, weed seeds can germinate over a wide range of environmental conditions. Soil
disturbance may be needed for germination.

2. Rapid growth following germination.
3. Mechanical (e.g., spines) and chemical (e.g., poison) barriers to herbivory during vege-

tative growth.
4. Grow over a wide range of environmental conditions, including extremes of temperature,

water, and nutrient availability; high environmental plasticity.
5. Flower early during vegetative growth. Time from flowering to seed production can be

rapid (e.g., 2 weeks from flowering to mature seed for Canada thistle).
6. While some weeds are self-compatible, most cross-fertilize between individuals, usually

using unspecialized pollen carriers or wind. As a consequence, seeds produced by any
one plant can be very genetically diverse.

7. Weeds may produce more than one seed crop per year. Individuals can produce tens of
thousands of seed in a given year.

8. Reproduction, particularly for perennial weeds, may include both sexual (floral) repro-
duction, but also asexual reproduction from roots and/or rhizomes.

9. Weeds may have highly effective seed dispersal mechanisms, from wind (dandelion) to
animals (cocklebur).

Life Cycle

Weeds can also be classified on the basis of their life history. For instance, knowing whether
a plant is an annual, biennial, or perennial can help weed scientists determine where a weed
could become a problem.

An annual is a plant that completes its entire life cycle (from seed germination to seed
development) in less than 1 year. Annuals grow quickly, and many are prolific seed producers.
Summer annuals germinate in spring, grow in summer, flower, and die with the onset of frost
in the fall. Examples of summer annual weeds include velvetleaf, pigweeds, and foxtail
grasses. Winter annuals, in contrast, germinate in fall or early winter, flowering and maturing
in spring or early summer of the following year. Examples of winter annual weeds include
chickweed, shepherdspurse, and cheatgrass.

Biennials, as the name suggests, are plant species that complete their life cycle over a 2-
year period. These species typically form a vegetative rosette during the first year of growth,
become quiescent over winter, and then bolt during the following spring, forming a tall



P1: SFK/UKS P2: SFK

c01 BLBS066-Ziska October 13, 2010 15:23 Trim: 244mm X 172mm Printer Name: Yet to Come

4 WEED BIOLOGY AND CLIMATE CHANGE

Figure 1.2 Chickweed, curly dock, and field bindweed as common examples of annual, biennial, and perennial weeds.

inflorescence with prodigious seed development. Examples of biennials include curly dock,
garlic mustard, bull thistle, and musk thistle.

Among the most damaging of weeds are perennials, those that are long-lived, multi-year
plant species. These can be divided into two subgroups: simple and creeping (Zimdahl,
1993). Simple perennials reproduce and spread primarily by seed, whereas creeping peren-
nials can spread by both sexual (i.e., seeds) and asexual (i.e., rhizomes and roots) means.
Examples of simple perennials would include common lawn weeds such as dandelion or
plantain, or weeds of wet damp locations such as curly dock. Creeping perennials include
weeds associated with contact dermatitis such as poison ivy (rhizomes and stems), and
common weeds in pastures such as leafy spurge (rhizomes) and Canada thistle (roots)
(Figure 1.2).

Classification by Physiology

Differences in photosynthetic pathway provide another means to classify weeds. This type
of classification will also be important when we examine ongoing increases in atmospheric
carbon dioxide associated with climate change in later chapters.

Initial investigations of how plants acquire carbon led to the discovery that one of the
first products of photosynthesis was the production of phosphoglyceric acid, a three-carbon
compound (Calvin, 1949). For the vast majority (approximately 95%) of plant species it
was discovered that this type of photosynthesis (termed C3 because the first stable product
had three carbons) was the sole means by which carbohydrates were synthesized from
light, energy and water. However, in the 1960s, researchers discovered other photosynthetic
pathways, most notably the C4 pathway, where the first products of photosynthesis are
four-carbon sugars such as oxaloacetate, malate, and aspartate. Although these C4 plants,
principally tropical grasses, constitute only about 4% of all plant species, a higher percentage
of this type of photosynthesis appears to occur among the world’s worst weeds (e.g., Holm
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A BRIEF HISTORY OF WEEDS AND THEIR IMPACT 5

et al., 1977). A third type of photosynthetic pathway, crassulean acid metabolism or CAM,
occurs in less than 1% of plant species. While succulent species use CAM photosynthesis,
major weeds do not.

Classification by Habitat

One of the most well-recognized habitats for weeds is cropland. However, because crops
cover a wide range of different environments, there may not be a specific set of characteristics
associated with crop weeds per se. Interestingly, the most competitive weeds in a given
cropping situation are often simply “imitators” or wild relatives of the crop. They are selected
for by cultural practices such as planting date, fertilizer application, selective herbicide
usage, etc. which while favoring the crop, also select for those weeds that are closely
related physiologically, morphologically, or phenologically. Examples of crops and their
weed relatives include potatoes and nightshade (both in the genus Solanum), rice and wild
or red rice, sorghum and shattercane (both Sorghum bicolor), oat and wild oat.

Rangelands constitute those land areas characterized by grassland and shrubland used
(although not exclusively) for animal grazing. Because of their use, classifications in range-
lands are associated with those weeds whose presence is either directly (e.g., poisonous) or
indirectly (competes with desired grasses) harmful to large animal (sheep and cattle) grazing.
Examples of typical rangeland species include leafy spurge and yellow starthistle.

Forests have another unique set of weed species associated with them. James Miller of
the U.S. Forest Service has identified over 33 plants or groups that are spreading rapidly
through southern forests (Miller, 2003). As might be expected, vines that compete directly for
sunlight such as kudzu, Oriental bittersweet, or English ivy are considered among the worst
nonnative vines, but other perennial weeds such as Chinese and Japanese privet, nonnative
roses, and sacred bamboo are also among the worst forest weeds. In addition, certain tree
species can also be considered weeds and among these, nonnative trees such as Princess tree
and tree of heaven are considered common weeds in forest environments.

Riparian weeds are those species that are found in wet, poor drainage areas. They are
adapted to anaerobic soils and may rely on water as a means to spread by seed or asexually.
Riparian weeds include purple loosestrife, curly dock, giant reed, or salt cedar.

Aquatic weeds are those weeds adapted to living directly in the water. They can be floating,
submersed, or immersed (submersed but with a root system). They can reduce water quality
and water supply as well as pose problems for navigation or power generation. Some of the
most prevalent aquatic weeds include water hyacinth and hydrilla (Figure 1.3).

A Few Basic Principles of Weed Ecology

Weed ecology is that aspect of weed biology that studies weed distribution, growth, devel-
opment, reproduction, and population dynamics of weed species in managed (human) and
unmanaged (natural) plant communities.
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6 WEED BIOLOGY AND CLIMATE CHANGE

321 54

Figure 1.3 Weeds by habitat: (1) common lambsquarters in a soybean field; (2) Canada thistle as a rangeland weed
in South Dakota; (3) tree of Heaven, a common weed in urban areas; (4) purple loosestrife, a common riparian weed in
marshes; (5) water hyacinth, a common aquatic weed. (Photos are all from USDA-ARS Image Gallery.)

Seed Biology

We can begin with seed, and an appreciation of the ability of weeds to produce them. The
number of weed seeds present in soil can be enormous. Koch (1969) has derived figures that
indicate between 30,000 and 350,000 weed species per square meter (or 300 million to 3.5
billion seeds per hectare). An estimate of the number of seeds produced for a single weed
can be in the hundreds of thousands (Table 1.1).

What is the fate of seed once it enters the soil? Harper (1977) envisioned the soil as a seed
“bank” in which “deposits” or “withdrawals” are made. An example of a deposit would be
seed rain, whereas withdrawals (seed removal) would occur by germination, deterioration, or
predation. The concept of a seed bank is a very useful one for weed ecology since it provides
key information regarding seed diversity and longevity as well as long-term information as
to efficacy of weed management.

Seed longevity in turn, will depend on a number of factors and their interaction. Obvi-
ously, how much seed a given species produces is an important consideration as is soil type.
However, seed decomposition, predation, and dormancy/germination are also key consider-
ations. Overall, observations indicate that while seeds from grass and crop species are rarely
long-lasting within the seed bank, weed seeds may last for hundreds of years if not millennia
(Odum, 1965).Weed seeds are almost always present in the soil.

Seed germination and emergence is dependent on dormancy. Although there is a recog-
nized physiological aspect of dormancy (seed ripening), most dormancy is imposed by the
environment. Dormancy, in turn, can be broken by a given environmental factor or com-
bination of factors, usually those that occur in seasonal cycles. For example, freeze/thaw
combinations may be necessary to remove seed coat restrictions. Alternatively, many weed
seeds need light (Sauer and Struik, 1964), which is usually abundant following a physical
disturbance in the environment.
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A BRIEF HISTORY OF WEEDS AND THEIR IMPACT 7

Table 1.1 Seed production (per plant) and qualification (+ or −) as to the presence of asexual
reproduction for selected weed species.

Seed Asexual Comments

Canada thistle (Cirsium arvense
[L.] Scop.)

530–5,300 ++ Extensive below ground root
system 3 m horizontal and
vertical lengths

Common lambsquarters
(Chenopodium album L.)

9,000–370,000 − Prolific seed producer

Common mullein
(Verbascum thapsus L.)

200,000–300,000 − Prolific seed producer

Common ragweed
(Ambrosia artemisiifolia L.)

3,000–5,000 − Agronomic weed and public
health issue

Dalmation toadflax (Linaria
dalmatica L. [Mill])

up to 500,000 ++ Extensive deep root system

Diffuse knapweed (Centaurea
diffusa)

up to 18,000 − Not asexual, but can regrow from
cut crown

Field bindweed (Convolvulus
arvensis L.)

25–300 ++ Extensive rhizome growth and
establishment of large colonies

Musk thistle (Carduus nutans L.) up to 100,000 − Normally biennial, can be annual
with warmer temperatures

Perennial sowthistle (Sonchus
arvensis L.)

up to 13,000 ++ Can spread extensively by roots

Purple loosestrife (Lythrum
salicaria L.)

up to 3,000,000 − Can regrow from woody
rootstock if shoots are cut

Quackgrass (Elymus repens L.) up to 8,000 ++ Extensive rhizome production,
can form large colonies

Wild oat (Avena fatua L.) 200–700 − Common weed in cereal
production

Yellow starthistle (Centaurea
solstitialis L.)

up to 150,000 − Can regrow if shoots cut

Reference : www.invasive.org.

Seed germination is associated with rapid metabolic activity, radicle emergence, and
then shoot appearance. Germination is a perilous ecological proposition, and natural selec-
tion has caused the timing of germination to coincide with favorable environmental condi-
tions (Probert, 1992). However, even with such selection, given the large seed populations
of some weed species, it is evident that many of them fail to germinate, decompose, or
get eaten.

What then are “favorable environmental conditions” that promote weed seed germination
within the seed bank? Whether human or natural, any disturbance exposes soil to light,
alters water and temperature regimes, and, assuming temperatures above thermal limits, can
allow seeds to break dormancy and germinate. As we have seen, weeds can be a primary
constituent of the seed bank; such physical (abiotic) disturbances are therefore a key factor
in their establishment within the plant community.
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8 WEED BIOLOGY AND CLIMATE CHANGE

Emergence and Competition

Given physical disturbance of the soil as a signal for extensive seed germination, what factors
following emergence from the soil are associated with weed species success? What, in other
words, makes some weeds more competitive than others?

It is difficult to provide a complete answer to these questions, and scientists are still
addressing many aspects of competition. However, in general, success at competition reflects
the ability of a given species to acquire a limited set of resources at a greater rate than its
neighbors, whether those neighbors are a different species (interspecific competition) or the
same species (intraspecific competition). How these resources are acquired depends on both
genetic hard-wiring (e.g., rate of leaf development, nitrogen use efficiency, etc.) and spatial
and temporal variability of physical resources (e.g., nitrogen distribution in the soil, rainfall,
temperature, etc.). In general, plant competition is for abiotic resources, principally light,
water, and nutrients between or within species.

Because light varies in duration, intensity, and quality, and must be used immediately or lost
permanently, those plants that intercept light and shade their neighbors are at a competitive
advantage. Plants invest heavily into new leaf formation, particularly after emergence. Indeed,
a simple comparison of leaf area ratio among seedlings can be used as one measure of
early competitive success between weeds and crops (Kropff and Spitters, 1991). However,
too much investment in leaves at the expense of stems or branches may also result in a
disadvantage, since height is an important consideration in light interception. Overall, in
many cropping situations where water and nutrients may be nonlimiting, light competition
may be one of the principal factors influencing weed–crop interactions (Donald, 1961) and
reducing crop productivity (e.g., oat and wild oat; Cudney et al., 1991).

Water availability varies greatly by region, and competition for water among seedlings
can be severe in areas where natural rainfall is low or inconsistent (e.g., rangelands and
savannah). Less competition is usually associated with irrigated systems, although variation
in delivery times and water quality (e.g., salinity) may be an additional feature related to
competitive success. Overall, there are three factors associated with competition for water
as suggested by Radosevich et al. (1997): (a) variation in the total amount and temporal
availability of water inputs into the soil; (b) soil volume available to the plant, i.e., the rate
of root development and exploration of that volume; and (c) physiological factors related
to the exchange between carbon acquisition and water loss. For some weedy species, rapid
depletion of available water may be an effective strategy for competition with crops (e.g.,
cocklebur and soybean; Scott and Geddes, 1979); alternatively, a number of common weedy
species have the C4 photosynthetic pathway, which increases overall water use efficiency
(the ratio of CO2 uptake to H2O loss) and may be at an advantage within the plant community
if water becomes limiting. In general, success in competition for water will be dependent
on the relative abilities of the individual species to obtain the resource and to tolerate water
deficits (Table 1.1; Patterson, 1995).

Nutrients are a recognized environmental resource needed for plants to complete their
life cycle. Nutrients are divided into two broad categories based on the relative needs
of the plant, namely, macronutrients (those needed in large amounts), such as carbon,
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oxygen, hydrogen, nitrogen, potassium, calcium, phosphorous, magnesium, and sulfur; and
micronutrients (needed in lesser amounts) such as iron, chlorine, copper, manganese, zinc,
molybdenum, and boron. Competition for these nutrients is both dynamic and complex since
nutrient availability is dependent on soil characteristics, most notably pH, and aspects of
plant morphology such as root development, that are species specific (Patterson, 1995). It
is difficult then to predict a precise competitive outcome for an explicit nutrient deficiency.
Nevertheless, there are some generalizations that can be made. First, it is clear that weeds
utilize nutrient resources at least as rapidly as many crop species. This suggests that weed
removal should result in greater nutrient availability to the crop species. Second, there is
evidence that weeds may be more efficient at removing nutrients from the soil than cultivated
plant species (Vengris et al., 1955).

The previous examples are meant to be illustrative, and are by no means a complete
synthesis of what is known regarding competition. For example, while nutrients, water,
and light are presented as individual physical limitations, it is common for one or more
to be limiting simultaneously. In addition, most competition experiments have focused on
suboptimal conditions, not on circumstances where such factors may be in excess (e.g.,
flooding and agronomic fertilization). Yet, differential responses to an overabundance of
resources may also have significant implications for plant–plant interactions.

Weed Reproduction and Spread

Having examined how weeds survive in the seed bank, germinate, emerge, and compete suc-
cessfully, we can turn our attention to reproduction and distribution within the environment.
How do weeds become distributed in the environment?

One reproductive method, common among many perennial weeds, is through vegetative
or asexual reproduction. Vegetative portions of the plant capable of regeneration include
stolons, long, slender stems that grow parallel to the soil surface (e.g., Bermuda grass);
rhizomes, stems that grow underground, while producing adventitious roots and shoots
(e.g., quackgrass and poison ivy); tubers, which are extensive belowground storage organs
(enlarged rhizomes) that possess axillary buds (e.g., Jerusalem artichoke); bulbs, modified
underground buds capable of regeneration (e.g., wild garlic and wild onion); corms, enlarged
underground perennial stems for carbohydrate storage (e.g., wild onion); and roots (usually
horizontal that can give rise to separate shoots (e.g., Canada thistle and field bindweed).
Although many perennials do produce vegetatively, most, if not all, also reproduce sexually
through flowering. Hence, such weeds can maintain both a high density of individuals for
a given surface area, as well as spread via seed dispersal. It is important to distinguish the
seed bank and the presence of vegetative bud reserves since both are an aspect related to
establishment, dominance, and competition from the soil. In general, buds are representative
clones from a single plant, whereas the population of buried seeds represents a broader range
of genotypes. Consequently, vegetative reproduction should be at an advantage when envi-
ronmental conditions are stable, whereas seed genotypes would be favored with continuous
disturbance. This would suggest that after a soil disturbance, seed genotypes would dominate
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initially, followed by the appearance of herbaceous perennial weeds with high vegetative bud
reserves. Such vegetative reserves can be impressive. For example, within 2 years, Canada
thistle plants can produce over 66 feet (20 m) of new roots (Parsons, 1992).

Getting the Seed Out

As we have already observed, one of the characteristics of weed species is prodigious seed
production. However, widespread distribution of these seeds, through a wide array of vectors,
aids in their spread and negatively impacts their control.

A number of weed species have plumed seed for wind dispersal. These include dandelion,
Canada thistle, mare’s tail, and a number of weeds within Asteraceae. The plume, or pappus,
is the “parachute” used for wind dispersal, with the extent of wind displacement related to the
ratio of seed weight to pappus size. That is, those species that produce a low ratio of achene
diameter to pappus size have higher “hang-time” and can disperse farther from the mother
plant. Plant size, particularly the height of seed release, is also positively correlated with area
of dispersal. Tall plants (those over 1 m in height) can distribute seed as far as 5 km (Dauer
et al., 2007) depending on wind velocity and degree of infestation. In addition to disseminat-
ing seed directly, wind can also move senescent or detached portions of a plant, with subse-
quent distribution of seed over a wide area. For example, tumbleweeds such as Russian thistle
can travel several kilometers while dispersing 60,000 seeds per plant (Stallings et al., 1995).

A number of weed seeds without any special morphological modifications can travel by
water. This is a particular concern in agricultural areas where irrigation is common. An
early study by Eddington and Robbins (1920) found a total of 81 different weed species in
irrigation ditches in Colorado. A study done by Wilson (1980) found a total of 77 different
plant species in three main irrigation canals over two seasons, collecting a total of 30,346
seeds. Interestingly, many weed seeds are able to survive long periods of time submerged in
water. For example, seed of field bind weed had 55% germination, even after 54 months under
water (see Table 5.3; Zimdahl, 1993). Water then, can be an effective means to distribute
weed species over a large geographic area.

Many weed seeds are characterized by having various hooks and/or barbs on the seed
coat (e.g., puncturevine and cocklebur). Others may possess a sticky coating or resin (e.g.,
gumweed). These features are commonly associated with mechanical dispersal of weed seeds
by animals. Spread of some weed species in the western United States, for example, can be
traced to grazing areas of sheep and cattle (Crafts, 1975). In addition to such mechanical
dispersal, animals may also distribute seed directly by ingestion followed by partial digestion.
After passing through the alimentary canal, seed can then be spread via feces. Harper (1977)
and King (1966) provide a number of examples of seed dispersal by birds, rodents, and wild
and domesticated ruminants. Bird distribution in particular can move seeds over thousands
of miles (Proctor, 1968).

Human activities, particularly in agriculture, are a well-recognized vector in weed seed
dispersal. Farm machinery, such as plows, harrows, and even tires can spread weed seed
well beyond its original source. Farming practices influence which weed species become
established. For example, in rice farming, direct seeded rice is associated with the spread
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of wild or “red” rice because the seed of red rice is often indistinguishable from that of the
cultivar. Conversely, rice that is transplanted into flooded conditions is associated with weeds
that are tolerant of such wet or paddy environments such as Echinochloa species.

In addition to farming practices, the globalization of trade has also resulted in the intro-
duction of numerous “exotic” or “invasive” weed species. For example, Japanese stiltgrass,
a forest understory weed, was introduced as packing material into Tennessee in the early
twentieth century (Fairbrothers and Gray, 1972); cheatgrass may have been introduced as a
contaminant with crop seed (Novak and Mack, 2001). Introduction of other weedy species
has been deliberate because their initial introduction was thought to be of economic benefit.
Perhaps the most notorious example is kudzu, a leguminous perennial vine; now spread over
8 million acres in the southeastern United States, whose properties as forage and feed for
cattle attracted the attention of the USDA, which heavily promoted the planting of kudzu as
late as the 1940s.

The Harm that Weeds Do

So far we have discussed a number of principles that can be used to characterize weeds and
their ecology. This may seem like a pointless exercise, since many people do not consider
plants to be “bad.” However, it is important to acknowledge the harmful nature of weeds and
to recognize that “green” is not always good.

Food

Agriculture is the principal provider of food for the human population. Of the 250,000+ plant
species on Earth, only a few species have been able to be specifically cultivated for human
consumption, and of those, three cereals, rice, wheat, and corn supply the global population
with approximately 50% of their calories. Overall, more than 90% of the population is
supplied by less than 20 plant species (Diamond, 1997). Although one can argue the benefits
of modern agriculture (ability to feed large numbers with small amounts of land) versus its
detriments (large inputs of fertilizer and water contaminants), there is no question that the
current population of the world (6.9 billion) is very much dependent on modern agricultural
techniques and the maintenance of high crop yields.

Any impediment on these yields therefore has enormous implications for the ability of a
region or country to provide sufficient food for its population. The three major biological
barriers to maximal crop yields are insect pests, weeds, and plant pathogens. Among these,
weeds are the largest limitation to maintaining crop yields. There are many times more
weed species than crops; for example, in the United States, there are approximately 10 weed
species that compete with each crop species (Bridges, 1992).

Weed/crop competition is a major factor limiting food production worldwide. For example,
in China 10 million metric tons of rice is estimated to be lost annually due to weed competition
(Zhang, 2001), enough rice to feed 56 million people for 1 year (Labrada, 2007).

In addition to their direct effects on reducing crop yields, some weeds host damaging
insects or pathogens. Tall morning glory, for example, is a host for leaf blight, cocklebur for
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stem rust; insects such as the corn borer may use Russian thistle as a means to spread curly
top. Other weeds may be hosts for different nematodes that damage soybean and corn.

While negatively impacting yields, weeds may also affect quality. The presence of wild
oat or red (weedy) rice can reduce milling quality of rice and wheat flour, and can reduce
brewing quality for beer. The presence of weeds within forage crops such as hay can also
reduce both the protein concentration and the economic return for growers.

Negative effects of weeds on pasture and forage crops can also reduce animal quality.
In western rangelands, some widespread weed species such as larkspur, leafy spurge, and
yellow starthistle are poisonous or do direct physical damage to animal grazers. Such damage
is considerable. For example, it has been estimated that leafy spurge reduces the livestock
carrying capacity of pasture and rangeland by 20–50% with a subsequent loss of $35–45
million in U.S. beef and hay production (Bangsund and Leistritz, 1991).

Water

Many aquatic weeds complicate water utilization and management. Pervasive water weeds
such as hydrilla (water thyme) in the southeastern United States and water hyacinth and com-
mon coontail globally can form large mats that interfere with transport of irrigation water
and cooling water for hydroelectric plants. Such weeds may also interfere with recreational
activities such as boating or fishing. Riparian weeds may also be heavy users of water, with a
subsequent strain on water availability (Anderson, 1982). For example, salt cedar invasions
in riparian areas of the southwestern United States are often blamed for depleting fresh-
water resources needed for irrigation or urban centers (although there is some controversy
surrounding this point; Shafroth et al., 2005; Figure 1.4).

Environmental Damage

Some weeds may colonize a given habitat so successfully that native species may be elimi-
nated altogether, with a subsequent decline in species diversity. Such weeds, usually nonna-
tive for a given system, have proliferated to such a large extent that they are recognized by
a separate classification; invasive or exotic weeds. Their introduction, commonly by human
transport, results in widespread economic or environmental damage (Mooney and Hobbs,
2000). An example of the type of environmental damage related to the introduction of these
invasive weeds is alteration of the fire cycle within native plant communities. These cycles
are, in turn, accelerated by the introduction of fire-tolerant grass species such as cheatgrass,
that can produce combustive vegetative with subsequent increases in the frequency, spread,
and intensity of natural- or human-induced fire (Brooks et al., 2004). The conversion of
shrub-dominated steppes of the western United States to a cheatgrass-dominated landscape
during the twentieth century is a quintessential example of how invasive species introduction
can significantly alter plant community composition over a large geographic area.

Cheatgrass is not the only species having dramatic effects on the landscape (Dukes and
Mooney, 2004). Millions of acres of productive rangelands, forests, and riparian areas have
been overrun by weedy invaders, with a subsequent loss of native flora. The proliferation
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Figure 1.4 Salt cedar as a threat to water flow in the western United States. Accumulation of salt by this species may
also alter soil salinity with negative effects on native plants. (John M. Randall, The Nature Conservancy.)

of aquatic weeds, in turn, can lead to greater eutrophication and significant disruptions in
marine biology. It has been estimated that more than 200 million acres of natural habitats
(primarily in the western United States) have already been lost to invasive, noxious weeds,
with an ongoing loss of 3,000 acres a day (Westbrooks, 1998). The invasive plant species
that are most harmful to native biodiversity are those that significantly change ecosystem
processes (e.g., cheatgrass) to the detriment of native species.

Public Health

While the interaction of weeds and public health may seem somewhat obscure, weeds can
directly affect public health through allergenic reactions, skin irritations, mechanical injury,
and toxicology. Current estimates suggest there are approximately 30 million plant-based
allergy sufferers in the United States. While many of these people are allergic to pollen of
ornamental trees and grasses, a common weed, ragweed (Ambrosia spp.) is the principal
source of plant-based allergens in the fall. A different kind of allergy, contact dermatitis or
a skin-based allergic reaction, is also associated with weeds. Some examples include the
milky sap in spurges or giant hogweed, stinging nettles, or urushiol contact with the poison
ivy group. In the latter case, it is estimated that over 2 million people in the United States
suffer annually from casual contact with poison ivy, poison oak, or poison sumac (Mohan
et al., 2006).

Mechanical injury associated with weeds, from unwittingly removing a Canada thistle
plant by hand to stepping barefoot on puncturevine seeds, can be a painful, although nonfatal
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Poison oak Poison sumac Poison ivy

Figure 1.5 Poison ivy, a common weed of disturbed sites and contact dermatitis from poison ivy. (From USDA NRCS
plants database.)

experience. Ingestion of poisonous weeds, however, can result in serious illness or death.
There are over 700 plant species that are known to induce illness in humans or livestock.
Some weed species such as poison hemlock, nightshade, or castor bean are so poisonous that
even small quantities can be lethal. For example ricin, the poison contained within castor
bean, has been linked to terrorist threats, in part, because ricin has a greater potency than
cyanide (Figure 1.5).

There are other, more indirect means by which weeds impact human suffering. If weeds
are unwanted plants, then plant-based sources of narcotics, from coca to poppy should be
considered a significant threat to public health. Weeds may also indirectly alter air quality.
Kudzu, for example, emits isoprene, a chemical precursor leading to tropospheric ozone
formation (Sharkey and Loreto, 1993). Weeds can also affect the prevalence of human
disease by providing food sources for disease vectors. Pollen, for example, can serve as a
food source for mosquito larvae (Ye-Ebiyo et al., 2000), with potential interactions between
mosquito populations and weed pollen.

Aesthetics

Aquatic weeds do not just interfere with water delivery, but detract from our enjoyment
of the pleasures of nature, such as swimming in a clear lake. Avid gardeners spend many
hours removing dandelions, chickweed, carpetweed, and garlic mustard because those plants
take away from the colorful design the gardener wishes to create. Lawn enthusiasts also
spend many hours (and many dollars) in cultivating a uniform green sward. And, as any
home-owner can tell you, weeds can reduce property values. Yet, how can one quantify these
impacts? Aesthetical deterioration of the environment is universally recognized, but remains
ill-defined.
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Figure 1.6 Examples of weed control: (1) Dr. John Teasdale, USDA-ARS weed scientist examines hairy vetch as
potential cover crop in cultural weed control; (2) mechanical weed control through conventional tillage in soybean; (3)
use of herbicides in no till field crop; (4) Dr. Rick Bennett, USDA-ARS Plant Pathologist, examines fungi that could be
used for biological weed control. (Photos are USDA-ARS Image Gallery.)

Weed Management

Given the damage that weeds do to human activities, to the environment, and to public health,
weed management remains, even today, the principal focus of weed science. Management,
in turn, can be defined as those practices used to restrict the growth and spread of weeds. In
general, these practices focus on three main areas: prevention, eradication, and control.

Prevention refers to those actions taken to inhibit the introduction and/or establishment of
weed species into new areas. Eradication is defined as a set of measures taken to completely
remove a weed species from an area. However, complete eradication is rarely achieved, in
part, due to the high cost and effort involved in eliminating a weed species, particularly if
that species has spread over a wide (>10 ha) area. Control is the more achievable outcome
once a weed has become established, and refers to those methodologies that can reduce (but
not eliminate) weed impacts to manageable levels. There are four recognized methods of
weed control: (1) cultural, (2) mechanical, (3) chemical, and (4) biological (Figure 1.6).

Cultural

Cultural control recognizes and optimizes those practices common to good land and water
management. At the farm level, these may include using weed-free crop seed, crop rotation to
reduce the accumulation of high weed populations of certain species, and the use of smother
crops or living mulches such as hairy vetch to control weed seed emergence (Teasdale and
Mohler, 1993).

Mechanical

Mechanical control reflects some of the oldest known means to eliminate weed populations,
including hand-pulling and hoeing. However, mechanical may also refer to flooding, a typical
means of weed control in rice cultivation since rice can survive flooded conditions and many
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weeds cannot; the use of nonliving material to mulch the soil, usually as a means to prevent
light interception from emergent weed seedlings; flaming or burning, utilizing controlled fire
to burn young succulent weeds; and machine tillage, such as the use of chisel plows, weed
knives, disc harrows, or some other tractor implement that breaks the soil and buries the
weed.

Chemical

By far in the United States, and in most developing countries, chemical control of weeds
through the selective application of herbicides is the most utilized practice. If applied prop-
erly and with respect to their utilization and safety, herbicides have been the most effective
means to control weeds and to limit their negative impacts, particularly in crop production
systems. For example, it has been estimated that in the United States, under best man-
agement practices, production losses associated with weeds averaged between 7 and 10%;
however, without herbicides, those losses were between 35 and 38% (Bunce and Ziska, 2000;
Table 1.2).

In 2002, approximately 78,000,000 ha of land in the United States was chemically treated
to control weeds, grass, or brush; for comparison, 34,000,000 ha were treated chemically for
disease, nematode, and insect control combined, for that same year (National Agricultural
Statistical Service, www.nass.gov; Figure 1.7).

Because of their importance, many weed science texts are written specifically to address
herbicide chemistry, focusing on physiological responses and a systematic evaluation of
application methods that can increase uptake and overall efficacy of the herbicide. Such
detail, however, is beyond the scope of this book, and we refer interested readers to excellent
books by Duke (1985) and Monaco et al. (2002).

Table 1.2 Estimated production losses due to weeds for selected crops in the United States.

Crop
Best management practices
(‘000 Mt)

Best management practices
without herbicides (‘000 Mt)

Barley 261 (5) 1,045 (20)
Corn 19,967 (6) 99,837 (30)
Cotton 349 (8) 2,139 (49)
Potato 1,219 (6) 5,890 (29)
Rice 628 (7) 4,847 (54)
Sorghum 1,033 (8) 4,519 (35)
Soybean 5,838 (8) 27,731 (38)
Sugarcane 2,452 (9) 10.081 (37)
Wheat 3,382 (6) 11,273 (20)

Total 35,129 167,362

Production loss percentages (in parentheses) were calculated from data in Bridges (1992) and applied to
2007 production figures. Average crop losses due to weeds were 7% for best management practices and
35% for best management practices but without herbicide. Production values for sugarcane refer to bulk
cane production.
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Average annual use of
active ingredient

(pounds per square mile of agricultural
land in county)

No estimated use
Crops

2002 estimated annual agricultural use

Total
pounds applied

Percent
national use

0.001–0.499

0.5–3.445

14.67–47.984

3.446–14.669

Soybeans
Corn
Cotton
Wheat for grain
Cropland in summer fallow
Citrus fruit
Sorghum
Rice

69.49
7.36
6.94
3.45
2.47
2.15
1.57
1.04

70,699,653
7,491,973
7,063,492
3,509,151
2,514,196
2,186,741
1,596,879
1,057,534

Figure 1.7 Estimated annual usage of glyphosate, the most frequently used herbicide in the United States. (From 2002,
USGS pesticide use maps.)

In brief, herbicides are phytotoxic, usually organic compounds, divided into chemical
families which include aliphatic and aromatic carboxylic herbicides, the substituted urea,
carbamate, dintirophenol, dinitroaniline, s-triazine groups as well as the phosphonate/organic
phosphorous compounds such as glyphosate. Nonorganic herbicides may include salts (e.g.,
copper sulfate) as well as acetic acid. Herbicides can be either selective or nonselective
regarding the type of plant targeted, and may or may not travel to the site of action (i.e., sys-
temic). Herbicides are either applied directly to emerged plants (postemergence) or directly
to the soil (preplant or preemergence). Application of the herbicide may be as a spray in
water or oil, or as dry granules. Added surfactants such as soap often increase absorption of
the active ingredient by the plant.

Biological

Biological control is a strategy to employ a specific organism (parasite, predators, and
pathogen) that once introduced will provide a measure of weed control, usually specific to the
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weed species. Biological control, if successful, can result in permanent weed control because
the controlling organism is self-perpetuating. Another advantage is that the controlling
organism, if benign, does not contribute to environmental pollution.

There are, however, a number of cautionary hurdles that must be overcome if biological
control is to be effective. If the weed to be controlled is unwanted in one area, but valued in
another, and both areas are within the same geographical region, biological control should
not be used. Introduction of the biocontrol agent must be specific to the organism to be
controlled and introduction of the controlling organism should not pose an additional envi-
ronmental threat (e.g., cane toads introduced to Australia for biological control have become
an enormous problem in themselves). The organism must tolerate similar environmental
conditions as the weed species it is directed against, so it can survive in the same range.
Overall, to produce an effective biocontrol measure requires money, time, and much effort
on the part of the research community.

Integrated Pest Management

Integrated pest management (IPM) is not a single control measure per se, but an amalgamation
of available means to monitor and control all pests (weeds, diseases, and insects) (Flint and
van den Bosch, 1981). The driving force behind IPM was to develop a synergistic approach
to monitoring and controlling pest populations. Overall, IPM is organized around six basic
tenets:

1. Determination of acceptable pest levels, with the focus on control rather than eradication.
2. Use of cultural practices as previously described, in order to maintain healthy plants

selected for a specific growing environment.
3. Monitoring of background pest levels. Regular observation is a fundamental principle of

IPM. Visual inspection, traps, and other observational methods are employed to establish
a history of potential pests for the region.

4. Mechanical control as a first line of defense. If a pest(s) reach unacceptable levels,
mechanical options such as hand-pulling or tillage are utilized.

5. Chemical control as required. Emphasis on the use of chemicals as necessary and
application of these chemicals at the most optimal time for successful weed control
(e.g., greater efficacy of herbicides applied when weeds are in the seedling stage). The
use of organic products in the field with limited environmental carryover whenever
possible.

6. Development of long-term nonchemical solutions such as biological control.

Summary

It is impossible to summarize all that is known regarding weeds in a single chapter. It is hoped
that the themes introduced here will provide an overview of the key aspects of weed biology,
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particularly how they are defined, characterized, and classified; the basic principles of weed
ecology, focusing on the steps from seed germination to seed production; an overview of the
negative impacts weeds have, both in human society and in nature; and, lastly but perhaps
most importantly, methods of weed control by which these impacts can be minimized. In the
following chapters, we will explore these themes in more detail, particularly in the context
of anthropogenic climate change, the subject of our next chapter.
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2 Carbon Dioxide and Global Warming: The “Green”
in the Greenhouse Effect

“Yes, it is real, sure is.”
George W. Bush in an interview with the Politico answering the question, “For the

record, is global warming real?”, May 13, 2008

Introduction

It may be hard to believe, but the air you breathe in today, even in the most remote parts of the
world, differs from the air that you breathed on the day you were born. Although you do not
notice the difference, the plants around you, whether they are crops or weeds or native plants
growing in the wild, certainly do. This chapter focuses on the atmosphere—primarily the
change in the concentration of one gas, carbon dioxide—and the ways that the environment
is responding. Put briefly, the climate is changing and plants are not growing quite like they
used to. Why?

The Greenhouse Effect Made Simple!

For all practical purposes, Earth’s climate depends on energy that arrives from the sun, and
what happens to that energy once it reaches our atmosphere. If the sun’s energy accumulated
continuously on Earth, the planet would get warmer and warmer. In fact, our planet has
reached, for now, a relatively stable temperature balance, where the energy coming in from
the sun is balanced by energy leaving. Over tens and hundreds of thousands of years, this
balance changes a bit, in what have been fairly regular cycles. For our purposes, though,
these longer-term fluctuations are less relevant than what keeps the planet at its current
temperature.

The sun is not the only object in space that sends energy our way. In fact, Earth receives
energy from anything in space that is warmer than absolute zero (although on balance it loses
energy to things cooler than itself). The warmer an object is, the more energy it loses to its
surroundings via electromagnetic radiation, as per the Stefan–Boltzmann law. Because the
sun is so hot, it gives off a tremendous amount of energy, and we benefit.
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However, Earth also loses energy to space and that energy departs in its own spectrum of
wavelengths. Because Earth is so much cooler (relative to the sun), less energy is lost, and
the energy that departs has, on average, much longer (and thus less powerful) wavelengths.
The departing energy falls into the infrared portion of the electromagnetic spectrum and is
thus susceptible to absorption by greenhouse gases. The atmosphere’s ability to trap infrared
wavelengths—basically heat—depends on its composition. More of a given greenhouse gas
will mean more energy absorption at the specific wavelengths absorbed by that gas. As
different types of greenhouse gases enter the atmosphere, they increase energy absorption at
a wider range of wavelengths. More energy absorption by the atmosphere means a warmer
atmosphere, because less energy is lost to space. The system is sometimes described as a
greenhouse, in that light can penetrate the greenhouse, but that the glass (i.e., atmosphere)
prevents the long-wave infrared radiation (heat) from escaping. This is not, in itself, detri-
mental to biology; indeed, without this “greenhouse effect” the average temperature of the
earth would be about −18◦C!

What Is a Greenhouse Gas?

It turns out that many gases can absorb infrared wavelengths of light. The most common of
these is water vapor. Others include carbon dioxide, methane, ozone, and many refrigerants.
Some of these gases play a much larger role in changing the climate than others. The
importance of a gas for climate change can depend on many factors such as how fast humans
are releasing it, how much is already in the atmosphere, how long the gas stays in the
atmosphere, and whether other gases already absorb the same wavelengths of energy.

Water vapor is the most abundant greenhouse gas, and humans have little influence on its
atmospheric concentration. Water vapor varies dramatically from place to place; the warm
air of the equatorial tropics can hold 10–20 times more water vapor than air at the poles.

When it comes to changing the climate, CO2 is the most important greenhouse gas,
primarily because we have changed its abundance in the atmosphere so dramatically—we
have stuffed an additional 200+ billion metric tons of carbon, in the form of CO2, into an
atmosphere that used to hold less than 600 billion.

Several other greenhouse gases play important roles in climate change, including methane,
nitrous oxide, and halocarbons (such as chlorofluorocarbons, or CFCs). Their relative im-
portances are displayed in Table 2.1.

Where Do These Greenhouse Gases Come From?

Most of the major greenhouse gases were present in the atmosphere millions of years before
humans appeared on Earth. However, people have dramatically changed the cycling of these
gases. For example, every year, vast quantities of CO2 are taken up by plants on land and
by phytoplankton in the ocean. The carbon has been “fixed” by these organisms—integrated
into carbohydrates and other compounds—for some period of time. As these organisms
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Table 2.1 “Radiative forcing” values (RFs) for the
most important greenhouse gases.

Common name Radiative forcing (W m−2)

Carbon dioxide 1.56
Methane 0.59
Halocarbons 0.34
Nitrous oxide 0.15

These values describe how strongly the total emissions
of these gases since 1750 were changing the climate in
2005. Data from Forster et al. (2007).

die and decompose, or as they use carbohydrates to power their metabolic processes, they
release some of that carbon back to the atmosphere, again as CO2. At the same time, CO2 is
continually dissolving into and back out of the ocean through physical processes. All these
cycles are remarkably well balanced, leading to relatively stable CO2 concentrations in the
atmosphere over at least the last 800,000 years (Lüthi et al., 2008; Siegenthaler et al., 2005).
However, during the last approximately 500 million years, some of the dying plants and
phytoplankton have not fully decomposed, instead getting buried into a geological limbo of
sorts, where time, pressure, and heat have incorporated some of their carbon into coal, oil,
or natural gas (Dukes, 2003). This stored carbon largely powered the Industrial Revolution
and the subsequent transformation of society, and its combustion has vented more than 300
billion tons of carbon into the air, principally as carbon dioxide (Canadell et al., 2007).

Agriculture and other activities have released another ∼158 billion tons of carbon formerly
stored in soils and plants (Canadell et al., 2007). Much of this was released from forests and
forest soils as areas were converted to agricultural or grazing lands. These conversions, now
primarily in tropical countries, still account for about 15–20% of all CO2 releases worldwide
(Canadell et al., 2007). Interestingly, the CO2 released to the atmosphere by human actions
has not all stayed there. We will discuss where this CO2 has gone later in this chapter.

As with CO2, the concentration of atmospheric methane (CH4) has rapidly increased over
the last 150 years, more than doubling during this time. Interestingly, the rate of growth
has slowed dramatically since the early 1990s and the concentration may be approaching
equilibrium with current emission rates (Forster et al., 2007). Methane is produced and
consumed by widespread and common classes of microbes. The greatest rates of microbial
production take place in wet (especially anaerobic) environments. Conversion of large areas
to wet environments such as paddies for rice agriculture has increased methane production on
the land surface. The growth of the livestock industry has also increased methane production
because methane is generated in the digestive systems of ruminants. Methane is also released
during the mining and distribution of fossil fuels, from landfills, and when biomass is burned.

Microbes in the soils and the ocean naturally emit nitrous oxide (N2O) as they conduct
nitrification and denitrification, but human activities have increased production of this gas
by approximately 18% over preindustrial levels (Forster et al., 2007). Fertilized agricultural
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fields, especially when wet and when plants are taking up little or no nitrogen (such as when
plants are still small or when crops have not yet been planted), provide ideal conditions for
microbes to rapidly convert dissolved nitrogen into gaseous forms, including N2O. Rapid
denitrification also occurs when dissolved nitrogen runs off from these fields, and in manure
management systems for livestock (Monteny et al., 2005; Stehfest and Bouwman, 2006).
Other processes that create substantial amounts of N2O include fossil fuel combustion,
biomass burning, and some industrial processes such as nylon manufacturing (Denman
et al., 2007).

Human actions are simultaneously destroying ozone in the stratosphere (the region from
approximately 10 to 48 km in altitude) and stimulating its production in the troposphere
(the atmosphere beneath the stratosphere). Different processes are operating at the different
altitudes and the changes in concentration of this greenhouse gas have adverse health effects
for plants (and humans) at each level. In the stratosphere, ozone molecules absorb ultraviolet
(UV) radiation. As this ozone is destroyed through interactions with CFCs and other chemi-
cals, more of the harmful radiation reaches the earth’s surface, damaging nucleic acids and the
photosynthetic apparatus. Consequently, UV damage may lead to decreased photosynthesis
and plant growth (Caldwell et al., 2007). In humans, UV damage may lead to skin cancer. In
the troposphere, releases of nitrogen oxides, volatile organic compounds, and other gases,
often as products of fossil fuel combustion, increase the rate of ozone production. Ozone
at Earth’s surface enters leaves and stems and reacts with chemical constituents of plants,
altering their biochemistry in ways that eventually reduce the growth of plant (Ashmore,
2005). In humans, ozone intensifies breathing ailments (asthma, emphysema, etc.). At all
altitudes, ozone acts as a greenhouse gas.

Many synthetic halocarbons, including the CFCs that destroy ozone, are themselves pow-
erful greenhouse gases, although they exist only in small concentrations in the atmosphere.
Unlike the other greenhouse gases, most of the halocarbons are entirely manmade, for use as
refrigerants, propellants, and other purposes. Production of many halocarbons has decreased
or been halted following the passage of the Montreal Protocol, which was designed to phase
out the manufacture of chemicals that led to depletion of stratospheric ozone.

Measuring Greenhouse Gases

The story of the realization that humans were changing the climate is well described by Weart
(2003) and by Christianson (1999). In the 1950s, there was still some question about whether
the carbon dioxide coming out of smokestacks and tailpipes would stay in the atmosphere.
By comparing the isotopes, or kinds, of carbon in wood from old trees with those in new
wood, the chemist Hans Seuss found that vegetation had taken up some of the newly released
“fossil” carbon dioxide. It seemed quite possible—likely, even—that the vast majority of
the carbon dioxide released by humans had dissolved in the ocean, leaving the atmosphere
relatively unchanged. But by examining, among other things, the various isotopes of carbon
present in the atmosphere, Seuss and his colleague Roger Revelle found evidence that the
ocean was not rapidly taking up CO2, and would only undo any changes in the atmosphere
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Figure 2.1 Atmospheric carbon dioxide concentration as measured at the monitoring station on Mauna Loa, Hawaii.
This graph is also known as the “Keeling Curve.” Collection of data continues today at this site. The annual fluctuations
occur as a result of the seasons on Earth, and the greater land mass in the northern hemisphere. As plants take up carbon
dioxide in the northern hemisphere during the spring and summer, atmospheric CO2 concentrations decline. As plants in
the northern hemisphere go dormant in fall and winter, CO2 concentrations rise quickly. The accelerating long-term rise
in the graph is attributable to fossil fuel burning and land use change. Throughout the record of monitoring on Mauna
Loa, researchers have taken great care to factor out any gas samples contaminated with carbon dioxide from volcanic
gases. Based on data from Keeling et al. (2009).

over many generations. Shortly after, Revelle hired a young atmospheric chemist, Charles
Keeling, who might be able to show whether concentrations of the gas were increasing.

Keeling established the world’s first long-term, highly sensitive CO2 monitoring station
in Hawaii, on the volcanic slopes of Mauna Loa. Data from this station now make up one
of the most famous graphs in environmental science, known as the “Keeling Curve,” which
demonstrates how rapidly human activity has changed the atmosphere (Figure 2.1).

Initially, detecting an increase in atmospheric carbon dioxide concentrations was not a
simple task; in the 1950s, no company made scientific instruments sensitive enough to detect
CO2 in the parts per million (ppm) range. Charles Keeling had taken it upon himself to better
understand why Earth’s atmosphere had so little of a gas that had such an important role in
life. At CalTech, in 1955, he built the most sensitive instrument in existence to measure CO2,
and then carried out an obsessive spree of measurements. He started by carrying vacuum-
containing glass spheres up to the roof every 4 hours, holding his breath, and then opening the
flasks briefly, allowing them to fill with a sample of the region’s air. This continued for days
on end, during which he would leave his pregnant wife in the middle of the night to maintain
his schedule of measurements. Soon afterward, he brought his patient wife and infant son
into the mountains to camp in remote locations, as he again regularly filled flasks with air
(here uncontaminated by the urban Pasadena environment). This obsession served him well.
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After a couple of years, Revelle offered him a job at the Scripps Institution of Oceanography
(where Seuss was also working). In his new position, Keeling was encouraged to follow his
passion and to establish the first CO2 monitoring stations.

It is interesting to note that Keeling’s most valuable measurements almost did not
get taken. Initial funding for Keeling’s CO2 station in Hawaii came from a year-long
international campaign to measure geophysical processes, and Keeling’s funding over
the following 5 years was generously redirected from grants awarded to Revelle and
Seuss at Scripps. Finally, though, the well ran dry. Government funding agencies
were reluctant to fund a monitoring project to address a question that, at least until
recently, was thought to be essentially irrelevant; after all, how could man’s activities
possibly change something so vast as Earth’s atmosphere? Fortunately, Keeling finally
convinced the U.S. National Science Foundation to fund his monitoring station in
1964, and the program resumed—leaving only a short gap in the record, and paving
the way for a crucially important data set. If not for the establishment and maintenance
of this monitoring project, the dramatic and ongoing impact of human activity on the
atmosphere might not have been recognized for several more years.

Follow the Carbon (Where Will It Take Us?)

Today, many human actions increase atmospheric carbon dioxide concentrations. Most of the
CO2 released in industrial nations comes from combustion of coal, oil, and natural gas, which
generates electricity and heat for buildings and which powers most transportation. A map of
carbon dioxide releases from the United States shows how, at the local scale, much of the
carbon dioxide is released from cities and roadways, as well as from more remote fossil–fuel
burning power plants and industrial plants (Figure 2.2; Gurney et al., 2009). However, another
source of carbon comes from the tropics, where conversion of forests to agricultural land
results in massive carbon dioxide emissions as trees are burned or decompose. These “land use
changes” account for approximately one-fifth of human-generated CO2 releases (Canadell
et al., 2007). All this carbon dioxide mixes relatively rapidly in the atmosphere.

The rate of carbon dioxide release has accelerated, almost continuously, since the begin-
ning of the Industrial Revolution. The concentration had hovered at or below 280 ppm for at
least the last 800,000 years, but as you read this, it has increased to about 390 ppm. This is
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Figure 2.2 Spatial distribution of carbon dioxide release in the United States. Reprinted from Gurney et al. (2009).
Available in color online at http://www.purdue.edu/eas/carbon/vulcan/plots.php.

probably the highest atmospheric CO2 concentration of the last 20 million years (Canadell
et al., 2007).

What drives this acceleration? Increasing human population, economic activity, and de-
pendence on fossil fuel energy have acted together to accelerate CO2 releases. In addition,
population growth and economic pressures in developing countries have led to conversion
of tropical forests to agricultural land. The “cooking” of limestone for cement manufac-
ture also contributes a measurable fraction of human-generated CO2, both because carbon
dioxide is released from the limestone as it is heated and because the heating itself is an
energy-intensive process. As population and world economies grow, demands for energy,
forest conversion, and cement continue to rise (Figure 2.3; Boden et al., 2009; Houghton,
2008). How fast society releases CO2 in the future will depend on several things, including
the rate of human population growth and the rate at which economic growth fuels growth in
energy consumption, but also the rate at which societies shift away from using fossil fuels
and the rate at which energy efficiency increases. Each of these rates is related to many
other factors in society, such as the rate of technological development, the dependence of
nations on energy produced in other countries, and political realities and implications sur-
rounding this dependence, the market prices of fossil fuels, and so on. Thus, CO2 releases are
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Figure 2.3 Rate of human-generated carbon emissions from fossil fuel burning, cement production, and changing land
use since 1850. Based on data from Boden et al. (2009) and Houghton (2008).

intricately tied to many societal activities and decisions and this makes the regulation of CO2

emissions a major political and logistical challenge.
To our great fortune, not all the CO2 that we send into the atmosphere stays there. More

than half of this greenhouse gas is taken up on land or at sea, thanks to biological and
chemical processes. Carbon dioxide can dissolve in water and the oceans absorb one-quarter
of the human-released CO2, contributing among other things to their increasing acidity. Many
marine organisms that form shells or other structures from carbonates, such as shellfish and
corals, are threatened by these chemical changes (Doney et al., 2009). In contrast, carbon
dioxide is also an essential ingredient for plant photosynthesis and growth (along with water,
nutrients, and sunlight), and the increase in atmospheric CO2 concentration, along with
several other factors, has led to increased growth of plants on land. The additional carbon
storage in these plants and in the soils beneath them accounts for another ∼30% of the human-
released CO2 (Canadell et al., 2007). So, together, the oceans and ecosystems on land slow
the growth in atmospheric CO2 concentration to less than half the rate of CO2 release.

The future composition of the atmosphere, then, depends not only on the rate of CO2

release from human society, but also on the rate of CO2 uptake by Earth’s surface. Whether
this rate of uptake will continue in the future is not certain—a variety of biological processes
leading to uptake could conceivably saturate or slow in the coming decades. In recent years,
uptake by Earth’s surface has not kept pace with emissions, so the fraction of CO2 that stays
in the atmosphere has risen slightly, from about 40% in 1960 to approximately 45% today.
This is primarily because the fraction of emitted CO2 taken up by the oceans has declined
(Canadell et al., 2007).

Given the complexity of the global carbon cycle, can we make any predictions about
carbon dioxide concentrations in a future atmosphere? The most authoritative group when
it comes to this general topic is the Intergovernmental Panel on Climate Change (IPCC).
The IPCC is a body of scientists from around the world who periodically assess the latest
knowledge about climate change. The consensus reports produced by this group are not
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Figure 2.4 Observed CO2 emissions according to two sources (black lines) compared with emissions scenarios
used by the IPCC (solid gray lines) and emissions trajectories to achieve specified CO2 concentration targets (dashed
lines). From Raupach et al. (2007). Updated version available online in color at http://www.globalcarbonproject.org/
carbonbudget/index.htm.

only vetted by many expert scientists at universities and research institutes, but also by
governments and their scientists. These detailed, careful reports won the IPCC a share of the
Nobel Peace Prize in 2007. In preparing the reports that examine how climate may change,
the IPCC relies on a set of future scenarios that describe how society may change over the
next 100 years, and how emissions of CO2 and other greenhouse gases would change in
each of those possible futures. Most of these scenarios are based on an assumption that, to
one degree or another, technological progress will help society to wean itself off fossil fuels
relatively quickly over the course of this century. The wide range of scenarios envisions that
atmospheric CO2 levels may rise to 463–623 ppm by 2050 and 478–1,099 ppm by 2100
(Carter et al., 2001). The highest emission scenario used by the IPCC is known as the A1FI
scenario, with “FI” abbreviating “fossil intensive.” Until the recent financial crisis, global
human activity was producing as much or more carbon dioxide than was envisioned under
this scenario, indicating that the IPCC’s most recent worst-case scenarios for climate change
could be somewhat optimistic (Figure 2.4; Raupach et al., 2007; Le Quéré et al., 2009).

Of course, carbon dioxide is not the only greenhouse gas affected by human actions. As
mentioned previously, several other greenhouse gases (methane and nitrous oxide, along with
ozone and CFCs) also have grown more concentrated in the atmosphere because of human
actions (Figure 2.5). Water vapor, too, is becoming more concentrated in the atmosphere
because of humans, but in this case the increase is a consequence of the addition of the
other greenhouse gases. As these other gases warm the atmosphere, water evaporates more
readily. Once in the atmosphere the additional water vapor acts as a potent greenhouse gas,
which may cause more warming than even the greenhouse gases initially released by humans.
More warming, in turn, leads to more water vapor. This phenomenon is known as a positive
feedback. The buildup of greenhouse gases is causing the atmosphere to trap heat more
effectively, warming the surface of the planet. But how much more will it warm, where will
it warm the most, and how do we know?
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Figure 2.5 Graph of increasing CH4 and N2O concentrations. Atmospheric concentration is shown on the left axis,
and radiative forcing, or the relative influence of each gas on Earth’s energy balance, is shown on the right axis
(in W m–2). Figure from IPCC (2001).

Because the basic properties of greenhouse gases are known, we can estimate how well a
given atmosphere would insulate Earth’s surface from space. Clearly, increasing the concen-
tration of greenhouse gases should cause the surface to warm. How much it will warm is a
much more complicated question because of the many feedback loops in Earth’s climate such
as the positive feedback from water vapor. Another positive feedback loop may be related to
albedo or the amount of energy reflected back into space. For example, warming will mean
that less of the planet is covered by ice and snow. In turn, less of the sun’s energy will be
reflected back to space, and instead water, plants, and soil will capture that energy, warming
the planet further. A slightly warmer planet will mean that trees can grow at higher elevations
and latitudes, making portions of Earth’s surface darker still. Some other potentially impor-
tant feedbacks (positive and negative) such as the consequences of increased cloudiness are
less well understood.

Energy absorbed by Earth’s surface gets redistributed on a vast scale by ocean currents.
Winds and storm systems also rearrange large amounts of energy. Our knowledge about the
workings of the climate system, the properties of greenhouse gases, and the workings of
climate feedbacks are all necessary to predict how our actions will affect Earth’s climate.

Looking into the Crystal Ball: Climate Models and Projections

The best attempts by climate scientists to understand how differential changes in surface
temperatures might alter climate are based on complex mathematical representations of the



P1: SFK/UKS P2: SFK

c02 BLBS066-Ziska October 7, 2010 9:5 Trim: 244mm X 172mm Printer Name: Yet to Come

CARBON DIOXIDE AND GLOBAL WARMING 33

physical world: models that simulate the workings of the climate system on high-performance
computers. When the IPCC issues reports containing “climate projections,” these reports are
their best attempts to summarize what has been seen in these crystal balls. (Climate modelers
do not use the term “prediction” because they do not know what the actual rate of emissions
will be; each projection is essentially a prediction for the future if a certain set of conditions
comes to pass.)

Researchers in many different countries have created dozens of climate models over the
years, each with its own particular design and strategy for representing the climate system
and its various feedbacks. As more of the Earth system’s processes have been incorporated
into these models, the models have become more accurate at simulating past climates. The
IPCC summarizes results from the broad spectrum of climate models, across a variety of
future emission scenarios. While these models typically differ in their specific projections, the
general forecasts for warming and, in many areas of the world, precipitation, are remarkably
consistent (Solomon et al., 2007).

Under all the emission scenarios, the models foresee warming over the rest of this cen-
tury. The rate of warming depends on the emission scenario, although models project
relatively similar amounts of warming in the next few decades across diverse scenarios.
However, later in the century, different emission rates make major differences in projected
climates.

There are some general consistencies among models. First, warming will be greatest over
the land, as opposed to the ocean. This means that the estimates of “average” warming for
the globe reported in the media are typically lower than people and plants would actually
experience. Second, warming will be greatest at the poles, most dramatically at high northern
latitudes. Such projections are consistent with many of the recent data regarding polar
warming, increasing desertification, warmer winters, etc. Although future emission rates
will determine the intensity of warming, the spatial pattern of warming is consistent across
different scenarios (Figure 2.6; Meehl et al., 2007).

Climate models project shifts in precipitation patterns as well as temperature. In general,
precipitation is projected to increase at high latitudes, particularly in the winter. Many regions
of the world that are currently relatively dry are projected to become drier. These regions,
including the Mediterranean, southern Africa, and western Mexico, could be subject to
increased desertification (Figure 2.7). Globally, precipitation is projected to come in fewer
events per year; basically, storms will be more intense and arrive less often. In most regions,
this is bad news from the perspective of a plant; effectively, less of the precipitation that falls
will be available because more will run off the land during large storms. As the time between
storms increases, short droughts may become more frequent.

The climate models considered by the IPCC have a fairly low spatial resolution, largely
because the models demand so much computing power to run. Unfortunately, this coarse
scale prevents the models from accurately capturing effects of many local features such as
mountain ranges. Two techniques are used most often to create climate projections with local
detail. Regional climate models have been created to simulate climate in particular regions,
typically at the subcontinental scale. Statistical “downscaling,” working at similar scales,
interprets the output of the global climate models in the context of the typical local climate
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Figure 2.6 Projected warming of Earth’s surface (relative to temperatures in 1980–1999) under scenarios of lower,
intermediate, and higher greenhouse gas releases. Until recently, the actual emission rate exceeded that used in the highest
release scenario. Note the consistent spatial variation in projected warming. Figure from Meehl et al. (2007). Available
in color online at http://www.ipcc.ch/publications and data/ar4/wg1/en/tssts-5-2.html
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Figure 2.7 Projected seasonal precipitation changes (relative to temperatures in 1980–1999) under a scenario of
intermediate greenhouse gas releases. The figures show the mean responses across several climate models. Areas with
black dots indicate that more than 90% of the models used agree on the nature of the change. The left panel shows changes
in December through February and the right panel shows changes in June through August. Figure from Solomon et al.
(2007). Available in color online at http://www.ipcc.ch/publications and data/ar4/wg1/en/tssts-5-3.html
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relationships seen within a region. The products of these regional approaches are particularly
useful when contemplating how particular ecosystems may change in the future and they
provide opportunities for people in the region to consider how climate change will affect
them.

A Plant’s “Eye” View of the Future

How will plants respond to these changing conditions? This is not a trivial question, since
plants are the basis of the global food chain and any change in their biology will impact all
living systems. For obvious reasons, therefore, questions regarding plant function have been
the subject of thousands of scientific papers and talks. But as many researchers have deter-
mined, assessing the impact of climate change on plant biology is difficult, particularly on a
large scale. First of all, people are changing many aspects of the environment simultaneously.
The gas that plants use as a building block, carbon dioxide, has become nearly 40% more
abundant in just over a century. Imagine how we would respond if oxygen were 40% more
abundant! (Well, we might have massive problems with wildfires, but certainly we would
all be better athletes!) We are moving plants and their diseases, insect pests, and pollinators
from continent to continent around the world, so that plant species are now interacting with
a different community than that in which they most recently evolved. We are appropriating
habitat and altering it to serve our needs, causing the effective sizes of many plant populations
to shrink (with the notable exceptions of crops and many weed species), and reducing the
amount of available habitat in which seeds might germinate and survive. On the other hand,
we are regularly disturbing vast areas of land along roadsides, train tracks, in cities, and in
other areas associated with human activity, killing or cutting the native vegetation in these
areas and creating conditions in which fast-growing weeds can thrive. We are fertilizing
the world, on purpose as well as accidentally, via the nitrogen-containing constituents of
exhaust. We are spraying vast tracts of land with a variety of herbicides to benefit crops and
other desired species. And, on top of all this, we are changing the climate. These changes
are not all happening at the same rate in the same locations, but no plants are escaping the
changing atmosphere. We may develop decent predictions about how plants will respond to
one of these variables, but how might a second variable affect that response?

It is also difficult to predict how plants as a group will respond to future conditions because
there are so many different species and vegetation types, some of which are particularly
difficult to study. Imagine, for example, trying to characterize how tropical rainforest will
respond to one of these perturbations, even in a single region. This would involve trying
to understand the aggregate response of hundreds of different tree species (not to mention
the other plants), many of which live for hundreds of years. How should one choose which
species to study, and which life stages? Even then, how would we know whether the plant’s
response might change a relationship with a herbivore or a pollinator, and whether that
changing relationship might have even more important consequences for the forest than the
plant response itself? And still, all this ignores the practical challenges of working in such
an environment.
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Despite these and other challenges, researchers have made progress. Much is understood
about the basic physiological responses of plants to increased levels of atmospheric carbon
dioxide, to warming, and to changes in precipitation.

It was suspected early on that these physiological responses would depend on the type of
photosynthetic machinery used by a plant. A variety of different photosynthetic pathways
are found in the plant kingdom, which can be loosely categorized as C3, C4, and CAM
photosynthesis—terms derived from the initial products of carbon fixation in each path-
way. C4 species like sugarcane and corn are mostly found in hot, dry environments, where
their physiology gives them a few competitive advantages. For one thing, they use water
efficiently—for each milliliter of water they lose through their leaves, they can grow more
than plants using the C3 pathway. Second, at high temperatures, they typically carry out
photosynthesis faster than C3 plants. Our changing atmosphere is identifying (or creating)
a drawback of their photosynthetic system, though: It is less responsive to high CO2 con-
centrations than that of C3 species. From these basic properties, we might expect warming
to favor C4 species, and increasing CO2 to favor C3s. So, how will these different types of
species fare, in a warmer, more CO2-rich world? Which species will be more competitive in
the future? We will discuss this more in the next chapter.

More will determine a species’ future success than its photosynthetic pathway, of course.
Many plants respond to environmental changes by altering their allocation to different tissue
types and changing their internal chemistry. For instance, plants grown in elevated CO2

typically have lower concentrations of nitrogen-containing proteins in their leaves. This
has consequences for the species that eat them, as these animals (or people) will get less
protein per mouthful in the future. Other chemical changes, such as altered levels of plant
toxins, could also change plant–animal interactions. Some of these chemical changes may
affect the way that weed species respond to management techniques such as the application
of herbicides. Changes in allocation to roots and shoots could also affect management
techniques. We will explore the possible consequences in the next chapter.

Summary

Human actions have injected vast quantities of greenhouse gases into the atmosphere over
the past approximately 150 years. These include CO2, released primarily from combustion
of fossil fuels, methane, and nitrous oxide, released by agriculture and industry, and other
gases. Because they can absorb infrared radiation emitted from Earth’s surface, these gases
cause Earth’s atmosphere to warm up more than it previously could have. This, in turn, keeps
Earth’s surface warmer. Climate models suggest significant warming will occur by 2100,
particularly over land. This will be accompanied by changes in precipitation patterns. Plants
will respond directly to the increase in CO2 concentration, as well as to climate change and
other ongoing environmental changes. In the next two chapters, we will begin to address
in more detail the reported and potential changes in plant function resulting from climate
change, focusing in particular on weed biology.
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Le Quéré C, Raupach MR, Canadell JG, Marland G, Bopp L, Ciais P, Conway TJ, Doney SC, Feely RA,
Foster P, Friedlingstein P, Gurney K, Houghton RA, House JI, Huntingford C, Levy PE, Lomas MR,
Majkut J, Metzl N, Ometto JP, Peters GP, Prentice IC, Randerson JT, Running SW, Sarmiento JL,
Schuster U, Sitch S, Takahashi T, Viovy N, van der Werf GR, Woodward FI. 2009. Trends in the
sources and sinks of carbon dioxide. Nature Geoscience 2:831–836.



P1: SFK/UKS P2: SFK

c02 BLBS066-Ziska October 7, 2010 9:5 Trim: 244mm X 172mm Printer Name: Yet to Come

38 WEED BIOLOGY AND CLIMATE CHANGE
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3 An Evaluation of the Impact of Rising Carbon Dioxide
and Climatic Change on Weed Biology:
From the Cell to the Plant

“Though I do not believe that a plant will spring up where no seed has been, I have great
faith in a seed. Convince me that you have a seed there, and I am prepared to expect
wonders.”

Henry David Thoreau

Introduction

We have seen from the previous chapter that increases in carbon dioxide concentration
CO2 and the subsequent consequences for climate, particularly surface temperature and
hydrology, are associated with human activities, most notably the demand for energy (fossil
fuel consumption) and land (deforestation). Given these projected environmental changes,
what are the likely impacts as they relate to our understanding of the basic biology of weeds?

To answer this question, one needs to understand basic plant biology, how rising CO2 and
climate will alter plant biology on a number of different functional levels, and how those
levels interact with each other. To appreciate the complexity of plants, we must keep in mind
that biological processes at the cellular level (e.g., photosynthesis) happen quickly and at
very small scales, whereas those at the ecosystem level take longer and occur over larger
areas (e.g., plant-to-plant competition for resources, seed production) (Figure 3.1).

In this chapter, we examine these biological processes in detail and discuss how rising CO2

and the combination of rising CO2 and climate (precipitation and temperature) are likely
to impact weed biology. We consider different levels of functional organization from the
cellular level to the whole plant, using the construct as shown in Figure 3.1. The following
chapter will “scale-up” from the response of individuals to examine responses of plant–plant
interactions and biogeographical distribution.

This approach recognizes the certainty of continuing increases in global levels of atmo-
spheric CO2, but also acknowledges that the extent to which the increase in CO2 and other
anthropogenic greenhouse gases alter surface temperature and water availability is likely to
vary temporally and geographically (Solomon et al., 2007).
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Figure 3.1 Theoretical construct of biological processes in space and time.

Gene Expression and Carbon Dioxide

The influence of projected future increases in CO2 concentration on gene expression, par-
ticularly as it relates to photosynthetic regulation of the small subunit of Ribulose-1,5-
bisphosphate carboxylase (Rubisco) have been examined in a number of studies (Cheng
et al., 1998; Makino et al., 2000; Moore et al., 1999). In these instances, genetic regulation
is thought to be mediated by increased sugar levels resulting from exposure to future CO2

concentrations (e.g., Cheng et al., 1998); others however, have argued that any CO2-induced
decline in photosynthetic gene transcripts is due to a temporal shift in leaf ontogeny (Ludewig
and Sonnewald, 2000).

Although a number of reviews have examined how carbohydrate accumulation may modify
genetic regulation of both photosynthetic and nonphotosynthetic genes (Koch, 1996; Sheen,
1994); the specific function of rising CO2 on the subsequent change in carbohydrate signaling
has not been fully examined. Unpublished data for corn grown in Soil, Plant, Atmosphere
Research (SPAR) units indicated that approximately 5% of the genome responded to elevated
CO2 (750 ppm) (Soo-Hyung Kim, personal communication). However, it was difficult to
link this result to physiological responses partly because many of these genes encoded
unknown or putative functional proteins. Arabidopsis thaliana is not a significant weed;
however, when the species was grown under elevated CO2, transcription levels of some
nonphotosynthetic genes for growth, development, and stress were increased (Bae and Sicher,
2004).

Changes in gene expression may provide crucial insight into specific mechanisms or
cellular systems that may be regulated by changes in atmospheric CO2. The mechanistic
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basis for such changes, whether they involve carbohydrate accumulation or accelerated
ontogeny is unclear. In addition, it is not clear if the mechanistic basis differs between
weeds and crops. Consequently, analyses of transcript profiles from microarray experiments,
particularly from crops and weeds of the same genus, or wild and cultivated types of the
same species grown over a range of carbon dioxide values and/or temperatures, may be of
particular benefit in understanding potential environmental fitness for managed crop and
weed species in the future.

Photosynthesis: Cell and Leaf

Plants are able to grow by synthesizing what they need from their environment. Essential to
this process is photosynthesis, the conversion of light to chemical energy. The raw materials
needed for photosynthesis are carbon dioxide, water, light, and nutrients, particularly nitrogen
and phosphorous. Temperature is also essential to the process in that it must be within a set
of thermal limits for photochemistry to succeed.

Land plants evolved approximately 450 million years ago, appearing at a time when
atmospheric concentrations of carbon dioxide were between 1,000 and 1,200 ppm. However,
since the early Miocene (about 24 million years bp), CO2 concentrations appear to have
declined below 500 ppm (Pearson and Palmer, 2000), and evidence from ice core data
indicates a CO2 fluctuating between 200 and 300 ppm for at least the last 800,000 years
(Lüthi et al., 2008; Siegenthaler et al., 2005). Because CO2 represents the sole source of
carbon for photosynthesis, and because atmospheric levels have been low for the recent
geological past, the current anthropogenic increases in CO2 (+22% since 1960), represents
an upsurge of an essential resource needed for plant growth.

For the C3 photosynthetic pathway (labeled “C3” because the first product is a three-
carbon compound, phosphoglycerate, 3-PGA), assimilation of carbon dioxide is dependent
on the concentration and kinetic properties of the enzyme Ribulose-1,5-bisphosphate car-
boxylase/oxygenase (Rubisco). Because the enzyme is both a carboxylase and oxygenase,
rising CO2 stimulates photosynthetic rates by raising the CO2 gradient from air to leaf, and
by reducing the loss of CO2 by suppressing photorespiration. (Photorespiration occurs when
Rubisco fixes oxygen instead of carbon dioxide resulting in the net release of CO2.) The
increase in photosynthesis as a result of recent and projected increases in CO2 is one of the
most-researched aspects of rising CO2 concentration. Of the 250,000+ plant species, approx-
imately 95% obtain CO2 solely from the C3 photosynthetic pathway, and there are, literally,
hundreds of studies showing that both recent and projected increases in atmospheric carbon
dioxide can significantly stimulate photosynthesis (see Kimball, 1983; Kimball et al., 1993;
Poorter and Navas, 2003, for reviews examining the response to future CO2 concentrations;
Sage, 1995, for a review of the response to recent CO2 increases).

The advent of C4 photosynthesis during the Miocene may well have been a photosynthetic
modification that evolved in response to declining CO2 and warmer climates that exacerbated
CO2 loss through photorespiration in C3 plants. The C4 photosynthetic pathway (labeled
“C4” because the first product is a four-carbon compound, oxaloacetate), adds an additional
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Figure 3.2 Schematic of C3 and C4 photosynthesis. Note that the presence of phosphoenolpyruvate (PEP) carboxylase
acts to concentrate CO2 around Rubisco and minimize CO2 lost through photosynthetic carbon oxidation.

mechanism similar to a “supercharger” in a combustion engine, whereby CO2 is concentrated
around Rubisco in order to reduce or eliminate the oxygenase component of the enzyme.
This is done using a combination of anatomical compartmentalization within the leaf and
a different enzyme to initially fix CO2. Rubisco is isolated within bundle sheath cells
surrounding the vascular bundles, allowing a more rapid export of photosynthetic products
from the leaf. Mesophyll cells can then pump CO2 into these cells increasing the relative
proportion of CO2 to O2, thereby reducing the amount of carbon lost via photorespiration.
The pump is powered by sunlight, and operates using the enzyme phosphoenolpyruvate
(PEP) carboxylase to fix carbon. Plants with the C4 photosynthetic pathway have higher
photosynthetic rates at current levels of atmospheric carbon dioxide; however, because
additional energy is needed for the CO2 pump, this type of photosynthesis gives plants
the greatest advantage under conditions of high light and warmer temperatures. Because
of the greater photosynthetic efficiency of the C4 pathway, rising levels of atmospheric
CO2 are thought to have little direct effect on stimulating photosynthesis for C4 plant
species (Figure 3.2).

How would temperature alter the impact of rising CO2 on the photosynthetic process?
Temperature reduces the ratio of CO2 to O2 in solution, increasing the specificity of
Rubisco for oxygenase and enhancing photorespiration. Because photorespiratory carbon
loss (as CO2) increases with temperature, and since rising carbon dioxide concentration
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shifts Rubisco activity toward carboxylase, rising CO2 should stimulate net C3 photosynthe-
sis even more as temperature increases (e.g., Sage, 1995). However, long-term adaptation to
growth temperature may lower the temperature sensitivity of CO2-induced stimulations in
C3 photosynthesis (Bunce, 2000a; Ziska, 2001). For C4 species, increasing temperature will
likely stimulate photosynthesis (up to a species-dependent optimal temperature), but a syn-
ergistic effect between temperature and CO2 is not anticipated because of the concentrating
mechanism of C4 photosynthesis.

Plants oxidize water as a source of electrons for photosynthesis, so water availability
is a crucial aspect of carbon assimilation. Water stress is an acknowledged limitation on
photosynthesis for both the C3 and C4 pathways. Stress can affect photosynthesis by reducing
the stomatal aperture and limiting CO2 availability, or through nonstomatal limitations,
where the photosynthetic apparatus is directly affected. How much water stress affects
photosynthesis indirectly by altering stomatal aperture, and how much it directly affects
photosynthesis by nonstomatal means is still a subject of much discussion (Lawlor, 2002).

There are two other leaf-level processes that differ between C3 and C4 plants that are also of
functional importance. First, C4 plants need less Rubisco because of their CO2-concentrating
mechanism and need less nitrogen in their leaves because Rubisco is a principal leaf protein.
As a result, nitrogen use efficiency (NUE) is, in general, greater in C4 relative to C3 leaves.
A second consideration is water use efficiency (WUE), the ratio of leaf water loss during
transpiration to carbon gained via photosynthesis. Because of their greater photosynthetic
efficiency, C4 leaves tend to have a higher WUE.

As CO2 increases, NUE will increase in C3 leaves, in part because investment in Rubisco
will be less, and stomatal openings will narrow, reducing transpiration and increasing WUE
for both C3 and C4 species. Improved WUE and leaf water content with increasing CO2

helps C3 and C4 species maintain leaf photosynthesis with either increased salinity or de-
creased water availability. Indeed, there has been some suggestion that the greatest impact
of CO2 on C4 photosynthesis is an indirect effect due to improved WUE and maintenance
of leaf photosynthesis under water-limiting conditions (Drake and Leadley, 1991; Leakey
et al., 2006). However, Ghannoum et al. (2000) have also suggested that the greater leaf
temperatures resulting from CO2-induced stomatal closure in C4 leaves may be one factor
that contributes directly to their greater photosynthetic rates under higher CO2.

Whole Plant Responses

Because of the distinction in photosynthetic pathways at the cellular level, C4 plants are, in
general, likely to have the photosynthetic “edge” over C3 species at subambient CO2 con-
centrations and when light and temperature are high. This is consistent with the evolutionary
history of C4 photosynthesis, and the fact that they are found principally among tropical
grasses in warm, high light regions, which reflects, in turn, the relative distribution of C3 and
C4 plants (Figure 3.3).

But it is also important to consider the probable impacts of rising CO2, temperature/water
at the whole plant level for both C3 and C4 plants. Given that the exchange of carbon and
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Figure 3.3 Distribution of plant biomes by photosynthetic pathway. C4 grasslands (light grey) have evolved in the
tropics and warm temperate regions where forests (dark grey) are excluded by seasonal drought or fire. C3 plants (white)
remain dominant in cool temperate grasslands because C4 grasses are less productive at low temperatures.

water at the leaf level are critical to plant function, it is not surprising that growth of C3 and C4

plants increases with increasing photosynthesis and/or water efficiency (e.g., Patterson et al.,
1999; Ziska and Bunce, 1997a). But the increased growth is not necessarily uniform, and
allocation of carbon during growth is a critical feature of plant development and reproductive
success. For a number of C3 and C4 plants, for example, increasing CO2 may result in an
increase in the ratio of root to shoot biomass (R:S), depending, in part, on nutrient stress and
water availability (Rogers et al., 1992, 1994). As with increased root allocation, increased
carbon allocation to reproduction has obvious implications with respect to seed production
and viability.

An assessment of flowering time in relation to elevated atmospheric CO2 showed that in the
majority of cases, flowering times were accelerated; however, no differences were observed
between C3 and C4 plants (Springer and Ward, 2007). Unfortunately, there is insufficient
data to determine how CO2-induced changes in flowering time could be influenced by other
climatic factors such as temperature or water availability (Springer and Ward, 2007).

It has been suggested that plant development must proceed in such a way that growth is
coordinated (e.g., Farrar and Gunn, 1996). In theory, partitioning of carbon to various sources
or sinks will track carbon needs in changing environmental conditions. However, imbalances
in source–sink relations in response to increasing carbon or abiotic stress can occur. Such
imbalances can feed back to limit the ability of photosynthesis to respond to elevated
carbon dioxide. For example, if air temperatures exceed the optimum for pollen formation,
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but not leaf function, then the resulting increase in floral sterility may limit reproductive
sinks with a subsequent decline in the amount of photosynthetic stimulation in response to
elevated CO2 levels (e.g., Lin et al., 1997). If temperature and CO2 enhance the rate of leaf
development, then increased self-shading can occur also with a subsequent decline in whole
plant photosynthesis as observed with increasing CO2 and temperature for soybean (Ziska
and Bunce, 1997b). The dynamics of source–sink relations and photosynthetic inhibitions
are complex, but inhibition to rising CO2 is not a ubiquitous response, even in the long
term (Ainsworth et al., 2003). Overall, photosynthetic inhibition to elevated CO2 is better
characterized for C3 plants; however, whether different feedback mechanisms are associated
with a given photosynthetic type is unclear, and has not, to our knowledge, been studied.

Crop and Weed Biology: Revisiting a Paradigm

Many crops are descendant from weedy species and, as a result, are similar both genetically
and ecologically. This is reflected in the overlap between congeneric weeds and crops. For
example, it has been noted that several important weeds can also function as crop plants,
depending on location (Holm et al., 1977). Overall, a number of common characteristics,
including high growth rate, resource use, stress tolerance, and high reproductive output, can
be found among herbaceous weeds and crops (Grime, 1979; Patterson, 1985).

We have focused on comparing the responses of C3 and C4 plants to rising CO2 and
climate because such a comparison has special relevance with respect to weeds and crops.
One commonly accepted axiom in weed science is that among “worst” weeds, many possess
the C4 photosynthetic pathway, while most major crops are C3 plants (Holm et al., 1977).
Of the world’s 18 worst weeds, 14 are C4; conversely, of the dozen crops that constitute 75%
of the world food supply, only 4 are C4 plants (Holm et al., 1977).

Overall, it is tempting to view the differential responses among and between C3 and
C4 plants as a means to predict the likely outcome between crops (C3) and weeds (C4) in
the larger context of climate change. For example, an overall increase in atmospheric CO2

would favor the C3 crop over the C4 weed; whereas increasing temperature, or reduced
water availability could favor the C4 weed. Much of the current scientific assessment in
understanding the impact of climate change on weed and crop biology is, in fact, reflected in
this C3 versus C4 paradigm (Bunce and Ziska, 2000; Patterson, 1986; Patterson et al., 1984;
Patterson and Flint, 1980; Rosenzweig and Hillel, 1998).

However, it is worth examining, in closer detail, the source of this archetype. Dr. Leroy
Holm was one of the early pioneers of weed science, and in a career spanning five decades,
did exemplary work in cataloging the global distribution of many of the most pernicious
weeds in agriculture for five continents. His three-volume set on “World’s Worst Weeds,”
published in the 1970s, is familiar to almost all weed scientists.

It is this work, particularly in the context of agricultural commodities (e.g., wheat, corn,
etc.), that distinguished Dr. Holm’s research. His list of “worst weeds” included many C4

species, including the number one worst weed, Cyperus rotundus, or purple nutsedge. Since
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Table 3.1 The 15 most “serious” weeds as ranked and profiled in The World’s Worst Weeds: Distribution
and Biology (Holm et al., 1977) A = annual; P = perennial.

Rank Common name Scientific name Form C3/C4

1 Purple nutsedge Cyperus rotundus P C4

2 Bermudagrass Cynodon dactylon P C4

3 Barnyardgrass Echinochloa crus-galli A C4

4 Jungle rice Echinochloa colonum A C4

5 Goosegrass Eleusine indica A C4

6 Johnsongrass Sorghum halapense P C4

7 Cogongrass Imperata cylindrical P C4

8 Water hyacinth Eichhornia crassipes P C3

9 Common purslane Portulaca oleracea A C4

10 Lambsquarters Chenopodium album A C3

11 Large crabgrass Digitaria sanguinalis A/P C4

12 Field bindweed Convolvulus arvensis P C3

13 Wild oat Avena fatua A C3

14 Smooth pigweed Amaranthus hybridus A C4

15 Spiny amaranth Amaranthus spinosa A C4

many people are interested categorically in the idea of “worst” or “best,” this particular
species quickly gained the reputation as the world’s worst weed (Table 3.1).

Yet, this information, invaluable as it was, is not based on any quantification of weed
populations or objective criteria with respect to impact on crop production, but is described
in Dr. Holm’s words as:

“. . . we have assembled and processed into meaningful form more data on the world
weed problem than have been gathered up to this time, and we must emphasize that the
importance that we have assigned to each species is a personal judgment made against
this background of experiment. Our judgments must remain as fragile as yours until
weed scientists in a future time can gather similar information and make other, more
perfect judgments.” [page xi, Preface to “Worlds Worst Weeds” (Italics are LHZ)]

Or, to summarize, the assessment of what constitutes “worst” is a personal judgment,
reflecting both weed abundance and the capacity of the weed to inflict economic loss.
Dr. Holm, to his credit, recognized that his opinion would change over time. Therefore,
it is reasonable to ask whether, since the publication of “World’s Worst Weeds,” the C4

photosynthetic pathway is still overrepresented among the worst, or most troublesome,
weeds; as this has obvious implications with respect to rising carbon dioxide and climate
change.

A limited comparison of “worst” for the United States reveals that the situation has indeed
changed. What is interesting is that in comparing Holm’s assessment with more recent
assessments, there appears to be no overrepresentation of the C4 pathway among “worst”
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Table 3.2 Comparison of Holm’s worst weeds and farmer assessment of worst weeds (Bridges, 1992) for
corn, soybean, and wheat in the contiguous United States.

Crop Holm et al. (1977) Bridges (1992)

Corn Cyperus rotundus (C4) Sorghum halapense (C4), 18
Digitaria sanguinalis (C4) Ipomea spp. (C3), 14
Echinochloa crus-galli (C4) Albutilon theophrasti (C3), 14
Sorghum halapense (C4) Xanthium strumarium (C3), 11
Portulaca oleracea (C4) Amaranth spp. (C4), 11
Cynodon dactylon (C4) Chenopodium album (C3), 11

Soybean Eleusine indica (C4) Ipomea spp. (C3), 17
Echinochloa colonum (C4) Sorghum halapense (C4), 15
Cyperus rotundus (C4) Amaranths spp. (C4), 14
Echinochloa crus-galli (C4) Albutilon theophrasti (C3), 13

Wheat Avena fatua (C3) Cirsium arvense (C3), 13
Polygonum convolvulus (C3) Convolvulus arvensis (C3), 13
Chenopodium alba (C3) Bromus secalinus (C3), 11
Convolvulus arvensis (C3) Bromus tectorum (C3), 9

Listing, based on state noxious weed lists, of “worst weeds” for North America (28 states, plus 6 Canadian
provinces, Skinner et al., 2000). Number indicates the number of states reporting the weed as the most
troublesome.
1. Cirsium arvense (C3), 33 lists
2. Carduus nutans (C3), 24 lists
3. Lythrum spp. (C3), 24 lists
4. Convolvulus arvensis (C3), 23 lists
5. Euphorbia esula (C4), 22 lists
6. Acroptilon repens (C3), 20 lists
7. Sorghum spp. (C4), 20 lists
8. Cardaria spp. (C3), 17 lists
9. Centaurea maculosa (C3), 17 lists
10. Sonchus arvensis (C3), 17 lists
11. Centaurea diffusa (C3), 16 lists
12. Elytrigia repens (C3), 16 lists
13. Cuscuta spp., 12 lists
14. Linaria dalmatica (C3), 12 lists
15. Centaurea solstitialis (C3), 11 lists

For Bridges, the number following the weed listing is the number of states reporting that weed as troublesome
for the crop.

weeds in corn, soybeans, and wheat. In fact, for many growers in North America, C3 weeds
are now the “worst” weeds (13 out of 15; Skinner et al., 2000; Table 3.2).

We would emphasize then that any evaluation of what constitutes “worst,” “worst” is
subjective, depending on the perceptions of the farmer, grower, land manager, extension
agent, etc. at that moment. No one review (e.g., Skinner et al., 2000) is, in fact, based on
any sort of common objective criteria. This is due, in no small measure, to the time and cost
needed to quantify the extent of crop losses due to a given weed species at the farm level.
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Unfortunately, as of this writing, a comprehensive state-by-state evaluation of worst weeds
for a given crop has not been conducted since the Bridges (1992) estimate.

It is also worth noting that although the most troublesome weeds in wheat are C3, both
Setaria and Amaranth spp. (C4 weeds) are listed as troublesome weeds in wheat production
in 6 and 8 states, respectively (Bridges, 1992). For both corn (C4) and soybean (C3), worst
weeds include both C3 and C4 species. Consequently, the paradigm that C3 plants are
crops, C4 plants are weeds, and that rising CO2 will generally benefit crop production
is an oversimplification of what is actually known regarding crop–weed associations. In
fact, all major crops within the contiguous United States compete with an average of 8–10
“troublesome” weeds (Bridges, 1992), and no one crop competes solely with all C3 or all C4

weed species. In addition, such a paradigm does not address crop–weed associations where
photosynthetic pathway is the same. Yet, in many instances, the worst or most troublesome
weed is simply a wild relative of the crop (e.g., oat and wild oat, sorghum, and shattercane).

Evaluating Weed and Crop Responses: Rising Carbon Dioxide and the Environment

If the differential response of weeds and crops to rising atmospheric CO2 and/or climate
cannot be predicted by a simple photosynthetic categorization of weeds as C4 and crops as
C3 species, what criteria can we use to determine the relative response of crops and weeds
to rising atmospheric carbon dioxide? Are other biotic or abiotic factors likely to modify the
degree of CO2 stimulation?

David Patterson, one of the first scientists to investigate weed biology and climate change,
classified the relative responses of a range of crops and weeds to a projected increase of ∼300
ppm CO2 above ambient for plants with the C3 and C4 type of photosynthesis. He found that
C3 and C4 crops showed growth responses from 1.10 to 2.34× and 0.98 to 1.24×, whereas
C3 and C4 weeds showed responses from 0.95 to 2.72× and 0.7 to 1.61×, compared to
growth in ambient CO2 concentrations (Patterson, 1993; Patterson and Flint, 1990; Patterson
et al., 1999). This is, in many ways, a surprising result, given that at the biochemical level,
C4 plants should not respond at all to rising CO2, let alone demonstrate such a broad range
of responses. Similarly, why should C3 species show such a broad range of enhancement to
elevated CO2? What is the basis for predicting the overall degree of photosynthesis or growth
enhancement to rising levels of carbon dioxide among plants with the same photosynthetic
pathway?

C4 Weeds and Crops

Corn and sorghum are two principal C4 crops, and based on early results, showed little
photosynthetic or growth response to elevated CO2 under well-watered conditions (e.g.,
Cure and Acock, 1986; Morrison and Gifford 1984; Patterson and Flint, 1980). These results
were consistent with our basic understanding of the C4 photosynthetic pathway and rising
carbon dioxide (Berry and Downton, 1982).

However, with time, several studies reported increases in photosynthesis and growth
of individual C4 crops and weeds in response to elevated CO2, even under well-watered
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conditions, examples included barnyardgrass and giant foxtail (Sionit and Patterson, 1984),
redroot pigweed (Black, 1986; Ziska and Bunce, 1997a), itchgrass (Patterson and Flint, 1980),
Bermudagrass (Ghannoum et al., 2001), and sorghum (Bunce, 2003; Cousins et al., 2001).

Although these studies indicate a direct effect of CO2 on growth and/or photosynthesis
in C4 crops and weeds under well-watered conditions, the basis for any direct stimulation is
unclear. The effect appears independent of different C4 subtypes (Ziska and Bunce, 1997a),
or the degree of CO2 “leakiness” of the bundle sheath (Ziska et al., 1999) and is not related
to any inhibition of dark respiration by rising CO2 (Ziska and Bunce, 1999). There are
some reports (Cousins et al., 2001; Moore et al., 1986) that indicate that a percentage of
carbon is directly fixed by C3 photosynthesis for leaves of C4 species during early leaf
development. This suggests that elevated CO2 could potentially stimulate photosynthesis
during leaf initiation, possibly due to the C4 CO2 concentrating apparatus being not yet fully
developed. To date, however, no experiments have determined if CO2 responsiveness is
proportional to temporal changes in leaf development between C4 monocots and C4 dicots.
Alternatively, there has been some suggestion that some C4 weeds and crops may not be
saturated at current CO2 under field conditions, and could show a slight (10–15%) increase
in photosynthesis and growth with increasing atmospheric carbon dioxide (Bunce, 2005;
Ghannoum et al., 2000; Figure 3.4).

–15 –10 –5 0 105 15 20 25 30

Red-root pigweed

Fall panicum

Barnyard grass

Green foxtail

Grain amaranth

Giant foxtail

Johnson grass

Sugarcane

Sorghum

Maize

All weeds = 18%
All crops   = 7%

Figure 3.4 Relative response of C4 weed and crop dry matter at projected levels of carbon dioxide (∼690 vs. 385 ppm)
at 60 days following emergence. (From Ziska and Bunce, 1997a.)
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In contrast to any direct effect of CO2 on photosynthesis, water shortages could also
enhance the photosynthetic and growth response of C4 weeds and crops to elevated CO2.
Plants reduce their stomatal aperture under elevated CO2, losing less water and increasing
transpiration efficiency. This could be important for the survival of C4 plants in grassland
environments, which often experience periods of limited water availability (e.g., Owensby
et al., 1996); or, alternatively, if climate change lengthens periods between precipitation
events (Wolfe et al., 2008). Several studies have indicated that this indirect effect of elevated
CO2 could stimulate photosynthesis and growth in C4 weeds and crops during drought (e.g.,
Patterson, 1986 for barnyardgrass, goosegrass, and crabgrass; Leakey et al., 2004 for corn).
However, there are also studies where elevated CO2 did not enhance the water status of C4

weeds under drought (e.g., broomsedge; Wray and Strain, 1987). Under many conditions,
the indirect effect of CO2 on stomatal closure could even enhance photosynthesis under well-
watered conditions, since this would result in higher leaf temperatures (Ghannoum et al.,
2000).

With respect to the potential interaction between CO2 and temperature, if younger leaves
did not have the fully developed C4 pathway and could respond directly to rising CO2, then
rising temperatures could actually reduce photosynthetic stimulation by accelerating leaf
development. However, the few data available on CO2 and supraoptimal temperatures for C4

weeds do not show any consistent interaction between these variables, with the effects being
dependent on both species and populations. For example, Potvin and Strain (1985) examined
three populations of the C4 weed barnyardgrass collected over a latitudinal gradient from
Mississippi to Quebec and found that the Quebec population demonstrated equal dry matter
stimulation with elevated CO2 at day/night temperatures of 28/22 and 21/15◦C, while
populations from North Carolina and Mississippi had greater growth responses to CO2 at the
higher and lower temperatures, respectively. This weed, which is among the Echinochloa
spp. that are common weeds in flooded rice, did not respond to elevated CO2 at two different
day/night temperatures (Alberto et al., 1996). In contrast, photosynthesis of redroot pigweed
responded less to CO2 at high day/night temperatures of 38/31◦C than at 28/22◦C (Coleman
and Bazzaz, 1992). Ackerly et al. (1992) also reported for this same experiment, an increase
in leaf initiation and branch leaf production at the lower temperature with elevated CO2, but
not at the higher temperature, consistent with the photosynthetic results.

At present, almost nothing is known regarding the interaction of elevated CO2 and sub-
ambient temperatures in either C4 weeds or crops. Potvin (1985) examined the response of
barnyardgrass and goosegrass to a single chilling event (one night at 7◦C) and found that
plants grown at the higher CO2 concentration exhibited less reduction in leaf photosynthetic
rate and less visual chlorosis than plants at ambient CO2.

Because C4 species need less Rubisco, they have lower leaf protein concentrations than C3

species, and higher nitrogen use efficiencies (amount of N per CO2 molecule assimilated).
Consequently, the sensitivity of C4 crops and weeds to nutrient availability should be minimal.
Redroot pigweed, for example, showed no interactive response between elevated CO2 and
nitrogen (Coleman et al., 1991). Similar patterns of response have also been reported for
corn (Wong, 1979). However, for Japanese millet, enhancement of leaf area production and
photosynthesis by elevated CO2 occurred only at suboptimal NO3 concentrations (Wong
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and Osmond, 1991). Other work has also suggested that lack of nitrogen could reduce the
efficiency of the C4 concentrating mechanism (Meinzer and Zhu, 1998), leading to a greater
relative effect of rising CO2 on C4 species. However, characterization of the response of C4

crops and weeds to rising CO2 in the context of sub- or supraoptimal amounts of N is, at
present, based on a small number of experiments, and generalizations are tentative. Similarly,
little is known with respect to how other macronutrients (P or K), or other micronutrients
(Fe and Mg) interact to modify CO2 responses.

C3 Weeds and Crops

As stated earlier in the chapter, the overwhelming majority (+95%) of plant species use the
C3 pathway. Although scientists have known for 200 years that enhanced levels of carbon
dioxide stimulate the growth of these plants (De Saussure, 1804), the number of studies
involving CO2 exposure of agricultural and horticultural plants (almost all C3 species)
increased markedly in the 1960s and 1970s (e.g., Allen, 1979), following the discovery that
global atmospheric CO2 could be increasing (Keeling, 1960, see Chapter 2). By the early
1980s, Kimball (1983) had documented over 400 observations with respect to agricultural
yield in response to elevated CO2 conditions, data which could potentially be used to forecast
the impact of rising carbon dioxide on crop productivity. In contrast, the first publications
assessing weed responses to CO2 were published by Patterson and Flint in 1980. In addition,
the early focus was on C3 species, and as a result there is a great deal of more information
on the individual response of C3 crops and weeds than for their C4 counterparts.

Given what is known regarding C3 photosynthesis, there is no question that C3 weeds
and crops will respond to rising CO2 under optimal conditions. Experimental data has
accumulated rapidly since the initial assessment by Kimball (1983) and with the advent
of software to incorporate disparate results in meta-analyses, review papers accessing the
response of C3 crops are becoming more frequent (e.g., Ainsworth, 2008). These studies have
found wide variation in the photosynthetic and growth responses of crops and weeds to rising
CO2. The basis for this variation is not entirely known. It has been suggested, for example, that
the response of crops to CO2 has been overestimated due to methodological artifacts (Long
et al., 2006), or because agronomic conditions may be nonoptimal (Poorter and Perez-Soba,
2001), or because of ozone interactions (Heagle et al., 1999). However, any potential increase
in carbon assimilation due to rising CO2 and subsequent effects on growth and reproduction
will depend on a number of abiotic factors that are likely to change with anthropogenic
warming, including temperature, moisture, and nutrient availability. How these factors alter
the individual responses of C3 species to rising CO2 is then an important consideration in
elucidating differential morphological, phenological, allometric, or reproductive responses
for crops and weeds at the whole plant level.

For a number of C3 crop species, responses to CO2 will depend on nutrient levels. For rice
and wheat, any stimulation of crop yield by CO2 will depend on N availability (e.g., Imai and
Murata, 1978; Kim et al., 2003 for rice; Wolf, 1996 for wheat), whereas stimulation of yield
by CO2 in soybean appears independent of supplemental N (Cure et al., 1988). This may be
related, in part, to sink development. Cereals need nitrogen for tiller formation early in
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development. Later, during maturity, these tillers can support a greater number of panicles,
with seeds acting as a suitable sink for additional photosynthetic carbon and a greater amount
of filled grain. By reducing these potential sinks, nitrogen-poor soils limit the photosynthetic
response of cereals to CO2. Less is known regarding the role of nutrients in the response
of C3 weeds to rising CO2; although studies have shown that sicklepod, showy crotalaria,
Canada thistle, and wild radish do not require additional nitrogen to respond to elevated CO2

(Jablonski, 1997; Patterson and Flint, 1982; Ziska, 2003). Although the issue of nutrient
availability in the context of plant growth with climate change has been examined at a number
of levels (e.g., Reich et al., 2006; Sinclair, 1992), systematic comparisons between C3 crops
and weeds are rare. The available data suggest that CO2 can stimulate crop and weed growth
over a wide range of nutrient levels, although, in general, the greater growth enhancement
with additional CO2 is more likely to occur under optimal nutrient availability particularly
for crops. The variability in the interaction between CO2 responsiveness and nutrients for
C3 species has resulted in a reexamination of the idea of the “Law of the Minimum,” which
suggests plant growth is controlled by the resource in most limited supply. However, Sinclair
(1992), inter alia, has suggested that nutrient resources can be simultaneously limiting, so
that increasing one may compensate for limits imposed by others (Figure 3.5).

As discussed previously, at the biochemical level, the photosynthetic and growth responses
of C3 species to elevated CO2 should be temperature-dependent. That is, the response to con-
current increases in CO2 and temperature should exceed the response to CO2 alone. Several
reports indicate such a pattern for vegetative growth of crop species (Patterson, 1995), but
the pattern for the reproductive response is less clear. For rice, increasing CO2 and tem-
perature may in fact, negate any yield enhancement related to increasing CO2 (Moya et al.,
1998; Ziska et al., 1996), due in part to reductions in transpirational cooling, higher canopy
temperatures, and increased pollen sterility. The interaction between temperature and car-
bon dioxide seems more complex for wheat, with a majority of experiments indicating a
reduction in yield with elevated CO2 in combination with warming compared to elevated
CO2 alone (Amthor, 2001). A few studies have compared responses of soybean crops grown
for the full season under different temperature regimes (Baker et al., 1989; Boote et al.,
2005; Heinemann et al., 2006; Sionit et al., 1987) but have found only minor effects of
these treatments on the yield response to elevated CO2. These data indicate that temper-
ature thresholds, particularly for flowering, may be significantly lower at elevated CO2 in
C3 crops. If rising temperatures limit seed production, fewer sinks and a diminished pho-
tosynthetic response to CO2 could occur as a result of feedback inhibition (e.g., Lin et al.,
1997).

Conversely, fewer studies have examined the interactions of temperature and CO2 for
growth and reproductive responses in C3 weeds. For the data that are available, some weed
species show a greater growth enhancement to elevated CO2 with warmer temperatures
(spurred anoda and sicklepod), but other C3 weeds do not (velvet leaf, quackgrass; Patterson
et al., 1988; Tremmel and Patterson, 1993; Table 3.3).

In contrast to rising temperatures, little is known regarding the differential enhancement
of C3 crops and weeds to rising CO2 at suboptimal temperatures. For okra, elevated CO2

increased tolerance to low temperatures (Sionit et al., 1981); for dandelion, there were
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Figure 3.5 Change in plant biomass of Canada thistle (Cirsium arvense) from 20 through 77 days after sowing when
grown at three levels of nitrogen and at 290 and 380 ppm CO2 (beginning and end of the twentieth century, respectively).
Although N supply affected growth rate, it did not change the relative effect of additional CO2 on plant biomass.
∗indicates significant difference (P < 0.05, unpaired t-test) for a given sampling date. (From Ziska, 2003, Physiologia

Plantarum 119:105–112.)
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Table 3.3 Optimal air temperature ranges for vegetative and reproductive development, and failure
temperature (floral temperature where yield falls to zero) for selected C3 and C4 crops.

Crop C3/C4

Optimal temperature
vegetative (◦C)

Optimal temperature
reproductive (◦C) Failure (◦C)

Maize C4 NA 18–22 35
Soybean C3 25–37 22–24 39
Wheat C3 20–30 15–21 34
Rice C3 25–36 23–29 36
Sorghum C4 26–34 25 35
Cotton C3 30–35 25–26 35
Peanut C3 31–25 20–26 39

Data are taken from Table 2.3, USDA Synthesis and Assessment Product 4.3, except for rice which is taken
from Ziska unpublished data. Similar data on C3 and C4 weeds are lacking.

no significant differences in the relative stimulation of photosynthesis by elevated carbon
dioxide among days with temperatures ranging from 15 to 34◦C (Bunce, 2000b). Bunce
(2000b) suggested that it was premature to conclude that low temperature per se would limit
crop or weedy responses to rising carbon dioxide.

Climate change is likely to increase precipitation in the northeastern United States, and
decrease precipitation in the West and Southeast (IPCC, 2007). As discussed previously,
elevated CO2 can indirectly stimulate plant photosynthesis and growth by causing plants to
narrow their stomatal openings, increasing water use efficiency. Reductions in evapotranspi-
ration of a few percent could be important to C3 crops and potential yields. Interestingly,
although the interaction of CO2 and water supply has been studied extensively for crop
species (e.g., Bunce, 2004; Nijs et al., 1989; Tyree and Alexander, 1993), few studies have
quantified differences between C3 weeds and crops. In addition, little is known about re-
sponses of C3 crops versus weeds to elevated CO2 under flooding conditions, even though
such conditions are anticipated for many regions with climate change (Wolfe et al., 2008).

Summary

Plant biological function varies temporally and spatially from the biochemical to the ecologi-
cal. We have focused, for convenience’s sake, on how the rise in carbon dioxide concentration
is likely to differentially influence weeds and crops up to the level of the whole plant. We
addressed the issue of “worst weeds,” focusing on the suggestion by Leroy Holm and others
that the C4 photosynthetic pathway is overrepresented among the most troublesome weeds.
Given the differential response between C4 and C3 weeds and crops to CO2, and the research
framework for labeling C4 species as weeds, and C3 species as crops, we have stressed, based
on available data, how rising levels of CO2 are likely to affect each photosynthetic type and
how these impacts may be modified by concurrent changes in other climatic parameters.
However, we also wish to emphasize that this paradigm is incomplete, and that, at the field
level, C3 crops and weeds compete with C4 crops and weeds in ways that make predicting
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responses to rising CO2 and/or climate difficult. In the next chapter, we will continue our
analysis, but we will move beyond a simple assessment of photosynthetic pathway to exam-
ine how CO2 and climate may alter biological processes that take place at higher functional
levels such as competition and evolution.
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4 An Evaluation of the Impact of Rising Carbon Dioxide and
Climatic Change on Weed Biology: Competition to
Community Composition

“. . . . . methinks, I would not grow so fast, because sweet flow’rs are slow and weeds
make haste.”

William Shakespeare

Introduction

In the previous chapter, we began to examine how (or whether) C3 and C4 weeds and crops
could respond to carbon dioxide within agricultural systems, and why any growth and/or
reproductive response may reflect not only the photosynthetic pathway, but also potential
climatic interactions including temperature, nutrients, and water.

In this chapter, we will take a broader approach, evaluating biological processes beyond
the level of the whole plant that are likely to be impacted by CO2 and climate change,
including competitive outcomes as well as potential changes in community composition and
ecosystems. Our objective in doing so is to provide insight into how climate and CO2 will
alter inter- and intraspecific competition; potential demographic changes in plant community
composition; and changes in ecosystem processes, including a possible role for climate and/or
CO2 in evolutionary selection among weed species.

Weeds and Competition

Defining Competition

A standard dictionary definition of competition would include the terms: “rivalry” and
“opposition” in describing individuals that seek a common goal simultaneously. Such a
definition does not entirely capture what is meant by plant competition, however. Plant
competition is usually defined as occurring when the level of a physical resource(s) is less
than that required to meet the physiological demands of two or more individuals. Competition
among individuals of the same species and between individuals of different species is known
as intra- and interspecific competition, respectively.
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Competition and Early Establishment

One of the first competitive interactions follows seedling emergence, when light competition
between and within species is a primary growth constraint. Indeed, measurements of leaf
area following emergence can be used as a simple predictor of crop–weed competition
(Kropff and Spitters, 1991). Changes in temperature and moisture projected with changing
climates (IPCC, 2007) have obvious implications for germination and the spatial and temporal
emergence of weed seeds. For example, dormancy, one of the major constraints on weed seed
emergence, is likely to be broken by greater moisture and warmer temperatures; similarly,
rates of seed herbivory or decomposition are also likely to be affected.

In agronomic situations, soil temperature and moisture are important in determining
optimal planting times, which can give crops a “head start” in emergence relative to weeds.
Temperature is the single most important factor regulating germination of nondormant seeds
in irrigated, annual agroecosystems under conditions where light, nutrients, and moisture
may be nonlimiting. The use of temperature and time in a degree-day approach has been used
successfully in predicting phenological stages for a number of crop and weed species (Alm
et al., 1991). A basic requirement for this approach is an estimate of the temperature below
which phenological development ceases (Tbase) for each species. The range of temperature
baselines for phenological development among weed species can vary considerably. This
means that weeds, collectively, are relatively insulated against climate variability, particularly
with respect to milder winters and early springs. Crops, in contrast, are typically planted one
variety at a time, and so germination and early development of crops are more likely to suffer
from increased climatic variability (Table 4.1).

Atmospheric carbon dioxide concentrations may also influence seed germination and
emergence rates. Increased CO2 enhances seed germination of some herbaceous (Esashi
et al., 1987; Heichel and Jaynes, 1974) and woody species (Mohan et al., 2004). It can be
argued that, because soil CO2 concentrations already far exceed those of the atmosphere,
seeds would not perceive any changes in their environment. However, surface levels of

Table 4.1 Baseline temperature (◦C, Tbase) for phenological development for
selected winter and summer annual weeds.

Weed

Common name Scientific name Winter/Summer Tbase

Prostrate pigweed Amaranthus albus Summer 15.5
Palmer Amaranth Amaranthus palmeri Summer 17.1
Common crabgrass Digitaria sanguinalis Summer 15.1
Barnyard grass Echinochloa crus-galli Summer 13.0
Purslane Portulaca oleracea Summer 8.5
Yellow foxtail Setaria glauca Summer 11.7
Canadian horseweed Conyza canadensis Winter/Summer 12.5
Greek mustard Hirshfeldia incana Winter 10.0
Common sowthistle Sonchus oleraceus Winter 5.3

Adapted from Steinmaus et al. (2000)
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CO2 can be dynamic, ranging from ambient to several thousand parts per million, and
the influence of increased atmospheric CO2 on surface concentrations has not been well
documented. Certainly, stimulation of seed germination with enhanced CO2 does not always
occur (e.g., Garbutt et al., 1990). However, increasing CO2 could interact with or increase
the production of ethylene, a plant growth regulator that stimulates seed germination (e.g.,
Esashi et al. 1987).

If warming temperatures, altered precipitation, or increased CO2 alter emergence times,
this will significantly affect competition. The first species to emerge, whether crop or weed,
has a great competitive advantage. Firbank and Watkinson (1985) demonstrated that emer-
gence time and density of seedling emergence could account for up to 50% of the variation
in aboveground biomass of individual corn cockle plants. Ziska and Bunce (1993) found that
warming and CO2 increased germination and emergence of one crop (alfalfa) and three weedy
species, suggesting potential shifts in postemergence and light competition between crops
and weeds. Although these initial data are intriguing, it is not yet clear whether germination
and emergence of weeds and crops respond differently to CO2 and/or climate.

Competition and Growth

Plant growth rates following emergence also have a strong influence on competitive ability.
For example, if a species grows tall quickly and shades other species it will have a competitive
advantage over those plants below it. Similarly, rapid root growth and nutrient uptake may
also confer a competitive advantage. Growth, in turn, will depend on environment, genetics,
and phenotypic plasticity.

As a consequence, anthropogenic changes in the environment such as CO2, temperature,
precipitation, etc. are likely to alter growth rates differentially, due in part to species-specific
effects at the biochemical or leaf level. Such differential growth responses, in turn, are almost
certain to alter competitive outcomes at the inter- or intraspecific level (e.g., Vengris et al.,
1955). A wide range of growth responses has been observed for annual and perennial weed
species, both with respect to recent increases in CO2 as well as those projected for the end
of the current century (Table 4.2).

It should be emphasized, however, that it is difficult to predict responses among plant
species sharing a given physiological or morphological trait to a change in an environmental
variable. For example, because of the Holm et al. (1977) observation that “worst” weeds
favored the C4 pathway, many early experiments compared the growth of C3 crop and C4 weed
species at elevated CO2 even though the plants did not compete directly. Weed/crop biomass
ratios were decreased at elevated CO2 in itchgrass (C4)/soybean (C3) comparisons (Patterson
and Flint, 1980; Patterson et al., 1979), and barnyardgrass, goosegrass, and southern crabgrass
(all C4 species)/soybean (C3) comparisons (Patterson, 1986). Many additional examples
could be gleaned from the published literature, but they are only suggestive of how C3/C4

comparisons might change with increased carbon dioxide. This is due, in part, to the dynamic
of multispecific community response to CO2 being difficult to predict based on the response
of individual species to CO2. This is emphasized by the work of Bazzaz and coworkers
(Bazzaz and Carlson, 1984; Bazzaz and Garbutt, 1988; Zangerl and Bazzaz, 1984) who
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Table 4.2 Overview of potential growth response of selected weed species to either recent or projected
changes in the concentration of atmospheric carbon dioxide CO2.

Species Common name Recent Projected Reference

Albutilon theophrasti Velvetleaf 1.3–1.58 0.88–2.29 Bazzaz et al. (1989), Bunce
(2001), Dippery et al. (1995),
Morose and Bazzaz (1994)

Ambrosia artemisiifolia Annual ragweed NA 1.22–1.57 Bazzaz and Carlson (1984),
Hirose et al. (1996)

Avena fatua Wild oat NA 1.84 Freeden and Field (1995)
Brassica kaber Wild mustard NA 1.27–1.30 Wayne et al. (1999)
Bromus madritensis Red brome NA 1.09–1.51 Huxman et al. (1999.), Smith

et al. (2000)
Bromus tectorum Cheatgrass NA 1.39–1.93 Poorter (1993), Smith et al.

(1987)
Centaurea maculosa Spotted knapweed 2.15 1.46 Ziska (2003a)
Centaurea solstitialis Yellow starthistle 1.87 1.15–1.68 Dukes (2002), Poorter et al.

(1996), Ziska (2003a)
Cirsium arvense Canada thistle 1.58–2.84 1.69–1.70 Ziska (2002, 2003a, 2003b)
Convolvulus arvensis Field bindweed 1.85 1.36 Ziska (2003a)
Datura stromonium Jimsonweed NA 1.76 Garbutt and Bazzaz (1984)
Elytrigia repens Quackgrass NA 1.12–1.68 Tremmel and Patterson (1993),

Ziska and Teasdale (2000)
Euphorbia esula Leafy spurge 1.95 1.43 Ziska (2003a)
Hydrilla verticillata Waterthyme NA 1.04–1.46 Chen et al. (1994.)
Lonicera japonica Japanese honeysuckle NA 2.34–3.60 Belote et al. (2003), Sasek and

Strain (1988)
Prosopis glandulosa Honey mesquite 1.53 1.11–1.37 Polley et al. (1994, 1996, 2002)
Pueraria montana Kudzu NA 1.20–2.15 Sasek and Strain (1991)
Sonchus arvensis Perennial sowthistle 2.09 1.66 Ziska (2003a)

Recent changes refer to the increase in CO2 from 250–300 ppm (sub-ambient) to 360–400 ppm (current
ambient concentration); projected changes refer to the increase in CO2 from 360–400 ppm to 600–800
ppm, a value expected to occur before the end of the current century. Values given are the ratio of plant
biomass produced at the two CO2 comparisons (i.e., a value of 1 indicates no response to increasing CO2

while a value of 2 indicates a doubling in biomass). NA, not available. Data are from Ziska and George
(2004).

measured species response to CO2 when plants were grown alone or in competition and
found little relationship between the relative growth rates of isolated and competing plants.
For example, it was found that the red-root pigweed, a C4 weed, out competed velvetleaf, a
C3 weed, in response to rising carbon dioxide (Bazzaz et al., 1989). Similarly, it cannot be
assumed that rising temperature will uniformly favor C4 species in competitive situations.
Although there is evidence that C4 species gain a photosynthetic advantage in warm, high
light environments, C4 species such as pigweed, barnyardgrass, cordgrass, and common
purslane also thrive in the cooler climates of Canada and northern Europe.

Allocation of the additional carbon made available with rising CO2 will have con-
sequences for competition. For example, various vine species, including a number of
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well-known weed species (e.g., kudzu, Japanese honeysuckle) grow and photosynthesize
much faster under CO2 enrichment (Condon et al., 1992; Sasek and Strain, 1990, 1991).
This dramatic response may reflect a positive feedback of high CO2 for vines; that is, with
an increase in CO2 and a corresponding increase in photosynthesis, vines can allocate more
photosynthate to additional leaves (i.e., more photosynthetic tissue), because they need less
support tissue than other woody species (Putz and Mooney, 1991; Sasek and Strain, 1989;
Schnitzer and Bongers, 2002). As a result, there is initial evidence that an increasing abun-
dance of woody vines is causing increased tree mortality and reduced tree regeneration in
forests around the globe (Dillenburg et al., 1995; Laurance et al., 2001; Phillips et al., 2002).
It can be argued that such differential responses of growth to rising CO2 are nutrient- or
water-dependent (e.g., Reich et al., 2006). However, in many agronomic situations involving
crops and weeds, nutrient and water availability may be optimal, potentially promoting the
growth of vine-like weeds such as field bindweed.

Differential growth responses to climate change may also alter competitive outcomes
indirectly by changing rates of herbivory. For example, Canada thistle responds to rising
CO2 by increasing the number or size of leaf spines (Ziska et al., 2004a). For populations
of cheatgrass, a ubiquitous weed of western rangelands, the indigestible portion of above-
ground plant material (acid detergent fiber [ADF], mostly cellulose and lignin) increased with
increasing CO2 at 50 ppm intervals from 270 to 420 ppm (Ziska et al., 2005). Differential
effects of climate- and/or CO2-induced changes in physical defenses or palatability have
consequences for growth, depending on species. Recent data suggest that growth at elevated
carbon dioxide compromised the ability of soybean plants to defend against insect predation
(Zavala et al., 2008). It is not clear as how many crops and weeds will respond in this
manner. Similarly, although it has been shown that some weed species may gain a competitive
advantage via allelopathy (e.g., catechin in spotted knapweed; Thelen et al., 2005), the impact
of climate on allelopathy, and possible differential effects on plant-to-plant competition are
unknown.

Competition and Reproduction

Ultimately, “winning” and “losing” plant species are determined by the number of progeny
added to the environment, and the subsequent persistence and presence of those individuals
in the plant community over time. To that end, germination, growth, and efficient capture of
physical resources are all necessary in order to maximize reproduction. How then is climatic
change likely to alter sexual and asexual production within weed species?

Sexual reproduction occurs with transfer of male DNA to the female flowers. Male DNA
in pollen can be transported via wind (anemophily), by insects (entomophily), or by verte-
brates (zoophily). Many weed species are anemophilous, including most grasses, pigweed,
lambsquarters, and ragweed. Although wind can transport pollen, it is not an efficient vector,
and large quantities of pollen must be produced. For common ragweed, rising carbon diox-
ide has been shown to increase pollen production (Wayne et al., 2002; Ziska and Caulfield,
2000) and pollen quality (Singer et al., 2005) and warmer temperatures (∼1.2◦C above
ambient) may also increase pollen production and size from western ragweed (Wan et al.,
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2002). Urban-induced changes in CO2 concentration, growing season length, and warmer
temperatures were also associated with greater pollen production, as well as earlier flower-
ing (Ziska et al., 2003). In addition, there are clear effects of CO2 and temperature on plant
height for common ragweed and lambsquarters with potential effects on the range of pollen
dispersal (Ziska et al., 2004b). Similar changes in regard to pollen production and dispersal
are certainly possible for other anemophilous weeds, but have not been well studied. Given
that fewer crop species are wind-pollinated, such changes could promote the presence of
anemophilous weeds (relative to crops) in the environment.

Few entomophilous weeds are host-specific, instead relying on a number of insect vectors
rather than a single insect pollinator. Weeds attract generalist pollinators by producing flowers
that are nectar rich. Examples include milkweed, Japanese honeysuckle, and goldenrod. In
contrast to weeds, many crop species, including commercial plantings of cucumbers, squash,
melons, strawberries, etc. rely on European honeybees as the principal pollinator.

How then is climate change likely to impact insect vectors? In regard to climate change,
there is a clear signal for warmer winters and earlier springs, with advancement of flow-
ering times (IPCC, 2007). Several studies have examined whether anthropogenic climate
change can alter the phenological development of specific insect vectors and whether their
mutualisms will become spatially or temporally misaligned in the future (Fitter and Fitter,
2002; Gordo and Sanz, 2005; Parmesan et al., 1999). Empirically, given this type of potential
disruption, those plant species that rely on generalist pollinators are likely to be at a com-
petitive advantage. In addition, crops may be particularly sensitive to temperature impacts
on pollen sterility (Hatfield et al., 2008). However, it is unclear whether similar temperature
sensitivity to floral reproduction also occurs in weed species. If pollen viability of weeds
responds differently to temperature than that of crops, there would be consequences for seed
production and competition.

Weed seed dispersal is also likely to be impacted by climate and CO2. Many weed seeds
are transported via water, and precipitation patterns are likely to change with global warming
(IPCC, 2007). Wind disperses seeds of many weed species, including yellow salsify, spotted
knapweed, leafy spurge, orange hawkweed, Canada thistle, perennial sowthistle, musk
thistle, and others. Any increase in severe weather, particularly wind, is likely to aid in
seed dispersal of these and other weeds. In addition, rising CO2 levels may indirectly
boost wind dispersal by increasing plant heights. Given the ability of some wind-dispersed
invasive weeds to produce seed (e.g., tumbleweed can produce up to 25,000 seeds per
plant), increases in weather extremes could have a significant effect on the rate and range
of weed dispersal with species-specific effects on weed density and persistence within plant
communities.

Unfortunately, few attempts have been made to quantify relative seed production of crops
and weeds in response to climate change and/or CO2. This may seem puzzling, since seed
yield has been determined in so many crop species in response to climatic variables; however,
it is mechanistically difficult to obtain seed production of weeds in situ given that seed
shattering and temporal seed shedding is endemic to many weed species. Consequently, meta-
analyses comparing the reproductive output of crop and “wild” species may only include
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a handful of common agronomic weeds (e.g., velvetleaf, sicklepod, barnyardgrass, and
ladysthumb, see Appendix 1; Jablonski et al., 2002). In addition, comparisons of weed–crop
seed production do not consider other means by which weed species may proliferate.

In contrast to most crop species, weeds may also reproduce asexually, that is, without
fertilization or meiosis. Seed can also be apomictic, genetically identical to their parent (e.g.,
dandelion, orange hawkweed). Data for dandelion by McPeek and Wang (2007) indicated
that elevated CO2-grown plants produced 83% more inflorescences, with 32% more achenes.
In addition, seed from elevated CO2-grown dandelion were significantly heavier and had a
higher germination percentage, leading to larger seedlings and earlier establishment in the
subsequent generation. Asexual reproduction can also occur through vegetative propagation
in which part of a plant becomes detached and develops into a separate individual. This
may be of particular interest in weed biology since a number of studies have indicated that
below ground growth (roots and rhizomes) can show disproportionate increases in response
to elevated CO2 (Bernsten and Woodward, 1992; Prior et al., 1994; Rogers et al., 1992). For
example, significant increases in root:shoot ratio were observed in three years of field trials
of Canada thistle grown at elevated CO2 (Ziska et al. 2004a). In addition, both recent and
projected increases in atmospheric CO2 resulted in significant increases in root:shoot ratio for
a number of pernicious weeds including field bindweed and perennial sowthistle (Figure 4.1)
(Ziska, 2003a). Given that many perennial weeds have a strong below-ground root or rhi-
zome system and can generate asexually through vegetative propagation, it is possible that

Figure 4.1 Change in allocation of additional carbon with increases in atmospheric carbon dioxide concentration
during the twentieth century. Significant increases in root:shoot ratio were noted from four of the six invasive weed
species examined, indicating potential changes in asexual reproduction with rising carbon dioxide.
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substantial below-ground sinks could contribute to reproductive success of such weeds,
providing a link between species establishment and carbon dioxide responsiveness.

Populations and Communities

Climate Change Migrations

How will climate change affect plant community composition, and weed distribution? Weed
scientists have long recognized that temperature controls weed species success (Woodward
and Williams, 1987). Thus, warming will impact the dissemination of weeds in both man-
aged and unmanaged systems, with subsequent effects on their growth, reproduction, and
competitive abilities. Such changes are reflected in recent plant hardiness zone maps demon-
strating changes in plant distribution with a general increase in minimum winter temperatures
(Figure 4.2).

Many of the most troublesome weeds in agriculture, both C3 and C4, are confined to tropi-
cal or subtropical areas (Holm et al., 1997) due to low temperature. High-latitude temperature
limits of tropical species are set by accumulated degree days (Patterson et al., 1999), while
low-latitude limits are determined, in part, by competitive ability at low temperatures (Wood-
ward, 1988). Because many of the weeds associated with warm season crops originated in
tropical or warm temperature areas, northward expansion of these weeds may accelerate with
warming (Patterson, 1993; Rahman and Wardle, 1990). Other weeds in which the tempera-
ture sensitivity of growth has been examined with respect to range extension include cassia,
showy crotalaria, cogongrass, Texas panicum, itchgrass, sesbania, and witchweed (Patter-
son, 1993, 1995). In addition to global warming resulting in likely latitudinal or altitudinal
progression of weed species, it should be noted that increasing carbon dioxide alone could
allow such range extensions. Preliminary data suggest that elevated CO2 can increase plant
tolerance to low temperatures in a number of weed species (Boese et al., 1997; Potvin and
Strain, 1985; Sionit et al., 1981, 1987).

Weed Populations in Managed Systems

For maize and soybean crops within the United States, there is a clear latitudinal distinc-
tion between the great lakes (Michigan, Minnesota, Wisconsin) and gulf states (Alabama,
Louisiana, Mississippi) with respect to weed species (Bunce and Ziska, 2000). Although
there are no obvious differences in C3 or C4 species, or the ratio of annuals to perennials,
the average crop losses (without herbicide use) are substantially larger for the gulf relative
to the great lakes states for both maize (35% versus 22%) and soybeans (64% versus 22%).
The greater crop losses in the southern gulf states are likely to be associated with a number
of very aggressive weed species that are found in tropical or subtropical areas (e.g., prickly
sida and Johnson grass). Warmer temperatures, in particular an increase in the number of
frost-free days, may allow a northward expansion of these aggressive weeds into other areas
of the Midwest, with subsequent impacts on maize and soybean production, or, to maintain
production rates, greater herbicide use.
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Figure 4.2 Change in hardiness zones from 1990 to 2006 as a function of warmer climate, principally warmer winters.
Color version available online at http://www.arborday.org/media/map change.cfm.
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Biogeographic models that link species distributions and environmental factors (e.g.,
CLIMEX; Sutherst and Maywald, 1985; Sutherst et al., 2007) can be used to understand how
cropping systems may be affected by shifts in geographic ranges of weeds. Using a “damage
niche” hypothesis, where such a niche is characterized by the environmental conditions
that make a weed abundant and competitive, a group of Cornell scientists has examined,
using a “Business as Usual” climate scenario (IPCC, 2007) potential changes in the range
of two weed species in maize for the Northern and Southern United States (velvetleaf and
Johnsongrass, a C3 and C4 weed, respectively). Based on these initial evaluations, their
analysis indicated that the damage niche for velvetleaf, a cold-tolerant annual weed, is
likely to be of minor consequence in the mid-western corn belt; whereas Johnson grass, a
warm-season perennial may become more common, advancing northward by 200–600 km
by mid-century (MacDonald et al., 2009; Figure 4.3).

In addition to temperature, can other rapidly changing environmental parameters such as
CO2 also alter weed populations? To address this question, Ziska and Goins (2006) studied
how CO2 affects competition of weeds emerging from the agricultural seed bank. First,
they removed and thoroughly mixed the top 20 cm of soil from a fallow agricultural field
at the end of the growing season. Then, the soil was returned to the field, and exposed to
either ambient or continually elevated CO2. As plants germinated and grew from the soil
the following year, they examined changes in growth and competition among C3 and C4

weed populations. The experiment ran for two seasons, and in the first, precipitation reached
record levels, followed by near normal levels the next year. In the first year, only C4 grasses
were recruited, consistent with higher precipitation levels and the establishment of shallow
rooted grasses associated with low O2 soil conditions. In the second year, however, a broader
range of weed species grew, and elevated CO2 resulted in a greater incidence (5×) number
of C3 weeds. This experiment emphasized the complexity of how multiple environmental
changes can alter the relative distribution of C3 and C4 weeds within populations. Again, this
reinforces the idea that weed populations are dynamic, not easily defined as either all C3 or
C4, and will change not only with cultural practices (e.g., no-till), but with climate as well
(Figure 4.4).

Overall, changes in temperature, carbon dioxide, and precipitation are likely to shift weed
communities and population demographics around the world. However, there are limits to
our ability to predict such shifts, for a number of reasons. First, we have few experimental
data on this subject. Particularly lacking are studies that manipulate many environmental
parameters simultaneously; such assessments are difficult methodologically even for large
global regions (IPCC, 2007). Second, our weed data are out of date. It is difficult to project
where weeds will be in the future, if you do not know where they are now. This relates to
an earlier point regarding Holm’s classification of “worst weeds” and the lack of knowledge
regarding the dynamic nature of weed populations over time. As a consequence, the last
national assessment of weed populations, done by David Bridges and the Weed Science
Society of America, is 16 years old (Bridges, 1992). Yet, it is this “baseline” that is being
used by the Cornell authors as well as many other agronomists to predict weed populations
for crops with climatic change.
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Figure 4.3 Change in the potential range of a C3 weed, velvetleaf (A. theophrasti) and C4 weed Johnsongrass (S.
halapense). Note that with warming temperatures, the C4 perennial weed may be more of a competitor with corn. (From
MacDonald et al., 2009, Agriculture, Ecosystems and Environment, 130: 131–140.)
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Figure 4.4 Change in biomass of weed populations by C3 and C4 species at ambient (grey bars) and ambient +250
ppm (dark bars) CO2. Bars are ± one standard deviation.

Weed identification is a cornerstone of weed biology. Being able to know where the
“worst” weeds are in our region remains a paramount objective, since such identifica-
tion is important with respect to prioritizing limited resources to address the control
and/or suppression of these plant pests. The paradigm of what constitutes “worst” was
established by Leroy Holm and others in their seminal work: “World’s Worst Weeds”,
published in 1977. Yet, it is also clear that since that time, many new weedy threats
have been recognized, but not placed in the context of “worst”. For example, reviews
by Bridges (1992) for the WSSA and Skinner et al. (2000) for Weed Science identify
a number of troublesome weeds not included in Holm’s original assessment. It is im-
portant to compare and contrast the dynamic nature of “worst” weeds both in North
America and globally to determine, in part, the cultural, biological, or environmental
basis for how weed problems may wax and wane over time, and, discuss a preliminary
basis by which we can begin to quantify what may constitute “worst” in the current
weed scientist’s lexicon.
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Weed Populations in Unmanaged Systems

About 40% of Earth’s land surface is used for grazing (Campbell et al., 1997). While these
rangelands are usually water-limited and not suitable for long-term sustainable agriculture,
they do support extensive livestock grazing (Polley et al., 2000).

A number of studies, therefore, have focused on how climate change, and the increase
in atmospheric carbon dioxide in particular, could change plant community dynamics and
rangeland quality. Such potential changes are of concern because for rangelands, the eco-
nomic value of the land depends on the species composition of the plant community. There
are a number of studies indicating that productivity of C3 plants responds more to rising CO2

than that of C4 plants (Morgan et al., 2007; Polley et al., 1997; Poorter and Navas 2003).
However, understanding the relative response of a plant species to carbon dioxide is not a
simple reflection of photosynthetic pathway. As we have seen, CO2 responses are compli-
cated by temperature, water use, nutrient uptake, etc.; all of which complicate predictions of
species dominance and plant community composition.

Secondary Succession and Ecosystems

Environmental changes will affect weed populations and communities in both managed and
unmanaged plant systems. These changes, in turn, will alter ecosystem processes. Unfor-
tunately, in examining the temporal and spatial variability of plant function over time (see
Figure 3.1), we find that our lack of understanding is most obvious at extremes along the
axes. That is to say, our knowledge of processes that are spatially small and occur quickly
(e.g., gene expression), and those that are large in scale and occur slowly (e.g., ecosystem
function) is minimal.

One essential ecological process related to ecosystem formation is succession. Following
a disturbance, the plant species composition of an ecosystem changes over time until a stable
community is achieved, a process known as succession. This stable community is termed
the “climax community” and is often characterized as an ecosystem with a long-standing,
relatively constant, species composition. Succession can be viewed as two components,
primary and secondary. Primary succession is the establishment of plant species on land that
has not been previously vegetated, such as lake-fill or rock that has been weathered to soil.
Secondary succession in turn, is the re-establishment of plants after a serious environmental
disturbance that has eliminated existing vegetation. The disturbance can be characterized as
natural (e.g., hurricanes), or anthropogenic (e.g., abandoned farmland). Those plants which
initially exploit the physical opportunities offered by succession possess many of the same
characteristics as weed species, and are referred to as “pioneer” species in an ecological
sense.

To examine the impact of projected climate changes on secondary succession for aban-
doned agricultural land, Ziska and colleagues (2004b) exploited a macro-environment of
carbon dioxide and temperature that exists between large metropolitan centers (i.e., Balti-
more) and surrounding rural areas (Western Maryland) (e.g., Berry and Colls 1990, Brazel
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et al. 2000). Over a five-year period, the urban site was 2.1◦C warmer and had a CO2 ∼20%
higher than the rural location, indicating that this gradient was a reasonable surrogate for
changes in those variables projected to occur in this century (George et al., 2007, see B1
scenario, IPCC, 2007). Previous work had demonstrated that other abiotic variables mea-
sured across the same transect, including tropospheric ozone and nitrogen deposition, did
not differ consistently (George et al., 2007).

To quantify macro-climatic differences associated with urbanization, Ziska and colleagues
transplanted a common fallow farm soil with a common seed bank (about 35 different species,
including C3 and C4, annuals and perennials) into urban, suburban, and rural locations along
the transect. At each location, native soil was removed from four sites to establish four
2 m × 2 m holes to a depth of 110 cm. The holes were then filled with the fallow farm soil
(Figure 4.5).

In the first year of the experiment, shoots of pioneer/weedy species (>90% lambsquarters)
grew 2–3 times more in the urban site than in the rural site. However, by the end of 5 years,
warmer temperatures, longer growing seasons (greater number of frost-free days), and higher
CO2 associated with the urban side of the transect were correlated with increased biomass

(a) (b)

First year response, rural vs. urban, annual weeds

Figure 4.5 Change in biomass of annual weeds following a disturbance in a rural farm site (on left) and urban site
(on right). Soil was from a common location and contained the same seed bank. Macro-climatic differences particularly
warmer temperatures, longer growing season, and more CO2 were associated with the urban location. Additional details
are given in George et al. (2007) and Ziska et al. (2003).
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production by both herbaceous and woody perennial species. In addition, by the end of the
study, species demography of plant communities differed among sites, with a greater ratio
of woody and herbaceous perennials to annuals in the urban location than the rural location
(George et al., 2009). Interestingly, many of the perennials which came to dominate the
urban site were fast-growing woody species. The basis for the faster transition from annual
to perennial species is unclear. Greater first-year biomass and litter accumulation at the urban
site may have suppressed the subsequent seed germination of annual species, accelerating
changes in species composition (Figure 4.6).

If urban macro-environments reflect future global change conditions, these data suggest a
faster rate of secondary succession in a warmer, higher CO2 world. Such an increase would
accelerate demographic change, and could change weed species dominance and ecosystem
function. Bazzaz (1996) has also suggested that, because of the relatively fast rate of global
change, plant species that require a long establishment time may be excluded from many
locations. Rather, he suggests that fast-growing perennials may tend to dominate ecosystems
in an elevated CO2 environment, suggestions consistent with the results of the urban–rural
succession study (George et al., 2009).

Evolution in Plant Populations with Climate Change

Given the biological consequences of CO2 and climate change, what role might they play in
the evolution of weeds and crops?

Some may argue that climate change will happen too fast for evolutionary responses to
occur (i.e., species may either acclimate or become extinct). However, while this may be
true for those species with long generation times and small population sizes (e.g., trees
and large mammals), in which evolutionary change may occur on time scales of millennia,
it may not be true for weeds. For example, since the introduction of herbicides, herbicide
pressure has selected for weed biotypes with resistance, evidence that evolutionary responses
to environmental perturbations can be rapid in plant species that impact human society. In
that context, it is perhaps more pragmatic to calculate the biological circumstances associated
with climate/CO2 that would allow for evolution to occur quickly. We would argue that rapid
evolutionary change is more likely in populations with high fecundity and genetic diversity,
with short generation times and high intrinsic rates of growth. Weeds (and some crops) have
all of these characteristics.

An elegant experiment by Franks et al. (2007) examined the effect of one likely aspect of
climate change—drought—on the evolutionary response of wild mustard, a weed that occurs
throughout North America. Ancestral genotypes that had not been subjected to drought were
raised concurrently with descendent (postdrought) genotypes and ancestor × descendant
hybrids. They reported that descendents flowered earlier than ancestors, with ancestor ×
descendent times being intermediate. This study supports the idea that imposition of drought
selected for early flowering, that flowering times were heritable, and that selection intensities
were sufficient to account for the observed evolutionary change. Natural selection for drought



P1: SFK/UKS P2: SFK

c04 BLBS066-Ziska October 13, 2010 17:52 Trim: 244mm X 172mm Printer Name: Yet to Come

76 WEED BIOLOGY AND CLIMATE CHANGE

Rural Suburban Urban

2002

2003

2004

2005

2006

34.4 (27.3)
241.0 (166.4)
2708.6 (2983.6)

1820.6 (257.3) 2802.7 (272.3) 3889.5 (398.6)

551.6 (183.9) 
2.1 (0.5) 

760.4 (268.0) 
0.2 (0.0)

671.1 (273.8)
7.9 (5.9)
7.3 (1.4)

380.4 (145.2)
100.7 (9.7)
31.3 (19.8)

487.8 (212.5) 
175.3 (70.3)
19.4 (16.2)

678.8 (692.0)
583.2 (596.1)
211.9 (241.9) 

257.2 (237.0)
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Figure 4.6 Change in plant demographics over a 5-year period during secondary succession. The urban location
simulated environmental conditions of temperature and CO2 anticipated in the IPCC B1 scenario (George et al., 2009).
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Table 4.3 Significance of equality of variance for “old” and “new” oat
cultivars for select vegetative and growth characteristics averaged over
all CO2 concentrations.

Variable “Old” “New”

Leaf area ∗
Leaf wt. ∗∗
Tiller wt. ∗∗
Weight tiller−1 ∗∗∗
Tiller no. ∗
Root wt. ∗
Total wt. ∗∗∗
RGR ∗∗
∗ P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.
An asterisk indicates a greater degree of phenotypic variation. Root:shoot
ratio, LAR and NAR were not significant.

escape resulted in adaptive evolution in this species in just a few generations. If natural
selection can begin to adapt weed species such as wild mustard to climatic extremes, or to
atmospheric carbon dioxide, can similar adaptation be anticipated among crop species? Have
crops already adapted to climate change and/or increasing CO2?

A study on cultivated oat lines released form the 1920s and the 1990s from each of seven
different breeding locations, indicated that newer lines had not intrinsically adapted to the
change in CO2 concentration that occurred during that time period (ca. 80 ppm CO2 increase;
Ziska and Blumenthal 2007). Rather, the data suggested that the older oat lines (released
during the 1920s) had the stronger response to CO2. Overall, the older lines had greater
phenotypic variability for all of the parameters tested, while the modern (1990s) lines were
much more uniform (Table 4.3).

Certainly at the agronomic level, artificial and natural selections for desired traits are not
synergistic. Given this, what are the likely responses of cultivated and wild, weedy types to
a similar environmental change? To determine whether recent or projected increases in CO2

favor cultivated or weedy (red) rice, Ziska and McClung (2008) assessed the initial growth
and vegetative characteristics of six wild type and six cultivated rice lines grown at carbon
dioxide concentrations that corresponded roughly to the 1940s, the current CO2, and the
CO2 projected for the middle of this century (300, 400, and 500 ppm, respectively). Results
from this study indicate that recent or projected changes in atmospheric carbon dioxide
favored red rice over cultivated rice, both Oryza sativa, when grown 100 and 200 ppm above
the 300 ppm CO2 baseline (Ziska and McClung 2008). Overall, photosynthesis, leaf area,
and related characteristics or red rice responded more strongly than those of cultivated rice
(Figure 4.7).

Can artificial selection for the development of new varieties keep pace with natural se-
lection that occurs in indigenous wild (red) rice populations as atmospheric carbon dioxide
increases (or with greater droughts, or greater occurrence of extreme temperatures, etc.)? It
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Figure 4.7 Change in leaf area as a function of total plant biomass 55 days after sowing (panicle initiation stage of
growth) for six cultivated rice lines (CR, open circles) and six red rice lines (weedy biotypes, closed circles) as a function
of CO2 concentration. The CO2 concentrations correspond roughly to the beginning and end of the twentieth century
(300 and 400 ppm, respectively); and that projected for the middle of the twenty-first century (500 ppm). Note that with
increasing CO2, it is the weedy rice biotypes that show the greatest response.
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can be argued that natural selection is slower than artificial selection since artificial selec-
tion can restrict the offspring of subsequent generations to a limited set of desired criteria
(i.e., rarely is natural selection an all-or-none phenomenon). However, as with the Brassica
experiment, evolution of phenological traits (e.g., flowering), can be rapid for some weedy
species in response to climatic change (e.g., drought; Franks et al., 2007).

Summary

In the last two chapters, we have examined how climate and rising carbon dioxide are
likely to affect various aspects of weed biology, from the cellular level to the ecosystem
level. This chapter has focused on how a changing climate might influence competitive
interactions between and/or within weeds and crops. We have provided examples of how
climate/CO2 can modify competition; weed populations and communities, particularly with
respect to where weeds might grow in the future; ecosystem responses, using urbaniza-
tion as a potential surrogate for future climates, and how evolution could act differently
in weeds and crops. By necessity, we have emphasized managed agricultural ecosystems
(e.g., croplands and rangelands), because this is where the bulk of the experimental data
are available. In the following chapters, we examine how these CO2–climatic changes in
weed biology will alter the damage inflicted by weeds in a number of human and natural
systems.
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5 Weeds on the Farm: Assessing the Role of Climate Change
and CO2 on Agricultural Productivity

“The philosopher who said that work well done never needs doing over . . . never weeded
a garden.”

Ray D. Everson

Introduction

In this, and the succeeding chapters, we will begin to examine in more detail the damage
done by weeds, and how rising CO2 and climate change may modify that damage. For
agronomists, the objectionable nature of weeds arises from their negative impact on food
production systems; either through direct competition with crops for water, light, nutrients,
etc.; or indirectly by reducing production quality, increasing harvest interference or acting
as hosts for other pest vectors such as insects or disease. Agriculture, in its simplest sense,
represents a managed community that consists of the crop (desired plant species) and weeds
(undesired plant species). Weeds, since the inception of agriculture, have reduced crop pro-
ductivity and food security. According to Oerke (2006), weeds cause much higher potential
crop losses (34%) than insect pests or pathogens (losses of 18% and 16%, respectively). The
actual impact of weeds on global food production is frequently overlooked due to their con-
sistent presence in agro-ecosystems. While understanding the risk to crop yield and quality,
farmers have become inured to the presence of weeds, paying more attention to unknown,
unpredictable epidemics of insect pests or pathogens. In 1991, the estimated average annual
monetary loss caused by weeds with current control strategies in 46 crops in the United States
was $4.1 billion. If herbicides were not used, this loss was estimated to be $19.6 billion. Field
crop losses accounted for 82% of this total (Bridges, 1992). The damage done by weeds in
agriculture has been (and likely will continue to be) the principal focus of most weed science
research done by government, university, and private industry, and deservedly so.

Crop Losses and Weeds: An Overview

As we explored in the previous chapters, there are a number of ways by which the environment
affects weed–crop competition, such as through differential effects on germination, growth,
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or seed production. In recent decades, many research programs have quantified crop loss by
weeds through these competitive interactions. Consequently, there is an excess of data that
demonstrate that a given weed species at a given density for a given crop over a given time
will reduce the yield of that crop by a given amount (e.g., see Chapter 5; Zimdahl, 2004).
There are of course many variations of this theme that have been explored by weed scientists,
including how climate and edaphic conditions alter the degree of crop loss; the stage at which
competition occurs, the spatial and temporal distribution of weeds, the influence of crop row
spacing, etc.

Interestingly, it is the biological basis for yield reduction that continues to be elusive. If a
weed reduces crop yield, is it because of greater extraction of a given soil nutrient relative
to the crop; or, greater shading ability? Perhaps it is an indirect effect (e.g., interference)
related to allelopathy, or some insect or pathogen which lives on the weed? How much
does each disparate resource affect competitive outcomes? These are difficult questions to
address, particularly for a field system. From a methodological point of view, how do you
even separate above-ground from below-ground competition in situ? Nevertheless, one of
the overarching goals of weed science is to try and distinguish general competitive traits as
a means to predict weed–crop outcomes and quantify likely crop losses.

The data that are available in this regard reflect a reductionist approach to isolating and
understanding an abiotic resource that is likely to affect competition. Therefore, while studies
have examined the role of water, light, and temperature on crop–weed competition, few have
attempted to integrate how temporal and spatial variability of these resources alter competitive
outcomes. As Zimdahl (2004) emphasizes, unlike experimentalists, plants cannot separate
individual resource changes during competition and any attempt to do so does not entirely
reflect in situ conditions.

Still, if we are to place climate change and/or CO2 in competitive context, it is worth
briefly summarizing what is currently known regarding single environmental variables and
weed–crop competition. Temperature can differentially affect photosynthesis and growth of
C3 and C4 plants (Pearcy and Ehleringer, 1984; Sage and Kubien, 2007; Sage and Sharkey,
1987); even for plants using the same photosynthetic pathway, it can have species-specific
effects on germination, early emergence, distribution, time to flowering, and senescence,
with subsequent effects on competitive outcomes. Overall, stress imposed on weed–crop
associations by unfavorably high or low temperatures will alter competitive outcomes (Flint
and Patterson, 1983; Wall, 1993, inter alia). Weeds can reduce water availability, potentially
contributing to crop stress. A survey of weed/crop competition studies in which soil water
availability varied suggested a tendency for decreased water availability to favor the crop
by reducing weed competition (Patterson, 1995). No data are available per se on the impact
of flooding on weed/crop competition; although flooding has been practiced for centuries
as a means to control weeds in rice culture. Light is recognized as the principal resource
competed for by crops and weeds (Donald, 1963), and a number of critical reviews have
examined the differential response of weeds and crops to light (Holt, 1995; McLachlan et al.,
1993; Patterson, 1982). Although early emergence and leaf area development is important,
effective competition for light is not always a question of increased leaf area, but also of plant
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height and shading (e.g., Joenje and Kropff, 1987) within the crop canopy. Hence, changes
in light spectral quality, in addition to light quantity, may be important in determining plant
height and competitive outcomes.

Weed Competition and Crop Losses with Climate Change

Carbon Dioxide

There are two available field studies that have quantified changes in seed yield with weedy
competition as a function of rising CO2 (Ziska, 2000, 2003). In these trials, two crop species,
one C3 (soybean, 30 cm rows) and other C4 (dwarf sorghum, 40 cm rows) were grown
with lambsquarters (C3) and redroot pigweed (C4) and velvetleaf (C3) and redroot pigweed,
respectively, at a density of two weeds per meter of row at either ambient or at ambient
+250 ppm CO2. Both weed species for either crop are recognized as being troublesome to
production in a number of U.S. states (Bridges, 1992). In soybean, the loss in seed yield from
lambsquarters increased (relative to a weed-free condition) from 28 to 39%; conversely, for
pigweed, soybean yield losses were reduced from 45 to 30% with rising CO2 (Figure 5.1).
Velvetleaf did not affect seed yield of dwarf sorghum at ambient CO2, but redroot pigweed
reduced dwarf sorghum biomass (by ∼15%). At the higher CO2 concentration, both weedy
species reduced seed yield. In both studies, increasing CO2 resulted in taller weeds relative
to the crop, suggesting that light availability may have been altered; however, the effects of
above- versus below-ground competition were not examined separately.

Although these are the only studies that have examined crop yield losses from weed
competition as a function of elevated CO2 directly, several other studies have examined how
rising CO2 affects the growth of weeds versus crops (Table 5.1). Studies using C3 crops
and C4 weeds have demonstrated that rising atmospheric CO2 increases the ratio of crop to
weed vegetative biomass, consistent with the known carboxylation kinetics of the C3 and
C4 pathways. Consequently, rising CO2 per se could lead to a competitive advantage for C3

crops over C4 weeds. However, for all other studies, the weed is favored, even when the weed
and crop have the same photosynthetic pathway (Table 5.1).

Unfortunately, only a few studies have examined how CO2 affects yield losses from
weedy competition. In particular, little is known about weeds that are similar genetically
or morphologically to the crop itself. Farming by its nature is designed to select the soil,
temperature, moisture, and climate variables that maximize the productivity of the crop
species. The attributes that make a weed more or less competitive with a crop still need to be
elucidated fully, but those weeds that share physiological, morphological, or phenological
traits with the crop are likely to be selected for in any consistent set of agronomic practices.
Often, of course, these are weeds that are wild relatives of the domesticated crop species, for
example, oat and wild oat, sorghum and shattercane, potato, and nightshade.

Do wild and cultivated biotypes of the same species respond differently to changes in CO2,
and if so, what are the subsequent consequences with respect to competition and crop yield?
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Figure 5.1 Soybean seed yield (g m−1 of row) as a function of increasing weed biomass (g m−1 of row) when grown
at either ambient (open circles, solid lines) or elevated (ambient + 250 ppm, closed circles, dashed lines) carbon dioxide.
No differences in the slope of the regression were observed from the study (ANCOVA; Ziska, 2000).

On the basis of the different responses of cultivated and weedy (red) rice to elevated CO2,
Ziska and McClung (2008) evaluated the competitive response using the cultivated variety
“Clearfield 161” and a weed: red rice biotype “Stuttgart S.” Competition was determined
using a relative yield (RY) approach, which is based on the performance of two species
(or biotypes) in monoculture versus mixture. In its simplest form, the RY of species A in
competition with species B is the yield (or other growth parameter) per plant of A grown in
mixture with B (AB) divided by the dry weight when grown in monoculture (A from AA).
The change in competition (RY) can then be related to a variable change (e.g., CO2). Elevated
CO2 reduced the RY of the cultivated variety when it was grown with red rice (Figure 5.2).
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Table 5.1 Summary of studies examining whether weed or crops grown in competition were “favored”
as a function of elevated CO2.

Crop Weed
Increasing
CO2 favors? Environment Reference

A. C4 crops/C4 weeds
Sorghum Amaranthus retroflexus Weed Field Ziska (2003)

B. C4 crops/C3 weeds
Sorghum Xanthium strumarium Weed Glasshouse Ziska (2001)
Sorghum Albutilon theophrasti Weed Field Ziska (2003)

C. C3 crops/C3 weeds
Soybean Chenopodium album Weed Field Ziska (2000)

D. C3 crops/C4 weeds
Fescue Sorghum halapense Crop Glasshouse Carter and Peterson (1983)
Soybean Sorghum halapense Crop Chamber Patterson et al. (1984)
Rice Echinochloa glabrescens Crop Glasshouse Alberto et al. (1996)
Soybean A. retroflexus Crop Field Ziska (2000)

“Favored” indicates whether elevated CO2 produced significantly more crop or weed biomass.
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Figure 5.2 Change in plant relative yield (PRY) in cultivated rice (Clearfield 161), with different densities of red
(weedy) rice (Stuttgart S) as a function of three different CO2 concentrations. The levels used here approximate those
at the beginning of the twentieth century, the end of the twentieth century, and those projected for the mid twenty-first
century (Ziska, unpublished data).
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Carbon Dioxide, Environmental Interactions, and Competition

Patterson et al. (1988) compared the relative effects of elevated CO2 (700 ppm) and different
day/night temperatures on growth of cotton and two C3 weeds, velvetleaf and spurred
anoda. Cotton grew faster with elevated CO2, and this effect strengthened with increasing
temperature. Only one study has evaluated the interaction between temperature, CO2, and
crop/weed competition (Alberto et al., 1996) with respect to seed yield. In this experiment,
competition between rice (Oryza sativa, C3) and a weedy competitor, smooth barnyardgrass
(Echinocholoa glabrescens, C4) was assessed at two different CO2 (ambient and ambient
+200 ppm) and two different temperatures (day/night of 27/21 and 37/29◦C). At 27/21◦C,
increased CO2 favored the crop (i.e., the C3 species); however, at the higher temperature,
CO2 favored the C4 weed, primarily because warmer conditions resulted in increased seed
yield loss for rice relative to the C4 weed (Alberto et al., 1996). Hypothetically, there are a
number of additional potential interactive effects related to temperature, CO2, and weed/crop
competition. Weeds of the tropics, for example, respond strongly to small air temperature
changes (Flint and Patterson, 1983; Flint et al., 1984), but it is unknown if rising CO2 would
benefit these weeds more than tropical crops in a warmer climate. The Alberto study again
emphasizes that predicting how climate change will affect weed–crop competition based
simply on photosynthetic pathways may be overly simplistic.

No studies are yet available on the interaction between drought, rising CO2, and weed/crop
competition. Crops and weeds grow quickly and have similar responses to drought; the overall
impact of weeds may be reduced because of decreased growth of both crops and weeds in
response to water availability (Patterson, 1995). An experiment in pasture found that the
proportion of weed biomass increased with CO2 to a similar extent in wet and dry treatments
(although competition was not determined directly, Newton et al., 1996). If CO2 decreases
the water requirement of C4 weeds relative to C3 crops, C4 weeds could still potentially
out-compete C3 crops in a high CO2/drought condition (Knapp et al., 1993).

In settings where nutrients strongly limit plant growth, CO2 may only minimally affect
growth rates; however, under moderate or minimal nutrient limitations found in most agricul-
tural situations, plants may respond more strongly (e.g., Rogers et al., 1993; Seneweera et al.,
1994; Wong, 1979). In some species even moderate phosphate deficiencies could eliminate
biomass stimulation by elevated CO2 (e.g., Goudriaan and de Ruiter, 1983). If weeds have a
greater nutrient use efficiency that the crop, then they might respond more strongly to CO2.

In the only study examining nutrient and carbon dioxide weed:crop competition to date,
Zhu et al. (2008) using a C3 crop (rice) and a C4 weed (barnyardgrass) model system, ex-
amined N supply and CO2 interactions under paddy conditions. In this study, the proportion
of rice biomass increased relative to barnyardgrass with a 200-ppm increase in atmospheric
CO2, but only if nitrogen was adequate. If N was low, elevated CO2 reduced the compet-
itive abilities of rice relative to the C4 weed, presumably by reducing carbon sinks (e.g.,
tiller formation) in rice. These data suggest that, for rice cropping systems in which N
is limited, rising CO2 could exacerbate competitive losses, even from C4 weeds. Schenk
et al. (1997) also suggested that elevated CO2 could alter competitive outcomes between
ryegrass (Lolium spp.) and white clover depending on the supply of nitrogen. Overall, while
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nutrient availability is likely to modify the response of individual weeds and crops to CO2,
the relative effect on weed/crop competition is likely to be species-specific and will depend,
in part, on soil–plant interactions. These include the extent of rhizobial symbiosis and N
fixation, mycorrhizal colonization, nitrogen deposition, etc.

Climate Change and Competition

Aside from any direct CO2 fertilization effect, climatic change, particularly spatial and
temporal variation in precipitation and temperature are likely to have significant effects on
weed–crop and weed–weed competition per se. Differential responses to temperature were
observed between soybean and two weed species, sicklepod and prickly sida, in response
to rising temperature, with subsequent increases in weed competition possibly resulting
from differences in mycorrhizal colonization between weeds and crops (Tungate et al.,
2007). Wheat is a better competitor with jointed goatgrass at low, but not high day/night
temperatures (18/10 and 27/10◦C, respectively; Fleming et al., 1988). Flint and Patterson
(1983) report a greater enhancement of redroot pigweed growth relative to soybean with
warming (26/17, 29/20, and 32/23◦C day/night temperatures, respectively). Other studies
demonstrating greater competitive advantage to weeds over crops include lambsquarters
over sugarbeet (Houghton and Thomas, 1996) and sicklepod and Palmer amaranth over
soybean (Wright et al., 1999).

With respect to weed–weed interactions, wild oat (C3) was more competitive than green
foxtail (C4) at low relative to high temperatures (22/16 and 28/22◦C, respectively) (Wall,
1993). For Queensland, Australia, temperature was a significant factor in determining com-
petitive dominance between golden bristle grass and goosegrass (Hawton, 1979, 1980) with
temperatures greater than 23◦C resulting in goosegrass dominance. Even for weeds of a sim-
ilar genus, differential responses of germination and growth can be observed. For example,
warming accelerated germination and height growth of Powell amaranth more than that of
redroot pigweed and smooth pigweed (Weaver, 1984). Responses to temperature, particu-
larly those of plant and leaf development, will strongly affect crop–weed–weed competition
and crop losses. However, projected aspects of temperature change associated with anthro-
pogenic forcing, in particular warmer night-time temperatures, or a greater occurrence of
extreme temperature events, have not been examined in regards to crop–weed competition.
Plausibly, greater increases in night-time relative to day-time temperatures projected with
global warming (McCarthy et al., 2001) could decrease seed production to a greater extent
in crop relative to weed species (e.g., cowpea; Ahmed et al., 1993), with subsequent compe-
tition favoring the weed. Because data are lacking at present, generalizations regarding such
projections on weed biology and weed–crop competition remain speculative.

A number of climatic models project not only greater desertification, but also, in some
regions, increased precipitation and an increased frequency of extreme precipitation events
(IPCC, 2007). How will such altered precipitation patterns alter the success of weeds,
crop–weed competition, and crop losses from weeds in the future? Water is certainly an
essential resource, differentially utilized by crops and weeds with a widely acknowledged
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role in crop–weed competition (reviewed in Zimdahl, 2004). Common cocklebur reduced
yields of well-watered soybean more than of drought-stressed soybean (Mortensen and
Coble, 1989). Similarly, Canada thistle had a greater impact on wheat yield with increasing
rainfall (Donald and Khan, 1992). Conversely, Patterson and Highsmith (1989) demonstrated
that drought increased competition between cotton, velvetleaf, or spurred anoda. Overall,
response to drought in agronomic conditions is dependent on species and cultural conditions.
Patterson (1995) has suggested that decreased water availability may favor the crop by
reducing the competitive impact of the weed (see Table 5.1; Patterson, 1995). That is, when
potential yield is already limited by water, weed competition for other resources has less
impact. Water availability may also affect the duration of weed-free periods during crop
development. Coble et al. (1981) demonstrated that with common ragweed, a critical period
to avoid competitive effects and crop yield loss was 2 weeks in a dry year and 4 weeks in a
wet year following planting. However, the duration of the critical period varied by weed and
crop (Harrison et al., 1985; Jackson et al., 1985).

Unmanaged Forage Systems

These systems provide feed for livestock, and the degree of management can vary signifi-
cantly, from unmanaged or lightly managed rangeland for cattle, that is, mostly unimproved
land where a large proportion of the natural vegetation is natural grasses, forbs and shrubs; to
pasture, which is land specifically managed to provide a high proportion of grass and alfalfa.
It is important to recognize that in such systems, the concept of “weed” is fundamentally
changed, in part because the characterization of “unwanted” or “undesired” is different than
in highly managed crop systems, as is the degree of economic loss.

However, there are a number of weed-induced impacts on forage systems, some of which
are likely to be affected by climatic change. For example, climate change is likely to impact
rangelands in the Great Plains by altering the extent and variability of temperature and
precipitation, with subsequent effects on productivity and quality (Derner et al., 2005). With
respect to weed biology, such anticipated changes, in addition to rising atmospheric CO2 are
likely to alter species composition and the utility of rangeland for grazing (Polley et al., 1997).
Shrub encroachment into many native grasslands/rangelands has been well documented and
tentatively attributed (in part) to the greater sensitivity to CO2 of C3 shrubs than C4 grasses
(e.g., Polley et al., 1997). Recent experimental evidence supports this idea. A doubling of
CO2 shifted the plant community toward greater dominance of shrubs over a 5-year period
within a short-grass steppe (Morgan et al. 2007). As such, CO2-induced encroachment of
shrubs and the subsequent reduction in grass species needed for domestic livestock can
be viewed in the context of weed (i.e., shrub) populations altering the agronomic value of
unmanaged land in the western U.S. (Figure 5.3).

Fire plays a dual role as natural disturbance factor and valuable tool for rangeland man-
agement. Fire can facilitate nutrient cycling and promote the growth of grasses and forbs;
periodic fire maintains a number of major grassland, shrub steppe, and savanna systems.
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However, when climate and vegetation increase fire frequency it can significantly reduce the
growth of grasses and forbs, with significant effects on rangeland productivity.

In much of the western United States, cheatgrass has colonized open spaces between
perennial, native shrubs. This central Asian annual weed grows quickly during the short
wet season, leaving a carpet of flammable litter that increases the frequency of fire events
during the summer (Whisenant, 1990). As fires become more frequent, nonadapted native
species decline, while cheatgrass becomes increasingly dominant. Remote sensing suggests
cheatgrass now dominates 20,000 km2 (>7,700 square miles), or 7% of the Great Basin re-
gion of the western United States (Bradley and Mustard, 2005). A study of three cheatgrass
populations collected from different elevations within the Sierra Nevada range revealed that
even small, recent changes in atmospheric carbon dioxide (ca. 50 ppm) can increase the
growth rate and combustibility of cheatgrass, while reducing its digestibility (Figure 5.4)
(Ziska et al., 2005a). All of these factors can increase the amount of fine fuel on the land-
scape, potentially accelerating fire frequencies, and leading to further cheatgrass dominance.
Cheatgrass invasions decrease the economic and environmental value of these rangelands,
and lead to increased fire fighting costs (Knapp, 1996). Recent evaluations, however, of both
rising CO2 and temperature, indicate a more complex scenario, with some weeds increasing in
distribution and others, such as cheatgrass, moving northward (Bradley and Mustard, 2005).

Unlike crop production systems, weed competition in pasture has not been extensively
studied. Overall, dependable information on weed biology and/or cost–benefit analysis is less
available to support management decisions in pastures (Penn State, 2001). It is recognized
that weeds can compete with grasses or pasture to reduce both quantity and quality of
available forage. For those experiments that have examined the impact of rising carbon
dioxide on weeds in pasture, a similar pattern was observed as with crop systems; that is, that
rising CO2 favored the weed if the photosynthetic pathway was the same, whereas the pasture
species was favored if the weed was a C4 grass (Table 5.2). However, in general, because so
little is known regarding the impact of weed species, density, duration of competition, etc.
in pasture systems, it is difficult to quantify potential losses in these systems with climate or
carbon dioxide.

Aquaculture

Among farming systems, aquaculture (or aquafarming), is a relatively new practice, although
sporadic examples can be found back to ancient Chinese and Roman cultures (Pillay and
Kutty, 2005). Overall, aquaculture, the domestication of wild aquatic species (i.e., crustacean,
fish, or seaweed), has grown rapidly both in the United States and globally. Aquaculture was
expected to contribute half of the total global fisheries production for human consumption in
2010 (FAO, 2008; Naylor et al., 2009). The presence of limited amounts of unwanted plant
species in these systems can be of use in maintaining water quality and for food; however,
unrestricted growth of aquatic weeds can affect productivity by limiting light penetration,
increasing oxygen depletion or by utilization of nutrients needed for the desired species.

Although the impact of aquatic weeds is global in scope (e.g., water hyacinth is among
the worst noxious weeds in Africa), only a handful of studies have examined their specific
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Table 5.2 Summary of studies examining whether weed or pasture were “favored” as a function of
elevated CO2.

Crop Weed
Increasing
CO2 favors? Environment Reference

A. C3 pasture/C3 weeds
Lucerne Taraxacum officinale Weed Field Bunce (1995)
Pasture Taraxacum and Plantago Weed Field Potvin and Vasseur (1997)
Pasture Plantago lanceolate Weed Chamber Newton et al. (1996)

B. C3 crops/C4 weeds
Pasture Paspalum dilatatum Crop Chamber Newton et al. (1996)
Lucerne Various grasses Crop Field Bunce (1993)

“Favored” indicates whether elevated CO2 produced significantly more crop or weed biomass. “Pasture”
refers to a mix of C3 grass species.

response to climate/CO2 and the consequences with respect to production in aquaculture.
For water hyacinth, elevated CO2 resulted in larger ramets and increased flower production
(Spencer and Bowes, 1986); for hydrilla, elevated CO2 resulted in a significant increase in
plant biomass (Chen et al., 1994). Changes in water temperature, acidity, depth, fertility,
and the incidence and degree of coastal flooding may also affect weeds and the productivity
of aquaculture. Curiously, this area of research, particularly given the increase and interest
in aquaculture, significantly lags behind our understanding of climate change and weeds
in crop production systems. Clearly, there are methodological difficulties associated with
experimentally manipulating CO2 and other environmental variables for submersible vege-
tative plant parts, but this does not explain why no data on CO2 and/or climate responsiveness
exists for above-ground leaves in aquatic systems or for riparian weeds such as salt cedar or
purple loosestrife.

Weeds on “Steroids”

The data currently available with respect to weed–crop competition and production losses
suggest a greater response of the weed relative to the crop (e.g., Tables 5.1 and 5.2). Even with
C3 crop and C4 weed comparisons, concurrent increases in both CO2 and another parameter
(e.g., temperature and nitrogen) favor the weed. So, can we surmise that weeds could do
better than crops in agronomic situations with rising CO2 and/or climate change?

To answer this question, it is important to remember that in theory, managed agriculture
is implementation of an economically desirable plant monoculture. There are strong fiscal
pressures to maintain homogenization in such a system including ease of harvest, uniform
seed quality, pesticide application, longevity of seed storage, etc. Hence, there is an increasing
trend with larger farms for greater genotypic and phenotypic uniformity within a given crop
system (Doyle, 1985; Roberts, 2008). Such uniformity also allows crop selections to respond
strongly to high abiotic inputs, particularly water and fertilizer in order to obtain high levels
of productivity. Overall, such a strategy has been essential to maintain an adequate food
supply to a global population approaching 7 billion.
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But in reality, a managed agronomic system consists not only of the desired plant, but
also, between 8 and 10 wild, or weedy species for a given crop species (Bridges, 1992).
Both weeds and crops then are subject to selection pressures. Such pressures can be related
to human selection (plant breeding), as well as environmental or natural selection. Clearly,
climate change and rising CO2 levels represent strong selection pressure within any plant
community. Given the greater species (and genetic) diversity among the weed populations
relative to a single crop that is genetically uniform, climate and/or CO2 selection pressure
should, hypothetically, favor weed over crop populations as per the suggestion of Treharne
(1989). Unfortunately, this may be exacerbated if breeders ignore such shifting abiotic
externalities (e.g., temperature and CO2) in their own selection programs (Newton and
Edwards, 2007; Ziska and McClung, 2008).

Although there is some support for this hypothesis from individual weed–crop competition
studies, it is unclear if such competitive pressures are evident for assemblages of different
plant species either in managed or unmanaged systems. Multi-year assessments of how
climate change and/or rising CO2 alter plant competition are rare. There are a handful of
studies that have addressed the selection question with respect to projected carbon dioxide
increases. A comparison of the impact of increasing CO2 concentration on yellow starthistle
demonstrated a significant increase in biomass in monoculture, but a nonsignificant impact
when yellow starthistle was grown within a nutrient-poor serpentine grassland community
(Dukes, 2002), suggesting that, in this context, rising carbon dioxide did not stimulate the
growth of this plant species preferentially. However, in another more fertile type of Cali-
fornia grassland, yellow starthistle responded much more strongly than competing species
to elevated CO2, particularly in disturbed microsites (Dukes et al. unpublished). Work with
the invasive species honey mesquite and the native species little bluestem suggests that the
woody invader, honey mesquite, responds more strongly to CO2 (Polley et al., 1994, 2002).
Research on Japanese honeysuckle in a forest under-story also demonstrated a strong CO2

growth response and subsequent increase in percent cover (Belote et al., 2003) in one out
of 2 years, with similar trends in the second year. In that same forest, the invasive grass Mi-
crostegium vimeneum did nor respond to CO2. A weedy tree species in Switzerland showed a
stronger CO2 response than native trees (Hattenschwiler and Korner, 2003), also suggesting
preferential growth of a nonnative species. Finally, elevated CO2 increased the productivity
and success of a rangeland weed associated with fire outbreaks in an arid ecosystem (Smith
et al., 2000). Overall, four of the five seminal studies suggest that rising levels of CO2 can
preferentially benefit “weed” species. If this holds true in other systems, crop losses could
be exacerbated as atmospheric carbon dioxide increases.

Pests and Disease: Gimme Shelter

Carbon Dioxide, Climate Change, and Pathogens

Weeds in cropping systems can serve as reservoirs for plant pathogens. As such, weeds can act
as the initial inoculum for crop epidemics, or can exacerbate existing problems by providing
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multiple hosts for reproduction. For example, black nightshade is a host for Phytophthora
infestans (responsible for the Irish potato famine of the 1840s). Some nightshade species
respond strongly to CO2 (Flynn et al., 2006). Kudzu, a widely established weed in the
southeastern United States, also responds strongly to rising CO2 levels (Sasek and Strain,
1988). Kudzu, in turn, serves as an alternate host for Asian soybean rust, a pathogen that
threatens soybean production in the southeastern and Midwestern states. In general, CO2-
induced stimulation of weed biomass could increase the mass of host tissue for infection and
use by pathogens; conversely, larger plants might tolerate more severe levels of infection
without subsequent reductions in seed production.

For agroecosystems, climate and/or CO2 could increase density and canopy height with
a subsequent increase in humidity and potential changes in the fecundity of leaf-infecting
fungi (e.g., rusts and powdery mildew; Chakraborty and Datta, 2003). Increased crop canopy
residues at the end of the growing season could also influence pathogenic overwintering
(Manning and Tiedemann, 1995) while CO2-induced changes in the ratio of carbon to ni-
trogen (C:N) could influence the degree of fungal sporulation during decomposition of that
material. Malmstrom and Field (1997) report that CO2 enrichment resulted in increased
persistence of wild oat plants infected with barley yellow dwarf virus (BYDV) in chamber
experiments. Overall, several responses to rising carbon dioxide could alter disease suscep-
tibility and weed–crop interactions, but there are no field-based observations of the effects
of rising CO2 on pathogen biology (Chakraborty and Datta, 2003; Sutherst et al., 2007).

In addition to effects of carbon dioxide on pathogen fecundity, climate change could alter
the ability of weeds to act as carriers for disease. Disease development overall is favored
by warm, moist conditions. Winter is a significant factor in pathogen mortality, with more
than 99% of pathogen populations experiencing mortality (Burdon and Elmqvist, 1996).
Rising winter temperature may remove this thermal limitation for pathogen morbidity with
a subsequent increase in their range and distribution. Mild winters and warmer weather have
been associated with increased outbreaks of powdery mildew, leaf spot disease, leaf rust, and
rizomania disease, all of whom have weed hosts. Warmer temperatures as already discussed
are likely to change weed distribution as well, with subsequent effects on pathogen ranges
and potential introduction of new disease in cooler regions (Treharne, 1989). However, the
overall effect is complex. For example, increased precipitation per se could increase disease
spread because wet leaf surfaces are necessary for spore germination and infection to proceed.
Conversely, climatic extremes (e.g., floods and drought) could lessen disease problems by
reducing the establishment and fecundity of the weed host.

To complicate matters, it is also likely that concurrent increases in CO2 and climate
are likely to interact to alter micrometeorological parameters in ways that will be difficult
to predict. For example, rising CO2 can increase water use efficiency and may moderate
drought stress by closing stomata. Differential responses between weeds and crops may, in
turn, alter inoculation and spread of diseases that enter through stomata, or that require a
given relative water content within the leaf. Alternatively, drought avoidance could help to
maintain secondary plant chemicals that could be used to ward off pathogens (Coakley et al.,
1999).
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Carbon Dioxide, Climate, and Insects

As with weeds and pathogens, insects and their weed hosts are likely to respond to carbon
dioxide and climate in ways that are likely to have positive and negative impacts on crop
production. Weeds are a recognized host for many insect pests (Capinera, 2005). Because
some insects feed exclusively on weeds (e.g., Colorado potato beetle on hairy nightshade;
Horton and Capinera, 1990), changes in climate and/or carbon dioxide that result in increased
insect feeding on weed hosts could benefit crop production by reducing weed competition.
Alternatively, there are a number of insects who are not restricted to a single weed host, and
can move from weeds to crops with a subsequent increase in crop damage and reduced yield.
The degree of taxonomic similarity between weeds and crops may be a factor in predicting
crop damage by weed-feeding insects (Capinera, 2002).

Carbon dioxide-induced changes in leaf quality are also likely to also have positive and
negative effects on insect behavior and mortality (Bezemer and Jones, 1998; Lincoln et al.,
1993). For example, elevated CO2 led to increased growth and development of Polyommatus
icarus (Lepidoptera) larvae feeding on bird’s foot trefoil, a common weed in North America
(Goverde et al., 1999), due in part to increases in leaf digestibility and carbohydrate. However,
buckeye butterfly grew more slowly and had higher mortality when they fed on a lawn weed
(common plantain) that was grown in elevated CO2. Plantain leaves were less nutritious, with
lower N concentrations (Osbrink et al., 1987). Leaf-sucking insects could also experience
CO2-associated changes in leaf quality. At least some mites benefit from CO2 possibly as
a consequence of increased nonstructural carbohydrates in the leaf (Heagle et al., 2002).
Population density of aphids increased on groundsel and annual blue grass (Bezemer and
Jones, 1998).

The basis for shifts in insect fecundity with carbon dioxide is not entirely clear. Higher
C:N ratios associated with increasing CO2 could result in compensatory increases in foliar
consumption rates by insects as a means to obtain nitrogen. Increased consumption rates
in turn could be accompanied by a decrease in the efficiency of plant tissue conversion to
body mass and reduction in insect growth rate. Conversely, it is possible that higher C:N
ratios could have a negative impact on plant secondary compounds (allelochemicals), that
act as a deterrent for insect feeding (e.g., Kerslake et al., 1998). For example, elevated levels
of carbon dioxide inhibited plant defenses in soybean when attacked by an insect, Japanese
beetle (Popillia japonica; Zavala et al., 2008). Many weeds are hosts to adult Japanese beetles
and grassy or weedy areas surrounding fields may act as potential breeding grounds for the
pest. At the community level, the overall impact of increasing carbon dioxide is difficult to
predict, and will likely depend on long-term changes in competition and plant community
structure (weed species shifts). Overall, most data have focused on a single insect–plant
species interaction, making a more complex assessment of weed/crop interactions and crop
damage difficult.

Given that temperature is among the central regulating factors controlling the development
and fecundity of agronomic insects, climate warming is likely to increase their geographical
distribution (both in latitude and altitude) and/or enhance their capacity for over-wintering.
While long-term records are rare, aphid flight activity has been continuously recorded in
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the United Kingdom since 1964. These data indicate accelerated flight phenology by 3–6
days, corresponding to an increase of 0.4◦C in mean temperature from 1964 (Fleming and
Tatchell, 1995). Similar analyses across a number of aphid species project an advance in the
timing of their spring migration by 2 weeks for every 1◦C increase in winter temperature
(Harrington, 2002). While temperature is likely to affect insect fecundity and hence crop
damage directly; range expansion of insects will be dependent on host expansion, and weed
and crop hosts are likely to expand their ranges in the future. If temperature expands the
range of insect pest, this could bring them into contact with other potential crop or weed hosts
present at distant locations. This has been suggested by Cannon (1998) who examined the
spread of invasive insects in northwestern Europe and the implications for insect invasions
in the United Kingdom. On the basis of the fossil record, a sharp increase in insect herbivory
occurred during previous geological warming periods (Currano et al., 2008).

Changes in precipitation frequency and amount are also likely to alter insect/host relation-
ships in agricultural systems (Fuhrer, 2003). For example, intense precipitation can serve as
a deterrent to oviposition by insects (e.g., European corn-borer; Davidson and Lyon, 1987).
Intense precipitation and flooding may also disadvantage insect species that spend part of
their life cycle underground (Watt and Leather, 1986).

Alternatively, drought could make weeds or crops more attractive to insects by concen-
trating carbohydrates (Mattson and Haack, 1987). Shifting precipitation could also influence
the occurrence and population density of weed and crop hosts (e.g., Drake, 1994). As with
pathogens, direct physiological effects of rising carbon dioxide in conjunction with climatic
extremes will almost certainly alter the biology of insect pests and subsequent interactions
between agricultural weeds and crop hosts, but in ways that will be difficult to currently
project. In addition, there is little information on how weeds, insects, and pathogens are
likely to interact in the future, even though it is recognized that insects can carry pathogens.

Summary

As emphasized in Chapter 1, plants are classified as weeds in part because of the harm
that they inflict on human systems. In this chapter, we have reviewed how rising carbon
dioxide and climate change could modify the degree of harm induced by weeds at the agri-
cultural or farm level. Given that weeds remain a major constraint to agricultural production,
there is evidence from a number of studies that competition and crop limitations could in-
crease from rising carbon dioxide and climate variability in precipitation and temperature.
We have proposed that the greater genetic variability and number of weeds relative to a single
genetically uniform crop monoculture may reflect the ability of weeds to successfully adapt
to rapid changes in the environment. We have also examined the indirect harm associated
with weeds as hosts for insects and pathogens and have surmised a number of potential
mechanisms as to how carbon dioxide and/or climate variability could alter the ability of
weeds or crops to act as carriers for these pests. While a number of specifics are lacking,
particularly at the ecological level, it is clear that weed impacts in agricultural communities
can be expected to change. In the next two chapters, we will continue the theme of how
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climate and carbon dioxide can modify weed damage, examining how climate change is
likely to alter invasions of natural ecosystems, and weeds and public health.
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6 Invasive Plants and Climate Change in Natural Ecosystems

“Weed ‘em and Weep”
Anonymous

Introduction

As discussed in Chapter 1, “weed” is a subjective term, identifying an unwanted plant species.
It is a term in common use, particularly in an agricultural context. Nonnative plant species
that invade natural ecosystems and cause ecological or economic harm, while meeting the
classic definition of a weed as a “plant that does harm,” are often referred to as “invasive plant
species,” “nonnative invasive plant species,” or one of a variety of similar terms (Colautti
and MacIsaac, 2004). Such distinctions occur perhaps because ecologists find these terms
more objective, or to distinguish them from the classic agricultural weeds—indeed, many
invasive plant species were imported purposefully for their beauty. Since this chapter mainly
concerns natural ecosystems, we use “invasive plant species” here, abbreviated IPS, rather
than “invasive weeds” to conform to common ecological language.

Invasive Plants in Natural Ecosystems: Ecology and Significance

Since we have primarily considered the economic and environmental impact of agricultural
weeds to this point, it is worth briefly considering some similarities and differences in
the processes through which weeds invade agricultural systems and IPS invade wildlands.
Invasion can be viewed as a process that occurs in stages (e.g., Theoharides and Dukes,
2007; Vermeij, 1996), beginning with the transport of a species to a new region, followed by
its initial survival in and colonization of the region, establishment of persistent, spreading
populations, and finally spread of new populations throughout the landscape. For IPS and
agronomic weeds, the initial transport stage can occur through many different pathways,
including purposeful and accidental introductions. Many IPS were introduced as ornamental
species, or for soil conservation purposes (OTA, 1993). These purposefully introduced species
were often brought from regions with similar climates to overcome the major abiotic barrier
associated with colonization and establishment, in which individuals must tolerate local
environmental conditions to survive and reproduce.
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While the first stages of invasion may share some common features in agricultural and
natural systems, the recipient systems have major differences. Most obviously, natural ecosys-
tems are typically disturbed less frequently and in different ways than agroecosystems, and
are less subject to direct manipulation of the plant species growing on the landscape. Natural
areas do not typically receive direct inputs of fertilizer, and are less likely to be candidates
for chemical control, although chemicals can be used to control the worst invaders in many
areas. Also, natural areas are typically less vigilantly observed for the arrival and spread of
unwanted plant species than agricultural fields. These conditions permit a different group
of invasive species to thrive than those found in agricultural settings—a group that includes
both woody and herbaceous perennials.

With such major differences in selective forces between managed and unmanaged systems,
different traits are associated with invasiveness. For example, traits associated with IPS
include use by humans, the capacity to spread through vegetative means, early flowering
and long flowering intervals, high fecundity and germination rate, high specific leaf area
(typically meaning thin leaves), tolerance of herbivory or clipping, and tolerance of fire
(Pyšek and Richardson, 2007). Of course, the degree to which each of these traits actually
promotes invasiveness depends to some extent on the ecosystem in which a species finds
itself—for instance, fire tolerance is only an asset in systems that burn.

Just as some traits contribute to invasiveness, certain characteristics of ecosystems may
make them more (or less) susceptible to invasion, or at least can determine which IPS are
most likely to become established. Unless an IPS can tolerate the climatic conditions and
disturbance regime in a new location, it will not persist. One of the fathers of invasion biology,
Charles Elton, noted that highly disturbed areas were typically more heavily populated
with invasive species than undisturbed areas (Elton, 1958). In less disturbed systems, IPS
may encounter communities in which dozens of other plant species already coexist at high
densities and compete for available resources. Disturbances often make available resources
that could allow IPS to become established, at least for a brief window of time (Davis
et al., 2000). However, disturbances in natural areas can also keep some IPS out. In contrast
to weed species in agricultural settings, IPS in natural systems may encounter frequent fire,
shifting substrate, flooding, animal disturbance, and other factors.

Many ecologists have wondered how IPS can become wildly successful outside of their
native ranges when they often do not appear particularly aggressive in their home ranges,
and several researchers have developed and tested a range of hypotheses on this subject.

One straightforward hypothesis is that IPS fill an empty niche; an ecosystem may have
available resources that native species, by chance of history or ancestry, have not evolved to
exploit as rapidly or as fully. In this case, an IPS with the right traits may be able to exploit
the resource, and in doing so outcompete or coexist with the natives. This mechanism likely
contributes to the success of many IPS (e.g., Dyer and Rice, 1999; Shea and Chesson, 2002).

A second hypothesis suggests that IPS are “released” from their natural enemies when they
arrive in a new habitat; the pathogens and herbivores that plague them in their native range
are likely to be absent from other continents, and so they are able to grow faster. Meanwhile,
native species suffer under their own load of natural enemies, reducing their competitive
abilities. This advantage of IPS is implied, although not conclusively demonstrated, when
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an introduced biocontrol agent (a natural enemy from the native range) attacks an IPS,
successfully reducing its population (Keane and Crawley, 2002). Many biocontrol species
have effectively controlled IPS, but there are also many cases in which biocontrol has failed
(McFadyen, 1998).

The enemy release hypothesis has led to theories that IPS can evolve, becoming better
competitors as they allocate less of their resources to defense against natural enemies, and
more to growth (Blossey and Notzold, 1995). These hypotheses have found support in some
studies (e.g., Joshi and Vrieling, 2005), but the process does not appear to have occurred
everywhere (Genton et al., 2005). Another hypothesis based on enemy release suggests that
the species that have the highest enemy loads are those living in the most resource-rich
environments, and so the species adapted to high resource availability are likely to benefit
the most from enemy release (Blumenthal et al., 2009). This would also help to explain the
greater success of IPS in high-resource environments (Daehler, 2003; Dukes and Mooney,
1999; Scherer-Lorenzen et al., 2007).

A somewhat different hypothesis, though similar in many ways to enemy release, suggests
that some IPS release chemical exudates that favor IPS in competition with native plants,
either through direct effects that the plants have not evolved to tolerate, or through effects
on the microbial community that alter native plant growth (Callaway and Ridenour, 2004).
Although this “novel weapons” hypothesis has been implicated as a factor in the success
of diffuse knapweed (Callaway and Aschehoug, 2000; Vivanco et al., 2004) and spotted
knapweed (Bais et al., 2003, but see Blair et al., 2009; Duke et al., 2009), how frequently this
mechanism occurs in nature is unknown. Another herbaceous species, garlic mustard (Prati
and Bossdorf, 2004; Stinson et al., 2006), is known to slow the growth of some of its mycor-
rhizal competitors by releasing compounds from its roots that inhibit arbuscular mycorrhizae.

The rate of spread of an IPS through the landscape will be a function of its establishment
success, the degree to which suitable patches of habitat are connected throughout the land-
scape, and the dispersal ability of the IPS through that landscape, which will depend on its
mode of reproduction and, for some IPS, the presence of seed-dispersing mutualists. “Distur-
bance corridors” such as roads, trails, and rights-of-way for power lines can facilitate rapid
dispersal of IPS, because they often provide a habitat with relatively high resource availabil-
ity in which many IPS have a competitive advantage, and because some corridors serve as
pathways for dispersal vectors such as cars, horses, or people (D’Antonio et al., 2000).

Once they become dominant, IPS can have a variety of impacts on native species and
ecosystem processes in natural systems. When native plant species get outcompeted by
IPS, this often means poorer habitat quality for native animals (Dukes and Mooney, 2004).
Although there are few documented extinctions of native species caused by IPS (Gurevitch
and Padilla, 2004), IPS can cause radical changes in population sizes of native plant and
animal species and the functioning of the systems they enter.

Invasive plants can alter virtually all important ecosystem processes, including primary
productivity, decomposition, nutrient cycling, hydrology, and even geomorphological pro-
cesses. These impacts have been detailed in hundreds of studies, and summarized in many
review papers (e.g., Dukes and Mooney, 2004; Levine et al., 2003). A few of the more
dramatic impacts include the acceleration of fire cycles by cheatgrass and other invasive
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grasses (Brooks et al., 2004; D’Antonio and Vitousek, 1992), reorientation and restructuring
of North American sand dunes by European beachgrass (Wiedemann and Pickart, 1996), and
changes in the cycling of soil nutrients in many locations (Ehrenfeld, 2003).

Just as weeds have economic impacts in agroecosystems, IPS can have economic con-
sequences in natural ecosystems. While the major economic damage from weeds of crops
and pastures comes from crop damage and loss (∼$25 billion out of $33 billion in annual
costs in the United States alone), the major cost of many IPS in natural areas comes from
control efforts ($100 million per year for IPS in U.S. aquatic systems, out of $110 million
total costs; Pimentel et al., 2005). The overall economic impact of IPS in natural systems
far exceeds $200 million annually in the United States, and may exceed that value for a
single species (e.g., Melaleuca or “punk” trees; Serbesoff-King, 2003), but comprehensive
estimates are not yet available (Duncan et al., 2004; Pimentel et al., 2005). Many of these
economic consequences are associated with IPS control, but others are associated with
the impacts of IPS on natural resources. For instance, some expect salt cedar (Tamarix spp.)
invasions to decrease hydropower production, availability of irrigation and municipal water,
and river recreation revenue in the southwestern United States, leading to projected losses
of $7–16 billion in ecosystem services over 55 years (Zavaleta, 2000).

Because IPS can disrupt natural ecosystems, many land managers work diligently to
identify invasions early and eradicate the IPS on their properties. There are some basic
differences in how IPS are typically addressed in natural systems compared to weed man-
agement regimes used in intensively managed agroecosystems. These differences stem from
several differences between the types of sites, including levels of vigilance, accessibility of
sites, acceptable side effects of control strategies, and budgets for control. Natural areas often
spread across a patchwork of land owners, each with their own management plans (or lack
thereof). Some landowners may ignore IPS, allowing problems to intensify, while others
may be exceptionally diligent about removing them.

Management techniques for IPS are tailored to the location and the IPS. Biocontrol
agents have been released for several species, but rarely achieve 100% success. Prescribed
fire, targeted grazing, herbicides, and manual pulling are all common control methods for
IPS in natural areas. In some cases, IPS removal areas are replanted or sown with native
species following treatment. In general, government agencies and landowners rarely have
the resources to completely control IPS in the natural areas they manage. There is a clear
advantage to early detection and treatment in terms of minimizing costs, but early detection
relies largely on communication among land managers in a region. A group of “Invasive
Plant Councils” has sprung up in the United States to increase communication and facilitate
IPS control at the regional level (http://www.naeppc.org/), and these have in general been
quite successful.

Environmental Changes and Invasive Species

Later this century, natural ecosystems will experience markedly different conditions than
they do today, and the conditions they experience today already differ from those in the
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recent past. Throughout the world, terrestrial plant communities are encountering warmer
climates and substantially higher concentrations of CO2. In some locations, precipitation
patterns are changing. In other locations, more nitrogen or more ozone are entering plants
and soil from the atmosphere (with contrasting effects)—and these are just some of the
more obvious changes. Invasive species continue to be transported to new regions, and land
continues to be converted from forest to agriculture to urban areas, or sometimes revert back.
So, how will IPS fare as these changes continue?

Warmer and Weedier: Effects of a Changing Climate

Climate change alters three parameters that determine the prevalence of IPS: abiotic condi-
tions, biotic conditions, and human behavior. Climate change itself directly alters the abiotic,
or physical, conditions experienced by ecological communities. As resident communities
respond to a new climatic regime, range shifts, and physiological adjustments by species
change the biotic conditions experienced by any new entrant to the community, and as society
prepares for and responds to climate change, some human behaviors change, with a variety
of possible consequences for IPS.

Responses to Changing Abiotic Conditions

As climate change alters the environmental conditions under which species compete, con-
ditions may shift away from those that favor native plant species. This has the potential to
favor IPS that arrive preadapted to the new climatic regime (Byers, 2002), but could also
disadvantage IPS in some cases (Figure 6.1).

For both native plants and IPS, climate change is likely to have its greatest initial influence
at the edges of species’ distributions. In general, warming should allow ranges to expand
poleward and upward in elevation, but cause them to contract at the warmer edges. Model
projections for changes in precipitation are more variable than they are for warming, and
projected changes vary by region (IPCC, 2007). However, many species’ ranges are con-
strained by soil moisture at some times of year, particularly in arid and semiarid regions.
There, any change in precipitation regime could strongly affect species’ ranges.

Several researchers have attempted to predict how IPS ranges may respond to climate
change using climate envelope models paired with projections of future climate. Climate
envelope models estimate the areas that are climatically suitable for a species based on
information about its climatic tolerances. This information is often inferred from a species’
current range. Areas are then identified that are likely to be suitable for that species in a
future climate. Some of the models that consider IPS (as opposed to native species) have
developed a set of suitable climate conditions based on the native range, with the thought
that the species may still be expanding in its introduced range (e.g., Sutherst et al., 1995).
However, research indicates that some IPS occupy different climatic space in native versus
introduced ranges (Beaumont et al., 2009; Kriticos and Randall, 2001). This suggests that
predictive models should be informed by meteorological information from occupied areas
in the introduced range.
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Figure 6.1 Conceptual diagram of how climate change may affect the potential range sizes of IPS. Currently, (a)
distributions of IPS (shown in black dots) fill a subset of the climatically suitable land area (between dotted lines), with
the remaining area (gray) at risk for future invasion. Climate change will shift more of the land area in a region toward (b)
or away from (c) the conditions to which the IPS is best adapted. A shift toward the climatic optimum of the IPS would
increase its potential range size. A shift away from its climatic optimum would decrease the potential range size of the
IPS, and possibly even shift the IPS out of its climatically suitable range in some locations. Adapted from Bradley et al.
(2009).
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Climate envelope models provide a useful mechanism for making general predictions about
how species’ ranges may shift, but they have a variety of pitfalls. First, many plants’ ranges
depend not only on climate but also on soil type, which is rarely considered in such models.
Second, the models cannot take into account how competitive interactions, or a dependence
on mutualistic interactions, may restrict ranges. In addition, models that determine climate
space based on current distributions can be problematic if they depend on the native range (as
discussed above), or if the species is still expanding its range in the introduced region. Finally,
these models do not account for dispersal mechanisms of the modeled species, which could
influence their rates of spread, and most do not consider the direct and indirect responses
of the species to other aspects of global environmental change. Nonetheless, the results of
some of these studies, offer the best predictions available of where invasive species could
potentially exist in the future, and where they will likely become less abundant.

Research to date suggests that potential ranges of IPS will respond to climate change in
a variety of ways, from large increases to large decreases. In the United States, the work of
Bradley et al. (2009) suggests that some IPS will shift ranges, while other IPS ranges will
expand or contract. The IPS expected to increase range size were yellow starthistle (Figure
6.2) and salt cedar (Tamarix spp.), while leafy spurge was expected to contract and ranges
of cheatgrass and spotted knapweed were expected to shift with little change in net range
area. A model used by Jarnevich and Stohlgren (2009) suggested that kudzu may increase its
range in the northeastern United States while becoming less abundant in some parts of the
Southeast. Bradley and colleagues (2009) suggest that when models identify areas likely to
become unsuitable for IPS, those areas could be targeted for preemptive restoration, before
other unwanted species replace the currently dominant IPS.

Outside the United States, researchers have developed a similarly mixed outlook for IPS
responses. Simulations by Beerling et al. (1995) suggest that the range of Japanese knotweed
will shift northward in Europe. The work of Richardson et al. (2000b) that takes soil-type
restrictions into account suggests that range sizes will decrease for five of South Africa’s
worst IPS. Kriticos and colleagues (2003a, 2003b) foresee large increases in the potential
distributions of two IPS in Australia. All of these predictions depend on the accuracy of
climate projections and have many of the caveats discussed above. However, the general
patterns identified in these modeling exercises can be used to identify likely future challenges
and opportunities.

Abiotic shifts in resource availability such as increases in atmospheric nitrogen deposition
and changes in water availability may also alter the conditions in which plant species com-
pete. Many studies have shown that IPS compete well in resource-rich conditions (Daehler,
2003; Scherer-Lorenzen et al., 2007). Davis et al. (2000) captured this concept in their theory
of fluctuating resource availability (Figure 6.3). This hypothesis suggests that, where precipi-
tation becomes more abundant, increased water availability could increase the success of IPS.
However, climate models suggest that future precipitation will come in fewer, larger events,
which could increase plant water stress, particularly in mesic regions (Knapp et al., 2008).

Additional studies have examined the influence of water availability on the success of
IPS. By applying supplemental water to plots of Colorado shortgrass steppe for 5 years,
Milchunas and Lauenroth (1995) fostered the establishment of populations of nonnative
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Figure 6.2 Current and projected ranges of yellow starthistle (Centaurea solstitialis; [a–c]) and the plant in bloom
(d). Panels (a–c) from Bradley et al. (2009). (a) Current range of yellow starthistle (black) and climatically suitable
habitat (red) in the western United States at the end of the twentieth century. (b) Number of climate models (out of ten
models used) predicting habitat suitability by the end of the twenty-first century. Black lines show areas where invasion
risk increases. (c) Areas of yellow starthistle’s current range in which climatic suitability decreases (lighter grey) or
stays the same (darker grey). Model simulations suggest most of yellow starthistle’s current range will remain suitable.
Panels (a–c) available in color online at: http://people.umass.edu/bethanyb/research.html.

plants that remained in their plots 16 years later. Blumenthal and colleagues (2008) added
snow to mixed grass prairie plots in Wyoming and found that three of six IPS they had seeded
in benefited, while native species did not.

Responses to Changing Biotic Conditions

Independent of any specific climatic regime, a shifting climate by itself may favor species
with certain traits, and IPS may benefit as a result. Several studies suggest that IPS have wider
climatic tolerances than noninvasive species (Figure 6.4; Goodwin et al., 1999; Qian and
Ricklefs, 2006; Rejmánek, 1995). IPS could benefit from this tolerance by becoming more
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Figure 6.3 Conceptual diagram of factors affecting resource availability and plant community invasibility. As the rate
of soil resource supply exceeds that of resource uptake by a plant community, that community is thought to become
susceptible to invasion. An increase in resource availability, through a pulse of water or nitrogen for example, could move
the system from point A to B. A disturbance that kills resident plants, such as overgrazing, could move a system from A
to C. Disturbances that also create a pulse of resources, such as a fire that kills resident plants and leaves a nutrient-rich
ash, could move the system from A to D. Any of these transitions would make the system more easily invaded. Adapted
from Davis et al. (2000).

dominant as climate change disproportionately stresses their competitors. Such tolerance has
already been shown to benefit nonnative arthropods (Chown et al., 2007).

Other traits are likely to benefit IPS under a changing climate, as well. Potential ranges
for many species may shift faster than native species can track them (Malcolm et al., 2002).
Consequently, species that can rapidly colonize newly habitable ranges via long-distance
seed dispersal and short juvenile periods, should be at an advantage. Many IPS can disperse

Figure 6.4 Probability (mean ± SE) of a European plant species being a successful invader of New Brunswick, Canada,
based on the number of geographic ranges the species occupies in Europe. Species occupying more ranges (and thus
tolerating a wider range of environmental conditions) were more likely to be invasive. Adapted from Goodwin et al.
(1999).
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over long distances, either via light, wind-dispersed seeds (Rejmánek and Richardson, 1996)
or with the aid of animals, cars, or other vectors (Lonsdale and Lane, 1994).

Those species that do shift ranges rapidly will likely have a further advantage over the
natives upon their arrival in a new location: less limitation by other trophic levels. In a
greenhouse study, Engelkes et al. (2008) found that, among riparian species in the Nether-
lands, recently arrived, range-expanding plants experienced less herbivory aboveground and
less negative soil feedbacks than native species. If this pattern of localized “enemy re-
lease” is widespread, then it could facilitate a faster replacement of native vegetation as
climates shift.

Plant species that do not depend on specialists for pollination or seed dispersal may also
have an advantage as climates change. Plants that depend on specialist mutualisms may
respond differently to environmental cues than their mutualists, so a changing climate could
bring the species out of synchrony with each other’s phenological stages, to the detriment
of both (Memmott et al., 2007). Invasive species, by nature of having flourished outside of
their native range, typically do not depend on such specialist interactions (Richardson et al.,
2000a).

Responses to Changing Human Behaviors

People will respond to climate change in a variety of ways, sometimes with consequences for
IPS. For instance, planting of biofuel crops could lead to introduction of invasive species in
some regions, if these crops are not carefully chosen with regard to potential environmental
impacts (Barney and DiTomaso, 2008; Raghu et al., 2006). In addition, people may take
advantage of new transport pathways, for instance if the Northwest Passage across the
Arctic Ocean becomes navigable by cargo ships. This could affect IPS if some of these
species depend on short transport times to remain viable upon arrival in a new location,
or if this changes the magnitude of trade (and exchange of seeds and plants) between
different ports.

Next Stop, Weed Paradise?

Implications of a Changing Atmosphere for Two Problem Species

As discussed in previous chapters, many invasive species respond positively to increasing at-
mospheric CO2 concentrations, particularly when they are grown in isolation. But IPS rarely
grow in isolation, and CO2 concentration affects more than just plant growth. Many factors
will interact to determine whether CO2 and other variables favor IPS in the future (Patterson
and Flint, 1990). For example, leaves exposed to elevated CO2 transpire more slowly than
those in today’s atmosphere, leaving wetter soils in some ecosystems. In many systems,
plants grow faster under elevated CO2, which could affect the risk of fire in seasonally
dry systems. Also, herbivores and other animals can respond to CO2 by changing their
interactions with plants. These indirect consequences of CO2 could play a role in determin-
ing which species ultimately benefit from a changing atmosphere. We now examine some
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of these complexities in two case studies of problematic plant species that are both agricultural
weeds and IPS in natural systems: Canada thistle and cheatgrass.

Canada thistle can be found among crops and within natural areas throughout much of
North America. Skinner and colleagues (2000) found that state and provincial noxious weed
lists in the United States and Canada mentioned Canada thistle more often than any other
species. We have discussed many other agricultural weed species that respond to CO2 in
previous chapters. Unlike most of these, Canada thistle is a perennial species, capable of
regenerating from very small root fragments (Prentiss, 1889). Perhaps as a result of this
perennial habit, the weed responds more strongly to CO2 than many other species in growth
chamber studies (Ziska, 2003a). Ziska (2003a) found the species was more responsive to the
recent change from preindustrial to modern conditions (+180% response of plant biomass)
than to the anticipated change from modern to late twenty-first century conditions (+72%),
suggesting this species may currently be so pernicious in part because of the change in
atmospheric composition.

For many plant species, tissue nitrogen (N) concentrations decrease when they are grown
under elevated CO2 (Cotrufo et al., 1998). In some cases, nitrogen availability may limit the
species’ growth responses to CO2 (Poorter et al., 1996). In a growth chamber experiment,
Ziska (2003b) examined growth responses of Canada thistle to preindustrial versus current
CO2 concentrations when grown as individual plants at different levels of N availability, and
found that the relative response of various growth parameters to CO2 was not affected by N
levels in the potting medium.

As we mentioned in earlier chapters, cheatgrass (also known as downy brome) is a
widespread IPS that has invaded the Great Basin desert and floristically similar areas to its
north, as well as wastelands in many other parts of North America. Its growth form is nothing
like that of Canada thistle; it is an annual grass, and is generally short-statured and short-lived.
Also different: cheatgrass causes more problems in death than in life. The persistent litter from
cheatgrass can form a continuous fine fuel layer in the Great Basin patches that it invades,
and this fuel can carry fire farther than it previously would have reached. This property of
the species has dramatically accelerated the fire cycle in the Great Basin (Stewart and Hull,
1949; Whisenant, 1990), leading to conversion of areas dominated by sagebrush and other
fire-intolerant shrubs to areas dominated by cheatgrass. Increased cheatgrass dominance
further contributes to the problem, with economic consequences via increased firefighting
costs (Knapp, 1996), and in some cases reduced forage value (Rice, 2005).

Recently, analyses of satellite-acquired data suggested that, by the mid-1990s, cheatgrass
had become dominant on 20,000 km2 of the Great Basin, comprising 7% of the land cover in
the region (Bradley and Mustard, 2005). There are a couple of scenarios in which cheatgrass
could become even more dominant in western North America. One would be through changes
in climate that favor its growth, at least in occasional years. Cheatgrass tends to grow well
in wet years (Stewart and Hull, 1949), building up a litter layer that keeps fire risks elevated
for subsequent years. Thus, we would expect wetter winters to favor the species in many
locations. By estimating climatic tolerances of cheatgrass and comparing them to climates
projected by a range of climate models for later this century, Bradley (2009) proposed some
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areas of possible range growth for the species, and some areas of likely range retreat. But
these predictions do not incorporate the responses of cheatgrass and other species to the
changing atmosphere.

As discussed in the previous chapter, cheatgrass grows much faster when exposed to
elevated CO2, under controlled conditions (Smith et al., 1987; Ziska et al., 2005). This
suggests that atmospheric changes over the last 150 years may have contributed to the ability
of this species to increase fire frequencies in the western United States; more plant growth
would mean greater fuel load accumulation and consequent increases in the amount of time
invaded areas were susceptible to fire, the rate of fire spread in those areas, and the intensity
of fires.

Supplemental CO2 also reduces the digestibility and protein content of cheatgrass, acceler-
ates flowering in some populations, and increases root:shoot ratios (Ziska et al., 2005). These
changes could increase the proportion of biomass left standing at the end of the growing
season, either by reducing herbivory or accelerating regrowth. However, these results come
from growth chambers, examining plants grown in much more resource-rich conditions than
typically are found in the field. A related species, red brome, responded strongly to ele-
vated CO2 in field conditions in the southern Nevada desert, but only in a wet El Niño year
(Smith et al., 2000). In subsequent dry years, germination of the species was very poor. It is
possible that cheatgrass would, similarly, respond to elevated CO2 only in occasional years
where other resources did not limit growth. On the other hand, fires may provide subsequent
resource-rich conditions in which CO2 would be more likely to stimulate growth.

In a recent greenhouse study, three IPS from China responded more strongly to CO2 than
their indigenous co-occurring species or congeners (Song et al., 2009). As in Ziska (2003a),
these plants were grown as individual species in pots. If these results can be extrapolated to
competitive situations (a somewhat uncertain exercise; Poorter and Navas, 2003), then this
study similarly suggests that rising CO2 by itself may contribute to IPS success.

Fertile Future for IPS

Increases in anthropogenic N deposition are likely to accompany climate change in many
regions. The sources of incoming N vary by region, but primary sources are related to
fossil fuel use and agriculture. Fossil fuel combustion leads to release of reactive nitrogen
contained in the fossil fuels, and also creates new reactive N from atmospheric N2 during
the combustion process. Fertilized agricultural fields also contribute to the load of reactive
N in the atmosphere, primarily through emission of ammonia and NOx (Galloway et al.,
2008). Regions downwind (or downstream) of urban, industrial, or agricultural areas receive
the greatest influx of new reactive N. Cumulatively, human inputs of reactive N to terrestrial
ecosystems exceed N inputs from natural processes, and continue to increase (Galloway
et al., 2008; Gruber and Galloway, 2008).

Fertilization with N affects the composition and functioning of natural systems, and
has been found to increase invasibility of some ecosystems, particularly those in which
native species are adapted to resource-poor conditions (Dukes and Mooney, 1999; Scherer-
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Figure 6.5 Mechanisms through which a changing climate can affect the impacts of invasive species. Reprinted from
Dukes (2011).

Lorenzen et al., 2007). North American examples of these include serpentine grasslands in
California (Huenneke et al., 1990), where N deposition may already have contributed to an
increased abundance of invasive annual grasses (Weiss, 2000), Minnesota grassland (Wedin
and Tilman, 1996), and Mojave desert, where nitrogen deposition favored introduced annual
grasses over native species in a wet year (Brooks, 2003).

Future Impacts of IPS

As environmental conditions change, so will the impacts of IPS. A popular equation for
estimating the overall impact of an IPS on a given variable suggests that the cumulative
impact of a species can be calculated by multiplying its range, average density within that
range, and its per-capita effect on the variable of interest (e.g., Parker et al., 1999). Under
climate change, each of these variables could be altered. In addition, the abundance or
frequency of the variable itself could change, affecting the relative impact of the IPS (Figure
6.5). An instructive example comes from the southwestern United States, where shrubby salt
cedar trees line many rivers and streams. Although there is dispute over the trees’ impacts
(Shafroth et al., 2005), some studies have suggested that the invasion of salt cedar into the
region decreased river flows, as the salt cedar caused more water to be lost from the system
through transpiration (e.g., Weeks et al., 1987). Even if environmental changes do not affect
the range, density, or per-capita effect of salt cedar on water resources, the predicted decrease
in precipitation for the region (Karl et al., 2009) will make water more scarce, increasing its
value, and increasing the relative impact of the IPS (Zavaleta, 2000).

Summary

Land managers cope with uncertainty on several levels, and climate change has increased
the level of abiotic and biotic uncertainty (Lawler et al., 2010). Changes in the atmosphere
and climate bring new challenges for land managers, some of which are associated with
IPS. These challenges include: (1) the arrival of new IPS, (2) the increasing invasiveness of
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some nonnative species, (3) the decreasing invasiveness of some IPS, and possibly (4) the
decreasing competitiveness of resident native communities.

To address the first of these challenges, managers can build on existing monitoring pro-
grams, databases, and networks to identify new high-risk IPS and to forecast changing
invasion fronts (Lee et al., 2008). Development of databases with more spatial detail and
larger spatial coverage would assist this effort.

The second of these challenges can be at least partially addressed through vigilant control
of IPS, and through strong networks for communication among managers about IPS and
new problems as they arise. Many of these networks exist in some form and are growing.
Examples in the United States include Cooperative Weed Management Areas and Exotic Pest
Plant Councils. Ideally, managers would address the challenge of increasing invasiveness of
some species by controlling all unwanted nonnatives, but this approach is not practical in
most locations.

Managers will certainly welcome decreases in competitiveness of IPS where they occur,
and these cases will provide restoration opportunities for managers. The associated challenge
will be learning how best to restore these areas, given the new climatic regime. Can the
resident native species fill the gap created by the declining IPS, or should other, more
climatically suitable species be used? The topic of “managed relocation,” or the practice of
relocating desirable species to areas that are newly climatically suitable, has generated lively
debate (e.g., Hoegh-Guldberg et al., 2008; Ricciardi and Simberloff, 2009; Richardson et al.,
2009). (The practice is also called “assisted colonization” and “assisted migration.”) Ethical
and legal concerns surrounding this practice will add to the challenge faced by managers.

Decreasing competitiveness of resident communities will provide a range of challenges
for managers well beyond the scope of this book. However, to the extent this occurs it will
presumably increase invasibility of the plant communities. Most of the debate on assisted
migration centers around protecting the species that are most vulnerable to climate change,
but it is also worth thinking about the degree to which such activities could or should be used
to minimize susceptibility of landscapes to future conversion by IPS.

As we have demonstrated in this chapter, many biological interactions will affect the
colonization, spread, and management of IPS as a function of global climate change. In
the next chapter, we will examine a slightly different aspect of the harm that weeds do by
drawing attention to the links between climate change, weeds, and public health.
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7 Weeds, CO2, Climate, and Health

“Within the infant rind of this small flower Poison lives, and medicine power.”
William Shakespeare

Introduction

We have thus far, tried to provide a sense of the magnitude and extent of the damage inflicted
by weed species, not only for agricultural systems, but also as we emphasized in the last
chapter, IPS in unmanaged, natural plant communities. We have seen numerous examples
of how increasing CO2 and climate change are likely to alter the impact of both agricultural
and invasive weed species (IPS), and some of the potential consequences.

In this chapter, we will attempt to expand our appreciation of the harm that weeds do
by focusing on an underappreciated but very relevant aspect of weed biology: the effects
on human health. Although many weed scientists tend to focus on the agronomic and
environmental threats posed by weeds, the general public is very cognizant of how weeds
can directly affect their health: through mechanical injury, allergenic reactions, contact
dermatitis, or toxicology/pharmacology. There are also indirect means by which weeds can
alter health, including nutrition and potential expansion of animal disease reservoirs. Our
objective in the current chapter is to review these links between weed biology and health and
to assess how CO2 and climate are likely to alter the biological associations and determine,
if possible, the likely consequences for human or animal physiology.

Direct Effects

Mechanical Injury

Many weeds have spines, burs, needles, thorns, or other appendages that can puncture the
skin of the unwary. Weed-pullers whose bare skin bumps into Canada thistle or stinging
nettle will be particularly unhappy. It is not uncommon for barefooted children to step on
sandbur or puncturevine fruits. Cuts and puncture wounds hurt, and can get infected without
proper treatment.
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Some weeds also wound domestic livestock because of thorns, barbs, stiff hairs, or sharply
pointed seeds. Wounds to eyes, mouth parts, skin, or the digestive system can lower the
commercial value of meat, wool, or hides. In some cases, open wounds may invite attack
from parasites such as screw worms (the larva of certain flies of the genus Callitroga) which
can kill the animal.

One of the few studies to quantify responses of plant mechanical protections to elevated
CO2 or climate showed an increase in average spine length for immature leaves of Canada
thistle. Plants grown above a 285-ppm baseline also had more spines per mature leaf (Ziska,
2002; Figure 7.1).

500

Canada thistle

A
ve

ra
ge

 s
pi

ne
 le

ng
th

 (
m

m
)

N
um

be
r 

of
 s

pi
ne

s 
pe

r 
le

af 400

300

200

100

0

8

6

4

2

0
300 400 500

Atmospheric CO2 concentration (ppmv)

600 700

Immature leaves

Mature leaves

Immature leaves

Mature leaves

Figure 7.1 Changes in spine length and number for mature (fully expanded) and immature leaves of Canada thistle as
a function of recent (285–380 ppm) and projected (720 ppm) increases in atmospheric carbon dioxide (see Ziska, 2002
for details).
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Aerobiology

Allergic diseases are ranked as the sixth leading cause of chronic illness in the United States,
affecting approximately 17% of the population (AAAAI, 2000). The Centers for Disease
Control (CDC) estimate asthma prevalence at about 25 million individuals (9 million children,
16 million adults; CDC, 2002). Self-reporting of asthma appears to be on the rise, with the
largest increase occurring in preschool-aged children (Mannino et al., 1998; Figure 7.2).

Although the epidemiology of allergic diseases like asthma is complex, (e.g., genetic
predispositions and access to health care), exposure to allergens from the natural environment,
such as pollen grains or fungal spores is unequivocally associated with the symptomology
and acceleration of human respiratory disease (Frenz, 2001). Recently, the Journal of Allergy
and Clinical Immunology (Shea et al., 2008) stated that “there is now a wealth of evidence
that climate change has had, and will have, further impact on a variety of allergenic plants.”

Plant induced increases in allergic rhinitis (i.e., hay fever) and asthma are associated
with three distinct seasonal sources of plant-based allergens: trees, grasses, and ragweed for
the spring, summer, and fall seasons, respectively. Although projected changes in trees and
grasses with CO2 and climate are interesting in their own right (see Ziska et al., 2008a), the
most information is currently available regarding ragweeds (plants in the Ambrosia genus).

Figure 7.2 Sampling pollen from common ragweed grown under different CO2 environments.



P1: SFK/UKS P2: SFK

c07 BLBS066-Ziska October 13, 2010 17:53 Trim: 244mm X 172mm Printer Name: Yet to Come

130 WEED BIOLOGY AND CLIMATE CHANGE

Initial experimental chamber or greenhouse studies indicated that common ragweed could
respond to projected CO2 end of century concentrations (Wayne et al., 2002; Ziska and
Caulfield, 2000). In addition, similar studies have shown that ragweed growth and pollen
production is likely to have responded both quantitatively and qualitatively to the increase in
CO2 concentration that has occurred during the twentieth century (Singer et al., 2005). For
western ragweed, simulated increases in temperature (+4◦C) during the summer resulted in
increased growth as well as regrowth following cutting with a subsequent increase of ∼85%
in overall pollen production (Wan et al., 2002). Additional experimentation demonstrated that
earlier seed germination in common ragweed as a result of simultaneous increases in CO2

and warming also stimulated growth and increased catkin production in climate-controlled
glasshouses (Rogers et al., 2006).

In some ways, the environment created by cities may provide an analog for studying
ecological responses to global change (Carreiro and Tripler, 2005). Urban levels of carbon
dioxide and air temperature as well as season length (number of frost-free days) can be sig-
nificantly greater. Ziska and colleagues utilized an existing macro-climate gradient between
Baltimore and the surrounding Maryland counties to examine the quantitative aspects of rag-
weed growth and pollen production in 2000 and 2001. Overall, ragweed from the same seed
source, and from the same soil but grown along this transect showed urban-induced earlier
flowering and greater pollen production when compared to suburban or rural locations (Ziska
et al., 2003). While it remains unclear whether urbanization would consistently result in sim-
ilar responses either spatially (i.e., other cities), or temporally (sustainability of increased
pollen production) in regard to ragweed biology, use of an urban–rural macro-climate and
the associated higher CO2 concentrations and air temperatures may be a harbinger of what
could be expected globally with pollen production and allergic rhinitis/asthma and global
climate change (Figure 7.3).
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Figure 7.3 Time course for common ragweed pollen production for three sites along an urban–rural transect in 2001
as a function of day of year. Lines were redrawn as best fit regression for pollen counts determined through roto-rod
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Allergenic pollen producers, Northeast Weeds:
Season: May through September

Ragweed                  (A. atemissiifolia)       English plantain   (Plantago lanceolata)
Giant Ragweed        (A trifida) Russian thistle        (Salsola kali)
Marsh elder        (Iva species) Cocklebur    (Xanthium strumarium, X. spinosa)
Pigweed        (A. retroflexus) Lambsquarter    (Chenopodia album)
Mugwort        (Artemisia vulgaris)

Allergenic pollen producers, Mid-Western Weeds:
Season: May through October

Ragweed                  (A. atemissiifolia)       Pigweed    (Amaranthus retroflexus)
Giant Ragweed        (A. trifida) English plantain   (Plantago lanceolata)
Russian thistle        (Salsola kali) Fireweed    (Kochia scoparia)
Marsh elder        (Iva species) Cocklebur    (Xanthium strumarium, X. spinosa)
Lambsquarter        (Chenopodia album)

Allergenic pollen producers, Southern Weeds:
Season: April through November

Ragweed                  (A. atemissiifolia)       Pigweed    (Amaranthus retroflexus)
Giant Sagebrush      (Artemisia tridentata) English plantain   (Plantago lanceolata)
Marsh elder        (Iva species) Cocklebur    (Xanthium strumarium, X. spinosa)
Yellow Dock        (Rumex crispus) Lambsquarter    (Chenopodia album)

Allergenic pollen producers, Western Weeds:
Season: April through November

Ragweed                  (A. atemissiifolia)       Pigweed    (Amaranthus retroflexus)
Giant Sagebrush      (Artemisia tridentata) English plantain   (Plantago lanceolata)
Russian thistle        (Salsola kali) Fireweed    (Kochia scoparia)
Marsh elder        (Iva species) Cocklebur    (Xanthium strumarium, X. spinosa)
Yellow Dock        (Rumex crispus) Lambsquarter    (Chenopodia album)

Figure 7.4 List of allergenic weeds by region within the United States. Rising carbon dioxide and climate change may
alter the range and pollen production of these weeds.

There are several other known allergenic weeds, including lambsquarters, cocklebur, marsh
elder, mugwort, plantain, etc. For at least some of these (e.g., lambsquarters), the response
to CO2 has been documented (Patterson, 1995); however, few studies have quantified pollen
production or allergenicity for these weeds in response to either rising CO2 or climate-
induced changes in seasonality. While additional data are needed, the data to date suggest
climate forcing and rising CO2 (both at the local urban level, and that projected globally)
have the potential to affect allergen production of weed species (Figure 7.4).

Dermatitis

Dermatitis (an autoimmune reaction from dermal contact) can occur as photo dermatitis
(increased sensitivity to light), for example, giant hogweed, but perhaps the most widely
recognized are those that result in contact dermatitis, for example, the poison ivy group (Tox-
icodendron spp.). As with weeds and aerobiology, only a handful of studies have examined
the impact of rising CO2 and/or climate on changes in weed-induced dermatitis, with most
of the focus on poison ivy (Mohan et al., 2006; Ziska et al., 2007; Figure 7.5).
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Photo dermatitis Contact dermatitis

Figure 7.5 Examples of dermatitis: on the left, increased photo-sensitivity of skin to light as a result of contact with
giant hogweed; on the right, contact dermatitis from poison ivy. (Photo on left is courtesy of Dr. Suzanne Rowe, King
County Noxious Weed Program, Seattle, Washington; Photo on right is from Wikipedia.)

Poison ivy, while native to North America, is found globally and ranks among the most
medically problematic weeds. It is estimated that 25–40 million people in the United States
require medical treatment annually after exposure (Baer, 1990). In a 6-year study conducted at
the Duke University Free-Air CO2 Enrichment (FACE) facility, Mohan et al. (2006) reported
that elevated levels of CO2 (+200 ppm above ambient) increased photosynthesis, water use
efficiency, growth, and population biomass of poison ivy in an intact forest ecosystem. In
addition, high-CO2-grown plants produced a more allergenic form of urushiol. Additional
studies with poison ivy (Ziska et al., 2007) grown at 100 ppm CO2 increments (300, 400, 500,
and 600 ppm), for a 250-day period found CO2-induced changes in leaf area, leaf and stem
weight, and rhizome length. In contrast to the Mohan et al. study, there was a nonsignificant
effect (P = 0.18) of rising CO2 level on urushiol concentration; however, because of the
stimulatory effect of CO2 on biomass, the amount of urushiol per plant increased significantly
for all CO2 values above the 300 ppm baseline. In addition, significant increases in the rate
of leaf development for poison ivy following leaf removal were also observed with rising
CO2, suggesting greater recovery from herbivory.

It is worthwhile to note that the CO2 sensitivity of poison ivy growth is consistent with
in situ observations for other vine species (e.g., Belote et al., 2004; Phillips et al., 2002). It
has been suggested that one possible reason for the greater response among vine species is
related to their ability to allocate more resources to additional leaf manufacture because of
low allocation to woody (nonphotosynthesizing) support structures (Sasek and Strain, 1990;
Tsugawa et al., 1980); greater light interception in turn, could, over time, confer greater
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competitive advantage. Overall, the current data for poison ivy do suggest a plausible link
between rising carbon dioxide, weed biology, and increased dermatitis. At present, potential
climatic interactions such as warmer temperatures and longer growing season in relation to
poison ivy development and urushiol content are unknown.

Toxicology

Similar to dermatitis, the presence of toxic substances is related to specific plant organs (fruit,
leaf, and stem), and edible and poisonous parts can exist on the same plant (e.g., rhubarb).
There are over 700 plant species, including a number of weed species, that are poisonous
to humans and livestock. Chemicals form a principal defense against herbivory in a number
of agronomic and generalist weeds including castor bean, jimson weed, rosary pea, water
hemlock, and common nightshade, inter alia. The chemicals in these weeds range from ricin
and abrin, phytotoxins found in castor bean and rosary pea; atropine and scopolamine, strong
anticholinergics found in jimson weed and nightshade, to coniine, a potent neurotoxin found
in water hemlock. Many of these compounds are sufficiently lethal that death can occur in
small doses (e.g., ricin is sufficiently lethal as to be considered a weapon of mass destruction
by the U.S. military).

Ingestion of plant material continues to be a very common exposure for humans (particu-
larly children), and can account for nearly 100,000 calls to national poison centers annually
(Watson et al., 2004). Pediatric patients constitute more than 80% of plant-related expo-
sures; however, less than 20% of plant exposures require medical treatment (Watson et al.,
2004). For livestock, a partial list of weeds and their poisons would include buttercups (pro-
toanemonin), horsetail (thiaminase), pigweeds (oxalate and nitrate), pokeweed (oxalic acid),
white snakeroot (glycosides), and yellow starthistle (various neurotoxins). The consequences
of animal poisoning depend on the quantity of the toxin consumed, size and species of the
animal, general health of the animal, and concentration of the toxin in the weed; the latter
varying with stage of growth, soil conditions (especially the nutrient and moisture level), and
biotype.

Only a handful of studies have determined the likely effect of rising CO2 and/or climate
change on poisonous weeds. Recent work by Vanaja et al. (2008) demonstrated a strong
growth and yield response of castor bean to elevated CO2 concentrations of 550 and 700
ppm. However, rising CO2 did not affect either the content of quality of the castor oil. The
impact of rising CO2 concentration (300, 400, and 700 ppm) at two different temperatures
(ambient and ambient +5◦C) was also determined for two alkaloids in jimsonweed—atropine
and scopolamine (Ziska et al., 2005). Elevated CO2 had no effect on atropine concentration,
but significantly increased the concentration of scopolamine. Conversely, temperature per se
had no effect on scopolamine, but increased the concentration of atropine per plant. Other
poisonous weeds have been examined in response to rising CO2 (e.g., pokeweed; He et al.,
2005), but specific toxicological evaluations have not been conducted. However, to date,
these initial results suggest that CO2 and/or climate could have a significant effect both on
the growth of poisonous weeds, and their toxicology.
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Indirect Effects

Air Quality

It has been recognized for a number of years that isoprene emissions from vascular plants
play an important role in atmospheric chemistry. On warm, sunny days, isoprene can mix
with nitrogen oxide to form ozone, a primary (and hazardous) constituent of smog. Kudzu,
the invasive vine occupying about 8 million acres in the southeastern United States, produces
these gases prolifically. Fast-growing kudzu leaves can emit isoprene into the air, and kudzu
roots can convert atmospheric nitrogen into ammonium, some of which gets converted by
soil bacteria into nitric oxide (Lerdau et al., 1997; Sharkey et al., 2005). Kudzu responds
strongly to carbon dioxide in greenhouse conditions, and northern migration in response to
global warming may also be occurring (Sasek and Strain, 1990).

Sometimes the links between plant biology and human illness are less than straight-
forward. Consider the case of Nancy Hanks, Abraham Lincoln’s mother, who died in
1818 when “milk sickness” broke out in the Little Pigeon Creek Settlement in Indiana.

What exactly is “milk sickness”? White snakeroot is a shade-loving weed found
throughout the Midwest. White snakeroot also contains the toxin tremetol, which is
fat soluble and excreted in the milk of lactating animals. Milk sickness is what occurs
when a person drinks the milk from cows that have eaten white snakeroot and pass
on the toxin. It is also referred to as puking fever, sick stomach, the slows, and the
trembles.

What does this have to do with climate? The illness was most common in dry years
when cows wandered from poor pastures to the woods in search of food. Pasteurization
and the mixing of milk from many different cows reduces the chance of contracting
milk sickness today, but in the mid-nineteenth century the sickness was well known in
the Midwest. Abraham Lincoln was only 9 when his mother passed away.

Narcotics

Among the most pernicious of weeds are those plants whose secondary products become
illicit or addictive within a society. The abuse of such drugs (whether legal or illegal) carries
a high economic and personal cost within a society. For the United States, the societal costs
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are reflected in health care expenses, work loss, property damage, prevention, treatment, in-
carceration, etc. All told, these costs can exceed $200 billion in a given year (ONDCP, 2001).

If there is then, a “war on drugs,” it is of obvious importance to determine whether climate
change and/or CO2 can alter the growth and production of those weed species associated
with this “war.” Among the Papaveraceae family, the genus Papaver comprises about 110
species of both annual and perennial herbs; however, only Papaver somniferum and Papaver
setigerum are known to produce opiates, with the concentration of these opiates varying
considerably between species (e.g., Garnock-Jones and Scholes, 1990; La Valva et al., 1985).
For P. somniferum, optimal development rates did not vary for day/night temperatures of
20/15, 24/19, and 28/23◦C (Acock et al., 1997). For wild poppy (P. setigerum), growth over a
range of carbon dioxide concentrations (300, 400, 500, and 600 ppm) had a significant effect
on both leaf area and vegetative biomass (Ziska et al., 2008b). Carbon dioxide increases
had no stimulatory effect on alkaloid concentration for codeine, papaverine, and noscapine;
although significant increases in morphine concentration were observed. However, whole
plant production of all opiates increased significantly in response to rising carbon dioxide
because the stimulatory effect of CO2 on capsule size and number compensated for any
CO2-induced change in concentration. In addition, the relative proportion of morphine (to
the other alkaloids) increased significantly up to a CO2 of 500 ppm (10.4, 11.7, 12.9, and
12.4%, respectively for the 300, 400, 500, and 600 ppm CO2 treatments; Figure 7.6).

Although these data provide a basis for anticipating other CO2 or climate-influenced
changes in narcotic plants, specific data on species such as Erythoxylem coca (cocaine), Salvia
divinoum (Salvinorin A), Artemiesia absinthe (absinthe), Lophophora williamsii (mescaline),
etc., are entirely unknown. Ironically, there are a number of apocryphal data sites on the
web for marijuana that purport to demonstrate the impact of CO2, temperature, etc., on its
physiology. It is unfortunate that no similar effort has been made on the part of scientists or
health-care providers to understand the impact of CO2 and climate change on the spread or
potential efficacy of this or other narcotic plant species.

Nutrition

Some of the earliest studies that examined the impact of weeds on crop production doc-
umented the weed-induced changes in soil and crop nutrient status (e.g., Ince, 1915). In
the 1950s, Vengris and colleagues observed how the presence or absence of weeds altered
the nutritional concentration of corn when grown under optimal fertilizer (Vengris et al.,
1955). They compared corn with no weeds with corn grown with redroot pigweed, common
lambsquarters, crabgrass, and barnyardgrass, individually (all other weeds being removed).
Weeds decreased nitrogen and potassium concentrations in corn; in contrast, the overall
nutrient status of the individual weeds was unchanged by competition (Table 7.1).

Since these initial trials, numerous data have emerged that confirm the negative effect of
weeds on nutritional resources, with weed species depleting nutrients as rapidly (or more
rapidly) than many crop species. This has obvious implications for weed management (i.e.,
you cannot reduce the impact of weeds by adding more fertilizer), but it also demonstrates the
negative effect weeds have on the nutritional quality of food. This effect has been observed
in potato (Saghir and Markoullis, 1974) and in wheat (from white sweet clover, or wild
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Table 7.1 Quantitative changes in percent of nitrogen, potassium, and calcium content in corn
with and without weed competition as adapted from Vengris et al. (1955).

Plants present Age N% K% Ca%

Corn, alone Young 3.78 4.02 0.40
Mature 1.44 0.90 0.17
Corn and weeds Young 3.05 3.08 0.42
Mature 1.38 0.70 0.20

Samples were taken 1 month after emergence (young) and again at harvest (mature).

onion), where it becomes apparent through changes in the odor and baking qualities of flour.
Similarly, weeds impair quality of animal produce, with weeds inducing undesirable flavors
to milk and meat such as wild onion and wild garlic.

Clearly, because weeds affect nutritional quality of meat, diary, and crop products, they
have an indirect effect on public health. Less clear however, is the role CO2 and climate
have in modifying such an effect. This is due in part to the direct effect of rising CO2 on
plant nutrient status and quality. For example, a study of spring wheat lines released during
the twentieth century (when atmospheric carbon dioxide increased from ∼300 to 380 ppm)
found a decline in protein concentration and changes in flour quality (see Table 4 in Ziska
et al., 2004). Several studies have found CO2-induced declines in protein concentration for
important cereal species (Ziska et al., 2004). In addition, some data suggest that rising CO2

could decrease the micronutrient concentration of some crop species (Loladze, 2002). It has
been recognized, of course, that year-to-year variation in climate can alter the nutritional
content of food and fodder, but the direct effects of rising CO2 and/or climate on nutritional
quality have been less well characterized. This is unfortunate, since nutrition plays an
important part in overall human health.

Weeds as a Facilitator of Disease Vectors

El Nino and the Hantavirus

In May of 1993, a young, healthy Navajo man was rushed to the emergency room of a
hospital in New Mexico. Suffering from shortness of breath, the man died a short time after
admission. Following his death, medical personnel found that the young man’s fiancée had
died just a few days previously, after showing similar symptoms.

The sudden deaths of two young healthy individuals led to large headlines, public interest,
and a concerted effort on the part of health officials at the Indian Health Service (IHS), the
New Mexico Office of Medical Investigations (OMI), and the Center for Disease Control
(CDC) to find the cause of the disease. Soon, Dr. Bruce Tempest of IHS working with
OMI had located an additional five healthy people who had all died after acute respiratory
failure. After a number of false leads, tissue samples sent to CDC virologists indicated that
the pulmonary symptoms were likely related to a virus, in particular a previously unknown
strain of Hantavirus.
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Researchers already knew that rodents are the principal carriers for Hantavirus, and a
massive effort was launched to capture as many mice and rats in the area as possible. The
results showed that approximately 30% of the deer mice were infected with the Hantavirus.
By November, the specific Hantavirus associated with the outbreak had been isolated by the
special pathogens branch at the CDC. The new virus was called the Sin Nombre virus, or
SNV, and the subsequent disease, Hantavirus pulmonary syndrome, or HPS. By the start of
1994, over 55 HPS cases had been documented, 32 of them fatal.

But why the sudden outbreak of a previously obscure disease? The essential answer is
that just prior to the epidemic there was a sudden, rapid surge in the deer mouse population.
Why? The answer rests with the El Nino Southern Oscillation (ENSO) event that occurred in
1991–1992 and the subsequent warmer winter (1992–1993) and rainy spring (1993). These
climatic conditions resulted in an explosive growth of vegetation, with a tenfold increase
in the number of deer mice. With larger, unprecedented numbers of deer mice, contact with
humans was exacerbated, and transmission of the virus occurred (CDC, 1996).

Weeds and Disease Vectors

How do weeds fit into an epidemiological model like that of Hantavirus transmission? While
weeds do not transmit disease themselves, weeds can and do serve as food sources. Where
and how much they grow therefore will influence where animal disease vectors will travel.
For example, food sources for deer mice in New Mexico include a number of weedy species,
such as spotted knapweed (e.g., Pearson and Ortega, 2001). Such an arrangement may be
mutually beneficial as deer mice also distribute undigested spotted knapweed seeds.

Similarly, mosquitoes are well-known vectors for disease transmission. In particular, the
malarial parasite (Plasmodium) carried by the Anopheles mosquito remains a leading cause
of mortality, particularly in young children, with approximately 2 million deaths occurring
annually according to the CDC. Other viral diseases carried by mosquitoes include yellow
fever, dengue fever, Rift Valley fever, West Nile virus, eastern equine, and western equine
encephalitis. Because of the high rate of mortality, the later two viruses are among the most
serious mosquito-borne diseases in the United States. As with Hantavirus, plants may play
a critical role in mosquito biology. For example, while female mosquitoes require blood for
egg development, both male and female mosquitoes feed primarily on plant nectar. Pollen is
also recognized as a food source for mosquito larvae (Ye-Ebiyo et al., 2000). As with deer
mice and the Hantavirus, where and how much food plants provide will determine the spread
and population density of a number of mosquito genera, with subsequent effects on human
and animal disease.

As observed for the Hantavirus, the impact of ENSO-induced changes in temperature and
precipitation are likely to have significant effects on the food supply of animal disease vectors.
That food supply, in turn, is represented, at least in part, by a number of generalist weed
species within a community. The extent to which climate and/or rising CO2 will impact those
species, both in regard to size, phenology, pollen production, etc., as well as their ecosystem
characteristics, (e.g., range and distribution), will certainly have an effect on the number of
disease vectors they can support. The role of weeds as facilitators of human disease does not,
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in general, appear to be well understood within the health care community. As such, weed
biologists and plant scientists may play a unique part in elucidating such a role, particularly
in the context of climatic change.

Summary

In the last few chapters, we have attempted to provide an overview of how weeds damage
not only agricultural and natural systems, but also human health, and how climate and CO2

are likely to modify the degree of damage. We recognize that the interactions between public
health and weed biology in the current chapter may be somewhat outside the traditional
viewpoint of many weed biologists. However, as we have hopefully shown, there are a
number of overlapping research areas where unique and valuable contributions can be made
by weed scientists. These areas range from understanding how climate and CO2 can alter
the direct effects of weeds on aerobiology and dermatitis, to indirect effects on nutrition and
narcotics, as well as the potential role of weeds in facilitating the spread of animal vectors
of disease. In the following chapters, we will turn our attention to ways in which the weed
damage we have described can be modified or controlled, and how changing climate and
rising carbon dioxide could modify the efficacy of different control strategies.
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8 Weed Management: Herbicides

“Crabgrass can grow on bowling balls in airless rooms, and there is no known way to
kill it that does not involve nuclear weapons.”

Dave Barry

Introduction

Given the extent of agronomic and environmental damage in managed and unmanaged plant
systems by weedy species, and their role in human health, weed management has been,
and remains, a primary focus of weed scientists. Practices used to restrict the growth and
spread of weeds include prevention, those measures taken to preclude the introduction of
a specific weed species, and eradication, the complete removal of any weed species once
established. Because eradication is seldom achieved, and because new weeds are being
introduced continuously, control remains the purview of many weed scientists. Control
involves those management methods that are used to keep a weed species at acceptable
levels. Although control methods include the identification and implementation of cultural,
mechanical, chemical, and biological options, for most developed countries, including the
United States, chemical applications (herbicides) represent the most widely used alternative.
Because of the importance of herbicides in weed management, the focus of many weed
science textbooks remains herbicide chemistry and management (e.g., Devine et al., 1993;
Monaco et al., 2002; Rao, 2000).

In this chapter, we will explore the basic tenets of herbicide usage including application
methods, chemistry, and mode of action. We also discuss abiotic and biotic factors that affect
the efficacy of herbicides in the field, whether CO2 and/or climate change are likely to alter
these factors, and the resulting implications for chemical weed management. Finally, we
review the existing data on climate change and herbicide efficacy to determine if climate
change alters efficacy; and if so, whether there is commonality in the observed responses. Our
objective is to review the basic principles behind herbicide chemistry, use and application,
and to illustrate how climate change is likely to alter the ability of these chemicals to control
and manage weeds in the future.
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History of Herbicide Use

The decade 1890 to 1900 saw the introduction of sprays for controlling broad-leaved weeds in
cereal crops, and the first efforts by the U.S. Army Corps of Engineers, using sodium arsenite,
to control aquatic plants in waterways. In 1925, sodium chlorate (directly applied to soil) was
first used for killing weeds. The earliest importation (from France) of sodium nitrocresylate,
as the first selective weed killer, was in 1934. However, with the advent of World War II,
and the shortage of labor for farms, pressure intensified to develop chemical means to reduce
weed infestations. By 1945, the introduction of 2,4-D(2,5-dichlorophenoxyacetic acid), a
widely used growth regulator that could control broadleaf weeds, ushered in modern weed
control. Increasing mechanization and chemical utilization at the farm level, in conjunction
with shifts in postwar population demographics, increased herbicide use significantly. By the
mid-1960s, for the United States, approximately 55% of farms received herbicides, and by
the 2000s, depending on crop, the use of herbicides can exceed 90% (www.nass.usda.gov).
This is related, in part, to the development of herbicide-resistant crop cultivars. For example,
the introduction and subsequent efficacy of glyphosate (N-(phosponomethyl) glycine), an
herbicide with broad-spectrum weed control and minimal environmental impact, has resulted
in the development of glyphosate-resistant (Round-up Ready) soybeans, which constitute
approximately 90% of the soybeans currently being grown in North America. The success
of Round-up Ready soybean has prompted the development of other genetically altered
herbicide-resistant crops. At present, acreage treated with herbicides in the United States is
approximately twice that of fungicide and insecticide use combined (Figure 8.1).

Application of Herbicides

Application effectiveness depends on timing of herbicide relative to the crop. While there are
a number of timing options, the two broad categories are postemergence, where the herbicide
is applied directly to emerged plants, or preplant or preemergence, where the herbicide is
applied directly to the soil (Fryer and Evans, 1968). However, depending on the stage of
growth of the weed relative to the crop, herbicides can be applied preplant, preemergence,
at-emergence, postemergent, or some combination thereof. Postemergent applications are
made before canopy closure. Herbicides can be applied by spraying directly over the rows,
or between rows. They can be incorporated into the soil, or applied to the soil surface. If
applied in spray form, the spray can be directed to the tops of leaves, or under the plant
canopy. Sprays which include the active chemical ingredient needed to kill the plant are
modified by surfactants or wetting agents in order to increase their ability to transfer the
active ingredient to the plant surface. Herbicides can be selective or nonselective depending
on the mode of action and specific physiology of the plant to be controlled.

Herbicide Characteristics

There are numerous sources that explain in greater depth, the nomenclature, classification,
mode of action, and chemistry of herbicides (e.g., Duke, 1985, inter alia). We provide an
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02-M107
U.S. Department of Agriculture, National Agricultural Statistics Service

Acres of crops treated with chemicals
to control weeds, grass, or brush: 2002

United States Total
193,968,317

(from sample data)

1 Dot = 25,000 acres

Figure 8.1 Acreage treated with herbicides in 2002. For the same year, 65 million acres were treated for insect control,
and 12 million acres for disease control.

abbreviated overview of herbicide characteristics, including mode of action, stressing that
the best herbicides are those that are effective in low dosages, have a broad range of uses,
are easy to apply and are safe to both the individual and the environment.

Specific information given for each herbicide following certification is reviewed in the
Herbicide Handbook, a valuable resource for herbicide applicators (WSSA, 2007). Provided
information includes nomenclature (common name of the herbicide, chemical family, and
manufacturer), chemical and physical properties of the active ingredient (molecular weight,
physical, and chemical properties), recommended uses (weeds, dosage, and application
times), anticipated plant response (absorption and translocation characteristics, mechanism
of action, plant symptomology, and resistance characteristics), longevity in the environment
(mobility, volatilization, and soil mobility), toxicological properties (LD50, results of feeding
studies, teratogenicity on rats and rabbits, possible effects on wildlife), and specific details
on how the chemical was analyzed. Additional sources of information are also provided in
the handbook.

All herbicides have three names: the chemical, common, and trade name. There are roughly
200 chemicals classified for herbicide use and the common and chemical names are provided
by the WSSA (9th edition handbook). Common names are useful because they do not vary
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for any parent chemical; consequently, their familiarity among applicators leads to greater
consistency of use and increased safety. Conversely, trade names can vary by herbicide,
particularly if sold by more than a single company.

For simplicities sake, we will not classify herbicides by chemical similarity, but by primary
mechanism of action, using the approach outlined by Monaco et al. (2002) in their herbicide
categorization. Additional information on mechanism can be found from Chapters 9–17 in
this same reference.

Photosynthetic Inhibitors

These herbicides impede electron transport in the light reactions (Photosystem II) resulting
in the production of free radicals, strong biological oxidants that destroy membrane integrity
and photosynthetic function. The active ingredient can be translocated from the soil into
roots, or applied directly postemergent to leaves. Susceptibility is defined by leaf chlorosis
(from bottom to top) followed by necrosis and leaf drop. Herbicides characterized by this
mode of action include s-triazines, including the chloro-triazines, atrazine, simazine and
cyanazine, methoxy-triazines such as prometon, and methylthio-triazines such as prometryn.
This group also includes substituted ureas (e.g., diuron, fluometuron, and linuron) and uracils
(e.g., bramcils) as well as benzothiadiazole (e.g., bantazon), benzonitrile (e.g., bromoxymil),
and phenylcarbamates (e.g., desmedipham).

Pigment Inhibitors

These herbicides act as inhibitors of the of the carotenoid pigment biosynthetic pathway.
Because carotenoids prevent plant pigments from photooxidation, their loss results in chloro-
phyll destruction and inhibition of photosynthesis. This class of herbicide is usually applied
as a preplant or preemergent treatment. Because of the mode of action, symptomology in-
cludes a bleached white or translucent leaf appearance. Examples of this type of herbicide
include amitrole, clomazone, and fluridone as well as the pyridazinone and isoxazole groups.

Cell Membrane Disruptors

These diverse compounds result in the formation of free radicals that disrupt cell membranes.
The site of membrane disruption is classified as B1 (photosystem I disruption), B2 (inhibition
of protoporphyrinogen oxidase, the last enzyme of the common branch for chlorophyll and
heme biosynthesis), and group C (glutamine synthase, essential for nitrogen metabolism).
Examples of B1 include bipyridyliums such as diquat and paraquat, B2 examples include
diphenylethers (e.g., lactofen and oxyfluorfen), and group C includes N-phenylphthalimide
such as glufosinate. Most herbicides of this type are applied as postemergence; and injury
symptoms include leaf desiccation as a result of membrane disruption.

Cytological Growth Inhibitors

These chemicals act to disrupt mitosis in growing root and or shoot tissue. The mitotic
disrupters inhibit initial plant cell division and cell wall formation, whereas the root/shoot
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inhibitors deplete long chain fatty acids from the plasma membranes of plants. Examples
of mitotic disruptors include dinitroanilines such as benefin and trifluralin; shoot inhibitors
for emerging seedlings include carbamothioates (e.g., EPTC and triallate); seedling root
inhibitors include napopamide and siduron, and inhibitors of both shoot and root growth
include chloroacetamides such as metolacholor and propachlor and oxyacetamides such as
flufenacet. Herbicides of this type are applied as preemergence or preplant incorporated treat-
ments. Symptomology includes thickened, truncated root stems, stems with callus growth,
or if shoots do emerge, a twisted tightly rolled appearance.

Inhibitors of Cellulose Biosynthesis

Although diverse in chemical structure, all compounds act to inhibit cellulose biosynthe-
sis with a subsequent collapse of cell structure integrity. Examples include nitriles such as
dichlobenil, benzamide, and quinolinecarboxylic acid. Application is usually during pre-
emergence and symptoms include stunted growth and root swelling.

Growth Regulators

The specific physiological mechanism related to growth disruption is unclear; however,
many of these compounds act to disrupt or alter hormonal regulation (e.g., auxin activity),
nucleic acid metabolism, and protein synthesis. As such, they may result in rapid cell
proliferation with twisting and epinasty of the shoot or meristem. Because they work best on
meristematic tissue, they may selectively kill broadleaf weeds although grass crops can be
injured if applied at the wrong time or at high concentrations. Examples of growth regulators
include phenoxy acetic acids such as 2,4-D, phenoxypropionic acids such as dichlorprop,
and phenoxy butyric acids such as 2,4-DB. Growth regulators may also include benzoic acids
(dicamba) and picolinic acid compounds such as picloram, triclopyr, and clopyralid.

Inhibitors of Lipid Biosynthesis

These chemicals work to inhibit the acetyl coenzyme A carboxylase (ACCase), necessary
for lipid biosynthesis in plants. Without fatty acid (lipid) formation, cell integrity is lost,
and growth ceases. Because the structure of ACCase is different in broadleaf versus grasses,
these chemicals have specific activity against grasses only. Examples include the aryloxyphe-
noxypropionates (e.g., diclofop and others with the “fop” suffix) and cyclohexanediones (e.g.,
clefoxydim and others with the “dim” suffix). Most are applied postemergent to unstressed,
rapidly growing grassy weeds and can be translocated via the xylem and phloem to growing
tissue. Symptomology includes cessation of growth, discoloration of the leaves (usually a
reddening), and progressive necrosis beginning at the meristematic tissues and spreading
throughout the plant.

Amino Acid Inhibitors

This group of chemicals acts to inhibit amino acid synthesis. They are divided into two groups
based on function; those that inhibit the production of aromatic amino acids (phenylalanine,
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tryptophan, and tyrosine) produced in the shikimic acid pathway by blocking the enzyme
5-enolpyruvylshikimate-3-phosphate synthase (EPSPS); and those that inhibit acetolactate
synthase (ALS), an enzyme necessary for the production of branch chain amino acids
such as isoleucine, leucine, and valine. These chemicals are nonselective, active only on
plant-specific biochemical pathways (i.e., not human or animals; Saari and Mauvais, 1996),
and have almost no soil residual times, with low environmental profiles. Because of these
characteristics they have become widely used. For example, glyphosate (“Round-up”), an
EPSPS inhibitor, is the largest-selling herbicide on the global market (Woodburn, 2000).

The popularity of these herbicides has led to a number of commercial ventures to ge-
netically modify herbicide-resistant crops (e.g., “Round-up Ready” soybean), and this trend
is expected to continue. Examples of aromatic amino acid inhibitors include glyphosate
and sulfosate; examples of inhibitors of branch chain amino acids include the sulfonylureas
(e.g., nicosulfuron, or others with the “furon” suffix), the imidazolinones (e.g., Imzazpyr),
the triazolopyrimidines (e.g., diclosulam), and Pyrimidinyloxybenzoates (e.g., Pyrithiobac).
Aromatic amino acid inhibitors are applied postemergence to foliage, whereas branch chain
amino acid inhibitors can be applied to both foliage and soil. Symptoms include chlorosis
and necrosis of all visible plant parts, usually starting at the meristems. Death usually occurs
within 4–8 days depending on plant species and concentration used.

Factors that Influence Herbicide Efficacy

The effectiveness of any applied herbicide on weed eradication is influenced by the amount
applied, the timing of application relative to the biology of the weed, and the environmental
conditions during and after application. Here, we discuss those environmental and biolog-
ical characteristics likely to influence the uptake and translocation of herbicides and their
subsequent efficacy.

Environmental

Environmental (abiotic) factors that can influence herbicide action include soil moisture
and temperature, rainfall, wind, relative humidity, air temperature, and light. Soil temper-
ature and moisture directly affect the movement of soil-applied herbicides by affecting
herbicide solubility and movement. In addition, soil water availability and temperature may
indirectly affect root characteristics such as permeability and herbicide transport via tran-
spirational flow. Rainfall, particularly immediately after application, will affect foliar uptake
and translocation especially for water-based herbicides. Wind can interfere directly with
surface application and drift; it can also accelerate drying of any solution with a subsequent
reduction in chemical absorption. In addition, wind can affect evapotranspiration from the
leaf surface or cause cuticular damage, altering soil uptake of herbicides. Conversely, at high
temperature and low humidity, wind can accentuate the action of contact herbicides (Muzik,
1976). Relative humidity and air temperature influence evaporation. Increasing evaporation
can reduce droplet size and increase herbicide drift. In addition, low humidity accelerates
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drying of droplets after application. Conversely, high humidity increases leaf retention times
and can increase herbicide absorption. Temperature, aside from its role in evaporation, di-
rectly affects herbicide volatility. Although rising temperature increases herbicide volatility;
increasing temperature can also enhance absorption and translocation of the herbicide, par-
ticularly at low humidity (Pallas, 1960). For example, an increase of air temperature from
22 to 32◦C resulted in a significant increase in absorption and translocation of melfluidide in
soybean (McWhorter and Wills, 1978). Light can also influence herbicide absorption, par-
ticularly in conjunction with high temperature as it may increase vaporization and metabolic
degradation (Coupland, 1986).

Plant-Based Factors

There are a number of plant-based (biotic) factors that also influence herbicide efficacy.
These characteristics are related to both species-specific biology as well as phenotypic envi-
ronmental responses. Inherent biological characteristics influencing herbicide effectiveness
include growth rate, with younger, actively growing plants being, in general, more sus-
ceptible to herbicides; branching pattern (e.g., broadleaf versus grasses) which, in turn,
influences the amount of surface coverage (and absorption) of postemergent herbicides; leaf
surface characteristics, such as cuticular thickness, stomatal number, pubescence, and in-
herent physiological characteristics, such as the ability to compartmentalize and transport
absorbed substances. For example, Rubin and Eshel (1977) found that terbutryn and flu-
ometuron (photosynthetic inhibitors) were selectively translocated depending on species:
they accumulated in the root systems of cotton, but translocated to the shoots in the more
sensitive snapbean. Differences in uptake and translocation of herbicides reflect different
physiological species characteristics and herbicide selectivity.

There are also a number of phenotypic interactions between environmental variables and
plant growth and development that affect herbicide efficiency. For example, soil and air
temperature affect growth rates of seedlings, and thus the amount of time when plants are
most susceptible to herbicides. Temperature and humidity will affect water absorption and
transpiration, and hence chemical absorption and movement. In addition, both variables
affect leaf development, including cuticular thickness and stomatal number and aperture.
Water stress affects herbicide performance by altering foliar uptake. Moisture-stressed
plants tend to minimize their leaf surface area and orient leaves perpendicular to the ground
to reduce light interception and temperature, with negative consequences for foliar herbicide
interception. However, several studies indicate that the impact of moisture stress on herbicide
efficacy is dependent on the degree of stress imposed. For example, negative effects of
moisture stress on efficacy have been controlled by increasing herbicide rate or alleviating
moisture stress within 48 hours of herbicide application (Rossi et al., 1994). Still, weeds that
encounter severe water deficits during herbicide application may not respond even if the her-
bicide rate is increased and moisture stress alleviated. A number of herbicides are dependent
on metabolic function; consequently, adverse environmental conditions that reduce physi-
ological performance adversely affect herbicidal mode of action. That is, any environmental
variable that reduces photosynthetic activity is likely to alter the action of herbicides that
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interfere with photosynthesis. For example, if moisture stress results in stomatal closure,
this will reduce photosynthesis. When photosynthesis is reduced, other metabolic pathways
(e.g., amino acid synthesis) may also slow or stop. If this continues, then chlorophyll
demand may also be reduced. Translocation of sugars and carbohydrates may slow. Since
a number of herbicides also act to inhibit these processes (e.g., glyphosate and amitrole),
their ability to inhibit metabolic function will be negatively affected. Similar photosynthetic
patterns may be observed if light or nutrients become limited. Of course, the converse is
true as well. That is, if light, humidity, nutrients, temperature, moisture, etc., are optimal for
growth, then herbicides that act to inhibit a specific metabolic function will be enhanced.

CO2, Climate Change, and Herbicide Efficacy: Potential Interactions

Given the direct and indirect effects of rising carbon dioxide and climate uncertainty, several
mechanisms are likely to lead to changes in herbicide efficacy and chemical management
of weeds. These mechanisms span the biological spectrum from the biochemical to the
ecological.

At the biochemical level, rising carbon dioxide and increasing temperatures are likely
to increase photosynthesis and alter enzymatic activity and pigment production. Any
chemical inhibitors of these metabolic functions (e.g., atrazine) could therefore increase in
efficacy. However, protein content per gram of tissue can be reduced with increasing CO2

concentration (Bowes, 1996). Less protein could, in turn, result in less demand for aromatic
and branch chain amino acids, with a possible reduction in the effectiveness of amino acid
inhibitors (e.g., glyphosate).

At the leaf level, there may be a number of CO2- and climate-induced effects that could
alter herbicide activity. For example, if rising CO2 results in greater leaf number or leaf area,
this could increase interception of postemergent herbicides. Such an increase could even
occur with water stress, as rising CO2 may increase water use efficiency and subsequent
leaf area (Patterson, 1986). Alternatively, increasing CO2 and/or water stress could result
in changes in leaf anatomy and leaf surface characteristics that would reduce herbicide
absorption. For example, elevated CO2 could decrease stomatal number or aperture, whereas
prolonged water stress could increase cuticular thickness or leaf pubescence (Ziska and
Bunce, 2006). Accumulation of leaf starch, which can occur in C3 plants exposed to elevated
CO2 (e.g., Arp, 1991), could also interfere with herbicide activity (Patterson, 1995).

At the whole plant level, developmental rates may increase. Although this could increase
metabolism, it could also reduce the time weeds spend in the seedling stage, that is, the
period of greatest herbicide sensitivity. Allometric changes are also likely, with climate and
CO2 altering allocation to various plant organs, with subsequent effects on translocation.
Changes in timing and development of leaves may lead to morphological changes, in leaf
shape as well as flowering and pollen production, root:shoot allocation, chlorophyll degra-
dation, etc. (Ziska and Bunce, 2006). Change in root:shoot allocation may be of particular
consequence for C3 perennials that are capable of both sexual and asexual reproduction since
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increased temperatures and increased metabolic activity could result in greater rhizome and
photosynthate supply to below-ground structures than to leaves (Rogers et al., 1992).

At the community or ecosystem level, CO2 and climate are likely to alter gene flow by alter-
ing flowering times or pollen production (e.g., Ziska and Caulfield, 2000); consequently, for
crops that have been genetically engineered to be herbicide resistant, gene flow could intro-
duce engineered genes into wild populations (Daniell, 2002; Ellstrand, 2003). Unfortunately,
in many instances these wild populations are very similar to the cultivated crop lines (e.g.,
wild oat and oat, rice and red rice) and pose a significant weed threat; obviously, introduction
of genes into these wild populations that confer herbicide resistance is to be avoided.

The potential evolutionary consequences of global change, particularly as it relates to
chemical management, have received little attention. Several researchers have documented
biotic- or abiotic-induced genetic adaptation (e.g., Lande and Shannon, 1996; Travis and
Futyuma, 1993). Researchers have documented adaptation to climate change in Drosophila
subobscura (Rodriguez-Trelles and Rodriguez, 1998). Chakraborty et al. (2000) has sug-
gested similar changes for pathogens (e.g., Colletotrichum gloeosporioides; Chakraborty
and Data, 2002). A single study has documented rapid genetic changes in field mustard
(Brassica nigra) with drought (Franks et al., 2007). However, our understanding of climate-
driven evolutionary change, particularly gene flow and hybridization, in agricultural weeds
is almost nonexistent (Brasier, 2000). Yet, understanding the extent to which such climatic
changes, could spread herbicide resistance is of obvious consequence.

In addition to biological considerations, there are a number of potential abiotic interactions
between herbicide application and climate. If extreme weather events happen more often,
there may be fewer good times in which to apply herbicides. Similarly, if rain, wind, relative
humidity or temperatures (soil and air) are inconsistent, than herbicide application efficacy
and retention times will be negatively impacted (Coupland, 1983; Hatzios and Penner,
1982; Muzik, 1976; Patterson et al., 1999). For example, increases in precipitation (in single
events or annual means) could increase herbicide leaching and groundwater contamination
(Froud-Williams, 1996). Windier conditions could reduce the number of suitable times for
application and increase the risk of drift. Similarly, increasing temperatures and drought
could increase herbicide volatilization. An economic evaluation based on anticipated climatic
change indicated that warming increased pesticide cost variance for corn, potatoes, and
wheat, while decreasing it for soybean (Chen and McCarl, 2001). Overall, variation in envi-
ronmental factors may make application more difficult for a given crop, alter the persistence
of the herbicide in the environment, and increase herbicide injury of crops and other nontarget
organisms.

CO2, Climate Change, and Herbicide Management: A Review of Existing Studies

Although there are a number of probable mechanisms by which rising CO2 and climatic
uncertainty could influence herbicide efficacy and chemical management, there are only
a handful of studies that have attempted to clarify potential interactions. In a greenhouse
experiment, Ziska et al. (1999) examined whether CO2 affected glyphosate sensitivity of
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redroot pigweed and common lambsquarters (a C4 and C3 species, respectively). Tolerance
was determined by measuring growth (biomass) following glyphosate application at 0, 0.112
kg active ingredient (ai) ha−1 (10% of manufacturers recommended rate) and 1.12 kg ai
ha−1 (100%) of recommended rate over a 14-day period in four separate trials that differed
in time of application. Although elevated CO2 had no effect on glyphosate sensitivity in
redroot pigweed, the 10% application rate had no effect, and the full, recommended dosage
reduced, but did not eliminate, growth in lambsquarters when grown at elevated CO2 (Ziska
et al., 1999). Similarly for a C3 perennial weed, quackgrass (Elytrigia repens), glyphosate
tolerance increased for two different cohorts for application rates of 2.24 kg ai ha−1 (100%
of manufacturers recommended rate for herbaceous perennials) when grown at elevated (770
ppm) CO2 (Ziska and Teasdale, 2000). Field trials for Canada thistle with both glyphosate
and glufosinate (cell membrane disruptor) also showed reduced herbicide efficacy when
grown at elevated carbon dioxide (Figure 8.2). Archambault et al. (2001) also reported
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Figure 8.2 Changes in efficacy determined as changes in growth (g day−1) following herbicide application for weeds
grown at either current (a) or projected (b) levels of carbon dioxide.
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that herbicide efficacy was frequently negatively affected by elevated CO2, with effects
dependent on the mode of action, weed species, and competition. For example, although
elevated CO2 did not affect the response of wild oat to imazemethabenz (an ALS inhibitor),
the efficacy of glufosinate-ammonium declined with increased temperatures and/or CO2 (see
Figure 8.1; Archambault, 2007). Archambault (2007) suggested that any economic losses
resulting from CO2 or climate-induced decreases in herbicide efficacy could be compensated
by CO2/climate stimulation of crop yield.

Although it has been suggested (Archambault, 2007) that elevated CO2 could compensate
for the economic cost of increased herbicide use by stimulating seed yield, that sugges-
tion was not supported by an experiment with “Round-up Ready” soybean in the field
(Ziska and Goins, 2006). In this experiment, soybean showed a CO2 by glyphosate inter-
action, with significant C3 broadleaf weed biomass remaining viable even after glyphosate
application.

Potential Mechanisms: Canada Thistle as a Case Study

Biology

Given the results observed regarding CO2 and herbicide effectiveness, are there common-
alities among possible biological mechanisms related to herbicide efficacy that deserve
further exploration? In general, it is acknowledged that active growth is necessary for
greater chemical effectiveness: the larger the plant when postemergent herbicide is applied,
the less effective the chemical. If CO2 stimulates plant growth, then reduced efficacy may
simply be related to plant size at the time of herbicide application. For both lambsquarters
and quackgrass, glyphosate tolerance did increase with plant size; but for any given size
when the herbicide was applied, growth at elevated CO2 resulted in enhanced tolerance
to the herbicide relative to the ambient CO2 condition (Ziska and Teasdale, 2000; Ziska
et al., 1999).

What is the basis then for CO2-induced changes in glyphosate tolerance? Given the
diversity of herbicidal modes of action, genetic and phenotypic variability among weeds,
and the potential mechanisms through which climate and CO2 can alter efficacy, it seems
unlikely that a common biological explanation is responsible for the range of observed
responses. Tolerance could be improved if the absorption of herbicide entering the plant was
reduced or if the physiological action of the herbicide was negated in some manner. Short-
term CO2 exposure resulted in stomatal closure and reduced herbicide uptake, and a reduction
in stomatal conductance, but had no effect on herbicide tolerance (Ziska and Teasdale, 2000).
However, this does not rule out longer term CO2 responses of leaf characteristics that could
affect herbicide absorption.

A simpler explanation for reduced efficacy may be related to CO2-induced changes in
biomass allocation. The longest study on CO2 and herbicide efficacy to date examined
Canada thistle tolerance to herbicides in the field. After each application of glufosinate
and glyphosate, above-ground biomass of Canada thistle became completely desiccated
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Ambient CO2 Future CO2 (+300 ppm)

Increasing CO2 reduces herbicide efficacy

Figure 8.3 Plants in front were sprayed with recommended dose of glyphosate, plants in the back were removed by
hand. Chamber on left shows Canada thistle grown at ambient CO2; plants on the right were grown at ca. 700 ppm CO2.

and necrotic within 2 weeks (Ziska et al., 2004). At ambient CO2, herbicide efficacy based
on regrowth following application was approximately 90%, but when the herbicide was
applied to elevated-CO2-grown plants, efficacy was only about 10% (see Figure 8.3).
Because above-ground biomass was killed regardless of treatment, absorption and mode of
action did not appear to be affected by CO2 treatment. However, elevated CO2 increased root
growth twice as much as shoot growth (see Figure 8.4). This indicated that the differential
allocation of additional assimilate generated by greater CO2 may have preferentially
increased root over shoot biomass by the time of herbicide application. This suggests, in
turn, that CO2 stimulation of below-ground biomass could have resulted in a dilution effect
of any systemic herbicide (e.g., glyphosate) whereby below-ground structures were not
killed. This is consistent with the supposition of Patterson and Flint (1990) who postulated
that chemical control could be adversely affected if additional CO2 resulted in greater root,
rhizome, or tuber growth, because each below-ground structure could give rise asexually to a
new plant.
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Figure 8.4 We are not clear why invasives would show a strong response to carbon dioxide, there may be a number
of mechanistic explanations. However, in the case of Canada thistle, below-ground production (root biomass) appears
to be a strong responsive sink when additional carbon dioxide is given. In this experiment, the ratio of elevated to
ambient represents the growth of shoots (above ground) and roots (below ground) biomass at current and current
+250 ppm CO2.

Even among pernicious weeds, Canada thistle is well known. According to state
noxious weed lists, it was the most troublesome weed in North America in 2000
(Skinner et al., 2000). One possible source of the weed? From hay brought in to feed
the horses of General Burgoyne as he invaded the upper Hudson Valley from Canada
during the Revolutionary war. Although Burgoyne was eventually defeated at the battle
of Saratoga in 1777 (above), the presence of the weed prompted farmers to speculate
that the British general had brought it with him from Canada, hence—Canada thistle.
(In Australia, the same plant is known as California thistle, since many Australians
believe it came from California.) How bad a weed is it? The first record of weed control
legislation in the United States was for Canada thistle in 1795 in Vermont, four years
after it became a state.
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Table 8.1 Averages and the level of statistical significance of the one-way analysis of variance for CO2

concentration (380 or 630 µmol mol−1) effects on above-ground biomass for weed species associated with
field-grown Round-up ReadyTM soybean with and without applications of glyphosate (+Gly or –Gly) in
2003 and 2004

Averages Level of significance

Weed type 380 630 +Gly –Gly CO2 effect Gly effect Gly × CO2

2003
C4 grasses 138.1 128.3 0.0 266.1 ∗∗∗

2004
C3 broadleaf 48.3 303.9 18.5 333.7 ∗∗∗ ∗∗∗ ∗∗∗

C4 broadleaf 166.1 257.1 0.0 423.2 ∗∗∗

C4 grasses 157.1 23.3 0.5 179.8 (∗) ∗

See Ziska and Goins (2006) for additional details.
Data are g/m2. Note that a significant interaction between CO2 and glyphosate was observed in 2004 due,
in part, to the large growth stimulation of C3 weeds.
(∗) P < 0.10; ∗ P < 0.05; ∗∗ P < 0.01; ∗∗∗ P < 0.001.

Environmental

Little field-based information is available regarding climatic change and herbicide efficacy.
We have previously described how plant communities and the distribution of C3 and C4

weeds could change as a function of extreme precipitation (Ziska and Goins, 2006). In that
experiment, we removed and mixed the top 20 cm of soil from a fallow agricultural field at
the end of each growing season in order to obtain uniform distribution of the weed seed bank.
We then exposed a portion of that soil each year to elevated (250 ppm above ambient) CO2

to determine possible changes in weed species associated with field-grown Round-up Ready
soybean with and without applications of glyphosate (Ziska and Goins, 2006). Unexpectedly,
precipitation shifted dramatically between years, with a record year in 2003 (highest since
1895), followed by a near normal year in 2004. Interestingly, precipitation itself was a strong
selection factor for weed populations, with only shallow rooted weedy grasses able to grow
in the anoxic environment created by the record wet year. Most of these weedy grasses were
C4, and elevated CO2 did not affect biomass or physiology, so no interaction was observed
between CO2 and glyphosate (see Table 8.1). However, when precipitation was near normal
levels the following year, a range of different weed species including C4 broadleaf species and
grasses as well as C3 broadleaf weeds germinated and grew. Increased CO2 affected broadleaf
weeds, stimulating their growth, and making herbicidal (glyphosate) control more difficult.

This study, while preliminary, suggested that the environmental factors that influence the
composition and rate of growth of the weed community will also indirectly impact chemical
efficacy. For example, chemical efficacy was unaffected by CO2 in a rainy year that favored the
growth of C4 grasses. If, in fact, CO2 effects on herbicide tolerance are associated more with
C3 species (e.g., Ziska et al., 1999), then any environmental factor that alters the ratio of C3

to C4 weeds (e.g., light and nitrogen deposition) could result in differential herbicide effects.
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Should We Worry?

Given the remarkable effectiveness of herbicides, is it necessary to be concerned about any
potential exacerbation of weed damage from climate change? After all, many of the most
widely used herbicides are effective at low dosages, easy to apply, and, in a number of cases,
are applied to crops that have been genetically engineered to be tolerant of the herbicide.
One can argue therefore, that even if weeds are more of a nuisance in a warmer, wetter (or
drier), higher CO2 world, so what?

There are a number of implicit assumptions in this argument. The first assumption is that
climate and or CO2 will be independent of any change in chemical efficacy. While there is
a great deal of uncertainty regarding the mechanism, a number of studies show that climate
and/or CO2 can influence (in many cases, negatively) the overall efficacy of the chemical
applied. Although the mechanism(s) associated with the change in efficacy are not completely
understood, there are a number of physiological and environmental factors associated with
climate change that are likely to reduce our ability to control weeds by chemical means. It
can be argued that CO2 or climate-induced changes in chemical efficacy are irrelevant given
the rate of atmospheric CO2 increase (i.e., other, better, herbicides will be developed in the
future). However, we would stress that herbicide use can persist for decades. For example,
2,4-D has been in widespread use since 1950, coinciding with an approximate 20% increase
in atmospheric CO2 (315–384 ppm). Also, at present, a number of commercial ventures
have a financial interest in developing genetically modified crops specifically tolerant to a
given herbicide. Consequently, the use of these associated herbicides (e.g., glyphosate) could
continue over long periods.

Or, it may not. The second assumption is that the efficacy of these herbicides will continue
in the future as in the past. However, the ease and simplicity of herbicides such as glyphosate
carries a long-term cost. That is, greater usage over larger areas increases selection pressure
and increases weed resistance to the herbicide. Selection pressure and altered populations
are, of course, the cornerstone of evolution; familiar to anyone in the medical community
who has encountered antibiotic resistance. How quickly is such resistance spreading in weed
species? To get a sense of this, the weed science society of America keeps track of herbicide-
resistant weedy biotypes, by weed, by mode of action of the herbicide, and by other categories
(www.wssa.gov). Perhaps most illuminating is the current global distribution of weeds that
are resistant to one or more herbicides, shown in Figure 8.5.

One final assumption is that any increase in herbicide application as a management tool
to control additional weed impacts related to CO2 and/or climate may ignore long-term
environmental costs. We would argue that increased use of herbicides, or any pesticide,
to compensate for reduced efficacy will carry a public health risk (see Chapter 7). Such
an environmental risk is likely to be exacerbated if, in fact, the easy to use, low-toxicity
herbicides are indeed the first to develop resistance in the weed population, since this
could increase reliance on less-used, more toxic chemicals. There is also an economic
cost associated with changes in the frequency of application or increased concentration of
the herbicide. Indeed, from an economic perspective, any increased profits associated with
elevated CO2 and/or temperature could be negated by additional costs of weed control (Ziska
and Goins, 2006).
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Distribution of herbicide-resistant biotypypes

Resistant weeds
by # biotypes

     41+        (1)
31–40         (3)
21–30         (2)
16–20         (3)
11–15         (5)
  6–10        (8)
    2–5      (11)
        1       (20)
       0     (164)

Figure 8.5 From weedscience.com, the distribution of herbicide resistance in weedy biotypes by country. The overall
number of weed resistance biotypes has increased 6× since 1980.

Georgia as a Test Case

For much of the southeastern United States, extreme drought was observed from 2005
to 2007. In addition, for Georgia, the incidence of glyphosate-resistant Palmer amaranth
increased markedly from one county in 2004 to ten counties as of 2007 (Culpepper et al.,
2008a). Palmer amaranth is a significant or troublesome weed in cotton, with two plants per 6
m of row reducing yield by up to 23% (Culpepper et al., 2008a). Can the response of growers
to the combination of climatic extremes and increasing herbicide resistance provide some
insight as to how farmers could adapt chemical management to meet these new challenges?

The challenges have been met, in part, by implementing what has been termed, “Herbicide
Resistance Management.” This includes such practices as slowing the spread of glyphosate
resistance by rotating with conventional cotton cultivars (i.e., no glyphosate application),
increased crop rotation, use of herbicides with different mode of action, less reliance on
preplant herbicides (because little moisture has been available to move the herbicide into the
soil), and increased use of other, nonchemical means to control weeds, including mechanical
tillage and hand-pulling (Culpepper et al., 2008b).

Future Management

As there is no one means by which CO2 and climate will alter herbicide efficacy, there
is probably no one strategy for chemically managing weeds in the future. If CO2 and/or
temperature shorten the seedling stage (i.e., time of greatest herbicide sensitivity), then earlier
spraying may be an option; however, earlier spraying could also result in weed regrowth prior
to canopy closure. Alternatively, increasing efficacy of surfactants, or other chemical carriers
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of the herbicide, could increase the ability of the active ingredient to be absorbed even
under high wind or rainfall conditions (Froud-Williams, 1996). One promising adaptation
strategy may be to build upon existing environmental/herbicide performance profiles such as
those described by Coupland and Caseley (1981) and Coupland (1983) for quackgrass and
glyphosate, but to include CO2 and temperature profiles for herbicide efficacy as a function
of crop–weed associations (Archambault et al., 2001).

Summary

Given the economic and environmental harm caused by weeds, one of the fundamental
objectives of weed biologists is to manage destructive weed populations in order to minimize
their impact. In developed countries, chemical application remains the principal means of
management. In this chapter, therefore, we have focused on the history of herbicides, their
methods of application, their characteristics, particularly their physiological mode of action,
and the biotic and abiotic factors that are known to influence their efficacy. In addition,
we have examined, both from a theoretical and practical perspective, how CO2 and climate
affect that efficacy. For those data that suggest a reduction in effectiveness, primarily with
rising CO2 levels, we have offered several (as yet untested) possible mechanisms. Looking
forward, chemical control practices may need to change to cope with emerging challenges
related to increasing herbicide resistance and extreme variation in climate parameters (e.g.,
drought). Adaptation of herbicide management to these challenges deserves more time and
attention than it has received. In the following chapter, we will continue our examination
of weed management in the context of climate change, focusing on nonchemical control of
weeds, including cultural, mechanical, biological, and integrated forms of control.
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9 Weed Management: The Rest of the Story

“Free Weeds . . . [You] Pick ‘Em”
Anonymous

Introduction

Herbicides have, from the land manager’s perspective, a number of desired traits, including
ease of use, effectiveness, and cost. However, as pointed out by Ross and Lembi (1999),
the widespread availability and use of chemical control has led to the mistaken impres-
sion that effective containment of weeds can always be achieved after the weed has been
introduced. This idea is synergistic with another concept, that of “economic threshold”;
that is, weeds are fine until they begin to impact the economics of the land in question.
Yet, there are a number of other, nonchemical weed management strategies, that are de-
signed to prevent the initial introduction of the weed, identify the weed once it does occur,
and cultural, mechanical, and biological methods to manage, or if possible, eradicate, the
weed. As herbicide resistance becomes more prevalent, these alternative strategies, either
singly or in combination, may become more efficacious with respect to long-term weed
management.

In this chapter, we will examine these weed management strategies including a more in-
depth analysis of prevention, identification, and nonchemical control (cultural, physical, and
biological) as well as a discussion of integrated weed management. While we will present
a traditional analysis of such practices, we will also discuss those physical and biological
features associated with CO2 and climatic change, examine how they could affect nonchem-
ical weed control, and provide suggestions for how these impacts could be incorporated into
future research efforts.

Prevention

The purpose of preventive management is to stop the introduction of a given weed species
(via seed or vegetative means) into any area where it has not previously occurred. In many
instances prevention is not imposed by scientific application but by legal means. For example,
quarantines are imposed to isolate and limit the spread of a number of noxious or invasive
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weeds, weeds that are recognized as having a significant impact on plant communities even
at low populations. Laws associated with quarantines are applied to all systems associated
with transport whereby such seed could be spread, including soil, mulches, produce, and
farm equipment. These laws may extend to seed certification to ensure seed purity for crops,
or lack of weed seed for hay and forages. There may be laws that require eradication of
certain weeds, where they appear on land that is privately or publicly owned.

At the national level, the Federal Noxious Weed Act (passed in 1975) was de-
signed to prevent weeds from becoming established in the United States and has al-
lowed USDA inspectors to turn back imports that harbor noxious weeds. The Federal
Interagency Committee for the Management of Noxious and Exotic weeds (FICMNEW,
www.fs.fed.us/ficmnew/index.shtml), a formal partnership between 16 federal agencies, was
designed to coordinate regulatory and control efforts to manage invasive plants across the
United States by developing and sharing scientific and technical information.

Unfortunately, there is not always agreement among policymakers at the State or Federal
level as to what constitutes a significant weed threat. The USDA’s Natural Resource Conser-
vation Service (NRCS) maintains the PLANTS database (www.plants.usda.gov) which is a
primary resource for helping private and public landowners in detecting invasive weeds. A
search of the plant’s database reveals that field bindweed, while considered a noxious weed
in 22 states, is not considered a federally noxious weed, nor is purple loosestrife; whereas
Melaleuca, Melaleuca quinquenervia, is considered a noxious weed by eight states and the
federal government. While this piecemeal approach reflects isolated species introductions,
it seems inadequate to reflect the rapidly changing nature of global trade; increasing glob-
alization intensifies the need for a coordinated response among federal and state agencies.
In addition, increasing trade should be viewed in terms of changing vulnerabilities; weeds
that heretofore had not been suitable for certain areas based on their former climates may
now (or soon) pose a different threat level when introduced. For example, inferred climatic
tolerances of invasive weeds in the western United States suggest areas of potential range
expansion and contraction under climate change (Bradley et al., 2009).

Detection

Rapid detection of a given weed may not be necessary if a weed establishes slowly and
persists indefinitely at low populations. Most growers and land managers recognize that
some weed species are common, but do not pose an immediate threat. However, with
increasing recognition that invasive or noxious weeds may pose a significant risk even at low
populations, and awareness that the number of herbicide-resistant weeds is increasing, the
idea that weeds do not pose a serious danger until they reach a given economic threshold
is being questioned. Given the fecundity of many weed species, a single plant is capable of
establishing a large population in a short period. If, for example, a few herbicide-resistant
Palmer amaranth plants are not detected (see previous chapter), this may result in a significant
increase in weed management costs. Therefore, information regarding spatial and temporal
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changes in such weed populations can be essential for early detection and rapid response
(EDRR).

The EDRR concept has become a fundamental practice of the USDA’s Animal Plant
Health Inspection Service (APHIS), NRCS, and US Forest Service efforts to detect and
respond to invasive species (including weeds, pathogens, and insect pests). Much of the
early detection for agriculture occurs at the state or county level with extension programs
and/or staff in the state departments of agriculture or natural resources who are responsible
for identifying and reporting the appearance of invasive species. For example, the first
detection of Asian soybean rust in the United States occurred on an LSU Agricultural Center
Research Farm in the southern part of East Baton Rouge Parish. Within days of confirmation
the Louisiana Department of Agriculture and Forestry, and APHIS plant protection and
quarantine teams had sampled soybean and kudzu plants in a 100-mile radius of the original
discovery (see USDA Public Soybean Rust Web site, www.sbrusa.net). Mode of entry into
the United States was uncertain; however, the distribution pattern of the disease in South
Louisiana and Mississippi, and the interval between Hurricane Ivan and detection, suggested
that the spores may have been transported from South America by this storm. In addition
to any role climate may have played in transport, additional interest has been generated in
detecting and mapping kudzu populations, since kudzu is a carrier of the disease. In this
context, climate change is a consideration since kudzu establishment is regulated, in part,
by thermal minimum temperatures (Sasek and Strain, 1990), and the recent change in plant
hardiness zones associated with global warming suggests a northward migration of kudzu
(Figure 9.1).

Efforts to combat invasive plant species (IPS) in natural areas are being enhanced by a num-
ber of empirical models (for a partial listing of available models, go to http://invasivespecies.
nbii.gov/models.html). Briefly, these models fall along three broad categories: (a) Models
that estimate a species’ climatic tolerances based on its geographical range native and intro-
duced habitats and identify additional areas with potentially suitable climates (e.g., CLIMEX;
Sutherst et al., 1999); (b) evaluation of common biological traits among organisms known
to be invasive; and (c) a “risk-assessment” approach that evaluates intrinsic and extrinsic
factors related to potential introduction and success of a given species (e.g., Rejmanek,
2000).

Detection efforts are also being aided by a number of scientific tools. For example,
Gerhards and Christensen have employed real-time weed detection in sugarbeet, maize, and
winter wheat using computer analysis of global positioning system data and digital images
from cameras mounted on sprayers in the field (Gerhards and Christensen, 2003). Remote
sensing offers an additional tool to detect the occurrence of invasive species (e.g., Lawrence
et al., 2005; Parker-Williams and Hunt, 2004), particularly invasive plants. However, there
is some concern regarding whether such techniques are sufficiently sensitive to detect weeds
at low population densities (i.e., detection may not occur until a large population is already
established). There is currently an effort underway to link predictive temporal geospatial
models with remote sensing to improve performance in regard to climate change and the
appearance of invasive species (e.g., Graham et al., 2008).
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Figure 9.1 Current and projected change in the number of days below −20◦C has been shown to be a key factor in
the establishment and persistence of kudzu, an invasive perennial weed that is also a host of Asian soybean ruts. (Data
courtesy of Katharine Hayhoe, Texas Tech University.)

Physical Control

By Hand

For the large majority of global farmers (250 out of 350 million), hand pulling or hoeing
remain the primary methods of weed control (Hill, 1982; Melander et al., 2005; Figure
9.2). Weeding by hand accounts for up to 60% of the total preharvest labor input in the
developing world (Webb and Conroy, 1995). Hand pulling may be particularly efficacious
when a known noxious weed first appears, or if the area is small or if the crop is of high



P1: SFK/UKS P2: SFK

c09 BLBS066-Ziska October 13, 2010 17:55 Trim: 244mm X 172mm Printer Name: Yet to Come

WEED MANAGEMENT: THE REST OF THE STORY 167

Figure 9.2 Hand weeding of Kharif (wet season) rice in Uttarakhand, Indo-Gangetic Plain. (Photo courtesy of Dr.
David Johnson, International Rice Research Institute.)

value. Small populations of weeds that are known to be, or are becoming herbicide, resistant
should also be removed by hand or hoe. However, depending on farm size, and the degree of
infestation, hand pulling may not be a viable option because of time and/or cost. In addition,
perennial weeds, which may regrow from below-ground structures, will require multiple
visits.

Mowing

Mowing can be an effective means of weed control for perennials if done repeatedly. It is
useful for small spaces (such as your front lawn), provided the growing points of the plants
in question are above the cutting surface. Those plants with meristems below the cutting
surface (e.g., plantain, dandelion, most grasses) will not be affected. Warmer climates, more
CO2, and greater precipitation could, potentially, increase overall plant growth and increase
mowing frequency.

Tillage

If farm mechanization is available, tillage is almost certain to occur. Tillage is a form of me-
chanical control by tractor cultivation using a given implement to manage weed populations.
Tilling a field controls weeds by burying seedlings, physically tearing shoots from roots,
stimulating germination inducing seed desiccation, or by forcing perennial weeds to utilize
stored reserves. Tillage may also break up and aerate soil, prepare seed beds and thin crops
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to a desired density. Tillage can vary from primary (initial, usually deep, break-up of soil at
the beginning of the growing season) to secondary tillage (usually lighter passes less than
10 cm). The type of implement (e.g., disc plow, harrows, sweeps, knives, and brush-rakes)
depends on a number of factors including soil type, crop, acreage, and the degree of mech-
anization (animals or engines). Tillage may be particularly effective in controlling weeds
between rows, less so for perennial weeds, or weeds within rows, particularly if the weed
resembles the crop.

Different types of tillage exist, usually classified by the degree to which tillage is used.
For example, there is a distinction between conventional, minimum, and no-till systems.
Reductions in tillage help to reduce energy and labor costs and to conserve soil. However, as
tillage is decreased, greater use of herbicides may be necessary in order to achieve satisfactory
weed control. A more comprehensive and detailed review of tillage and mechanical weed
control is given in texts by Ross and Lembi (1985), Zimdahl (1993), and Vincent et al.
(2001).

There are several means by which climate and CO2 could affect tillage. Crop plants
may be stimulated by greater CO2, resulting in a faster time to vegetative cover, but less
time for mechanical tillage. Precipitation extremes of drought and flood can also limit field
operations. Climate or CO2 induced increases in seed production and germination discussed
in Chapter 1 may also result in enhanced tillering. Finally, it has been suggested that rising
CO2 levels could result in further belowground carbon sequestration, particularly in roots,
or in rhizome growth of perennial weeds, with subsequent increases in asexual reproduction
(e.g., Rogers et al., 1994). Data for invasive weeds are consistent with this hypothesis,
indicating a significant increase in root to shoot ratio for four of five invasive species with
twentieth century increases in atmospheric carbon dioxide (Ziska, 2003). If greater below-
ground growth for these weeds results in greater asexual reproduction, this would have a
negative effect on tillage since this type of control would increase weed spread. For example,
as noted in the previous chapter, Canada thistle allocates greater carbon from rising CO2 to
roots over shoots. Disking such a weed grown with elevated CO2 would result in the rending
of the overall root system and a significant increase in the number of potential Canada thistle
seedlings.

Fire

Equipment can be attached to tractors or other vehicles that can be used to flame or heat
weeds in managed crop systems as a means of control. The control is particularly effective if
the crop has a thick or woody stem and is less susceptible than the herbaceous weed (e.g., in
cotton management). Flaming has a greater degree of effectiveness for plants between rows,
or in border areas (e.g., near irrigation ditches). However, as energy costs increase, or during
droughts, flaming may either be economically or environmentally prohibitive.

Chaining

The use of a heavy chain dragged between two tractors is an effective means to clear brush
and small trees and has been particularly effective in rangeland management as a means to
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promote the growth of annual grasses. Chaining is usually most successful if soils are light
and the topography is relatively level.

Interestingly, evidence from Morgan et al. (2007) supports an earlier hypothesis (Polley
et al., 1997) that incursion of woody plants into grasslands around the world may be as-
sociated with the increase in atmospheric carbon dioxide and the selection of C3 shrubs
over C4 grasses. Encroachment of shrubs and other woody perennials into grasslands has
consequences for the efficacy of chaining and other methods of vegetation management in
rangelands.

Cultural Control (Farm Management)

Flooding

Although flooding can be used as a means of physical control, primarily by land managers
who wish to eliminate a stand of weeds by maintaining flooded conditions, it is, on a global
basis, one of the most effective nonchemical means to control weeds culturally in rice
(paddy) systems. Rice is the staple food for much of the global population, particularly in
poor countries. Weeds, in turn, are recognized as the major biological constraint for rice
production worldwide (Rosenzweig and Hillel, 1998). Flooding can improve soil chemical
conditions and imposition of an anaerobic environment prevents the establishment of many
weed species. Because of the importance of rice in food systems, and the impact of weeds
on rice production, the imposition of flooded conditions is one factor that allows paddy or
irrigated rice to achieve the highest yields among rice systems (e.g., upland, rainfed; Watson,
2002).

Because of the importance of water in rice production and weed control, declining water
for irrigation is likely to have significant effects not only on paddy rice production, but
also on how rice is grown. In Asia, for example, competition for fresh water between cities
and rural areas has increased the cost of water delivery. Rivers such as the Indus, Ganges,
and Brahmaputra have supplied a perennial source of water for rice irrigation. Over the
coming decades, climate change is anticipated to affect water supply through its impacts on
glacial runoff, or by reducing the level of snowpack (Kerr, 2007). The initial effect would
increase water supply; that is, with melting, water availability will increase, starting earlier
in the spring, and the likelihood of flooding will increase. As the snowpack diminishes, less
water will be available. Increasing severity of droughts, particularly as part of increased
desertification globally (IPCC, 2007), is also likely to affect water supply (Figure 9.3).

As water becomes less available, water management for cultural weed control can adjust.
For example, rather than transplanting rice into flooded conditions, water savings can be
achieved if the field is flooded after the rice crop is sown directly and has reached a certain
size. However, in these direct-seeded systems, postemergent weed control is necessary in
order to keep weed populations low. In flooded systems, only a handful of weeds, usually
those that are tolerant of anaerobic conditions, and resemble the rice plant in the seedling
stages (e.g., barnyardgrass) are competitive. This is why flooding is, and has been for
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Figure 9.3 Extent of drought in Australia. Climate change is projected to lead to longer and more severe hear waves,
droughts and, paradoxically, heavy rainfall events. This will have implications with respect to using flooding as a means
of weed control.

millennia, a successful weed control system in rice. Aerobic rice systems, wherein the crop
is established via direct-seeding in nonflooded fields, can reduce the costs of labor and water.
However, rice is not a good competitor with weeds at the seedling stage and aerobic systems
are subject to much higher weed pressure than conventional paddy rice (Singh et al., 2006).

Mulching

Any material spread on the surface that can exclude light can prevent weed seed germination
and manage weeds effectively. However, mulches, because of cost, are usually utilized in
small areas (e.g., gardens) or for high value crops (e.g., strawberries). Mulching material
usually is a natural or man-made substance sufficiently opaque to prevent light from reaching
the soil surface, and thick enough to prevent seedling emergence. Examples of effective
mulches include straw, sawdust, wood chips, grass clippings, black plastic, and shredded
paper. Mulches when used effectively, may also increase soil temperature and conserve
water for desired plants.

Living mulches (cover crops or green manure) can also be an effective weed management
technique. In these systems, two or more plant species are grown simultaneously. Unlike
intercropping where two crops are grown simultaneously, the concept of living mulch is
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associated with managing row crops in an established plant cover as a means to minimize
bare soil and prevent weed seed establishment. The plant cover in turn can be grown as a
monoculture or with the cash crop. Such a system has multiple influences including altering
temperature, increasing nitrogen (if a leguminous cover crop is used), altering the movement
of water, nutrients, and chemicals, improving soil structure, and reducing the establishment
and presence of a number of weedy species (Teasdale et al., 2007). The principal disadvantage
is the reduced yield from the cash crop as a result of increased competition. As such, a number
of cover crops need to be managed carefully to avoid yield reductions. If the cover crop and
cash crop exploit different aspects of the soil system (e.g., shallow and deep roots), then little
competition usually results (e.g., grass in orchards).

Rising CO2 and/or climate change could alter the effectiveness of mulches in a number of
ways. Generally, mulches are less effective against perennial weeds. That is, food reserves
in below-ground structures can permit the growth of perennial plants through even thick
mulches. Greater below-ground structures and food reserves with elevated CO2 may make
perennial weeds even more resistant to control by mulches (e.g., Canada thistle). CO2-
induced changes in weed seed production or seed size could also change the effectiveness
of mulches. Similarly, increasing climatic extremes could accelerate mulch degradation over
time. Conversely, mulches may help to conserve soil during drought, or to help modify
temperature extremes, thereby favoring crop over weed species.

Crop Competition and Rotation

Management practices that can help the crop to outcompete the weed can be another useful
strategy for weed control. For example, selection of crop lines that are well adapted to a
specific set of environmental conditions and that rapidly grow a closed canopy can help
prevent weed establishment. If a crop is slower in development, than row spacing can be
narrowed to accelerate canopy closure. Other management practices related to planting times,
optimum water, and fertilizer use, control of insects, and pathogens, etc., can all contribute
to a healthy and vigorous crop stand, with minimal weed competition.

One cultural practice can be especially effective in weed management. The practice of
crop rotation, of growing different crops on the same land, from year to year remains a
very effective means of weed control. Because many of the most pernicious weeds in any
cropping system are those that simulate the life cycle of the crop with respect to emergence,
growth pattern, seed dispersal, etc. (e.g., rice and red rice), alternating crops can prevent the
accumulation of weed populations that are effective competitors with a given crop species.
The more dissimilar alternating crops are with respect to their biology, the less opportunity
any individual weed has to become dominant within the weed seed bank. Crop rotation can
also allow the use of herbicides or other types of weed management if populations of a given
herbicide-tolerant weed become common.

An overview of how rising CO2 and climate could alter crop–weed competition has
already been presented (see Chapter 5). Briefly, there is an emerging consensus that weeds
may be better adapted to the kind of rapidly changing environmental conditions represented
by climate change (Franks et al., 2007). In addition, there are a number of management
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decisions that incorporate weed control that may be affected. For example, earlier springs
and milder winters could change cropping dates and agricultural management decisions.
Fertilizer management, water supply, etc., are also likely to be altered. Land managers will
likely be faced with a number of decisions that must be implemented as a means to maintain
adequate weed control, with the increasing likelihood that past management strategies for
crop establishment may be inadequate to control weeds with increasing carbon dioxide and
greater climatic uncertainty.

Allelopathy

Plants (crops and weeds) have been shown in some circumstances to produce secondary
chemicals that can have significant effects on the growth of adjacent plants (Olofsdotter
and Andersen, 2004). An early study by Putnam and Duke (1974) using 526 accessions of
cucumber (Cucumis sativus) demonstrated that allelopathic effects against some weed species
(broomcorn millet and white mustard) could occur. In their study, one accession inhibited
weed growth by 87% and 25 additional lines inhibited growth by 50% or more. Allelopathic
effects have been observed for a number of cereal crops including barley (Overland, 1966),
rye (Putnam and DeFrank, 1983), rice (Dilday et al., 1998), and wheat (Wu et al., 2000).

Although a number of different plant parts are capable of allelopathic effects, those that are
produced in roots or shoots are thought to have the greatest potential value (Putnam, 1985).
Although some evidence has suggested that plants may release chemicals directly (e.g.,
Vivanco et al., 2004) and that this may be part of the mechanism to explain the increased
competitive ability of invasive weeds such as spotted knapweed (The “Novel weapons
hypothesis”), other researchers have disputed such a role (Duke et al., 2009). At present, the
most efficacious means to which allelopathic effects have been employed by land managers is
by utilizing residues from known allelopathic plants as mulches prior to planting of the cash
crop. For example, wheat or rye can be grown prior to another crop, and following harvest,
straw residue may contribute to allelopathic weed control. Management should include a
no-till system to allow the residue to remain in sufficiently high concentration, and care
should be taken to avoid any allelopathic effects on the crop. In addition, breeding strategies
for increasing allelopathic ability of crop plants and efforts to increase our knowledge
of the genetic and molecular basis of allelopathy are needed (Olofsdotter and Andersen,
2004).

Changes in temperature, precipitation, and climatic variability are likely to indirectly influ-
ence allelopathy by altering rates of decomposition. Because of the cellular and biochemical
impacts of carbon dioxide concentration, a reduction in the ratio of carbon to nitrogen
with plant material is often observed in response to rising CO2 levels (e.g., Bazzaz, 1996;
Drake et al., 1997). The change in C:N ratio may also affect the concentration of secondary
chemicals such as lignin or cellulose. At present, it is unclear if CO2 or climate induces long-
term (multi-year) changes in soil decomposition rates and nitrogen cycling with subsequent
effects on the release of allelopathic chemicals. Also, unclear is whether production of (−)-
catechin, the phytotoxin found in spotted knapweed could also be affected by CO2. That is,
since catechin is a carbon-based compound, its concentration could increase as atmospheric
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carbon dioxide increases, stimulating the competitive abilities of a widespread invasive weed.
Unfortunately, to date, few studies are available regarding the impact of CO2 and climate on
allelopathy. Shafer et al. (1998) reported no effect of rising CO2 on competition of tomatoes
via allelopathy (phenolic acid production); in contrast, recent results for the exotic biotype
of Phragmites australis indicated that the gallic acid released by Phragmites is degraded by
ultraviolet light to produce another toxin, mesoxalic acid, which destroys structural proteins
in the roots of susceptible plants (Rudrappa et al., 2009).

Biological Control

Biological control is the planned introduction of natural enemies to lower the population level
(or competitive ability) of a weed species (or other pest) to levels that no longer represent
an economic or environmental problem. The goal is not to eliminate the pest altogether,
since a small number of weeds should be available to maintain the control agent, but to keep
populations low enough so that they do not represent a threat to human interests.

Advantages and Disadvantages

Biological control can represent a low-cost, permanent strategy, because once the biocontrol
agent is released, it is self-perpetuating and control will continue without human intervention.
This differs from chemical weed management, which demands continuous control of the
weed population (Figure 9.4). In addition, there are no residues, or long-term chemical
release into the environment. Costs may be high initially, but are nonrecurring, and once
established no additional costs may be necessary. In addition, biocontrol agents may be able
to control a weed over large areas without the use of pesticides.

There are, however, a number of limitations and potential drawbacks to biocontrol. There
is a lag period before the biocontrol agent is effective; consequently, this technique is not ap-
propriate for any immediate weed threats. If applied early in the growing season, biocontrol
agents are ineffectual, because the weed population(s) may not have built up sufficiently;
yet, early competition from weeds during this time may be associated with the greatest yield
losses. In addition, biocontrol must be highly selective since any control organism may not
be able to distinguish between related plant species. Release of a biocontrol agent without
adequate background research and proper precautions can result in the release of a new,
potentially devastating pest (e.g., the cane toad, a disastrous case of biocontrol gone awry
in Australia). Zimdahl (1993) gives the example of artichoke thistle (Cynara cardunculus),
a weed in California that is also related to commercial globe artichokes (also Cynara car-
dunculus; Marushia and Holt, 2008). In this instance, any biocontrol agent introduced to
control the wild relative would also damage the commercial subspecies. Because specificity
of the control agent is so critical, screening of potential agents requires a great deal of time
and expense. Hence, biocontrol agents target single weed species and are not effective as
broad-scale management tools in crop production, where a number of weeds are usually
present.
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Figure 9.4 Theoretical construct of weed management over time for chemical and biological applications. Although
biological control may not be immediate, if successful, it may result in weed populations that remain below an economic
or environmental impact threshold over time.

Techniques

There are three techniques of biocontrol based on DeBach’s definition of biocontrol as
applied by McFadyen (1998) to weeds. These techniques include: (a) “conservation,” the
protection and inducement of existing populations of organisms thought to have the potential
for biocontrol; (b) “augmentation,” the practice of introducing biocontrol agents (usually
native) after concentrating their numbers; and (c) “classical biocontrol,” the importation and
release of exotic biocontrol agents. The latter is the basis for most biological weed control
currently practiced, whereas conservation is hardly used (McFadyen, 1998).

For augmentation biocontrol, agents such as fungi or insects are manipulated to pro-
duce large quantities. The organisms are concentrated and/or packaged and then introduced
into the environment when conditions are most favorable for biocontrol. This approach has
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achieved some commercial success, most notably in the use of fungi usually sold as dried
spores with appropriate rewetting agents (e.g., mycoherbicides such as “Collego”). However,
while such mycoherbicides may have value in controlled environments, their storage and
efficacy requirements make them unsuitable for field conditions (Jackson et al., 1996). Few
examples are available that describe the ability or use of native insects for control of indige-
nous weeds. McFadyen (1998) cites both the timed release of mealy bugs in Australia and
South Africa to control Cacti, and the release of the weevil Cyrtobagous salviniae to control
floating fern salvinia (Salvinia molesta) in Australia. Overall, however, the use of augmen-
tation as an economically viable alternative to other forms of weed control remains largely
unproven.

At present, classical biocontrol represents an economical and permanent solution when
a single weed species poses a major threat and a biological control agent is available. This
approach has particular appeal for noxious or invasive weeds that may be spread over a large
geographic area. Such weeds may, in fact, be characterized by the lack of natural enemies in
their introduced habitat (see Chapter 6). Hence, the transportation of biological antagonists
from the weed’s original range to the introduced habitat may act as a very effective means of
control. Care must be taken, however, to prevent a possible shift in preferential food sources
from such an antagonist; that is, any biocontrol agent must be specific to the weed to be
controlled, unable to harm desirable plant species, able to survive for long periods of time,
and not limited by new enemies in the introduced environment.

Insects have, in a number of cases, provided successful biocontrol of terrestrial weeds.
Examples of effective control include the management of prickly pear cactus in Australia
in the 1930s through the introduction of the moth borer (Cactoblastis cactorum), the uti-
lization of the French chrysomelid leaf beetle (Chrysolina quadrigemina) for control of
St. John’s wort in western rangelands, and the ability of the South American flea beetle
(Agasicles hyrophila) to keep alligator weed in check in the southern United States. In some
instances, control can be achieved with multiple insects as with tansy ragwort, a poisonous
weed (Pemberton and Turner, 1990). Research has also been ongoing regarding bacteria and
fungi for weed control; however, localized damage rather than widespread control seems to
be the result (Ross and Lembi, 1999). Overall, there are numerous efforts currently underway
to develop biocontrol of a number of noxious and invasive weed species including kudzu,
garlic mustard, purple loosestrife, etc. (www.invasiveplants.net). In many cases, initial bio-
control agents achieve, at best, modest reductions in reproduction of target species, and so
multiple agents are introduced over time.

Classical biocontrol may also involve the judicious use of grazing animals (Ross and
Lembi, 1999). Geese, goats, cows, etc. have been successful in controlling weeds in some
environments. White Chinese geese have been used for grass control in orchards, vineyards,
and in some row crops. Geese consume immature grasses and nutsedges and will even prefer
large bermudagrass and johnsongrass plants. Cattle have been used to control johnsongrass
in fescue pastures, goats have been used to control kudzu; fish (the grass carp, Ctenopharyn-
godon idella) can be used to control hydrilla. The use of grazing animals requires that the
animal not be indiscriminate in their feeding, that is, they cannot be turned out and left to them-
selves; rather, certain husbandry techniques need to be utilized for effective management.
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Essential management includes supplemental feeding for essential nutrients, fencing, herd-
ing, and sheltering, as well as protection from predators and some degree of health care.

Impact of CO2 and Climate Change on Biocontrol Efforts

Any plant community represents a multitude of above- and below-ground animal, insect,
plant, and microbial interactions. As climate changes, species are likely to respond differ-
entially. However, the use of biocontrol agents (e.g., insects) is dependent on synchrony
between various aspects of the plant community. Temperature is a significant abiotic factor
in insect ecology and distribution, and a number of studies have shown that earlier springs
and warmer temperatures have already altered the geographic range of a number of insect
species as well as plant–insect interactions (Montaigne, 2004; Parmesan, 1996; Singer and
Parmesan, 1993; Walther et al., 2002). If temperature expands the range of biocontrol agents,
this could bring them into contact with other potential plant hosts present at distant locations.
This has been suggested by Cannon (1998) who examined the spread of insects in north-
western Europe and the implications for insect invasions in the United Kingdom. While not
specific to insects per se, it is worth noting that insect herbivory has increased sharply during
previous geological warming periods (Currano et al., 2008). A major concern of climate
change therefore involves the timing, presence, and activity of natural or introduced enemies
of pernicious weed species. For example, if overwintering of introduced insect populations
occurs with warmer winters, but the host weed becomes dormant, this will reduce the survival
rates of the insect. Similarly, if the ranges of the host weed and introduced insect vary as a
result of fluctuating temperatures, this will have ramifications for the efficacy of biocontrol.

As previously discussed, atmospheric CO2-induced changes in plant metabolism at the
leaf level are likely to include increased C:N ratios, altered concentrations of defensive
compounds, changes in carbohydrate and fiber content, and increased water content. At the
whole plant level, CO2-induced changes in allometry and phenology are evident, including
time to flowering, flower number, and even pollen production (Springer and Ward, 2007).
These changes are likely to alter biocontrol efforts by either altering the feeding behavior
and/or fecundity of the bioagent or by altering plant defenses. For example, an increasing
C:N ratio in leaves at elevated CO2 may increase insect feeding rates, but decrease overall
fecundity (Coviella et al., 2002; Fajer et al., 1989). CO2- or climate-induced increases in
the toxicology of secondary plant compounds may also complicate weed removal by large
animals.

Integrated Weed Control

As sometimes occurs, different weed management techniques can conflict with each other.
For example, wood boring insects help control mesquite by increasing their flammability.
In contrast, flammability of mesquite is reduced by herbicides that defoliate the tree (Zim-
dahl, 1993). Integrated pest management (IPM), or integrated weed management (IWM), is
a concept designed to prevent such conflicts by coordinating all weed management tools.
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It represents a series of monitoring, decisions, controls, and evaluations. First, the action
threshold needs to be determined. That is, at what point does the weed population require
control? Second, not all weeds (or other biological organisms) require control. Many are
innocuous, some may even be beneficial. Consequently, monitoring and identification are
critical so that appropriate management decisions are made if an action threshold is reached.
This requires proper identification and knowledge of both agronomic and IPS as well as map-
ping of weed populations and potential damage. This step can assist in determining whether
herbicide application is necessary. Third, prevention is emphasized, that is, cultural methods
such as rotation, weed-free seed, etc., should be standard practice. Such a strategy is of low-
cost and presents little risk to people or the environment. Once monitoring, identification
and action thresholds indicate that control is required, then a management decision must be
made. Such decisions should reflect knowledge of potential damage, cost, and environmental
impact. Effective, less environmentally risky controls, are then chosen initially, for example,
mechanical or biocontrol if available. Herbicides may be used in targeted spraying. Control
strategies may include a combination of methods to reduce weed populations to acceptable
levels. Broadcast spraying of nonspecific chemicals is considered a last resort. Following
application, evaluations of the efficacy of the control method, its cost, impacts, etc., should
be incorporated into future management decisions.

Changes in climate and carbon dioxide are likely to lead to a myriad of consequences
with respect not only to weeds, but to diseases and pathogens as well. The preponderance
of evidence to date indicates that there is likely to be an overall change in when and
where new insect, pathogens, and weeds will occur. Understanding that some of the current
weed and other pest species are likely to decline, and that new weeds may emerge as
threats should be recognized as a crucial aspect of preparing for and adapting to climate
change. Working to prevent the establishment of new weed species remains a priority for all
landowners.

The flexibility and continuum represented by an integrated pest approach may be par-
ticularly valuable in helping land managers cope with rising carbon dioxide and climate
change. However, there are a number of adaptation strategies to be considered in the context
of CO2 and climate that could increase the overall efficacy of IPM or IWM. For example,
land managers may be able to take advantage of adverse seasonal conditions (e.g., drought)
that could facilitate weed control. Monitoring for population and incursions of new weed
or pest species will be especially critical since weeds and other pests have short generation
times, and may adapt quickly to changing environmental conditions. To this end, efforts
should be made to increase cooperation across political boundaries (cities, counties, states,
and nations) to facilitate early detection of weeds and other pests. If herbicide effective-
ness does diminish over time with rising CO2 and climate, manufacturers and producers
may need to review the efficacy and timing of herbicide application within any integrated
weed management program. Overall, land managers can prepare for the future by planning
for change, utilizing an integrated approach to managing weeds and pests, and anticipat-
ing the additional effort needed to manage traditional weeds as well as to increase efforts
to identify and eliminate the early establishment of new invasive weed species for their
region.
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Summary

Strategies to manage the negative consequences of weed impacts include early detection and
a number of control measures, including physical, cultural, and biological means of control.
While these types of control may not involve the ease of use represented by chemical
applications, there are a number of factors, most notably, environmental concerns related
to soil and groundwater contamination that make alternative means of weed management
attractive even in developed countries. These practices, including chemical use, can be
built into an effective, integrated strategy to control not only weeds, but also other pests
such as insects and disease. As with chemical control, these practices are likely to be
altered by climate change and CO2, and so management strategies must adjust accordingly.
We emphasize the need for greater weed surveillance to prevent establishment, regular
reappraisal of the effectiveness of nonchemical and chemical strategies, exploitation of
environmental extremes as a potential means of control, and greater overall reliance on
integrated management.

In this and previous chapters, we have examined the harm that weeds do and the means
by which we can minimize that harm. The following chapter examines the potential benefits
offered by weeds in the context of changing climate and increasing carbon dioxide.
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10 Benefits from Weeds

“Weeds are flowers too, once you get to know them.”
A.A. Milne

Introduction

One of the most pernicious weeds of riparian landscapes, particularly in the southwestern
United States, is giant reed, or Arundo donax. Much time and effort has been expended in
its control and removal, but even a small vegetative piece floating downstream can establish
itself into a weedy copse growing up to 10 m in height. Yet, Arundo donax exemplifies
the paradox of some weed species in that while particularly undesirable from a landscape
point of view, it is also the plant source for musical reeds for all woodwind instruments
(Figure 10.1).

This illustrates the occasional paradox of what constitutes a weed. As we have shown thus
far, weeds are plants that can do tremendous harm to both the natural and managed envi-
ronment. But from an ethnobotanical perspective, some weeds can, in certain circumstances
and cultures, be useful.

In this chapter, we will explore the current and potential uses of weeds, both in regard to
food and feed, as medicines, their use in agroecosystems, as a means to help control diseases
or insects, in preventing eutrophication and as potential biofuels. We hope to emphasize not
only how climate change may alter their benefits, but also how those specific benefits could
be adapted to or potentially mitigate the impacts of climate change.

Feed and Food

For animals, some weeds can be a valuable source of protein. For example, redroot pigweed,
common lambsquarters, and common ragweed have fiber and crude protein equal to that
of alfalfa hay when alfalfa and weeds were harvested at the same growth stage (Marten
and Andersen, 1975; Temme et al., 1979). Marten et al. (1987) reported similar results
regarding the forage quality of nine perennial broadleaf and grass weeds relative to alfalfa
and bromegrass. A similar study on invasive weeds in Idaho (rush skeletonweed, meadow
hawkweed, houndstongue, sulfur cinquefoil, yellow starthistle, Dalmatian toadflax, hoary
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(a) (b) (c)

Figure 10.1 Picture of Arundo donax: (a) an invasive weed in the western United States. However, Arundo also
supplies material to make single and double reeds (b) for all woodwind instruments. At right (c) Dr. Marguerite Levin of
Towson University plays the bass clarinet. (Arundo photo courtesy of Michael Rauterkus of the University of California,
Riverside; Clarinet photo is courtesy of Dr. Marguerite Levin of the Music Department of Towson University.)

cress, and tansy ragwort) found that these invasive weeds also have forage values similar to
many native plants and could provide reasonable nutrition for livestock (Frost et al., 2008),
although some of these species produce toxins and/or physical structures such as spines that
severely limit their appeal. Kudzu, the archetypal invasive vine, can produce forage that is
high in quality and palatability (Terrill et al., 2009). Kudzu hay may have a crude protein
content of 15–18% and a total digestible nutrient value of over 60% (dry matter basis)
which compares favorably to other leguminous forage hays (e.g., alfalfa). However, there are
some caveats. For example, kudzu quality decreases as the amount of large vines increases
relative to leaves. In addition, kudzu may be difficult to cut and bale as hay because of its
viny growth habit. Overall, it was unclear if kudzu or other invasive species would, in fact,
contain any additional secondary compounds related to actual palatability and/or toxicity, or
if they would be preferentially selected by grazing animals.

In general, as previously discussed (see Chapter 3), rising CO2 can reduce the nitrogen
content of foliage, in part because the need for nitrogen in carbon fixation is reduced. Conse-
quently, as CO2 rises, the protein content of weed forages could also decline with subsequent
effects on palatability. However, leguminous weeds, such as kudzu, may be less impacted
by the change in CO2. When grown under elevated atmospheric carbon dioxide (CO2), leaf
nitrogen content decreases less for legumes than for nonlegume C3 plants (Karowe, 2007).
Hence, kudzu may be more attractive as a forage source. In addition, with greater variation
in precipitation, and the threat of prolonged drought, the use of kudzu may be advantageous.
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For example, a few Alabama farmers still harvest kudzu as hay by annual or biennial har-
vesting. It is most frequently used in this manner during dry periods, since its deep root
system allows it to obtain moisture for growth when other forage species may be adversely
affected.

There are only about 200 or so plant species (out of a total exceeding 250,000) that are
directly consumed by humans, and among these, a handful of cereals such as rice, wheat,
and corn, that supply the bulk of the caloric intake. There is interest then in looking at other
potential food sources, particularly in a population that will soon exceed 7 billion.

Some plant species that are now considered weeds in the modern United States have
been used as sources of food in other cultures and times. For example, young pigweed and
lambsquarters plants were used by pioneers crossing the west. Neolithic, Bronze Age, and
early Iron Age people ate it, and the Romans and Europeans used it extensively (Zimdahl,
1993). Lambsquarters is related to spinach and many cultures regard lambsquarters as one
of the most delicious of wild vegetables. Leaves of other weedy annuals such as shepherd’s
purse and purselane can also be eaten as greens. (Vineland, New Jersey, regards itself as
“the dandelion capital of the world” and celebrates the uses of dandelion in everything
from jewelry to casseroles.) Duckweed, among the worst aquatic weeds, has the potential
to help world hunger in part because it is rich in protein and highly abundant (Leng, 1999).
It is used currently in Thailand as a food source in soup, and has a very high potential to
feed livestock. For example, 10 acres (4 hectares) could supply the nutritional needs of 100
diary cows for 1 year (Culley et al., 1981). The use of weeds as potential sources for new
crop domestication may offer significant ecological advantages in an uncertain climate. For
example, some might be able to grow in marginal soils that might otherwise be unsuitable for
agriculture; they could provide opportunities to use saline soil for agriculture, or for polluted
areas, or extreme temperatures or droughts. However, as with all introduced species, extreme
care must be taken to ensure that any new plant species does not transform into a dangerous
weed pest.

There is also the issue of increasing diversity within current food sources. Even though
all individuals of a species may have the same set of genes, they have different versions, or
alleles, of these genes. Crop varieties or cultivars differ from each other because they have
different alleles and because they have different control sequences that determine which
genes are used and to what extent. This is why there are so many different varieties of apples,
tomatoes, and rice, etc.

Preservation of crop diversity is necessary because each adaptation represents a different
response to a range of abiotic (e.g., temperature and water) and biotic (insects and diseases)
stresses. A single variety over long periods of time will encounter viruses or bacteria or
environmental limitations that will result in yield vulnerability. Therefore, having additional
varieties of the same crop gives farmers a “tool” to begin to adapt to changing conditions.
For example, wild relatives of potato were used to derive new lines to combat the plague
of Phytophera infestans that infected the potato fields of Ireland and killed over a million
people in 1845. When grape phylloxera (Daktulosphaira vitifoliae) infestations threatened
European grapevines (Vitis vinifera), wild grape rootstocks (Vitis rotundifolia) that were
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resistant to this insect were sent to France from Oklahoma and Texas, saving the French
wine industry.

Given that many of the worst weeds are wild relatives of crops (e.g., wild oats and oats,
sorghum and shattercane), can they be used as a unique source of genes to begin to adapt
cultivated lines to climate change? In Chapter 4, we noted that the differential response of
cultivated and weedy (red) rice to elevated CO2 (Ziska and McClung, 2008) could impact
crop/weed competition. But could the wild rice biotype also be superior with respect to
characteristics that could be advantageous with climatic uncertainty? We compared the
wild, red-rice line “Stuttgart-S” to the cultivated rice line, “Clearfield 161” to determine the
potential change in seed yield per plant over the CO2 increase that occurred (approximately)
during the twentieth century.

Surprisingly, Stuttgart-S showed the greatest relative response. However, Stuttgart has
one major drawback, the seed shatter. Any use of wild rice (or any wild grain) therefore
would necessitate adding the nonshattering mutation. In addition, research would be needed
to pattern wild grains into cultivated crops that would have other desired characteristics such
as resistance to pathogens (Figure 10.2).

Because wild lines have so much genetic variability, adaptation of current crops to climatic
extremes using the wild lines’ genetic material is an attractive possibility. For example, as
temperatures increase, reproduction often fails before vegetative growth (Hatfield et al.,
2008). This is true for cultivated rice as well. In contrast, some wild rice lines flower
earlier in the morning or at night and therefore escape potential reproductive stress (Prasad
et al., 2006). Overall, the initial results of Ziska and McClung (2008) indicate a greater
physiological plasticity and genetic diversity among wild rice biotypes relative to cultivated
rice varieties. Potentially, this greater variation in rice and other cereals may also provide a
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Figure 10.2 Seed yield per plant of cultivated (“Clearfield”) and weedy red (Stuttgart-S) rice in response to the change
in atmospheric carbon dioxide during the twentieth century.
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unique genetic resource that could be incorporated into new crop cultivars in order to increase
their adaptability to CO2 and/or climatic change. Consequently, it is worth preserving the
genetic variability of wild crop relatives (i.e., weeds), particularly in habitats where climate
change may put crops at risk.

Medicinal Uses

Plants manufacture a wide range of secondary chemicals that defend their tissues against
viral diseases, fungal pathogens, and herbivores. Fortunately for us, many of these sec-
ondary compounds also affect human physiology. The use of selected plant species and their
associated chemical compounds as remedies for ailments is ubiquitous throughout human
culture (e.g., Schultes and Reis, 1995). Diversity in the production of secondary chemical
products remains an important source of existing and new metabolites of pharmacological
interest (Table 10.1). Even in developed countries, where synthetic drugs have replaced
herbal medicines, 25% of all prescriptions dispensed from community pharmacies from
1959 through 1980 contained plant extracts or active principles prepared from higher plants
(e.g., codeine; Farnsworth et al., 1985). For developing countries, however, the World Health
Organization (WHO) reported that more than 3.5 billion people, or approximately half of the
world’s population, rely on plants as components of their primary health care (WHO, 2002).

Table 10.1 A partial list of plant-derived pharmaceutical drugs and their clinical usage. Although many
of these drugs are synthesized in developing countries, the World Health Organization estimates that as
many as 3.5 billion people still rely on botanical sources for medicines (WHO, 2002).

Drug Action/clinical use Plant species

Acetyldigoxin Cardiotonic Digitalis lanata (foxglove)
Allyl isothiocyanate Rubefaciant Brassica nigra (black mustard)
Artemisinin Antimalarial Artemisia annua (sweet Annie)
Atropine Antichotinergic Datura stramonium (jimsonweed)
Berberine Bacillary dysentery Berberis vulgaris (barberry)
Codeine Analgesic Papaver somniferum (poppy)
d-Pinitol Expectorant Various species
l-Dopa Anti-Parkinson Mucuna pruriens (velvetbean)
Ephedrine Antihistamine Ephedra sinica (Mormon tea)
Galanthamine Cholinesterase inhibitor Lycoris squamigera (surprise lily)
Kawain Tranquilizer Piper methysticum (kava)
Lapachol Anticancer, antitumor Tabebuia avellandedae (lapacho tree)
Ouabain Cardiotonic Strophanthus gratus (climbing oleander)
Quinine Antimalarial Cinchona ledgeriana (Peruvian bark)
Salicin Analgesic Salix alba (willow)
Taxol Antitumor Podophyllum peltatum (mayapple)
Vasicine Cerebral stimulant Vinca minor (periwinkle)
Vincristine Antileukemic agent Catharanthus roseus (Madagascar periwinkle)
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Wild plants, including a number of familiar weed species, are recognized for their curative
powers. Plants with the word “officinale” in their species name were included in a list of drugs
during medieval times (i.e., the Latin translation of offinalis is “of use in the apothecary”);
“wort,” another common Latin suffix in plant names means healing, whereas a plant with
“bane” added to its common name was recognized as “protection.” Night-shade (Atropa
bella-donna) is a common weed of potato and produces a wide range of tropane alkaloids.
Atropine derived from this plant was at one time used by chic young women to enhance
pupil dilation (a physiological sign of sexual arousal), hence the species name, bella-donna
(“beautiful lady” in Latin). Jimson weed produces scopolamine, an analog of “ecstasy”
(3,4-methylenedioxymethamphetamine), used by the ancient Greeks to relieve the pain of
childbirth. Among medicinal plants, the therapeutic uses of opiate alkaloids from poppy
(Papaver spp.) have long been recognized (e.g., Sumerians at the end of the third millennium
bc recognized the analgesic properties of poppy and named it hul gil or “joy plant”).

Perhaps one of the most intriguing weeds in medicine is sweet Annie (Artemisia species),
an annual herb native to China, where it is known as qinghao, but found throughout the eastern
United States as a roadside weed. Artemisia annua contains artemisinin, a compound that
has a known antimalarial effect by suppressing Plasmodium’s ability to use host erythrocyte
protein (Posner et al., 1999). Artemisinin and related compounds have become essential in
malaria case management (WHO, 2001).

Because of their importance in human health, there are a number of studies that have begun
to examine the potential impact of rising CO2 and related aspects of climatic change on the
production of these secondary compounds. An increase in the antidepressants’ hypericin and
pseudohypericin was noted in St. Johnswort at a CO2 concentration of 1,000 ppm relative to
ambient CO2 conditions (Stuhlfauth and Fock, 1990; Zobayed and Saxena, 2004).

Jimson weed and wild tobacco were also studied to determine CO2- and temperature-
induced changes in three secondary alkaloids, nicotine, atropine, and scopolamine (Ziska
et al., 2005). Atropine and scopolamine are known as strong anticholinergics. That is, they
act as antagonists to the transmission of nerve impulses by acetylcholine. Therapeutic uses
of atropine, in addition to pupil dilation, include stimulation of heart rate in patients suffering
from bradycardia and as an antidote to G- and V-type nerve agents (soldiers on active duty
are given an atropine “stick” or hypodermic in case of exposure). Scopolamine is used as
a sedative prior to anesthesia and as an antispasmodic in certain disorders characterized
by restlessness and agitation (e.g., Parkinsonism). It can also be prescribed in transder-
mal patches to prevent motion sickness. The addictive negative effects of nicotine are well
known, less known are its role in replacement therapy for tobacco cessation, ulcerative coli-
tis, and potential therapeutic uses in cognitive disorders such as Parkinson’s and Alzheimer’s
(Rezvani and Levin, 2001; Yang et al., 2003). The Ziska et al. (2005) study demonstrated
that CO2 and temperature separately and concurrently had significant effects on the concen-
tration and production of all alkaloids from both plant sources. Recently, the same group also
quantified changes in the growth and alkaloid content of wild poppy (Papaver setigerum, a
noted weed in commercial P. somniferum production) to both recent and projected increases
in atmospheric carbon dioxide. The experimental values (300, 400, 500, and 600 ppm CO2)
corresponded roughly to the atmospheric concentrations that existed in the middle of the
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Figure 10.3 Changes in morphine production and concentration (mean ± SE) from wild poppy (Papaver setigerum) as
a function of recent and projected increases in atmospheric carbon dioxide. Different letters indicate significant differences
as a function of CO2 concentration using Fisher’s protected least significant difference.

twentieth century, the current concentration and near and long-term projections for the cur-
rent century (Ziska et al., 2008). Increasing CO2 from 300 to 600 ppm increased the number
of capsules, capsule weight, and latex production by 3.6, 3.0, and 3.7 times, respectively, on
a per plant basis relative to the 300 ppm baseline. Quantification of secondary compounds in-
cluded morphine, codeine, papaverine, and noscapine. The amount of all alkaloids increased
significantly on a per plant basis, with the greatest relative increase occurring with recent
increases in atmospheric carbon dioxide (e.g., from 300 to 400 µmol mol−1). Morphine
production also increased in response to rising CO2 levels (Figure 10.3). Overall, these data
suggest that both CO2 and temperature are likely to alter the concentration and production of
pharmacologic compounds derived from plants that in certain circumstances are considered
weeds. As climate changes, where and in what abundance such plants will grow, is also likely
to be in flux.

Agroecological Benefits from Weeds

While the impacts of weeds on natural and managed plant communities are well known,
and their control emphasized, there is also a school of thought that advocates using some
weed species as beneficial or protective biota of managed ecosystems. Jordan and Vatovec
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(2004) have integrated many of these ideas, and see weeds as playing three principal roles:
(1) improving soil quality and fertility; (2) as “buffers” to negate or modify insect and/or
disease damage; (3) cover crops.

Soils

In certain conditions, weeds can reduce soil erosion, slow nutrient loss, increase soil organic
matter, improve nitrogen content, and conserve soil water. It has been suggested that some
weeds with deep root systems may be able to transfer nutrients from deep soil layers to depths
that can be accessed by desirable crop species (Jordan and Vatovec, 2004). Furthermore, such
deeper rooted weeds may be valuable in reducing erosion. Patriquin (1986) has also suggested
that weeds may make a significant contribution to nitrogen cycling; in a study of the nitrogen
budget on a farm site, it was noted that weeds during fallow periods kept 10 to 20 kg N ha−1

from leaching off the soil. This may be particularly important in agricultural land where
economic costs may limit N input. Swamy and Ramakrishnan (1988) also note that weeds
are early colonizers after slash and burn agriculture and may help accumulate nutrients prior
to planting the crop.

Weeds can also play an important ecosystem role in their associations with beneficial soil
biota. As bare soil is colonized by plants (usually weeds), there is a concomitant increase in
soil microbes (Wardle, 1992). Certain weeds are known to host arbuscular mycorrhizal fungi
(AMF; Jordan et al., 2000). AMF have a number of benefits from an agroecosystem (crop)
perspective, including improved water relations, pest and disease resistance, tolerance to
root pathogens, and enhanced nutrient uptake, particularly phosphorous (Dodd, 2000). The
density and diversity of AMF appears to be, in turn, directly related to weed diversity (Rabatin
and Stinner, 1989); that is, systems with higher levels of weed biomass are associated with
a rich and diverse soil biota (Altieri, 1991). There has also been the suggestion that certain
weed–AMF symbionts may be able to function as nutrient redistributors within a cropping
system, transferring nutrients from dying or senescing plants to others that are at an earlier
stage of growth. If so, planned senescence of weeds, either by sublethal doses of herbicide,
or timing spring plantings to coincide with the demise of winter annual weeds, could be
beneficial. At present, a preliminary study suggests that increasing CO2 could benefit grass
and legume monocultures (Gamper et al., 2004).

Buffers

Weeds may also act as buffers or modifiers of different processes within agroecosystems,
particularly herbivory. Modern agriculture consists of high-yielding monocultures, and the
reduction in plant diversity has detrimental effects on beneficial insects. In cropping systems,
lack of alternative sources of food, shelter, hibernation sites, or breeding areas can have neg-
ative effects on native predators of crop pests (Altieri and Whitcomb, 1979). Plant species
other than the crop can provide alternative habitats in crop monocultures that allow for a more
diverse and abundant complex of invertebrate predators; predators that can be effective in reg-
ulating populations of insect herbivores (Barbosa and Wratten, 1998). One strategy to regain
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greater diversity in crop fields may be to manipulate the composition of the weed flora. Weed
borders, occasional weedy strips, or weeds at certain times in the crop growth cycle may help
to increase diversity. By doing so, weeds can contribute to ecological control by affecting the
spatial and temporal distribution of plant diversity and abundance. Some weeds may function
as a refuge for natural enemies of crop pests, others as an alternate source of food for the pests
themselves. Weeds may add diversity to the landscape that visually or olfactorally confuses
pests, or they may create a less hospitable microclimate for pests (Bugg, 1992). Jordan and
Vatovec (2004) illustrate how common knotweed can be managed spatially and temporally in
permanent vegetable production as a means to increase diversity and reduce crop pests (Bugg
et al., 1987). When grown with cultivated grapes, wild blackberries act as a host for a leafhop-
per that hosts a parasite of the grape leafhopper (Erythroneura elegantula). Some Japanese
farmers graft tomato scion onto rootstock of weedy nightshades (Solanum spp.) to avoid
root disease.

Cover “Crops”

Certain weeds may have potential benefit as “self-sowing” cover crops in certain man-
agement situations. Cover crops have a number of agroecosystem benefits related to soil
conservation, water retention, increased organic matter, and pest management. Jordan and
Vatovec (2004) describe certain early-emerging weeds that could act to suppress later emerg-
ing problematic weed species. In this circumstance, these weeds, along with a planned cover
crop, were thought to significantly control the number of later emerging weed species that
might otherwise be difficult to control. They argue that the ability of weeds to self-germinate
in a variety of different soils and environmental conditions would be advantageous in al-
leviating some of the difficulties in the timely establishment of intentional cover crops.
They also emphasize that certain weeds might be valuable components as part of a mul-
tispecies cover-crop polyculture that can provide long-term sustainable benefits for the
cropping system.

Modifications with Climate Change

If precipitation patterns change, with greater occurrence of extreme events, preventing erosion
may become more challenging. Some weed species may find beneficial use as soil stabilizers.
On the other hand, some of the worst weeds of the United States (such as kudzu, multiflora
rose, and Lehmann’s lovegrass) became established after being introduced to stabilize soil.
Many of these plants were promoted by the U.S. Soil Conservation Service (now the Natural
Resources Conservation Service).

Phytoremediation

There are a number of very pragmatic uses for weeds in modifying or remediating an-
thropogenic pollution. For example, because water hyacinth can accumulate up to 2,000
times the concentration of heavy metals such as selenium, manganese, and chromium in
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surrounding water, it can be used as a bioindicator for these metals. Water hyacinth can also
be used to remove excess nutrients from water and can reduce eutrophication (Rogers and
Davis, 1972).

Eutrophication refers to the accumulation of excess nutrients in bodies of water that
stimulates excessive plant growth, reducing the amount of dissolved oxygen in the water
when dead plant material decomposes. Under optimal conditions, a hectare of water hy-
acinth could absorb the daily nitrogen and phosphorus waste of over 800 people. If water
hyacinth is then collected and dried, it can be used for a variety of purposes, including as
an additive to corn silage, as an energy feedstock, or as a means to supplement soil organic
matter. Similarly, the bulrush (Scirpus spp.) has been used by tribesman along the Nile to
remove pollutants from water (Zandstra and Motooka, 1978). One of the most intriguing
uses of weeds for phytoremediation was the use of mustards and lambsquarters in New
Orleans soil following Hurricane Katrina (Thomas, 2006). In this instance, fast-growing
plants (e.g., weeds) were used to absorb a wide range of toxins, including lead, arsenic,
and pesticides from the city soil. This strategy is considerably cheaper than removing the
soil and having to filter or physically remove all of the contamination. The use of plants to
neutralize toxins in soil has been sanctioned by the Environmental Protection Agency (EPA),
and phytoremediation has, to date, been utilized on approximately 50 superfund clean-up
sites.

The impact of rising CO2 and/or climate change on such phytoremediation efforts is
unclear. Uptake of certain materials may be proportional to plant transpiration, and at the
leaf level would be negatively impacted by rising CO2 and drought; alternatively, CO2-
induced larger plants could accumulate greater amounts of certain toxins. For plants such as
water hyacinth that are distributed in part, by temperature, warmer weather could extend its
northward range. However, since this species is also seen as an aquatic weed, land managers
might view this more as a curse than a benefit.

Biofuels

At this time, there is tremendous interest in decreasing dependency of the United States
economy on foreign oil. Using “green” sources of fuel has tremendous appeal, both with
respect to limiting the production of greenhouse gases and as a means to energy independence.
In pursuit of these goals, a number of studies have focused on using plant-based ethanol,
either as carbohydrate (starch or sugar), or as cellulose. Cellulosic ethanol has received a
great deal of attention and involves the removal of cellulose from its lignin “prison” through
the use of pretreatment techniques including acid hydrolysis, steam explosion, ammonia
fiber expansion, alkaline wet oxidation, and ozone pretreatment. While industrial cellulosic
ethanol may be widespread in the future, at present, most ethanol is derived from starch-based
sources, primarily corn. Since corn is one of the three principal cereals (i.e., corn, wheat,
and rice) that supply 50% of the world’s calories, there is increasing concern that greater
diversion of corn feedstocks to meet ethanol demand may contribute to rising food prices
and global hunger (Msangi et al., 2007). There is also considerable controversy regarding the
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net energy balance of ethanol from corn. For example, research from the USDA’s Economic
Research Service (Shapouri et al., 1995) indicated an energy ratio (i.e., energy output divided
by energy input) of 1.24 for corn ethanol, whereas reports from Cornell (Pimental and Patzek,
2005) indicated that corn required 29% more fossil energy than is contained in the ethanol
produced. In addition, rather than offsetting greenhouse gas emissions, recent evaluations of
land expansion needed to meet the future demand for corn-based ethanol suggest extensive
conversion of existing forest and grasslands, with a subsequent net increase in the production
of greenhouse gases (Searchinger et al., 2008).

As large-scale capacity for producing cellulosic ethanol is developed, researchers continue
to evaluate potential feedstocks. Candidate species include a number of potential weed species
including Miscanthus, Giant reed, Russian thistle, castor bean, and mesquite. Obviously, any
use of these weeds would have to be carefully regulated, however, some weed species already
persist in such large geographic areas that use of existing populations as biofuels could both
eliminate the weed and generate energy.

One such weed may be kudzu, among the quintessential examples of an invasive weed.
Kudzu currently infests 3 million hectares in the United States and is increasing its areal
coverage by over 50,000 hectares per year (Forseth and Innis, 2004). Kudzu costs the U.S.
economy some $500 million per year in the form of lost crop and forest productivity, con-
trol costs, and property damage (Blaustein, 2001). As a result of its aggressive growth,
kudzu overtops all forms of vegetation, and frequently forms a dense monoculture that
destroys habitat for most native plants and animals. Along its southern tier of infestation
from Louisiana to Georgia, “Kudzu-scapes” are large blankets of kudzu that cover all ex-
isting vegetation. Kudzu can also alter regional air quality by emitting isoprene (Sharkey
and Loreto, 1993), and can reduce water quality by fixing large amounts of nitrogen that
leaches into surrounding watersheds (Forseth and Innis, 2004). Because of these negative
aspects, kudzu has earned a notorious reputation in the United States, where it has been
referred to as “the plant that ate the South,” and “a vegetal form of cancer” (Shurtleff and
Aoyagi, 1985).

The success of kudzu is due in part to its production of large storage roots. These can
exceed 10 cm in diameter and extend over 2 m in length, weighing as much as 180 kg
(Blaustein, 2001; Miller and Edwards, 1983). Kudzu roots are rich in starch (up to 25% of
root content; Tanner and Hussain, 1979). In Asia, the roots are harvested for this starch,
which is used as a thickening agent in food preparation and the plant is cultivated on a small
scale (Shurtleff and Aoyagi, 1985). The vines and roots also produce high-quality fiber for
paper and textiles (Parks et al., 2002). In North America, people have suggested using kudzu
for paper and textile production, starch production, and even fuel sources; however, few if
any attempts have been made to exploit such suggestions (Parks et al., 2002; Tanner and
Hussain, 1979; Tanner et al., 1979). In nature, the starch in kudzu’s roots helps the vine
grow quickly in the spring, allowing for the rapid development of a dense canopy that shades
competing vegetation (Forseth and Innis, 2004).

In response to the high price of petroleum and new initiatives by governments to reduce
dependence on imported fossil fuels, the demand for bioethanol feedstocks in the Americas
and Europe has risen dramatically in recent years. In 2006, 17% of the U.S. corn output
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Table 10.2 Carbohydrate content of kudzu organs harvested in December 2006 in Alabama and October
2006 in Maryland, the United States.

Lee County, AL Rockville, MD

Plant part µmol g−1 % of dry matter µmol g−1 % of dry matter

Glucose
Leaf 11 ± 12 0.2 84 ± 13 1.5
Vine 9 ± 1 0.2 8 ± 2 0.2
Root 52 ± 12 0.9 33 ± 7 0.6

Sucrose
Leaf 30 ± 10 ND 85 ± 12 2.9
Vine 38 ± 9 ND 37 ± 9 1.3
Root 182 ± 41 ND 245 ± 18 8.4

Starch
Leaf 98 ± 5 1.8 291 ± 36 5.3
Vine 107 ± 18 1.9 72 ± 19 1.3
Root 1646 ± 339 29.7 615 ± 61 11.1

Total nonstructural carbohydrates
Leaf 139 2.6 460 9.7
Vine 154 2.8 117 2.8
Root 1,880 34 893 20.1
Plant 2,173 40 1470 33

Mean ± SD. ND, not determined.

was diverted to ethanol production (RFA, 2007). Between January 2006 and 2007, demand
for bioethanol rose by over 34%, and the existing production capacity should double when
facilities now under construction are brought on line in the near future (RFA, 2007). With
the increasing demand for energy and the widespread distribution of kudzu across eastern
North America, kudzu roots might be considered a potential new source of carbohydrate for
the production of biofuels.

To determine the potential of kudzu as a biofuel, Sage et al. (2009) examined biomass and
carbohydrate contents of kudzu from a location in Rockville, Maryland (near the northern
edge of kudzu’s distribution in North America), and from two southern locations. Below-
ground biomass in Alabama exceeded 13 metric tons per hectare, and contained an average
of 35% fermentable carbohydrates (sucrose, glucose, and starch; Table 10.2). Roots from
Georgia of all size classes contained over 60% fermentable carbohydrates. Stems were only
1–2% carbohydrates. Biomass and carbohydrate levels in roots from Maryland were low
compared to plants growing in Alabama and Georgia, being on the order of 5 metric tons
of roots per hectare with 20% nonstructural carbohydrate. Based on the yield data and
carbohydrate concentration, Sage et al. (2009) estimated wild kudzu stands in Alabama and
Georgia could produce 5–10 metric tons of carbohydrate per hectare, which would rival
carbohydrate production from corn and sugarcane fields, but without the costs associated
with planting, fertilizer, and pesticides.



P1: SFK/UKS P2: SFK

c10 BLBS066-Ziska October 13, 2010 14:24 Trim: 244mm X 172mm Printer Name: Yet to Come

BENEFITS FROM WEEDS 193

Kudzu is also highly responsive to carbon dioxide, although no consistent effects of
rising CO2 (up to 1,000 ppm) on root:shoot ratio have been observed (Sasek and Strain,
1988). However, kudzu, like many other potential biofuels, has a great deal of innate
genetic diversity and is adapted to a wide range of environmental conditions. To be ex-
ploited, additional research would need to resolve current uncertainties, notably, how
much ethanol could be produced by a hectare of kudzu roots, and whether kudzu could
be economically harvested. Harvesting and processing techniques would have to be de-
veloped, and the area of harvestable kudzu would need to be assessed. Regulatory is-
sues would also have to be resolved, particularly if kudzu were to become a renewable
resource.

Overall, weeds could be a potentially important tool in adapting to energy independence
and global climate change, but one with several risks and drawbacks (Raghu et al., 2006).
For instance, many people are concerned that developing a large commercial market around
invasive species such as kudzu would lead to constituencies interested in promoting, rather
than eliminating, these species. Using harmful weeds in any large-scale revenue-generating
activity would bring new controversy and political challenges.

Summary

While the harm that weeds do remains the principal focus of weed biology, we also
recognize that in some circumstances, weeds may prove beneficial. As Ralph Waldo
Emerson once remarked, “A weed is a plant whose virtues have not yet been discovered.”
Several of these virtues have been tentatively explored in this chapter, including weeds’
potential uses as food and fuel, as medicines, as components of sustainable agroecosystems,
as bioremediators, and as potential biofuels. Weeds may also have a role in adapting to
climatic change, for example, as unique sources of genotypes or phenotypes that could
help existing crop lines adapt to more extreme climatic conditions or to better exploit rising
carbon dioxide. They might also be used to mitigate climate change, as new sources of
energy, or as buffers for flooding. Additional research needs to be done to fully elucidate
the positive roles weeds could play in minimizing and adapting managed plant systems
to an uncertain climate; however, sufficient evidence is available to indicate a variety of
potentially beneficial roles. It is important to keep in mind, however, that many of these
species were purposefully introduced for good purposes, and ended up causing harm.
Any new use of weeds for beneficial purposes should be undertaken with great care and
restraint.

So far, we have examined weed biology in regard to function, to damage done, to manage-
ment, and for benefit. In the last chapter, we will try to provide a larger context for climate
change and weed science with respect to the current state of knowledge, and an assessment
of current and potential threats posed by weeds and climate change, including the ecological,
agricultural, and societal costs. We also explore some critical scientific questions that have
not yet been addressed.
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Kudzu was once considered “the miracle vine” of the twentieth century, and its virtues
touted by the USDA during the 1930s for its utility as a forage crop and its ability to
prevent erosion (see leaflet). Indeed, during the Great Depression, hundreds of young
men were paid to plant kudzu throughout the south as part of the Civilian Conservation
Corps. The problem? It grew a little too well, and by the 1960s and 1970s, its virtues
had become vices, and the south was littered with “kudzuscapes” that extended as far
as the eye could wander. As a consequence, kudzu remains a part of southern culture,
and innovative southerners have touted its uses in everything from baskets to jelly to a
potential cure for alcoholism.

Ah, you may have watched the blacksnake run.
To the shaded hole from the blistering sun,
And you may have seen the swallow’s flight
And the shooting star in the deep, dark night;
But until you have watched the kudzu grow
You never have seen the fastest show.

Ollie Reeves
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11 Weeds in a Time of Climate

“There is no need to sally forth. For it remains true that those things which make us
human are, curiously enough, always close at hand. Resolve then, that on this very
ground, with small flags waving and tinny blasts on tiny trumpets, we may meet the
enemy. And not only may he be ours . . . He may be us.”

Walt Kelly

The Bliss of Ignorance

Plants dominate life on earth. If one were to compare the relative biomass of the plant and
animal kingdoms, plants would, by weight, make up about 90% of all living matter. Plants
are autotrophs, supplying food (i.e., energy and carbon) to most life on land. Any change in
plant function, particularly on a global scale, will have widespread consequences for living
things.

So, how will plants respond to global anthropogenic activities? To address this question we
must recognize that the production of key trace gasses (e.g., carbon dioxide, methane, nitrous
oxide, etc.) will continue, because as the human population grows and societies modernize,
the demand for energy and food will increase. We must also recognize that these gases, along
with water vapor, absorb energy in the infrared (heat) part of the electromagnetic spectrum,
and that their build-up will alter surface temperatures. The degree of increase will depend on
the relative proportion of the different “greenhouse gases.” For example, the amount of water
vapor that the atmosphere can hold varies by more than an order of magnitude, depending
on air temperature. Consequently, adding CO2 to warm, humid equatorial climes has less
of an effect on surface temperature than adding CO2 to regions that are dry (e.g., poles and
deserts). The end result, as reviewed in Chapter 2, is an increase in surface temperatures
that varies across the globe (Figure 11.1), with subsequent, indirect, effects on plant biology
through changes in temperature or accompanying changes in precipitation.

While we recognize warming as having an obvious effect on plant function, we must also
acknowledge that the rise of carbon dioxide, the principal greenhouse gas, will have a direct
influence on plant biology. Plants require four abiotic resources (sunlight, nutrients, water,
and carbon dioxide) to complete their life cycle. Any change in the availability of these
resources will result in a change in plant and ecosystem function. For example, suppose that
light, or water, or nutrient availability had increased by 20% since 1970, would it be safe to
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Figure 11.1 Climate scientists at the Met Office Hadley Centre and the Climatic Research Unit (CRU) at University
of East Anglia maintain the global climate record for the World Meteorological Organization (WMO). The global mean
temperature for 2008 was 14.3◦C, making it the tenth warmest year on a record that dates back to 1850. Updated version
available in color online at: http://www.metoffice.gov.uk/climatechange/policymakers/policy/slowdown.html.

say that plants (including weeds) would be both impacted by, and respond differentially to,
such a change? As plant biologists, would not we want to understand such a change in the
context of plant function, from the gene to the ecosystem?

Since 1970, the amount of carbon dioxide in the atmosphere has, in fact, risen approx-
imately 20% (327–389 ppm from March 1970 to March 2009, www.cdiac.gov). Clearly,
there are and will be global differences in how plants respond to this very sudden change in
a necessary resource.

In spite of the obvious ties (direct and indirect) between the build-up of greenhouse
gas emissions and plant biology, assessing the impact of rising carbon dioxide and climate
change on plant function remains under-appreciated. For example, from the latest IPCC
(Inter-governmental Panel on Climate Change) fourth assessment report (2007), only 2 of
the 20 chapters deal with plant biology, and only indirectly as either ecosystem services or
food and fiber. Similarly, the recent “Global Climate Change Impacts in the United States”
(Karl et al., 2009), by the U.S. Global Change Research Program has less than three pages
on weeds and other pests.

Too often anthropogenic climate change is treated in simplistic terms (e.g., “51 Things You
Can Do to Make a Difference,” Time magazine, April 2, 2007); or, as a biological stimulus
(“We are living in an increasingly lush environment of plants and animals as a result of



P1: SFK/UKS P2: SFK

c11 BLBS066-Ziska October 13, 2010 15:43 Trim: 244mm X 172mm Printer Name: Yet to Come

WEEDS IN A TIME OF CLIMATE 201

the carbon dioxide increase. This is a wonderful and unexpected gift from the industrial
revolution,” Robinson and Robinson, 1997).

Clearly, how one views the concept of global climate or global warming can be strikingly
different (e.g., bane or boon). As weed scientists, however, we emphasize the concept of
change. That is, whether we are examining temperature, or precipitation or carbon dioxide,
we know that the growth and fecundity of plant species will demonstrate both intra- and
interspecific variability to any shift in an environmental parameter. Certainly, some changes
can benefit people, particularly with respect to exploiting carbon dioxide responsiveness
among existing crop cultivars as a means to boost yields. For example, significant intraspecific
variation in yield response with a doubling of current CO2 levels has been observed in cowpea
(Ahmed et al., 1993), rice (Moya et al., 1998; Ziska et al., 1996), soybean (Ziska and Bunce,
2000), and wheat (Mandersheid and Weigel, 1997; Ziska et al., 2004), inter alia.

But it should also be emphasized that climate change and carbon dioxide levels do not
distinguish between those plant species that are anthropogenically beneficial, and those that
do harm. Weeds are defined, in general, as those plant species that do harm, whether at the
agricultural level (managed systems), in the environment (unmanaged systems) or for public
health. As we have tried to illustrate throughout this book, many of the anticipated climatic
changes indicate a destabilizing set of environmental conditions that are likely to favor those
characteristics associated with weed biology and fecundity. Weeds are, in fact, inherently
adapted, and supremely malleable to environmental disturbance and transition. As such, they
are poised to be the ultimate beneficiaries of global climate change.

What Are the Implications?

To understand the implications is to understand the nature of individual versus group change.
That is, by altering the environment (e.g., temperature) or increasing a resource (e.g., CO2),
we not only change the growth of an individual, but also those interactions between genotype
and environment that alter the growth of the entire plant community. As a result, we perceive
many implications for weed science.

Managed Systems

Agriculture, in its simplest arrangement, can be characterized as a managed plant community
that is composed of a desired plant species (the crop) and many undesired plant species (the
weeds). As has been acknowledged since the inception of agriculture, weeds represent the
largest limitation in regard to plant yield. For example, in China, 10 million metric tons of
rice is estimated to be lost annually due to weed competition (Zhang, 2001). This is sufficient
rice to feed 56 million people for 1 year (Labrada, 2007). Yield losses in rice can approach
100% if weeds are not controlled (Ampong-Nyarko and De Datta, 1991).

Crops and weeds will respond differently to environmental change. In the case of rising
carbon dioxide, it is certainly possible, based on photosynthetic pathway, that a C3 crop could
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be favored over a C4 weed. However, as we have seen, a number of the studies conducted to
date suggest that for plant species within an agricultural system, weeds, rather than crops,
are likely to show the largest relative response to carbon dioxide and/or climate. That is not
to say that individual crop species cannot show a positive response, but the greater response
of weedy species may result in increased competition and exacerbated yield losses. While
photosynthetic biochemistry may distinguish CO2 responses in some cases, it is clear that
a simple C3 crop, C4 weed explanation is inadequate to address the results that have been
observed to date. A state by state assessment conducted by Bridges (1992) for crops in
the United States found that, on average, each crop competes with 8–10 weeds that are
considered “troublesome.” These weeds are both annuals and perennials, C3 and C4. Many
of them are simply wild plants of the same genus or species (e.g., rice and red rice, oat and
wild oat, sorghum and shatter cane, potatoes and nightshades).

Weed populations in agricultural systems have the advantage of diversity: they consist of
many different species, each with a full array of genotypes. In contrast, breeders develop
crops to have high genetic and phenotypic uniformity, but not necessarily CO2 responsiveness
(Ziska and Blumenthal, 2007). While this selection is advantageous in modern agriculture,
with greater crop uniformity of obvious benefit as farm size increases, reliance on a narrow
genetic base may confer a disadvantage on current crop lines in regard to weed–crop com-
petition if the environment is, in fact, nonuniform. That is, the greater competitive ability
of weeds to respond to CO2 or climate change may be related to their greater genetic di-
versity relative to the crop monoculture (Treharne, 1989). Whether modern crop breeding
can change tactics, that is, begin to select for genetically diverse crop lines that are well
adapted and competitive in a changing climate, or that stay optimized to the current CO2

concentration, represents an obvious challenge for agricultural scientists in the twenty-first
century (Newton and Edwards, 2007).

Native Systems

For relatively unmanaged plant communities, invasive plant species (IPS) represent an ob-
vious threat to community function. Millions of acres of productive rangelands, forests,
and riparian areas have been impacted by invasives with a subsequent loss in native flora.
Estimates are that more than 200 million acres of natural habitat, principally in the western
United States, have been lost to invasive, noxious weeds, with an ongoing loss of 3,000 acres
per day (Westbrooks, 1998).

As we have discussed (see Chapter 6), responses of invasive plants to the changing climate
and atmosphere will affect native species in natural or less managed ecosystems. For example,
the increase in carbon dioxide could benefit cheatgrass, increasing the frequency and spread
of natural and anthropogenic fires in the intermountain West (Ziska et al., 2005a). Some data
suggest that, on average, invasive species may show a stronger response than noninvasive
species to both recent and projected changes in carbon dioxide relative to other plant species
(Ziska and George, 2004). However, other analyses suggest that there is little difference in
response among these categories (Dukes, 2000). A handful of field-based studies suggest
that rising levels of carbon dioxide preferentially increase the growth of some invasive plant
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Table 11.1 A summary of community-level experiments to determine if rising CO2 favors invasive
species within plant communities.

Species Community Favored? Reference

Yellow starthistle California serpentine grassland No Dukes, 2002
Yellow starthistle California valley grassland Yes Dukes et al.,

unpublished
Honey mesquite Texas prairie Yes Polley et al., 1994
Japanese honeysuckle Forest under-story Yes Belote et al., 2003
Microstegium vimineum Forest under-story No Belote et al., 2003
Cherry laurel Forest under-story Yes Hattenschwiler &

Korner, 2003
Red Brome Desert Yes (some years) Smith et al., 2000

species within some plant communities (Table 11.1), although results are not uniform. As
with agronomic weeds, the basis for the greater relative response to atmospheric carbon
dioxide, where observed, is unclear. The greater response of invasive weeds to rising CO2 is
consistent with the hypothesis of Blumenthal (2005, 2006) that fast-growing weedy species
that benefit more from increases in resource availability will also benefit most from escaping
their natural enemies.

An additional complication is that of climate, particularly temperature. Bradley et al.
(2009) used bioclimatic envelope modeling to show that climate change could result in both
range expansion and contraction for five widespread and dominant invasive plants in the
western United States. They projected that yellow starthistle and tamarisk (Tamarix spp.) are
likely to expand with climate change, whereas cheatgrass and spotted knapweed are likely
to shift northward, leading to both expansion and contraction. Hence, while some invasive
species could become an additional problem with climate change, it is possible that the
retreat of some invasive species could create restoration opportunities as well.

Societal Implications

By impacting plant communities, climate and carbon dioxide will alter the goods and services
provided by these communities. As discussed in Chapter 7, there are also likely to be effects
on human health. While the implications of climate and atmospheric change for weeds and
their effects on health are not entirely elucidated, it is clear that there are a number of likely
interactions.

For example, there are over four dozen known allergenic weed species, and at least one,
common ragweed, which shows a strong response to rising CO2 in both laboratory and field
studies (Wayne et al., 2002; Ziska et al., 2003). There are over a hundred different weed
species associated with contact dermatitis, an immune-mediated skin inflammation. Among
these, poison ivy appears to show a strong quantitative and qualitative response to CO2 (Mo-
han et al., 2006). There are over 700 weed species that are poisonous to humans. Ingestion
of plant material continues to be a very common exposure for humans (particularly children)
and can account for nearly 100,000 calls to national poison centers annually (Watson et al.,
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2004). Pediatric patients comprise more than 80% of plant-related exposures. Recent data
for cassava suggest that rising CO2 can increase the concentration of cyanotic glycosides
and increase toxicity (Gleadow et al., 2009). A number of common agronomic weed species
have also been used in pharmacology. Preliminary results indicate that both temperature and
carbon dioxide are likely to influence the production and concentration of these secondary
compounds (e.g., atropine and scopolamine from Jimsonweed; Ziska et al., 2005b). There
may be additional implications with respect to the spread of human disease. Weeds do not, of
course, act as disease vectors. However, animal vectors, notably rodents and mosquitoes, rely
on plants, potentially including agronomic weeds and IPS, as a principal food source. In turn,
weed growth, pollen and seed production are likely to change as a function of CO2 and tem-
perature. For example, pollen on open ponds can serve as food for mosquito larvae (Ye-Ebiyo
et al., 2000). Alterations in the distribution of plants providing food and habitat for vectors
(e.g., rodents) remains an obvious, but underappreciated factor in disease vector transmission.

Implications: Weeds and Beyond

The changing atmosphere and climate will affect weed biology, with many consequences
for society. In addition to weeds, other pests of human consequence, including insects and
pathogens, will respond to the changing conditions. The breadth and extent of these impacts
is beyond the scope of this book (for a more comprehensive assessment, see Dukes, 2000;
Dukes et al., 2009; Scherm and Coakley, 2003; Sutherst et al., 2007); however, we hope to
offer here, in some small measure, a brief overview of these interactions, particularly for
invasive insects and pathogens, in the hope that they will provide a tentative framework for
additional inquiry.

Pathogens

Plant pathogens are widely considered among the most important invasive pests for plants and
livestock. Between 1940 and 1970, less than five nonindigenous plant pathogens arrived into
the United States per decade (National Research Council, 2002); however, by the beginning
of the 1990s, over 230 exotic plant pathogens had become established in the United States,
including a number of significant agricultural pests (Table 11.2)

There are a number of potential climate change drivers that are likely to exacerbate the
spread and success of invasive pathogens. These include: (A) increased weather severity,
for example, it is thought that fungal spores of Phakopsora pachrhizi (Asian soybean rust)
arrived from South America carried by winds associated with hurricanes Francis and Ivan
in 2004; (B) water and precipitation, in addition to wind, urediniospores and aeciospores
(e.g., stem rust) germinate when in contact with free water; (C) precipitation is needed
for effective spore deposition and for regional spore transport and temperature. As with
moisture, temperature is a key environmental determinant of growth and sporulation of a
number of invasive pathogens. Warmer winters projected with climate change would remove
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Table 11.2 Examples of nonindigenous plant pathogens of agriculture introduced to, or first detected in,
the United States since 1990.

Pathogen Disease State or region Reference

Claviceps africana Sorghum ergot Southern/central
states

Plant Disease 82:356 (1998)

Phakopsora pachyrhizi Soybean rust Southern states Plant Disease 89:774 (2005)
Tilletia indica Karnal bunt Southwestern

States
Plant Disease 81:1370 (1997)

Cucurbit aphid-borne
yellow virus

Cucurbit yellows California Plant Disease 77:1169 (1993)

Oidium sp. Powdery mildew of
tomato

California Plant Disease 80:1303 (1996)

Potato mop-top virus Triparte pomovirus Maine Plant Disease 87:872 (2003)
Phytophthora porri Cabbage rot Wisconsin Plant Disease 78:1123 (1994)
Plum pox virus Sharka New York,

Pennsylvania
Plant Disease 84:202 (2000)

Xanthomonas
axonopodis Pv. Citri

Citrus canker Florida Plant Disease 85:340 (2001)

Updated from Scherm and Coakley (2003).

this thermal limitation for pathogen morbidity with a subsequent increase in the potential
range and distribution of invasive plant pathogens (Burden and Elmquist, 1996).

Insects

Invasive insect pests are recognized global vectors of agricultural and environmental dam-
age. As with pathogens, increased introductions of invasive insects are likely with global
trade, with climate change contributing an additional factor in their establishment and spread.
Important aspects of climate change include: (A) increasing frequency of weather extremes,
and particularly high winds, which can distribute insects over long distances (e.g., Desert
locusts; Rosenberg and Burt, 1999); (B) changes in precipitation regimes and soil moisture,
which can alter survival rates. For example, the introduction and spread of Swede midge
(Contarinia nasturtii), an invasive pest of cruciferous crops in New York, may be related to
above average precipitation during the time of its introduction (Olfert et al., 2006). Precipi-
tation extremes (droughts and floods) are associated with several changes in insect behavior
and fecundity (Watt and Leather, 1986); (C) temperature is among the central regulating
factors controlling the development and fecundity of invasive insects, consequently, climate
warming is likely to increase their geographical distribution (both in latitude and altitude)
and/or enhance their capacity for over-wintering (Fleming and Tatchell, 1995).

Interactions: Weeds and Insects and Pathogens

As illustrated in Chapter 5, weeds can serve as reservoirs for plant pathogens that impact
crops. As such, weeds can act as the initial inoculum for epidemics in crops and can exacerbate
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Soybean Kudzu
Figure 11.2 Kudzu, an invasive weed as an alternative host for Asian soybean rust (Phakopsora pachyrhizi).

existing problems by providing multiple hosts for reproduction. American black nightshade,
a serious weed problem in several solanaceous crops, is a host for multiple pathogens (e.g.,
Tomato spotted wilt virus) that can impact these crops. Weeds may also serve as reservoirs
for insect pests. A study of cassava root scale (Protortonia navesi), a recent pest in the
Brazilian “Cerrado” that causes qualitative and quantitative damage by sucking plant sap,
identified 15 weed species as hosts for the insect (Oliveira and Fontes, 2008). Weeds can
also serve as hosts for insects that spread disease. For example, Russian thistle can act as
a host for beet leafhopper (Circulifer tenellus), a carrier of the curly top virus (Curtovirus
spp.). Finally, weeds can provide habitat for insects that provide a level of natural biological
control of other insect pests.

Clearly, changes in CO2 and in climate, particularly temperature and precipitation, can be
expected to ilicit a complex series of interactions that will affect the relationship between
pathogens, insects, and weeds as hosts. Kudzu, as already discussed, is a ubiquitous invasive
weed, distributed throughout the southeastern United States and a host for Asian soybean
rust (Phakopsora pachyrhizi), a significant threat to soybean production (see Figure 11.2).
Soybean yield reductions and production cost increases have been attributed to rust in Africa,
Asia, Australia, and South America. By 2009, rust had been confirmed in over 270 counties
in 15 states (http://sbr.ipmpipe.org/cgi-bin/sbr/public.cgi).

Obviously, given its potential as a reservoir for the pathogen, climate-induced migratory
changes in kudzu are of particular concern. One of the most interesting forecasts in that
regard was made almost two decades ago for kudzu and global warming. Tom Sasek and
Boyd Strain at Duke University observed that the latitudinal distribution of kudzu at that time
was limited to regions south of the Mason-Dixon line by low winter temperatures of −15◦C
(see Figure 7 in Sasek and Strain, 1990) but projected that with global warming, particularly
mild winters, that kudzu would increase its northward migration. A more recent evaluation
of current kudzu distribution indicates a significant shift in the northern boundary of kudzu
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Figure 11.3 (A) Shift in northernmost detection of kudzu (Pueraria lobata) from 1971 to 2006. The 1971 line is
from Clyde Reed, “Common Weeds of the United States” a USDA-ARS publication. Estimates of kudzu distribution in
2006 for Nebraska, Missouri, Illinois, Indiana, Ohio, and Pennsylvania were evaluated using three separate sources: (a)
National Resource Conservation Service NRCS), database of invasive U.S. species (plants.usda.gov/java/profile?symbol
= PUMO); (b) the National Agricultural Pest Information Service (NAPIS) in cooperative agreement between the Animal
Plant Health Information Service (APHIS) and Purdue University as part of their Cooperative Agricultural Pest Survey
(CAPS) program (ceris.purdue.edu/napis/pests/weeds/imap/kudzu.html); and (c) the Department of Natural Resources
(DNR) for the states of Pennsylvania, Ohio, Indiana, Illinois, and Missouri, including the publication of “The Green Plague
Moves North” by the Illinois DNR. At least one county was chosen as the northernmost county within a state reporting a
new kudzu population in order to determine the northernmost range. Counties within a given state were only included if
the presence of kudzu was verifiable from at least two of these sources. Southeastern Nebraska and Western Pennsylvania
were considered the end points of the Midwestern populations. Specific counties sampled were Otoe Co (NE), Reynolds,
Phelps and Howard Co (MO), Fayette, Shelby, Macon and Woodford Co (IL), Vanderburgh, Martin, Owen, and Johnson
Co. (IN), Belmont, Athens, Scioto Co. (OH), Allegheny CO. (PA). (B) Average temperature (±95% confidence interval)
for the coldest recorded day of year for 16 counties along northern limit for kudzu (Figure 11.4a) in the Midwestern
United States (1972–2006). Meteorological data for a given county was evaluated with respect to long-term multi-year
data availability, and proximity to urban heat islands. County meteorological data were evaluated from a larger database
contained within the National Climatic Data Center (NCDC) in Asheville, NC (hurricane.ncdc.noaa.gov), from 1972
through 2006. An average temperature of −15◦C has been suggested as the lower temperature limit for over-wintering in
kudzu (Sasek and Strain, 1990).

that appears related to an increase in the minimum winter temperatures (see Figure 11.3).
How much of the latitudinal shift is related to increasing winter temperatures and thermal
limits of kudzu is still unclear, but the northward spread is consistent with the projections of
Sasek and Strain (1990). Their study remains unique in projecting the interactions between
climate change, weeds, and pathogens.
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Weed Management

As we have seen, every aspect of weed biology that varies in time and space, from the
genome to the plant community, is likely to be affected by rising carbon dioxide and climate
change. The extent that these changes will impact human systems will be determined, in no
small measure, by the rate and success of adaptations in weed management strategies (see
Chapters 8 and 9). In examining the likely impact of climate change on weed management,
it is important to remember that past is not prologue. The number of weeds that are herbicide
resistant within developed countries has increased in an almost logarithmic fashion in the last
decade (www.weedscience.com). To assume that the practice of applying a single herbicide
to a single crop will continue unabated even if climate change were not occurring is specious
indeed. Climate and CO2 add management uncertainties that vary from changes in the range,
habitat, and abundance of a given weed, to changes in the efficacy of chemical, biological,
physical, and cultural weed control. It seems unlikely that a simple, single means of weed
control (e.g., glyphosate) will continue to be a viable option for many land managers by the
end of the twenty-first century.

Uncertainties and Limitations

There are three broad areas of uncertainty in relation to weeds and climate change: (A) what
are the biological characteristics related to function, fecundity, and habitat that are likely to
determine biological “winners” and “losers” within the weed community; (B) how will these
biological changes increase or decrease the ability of weeds to inflict damage on plant and
human systems; and (C) what are the implications for weed management and control?

Biology

Many of the biological uncertainties regarding the impact of climate and rising CO2 arise
from the experimental data, much of which reports the impact of single environmental
factors (e.g., CO2) on weed biology. In addition, these data tend to focus on those parts of
the plant easy to measure, for example, leaves, plant growth, flowering times, etc., and are
mostly from plants grown in controlled environments and/or without competition. However,
to adequately assess the utility of experimental data on the response of weeds to climate
change it will be necessary to “scale-up” or “scale-down” from the whole-plant level to
different organizational levels involving multi-variable interactions. Which organizational
levels require further evaluation? There are a number of studies that have reported on
the response of individual weeds to a “doubling” of CO2 concentrations (e.g., Patterson,
1995), but much less is known regarding the impact of rising CO2 in combination with
other anticipated climatic changes with respect to spatial or temporal extremes. For
example, we know little about how climate may alter phenotypic expression among weed
biotypes; at the ecosystem level, we know little about how temperature, precipitation, and
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carbon dioxide are likely to influence the range and composition of agronomic or invasive
weeds.

Damage

Understanding how weeds will respond to a rapidly changing climate is fundamental to
assessing their likely impact. Hence, uncertainties at the biological level become magnified
when quantifying weed-induced damage in human and natural systems. Two challenges in
this regard are: (1) Estimating damage from weeds in an environmentally changed environ-
ment. How will changes in temperature and precipitation alter the growth, distribution, and
impacts of weed species? (2) Identifying biological characteristics that confer a competitive
advantage in a changing climate and atmosphere. Identifying the traits associated with su-
perior performance in future climate/CO2 conditions is a major challenge, as responsiveness
to these conditions is likely to depend on a myriad of different biological parameters (e.g.,
seed rain, germination ability, leaf development, allelopathy, etc.). Yet, developing this un-
derstanding is necessary if we are to reliably forecast the potential damage of a given weed
within a plant community.

Management

Management and mitigation decisions depend on evaluations of the potential damage as-
sociated with the presence of a given weed, and where and when the weed might grow.
Changing climate and CO2 will alter distributions and impacts of weeds, but also the effi-
cacy of a number of current weed management strategies, including herbicide application.
No comprehensive assessment of how management strategies will be affected is currently
available. There are a few reports of changing herbicide efficacy (e.g., Archambault, 2007),
but the biological basis for these changes has not yet been entirely elucidated. In addition,
environmental factors such as temperature, precipitation, wind, humidity, and carbon dioxide
will also influence herbicide efficacy.

In spite of the recognition that CO2 and climate change can fundamentally alter weed bi-
ology, little attention has been given to the weed management aspect of global change/global
warming. Yet, given the potential threat posed by rapid anthropogenic change, it is clear
that the testing and adoption of new management techniques will be essential in order to
minimize the already considerable impact of weeds on managed and native systems.

Future Direction

As with any initial integration and assessment, the observations given here are not meant to be
all-encompassing, but rather to illustrate the scope of potential interactions between weeds,
carbon dioxide, and climate. Weed science is just beginning to consider climate change,
and there remain many fertile areas of inquiry. We hope that this book encourages anyone
interested in pursuing research in this field to press forward. We recommend that, where
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possible, future research designs incorporate many simultaneous changes in environmental
parameters.

Threat Recognition

As the rapidly growing human population strains the global food supply, scientists recognize
that weeds threaten food security. As invasive weeds proliferate in natural habitats, environ-
mentalists recognize the threat they pose to ecosystem function and biodiversity. As weeds
spread through urban areas, public health workers recognize that the pollen of some weeds
provokes allergic reactions. The cost of all these threats, in economic and ecological terms,
is high. In U.S. agriculture, weeds cause an estimated reduction of 12% in crop yields under
best management practices (i.e., without herbicide use; Bridges, 1992), causing losses of
about $33 billion annually, based on a total U.S. crop potential value of more than $267
billion per year (USBC, 1998). Pimentel et al. (2005) suggest weeds cause $34.6 billion per
year in control costs and economic losses in managed systems alone. These estimates do
not include indirect costs of weed biology; for example, the cost of land taken out of de-
velopment by invasives, the health care costs related to plant-based allergens, etc. Although
there are benefits from some weeds (e.g., reduced soil erosion), the net cost in economic and
environmental terms is unquestionably substantial.

Clearly, weed impacts need a more complete accounting and the costs are likely to
change as weeds (and their competitors, herbivores, and pathogens) respond to the changing
environment. Efforts to assess the biological impacts of CO2 and climate change have, in our
opinion, dedicated too few resources to studying how environmental changes will alter the
economic impacts of weeds. We strongly recommend that policy makers, scientists, NGOs,
and others involved in climate change synthesis and assessment consider weeds in any future
evaluations. While the net impacts of weeds may well increase, targeted biological research
would be needed to provide enough data for a robust economic analysis.

Research Priorities

As the field moves forward, we see a need for additional experimental data in four key areas:
(a) weed/crop interactions; (b) invasive plants in relatively unmanaged systems; (c) weeds
and public health; and (d) weed management.

Several key unknowns regarding weed/crop interactions require additional information.
More field research is needed to quantify competition between weeds and perennial crops;
additional information is needed for crop–weed interactions for species with the same pho-
tosynthetic pathway (e.g., C3 versus C3 crop:weed); in particular, future research should
identify how environmental changes (and climate change in particular) affect these competi-
tive outcomes. If researchers are to quantify the basis for determining “winners” and “losers”
in a changed environment, they must assess how species differ in responses to environmental
change, particularly in terms of traits such as seed dormancy, germination and emergence,
allometric and phenological development, carbon allocation and allelopathy. Preferably, to
achieve such a goal, research would take place outdoors, and involve realistic mixes of
species.
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There is evidence to suggest that, in many cases, CO2 and temperature could enhance
invasive species success (e.g., Song et al., 2009). If so, how do climate and/or CO2 differ-
entiate invasive weeds from native vegetation? Are the same biological responses observed
for weed–crop competition sufficient to explain greater competitive response among IPS?
How will IPS range and distribution respond to warming winters, or changed precipitation
events? Will climate differentially affect IPS and predators, resulting in “new” invasives,
that is, agronomic weeds that may become IPS if they “out-migrate” their pathogens and
herbivores?

From the initial studies described in Chapter 7, it is evident that plant responses to climate
and atmospheric change will affect public health. But many questions remain. What other
weed species are likely to increase allergenic pollen production in response to changes
in climate and CO2? What are the implications for allergies and asthma? Will cases of
contact dermatitis become more common, and more severe? Can we expect toxicological
changes in poisonous plants? How will CO2-induced changes in food quality affect human
nutrition and health, or animal nutrition and health? Given that a number of weedy species
are sources of medicine, how will climate and CO2 alter their distribution or the production
and concentration of secondary plant compounds? As weed distributions change with CO2

and climate change, will the ability of mosquitoes or rodents to spread disease be affected?
There are a number of key research priorities related to management: How commonly

will herbicide efficacy decrease (or increase), and what will be the implications for herbicide
levels in the environment? How do environmental changes alter herbicide resistance? What
are the cultural, biological, and physical aspects of current weed management practices most
vulnerable to CO2 and climate? Understanding the vulnerability of existing management
systems is essential in order to identify measures that can strengthen weed control and lessen
damage in the future. What approaches can be adapted to increase herbicide effectiveness?
If chemical control is less efficacious, how can land managers compensate? How are other
types of weed control likely to be affected? For example, if climate/CO2 increases root to
shoot ratio in perennial weeds (e.g., Canada thistle; Ziska et al., 2004), tillage efficacy is also
likely to be reduced. Will biological control agents and weeds respond differently to climate
and CO2, and if so, how will this alter predator–prey relationships?

Answers to these research questions will also bring up an opportunity for reevaluation
of current management practices: Should greater attention be paid to restoration of native
habitats around agricultural fields to prevent invasion? Are there cultural measures (e.g.,
washing of all vehicles to prevent seed movement) that should be mandated around agri-
cultural fields? Should integrated pest management (IPM) strategies be modified to reflect
changing environmental conditions?

Models and Forecasting

Science is reductionist in nature, global environmental changes are not. Given the unprece-
dented scale and scope of anticipated changes in the atmosphere and climate, it is tempting
to ignore the large number of uncertainties as being unquantifiable, and to focus on one
or two parameters (e.g., CO2 in isolation from other changes) that can be well defined. In
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general, such an approach is consistent with that of many experimentalists who work in
large part on quantifying one or two variables, usually in the short term (1–2 years). Such
a reductionist approach is certainly valid, as it provides key information, and insight to
mechanisms. However, this approach has limited utility in predicting broad consequences
from global climate change. We see a need for an approach that integrates information from
experiments and observations of weeds to model species dynamics and demographics across
geographically relevant scales. Such an approach could also facilitate the incorporation of
new information on weed responses into an improved knowledge-based systems approach
to weed management.

Another aspect of weed management, forecasting, will become increasingly important.
There will be no simple, universal fix to weed problems that crop up in the wake of en-
vironmental changes. However, improved forecasting, particularly of the most pernicious
weeds, may provide an opportunity to limit damage. Despite the threats posed by IPS, few
long-term field observations have documented distribution and abundance of IPS as a func-
tion of environment. Such monitoring could help identify communities and climates most
vulnerable to invasion (Lawton, 2000). For example, in Australia, efforts are underway to
integrate invasive plants and climate change into a “threat index” as a means to identify
areas of vulnerability (Crossman et al., 2008). Similar efforts are underway on the part of the
Victorian government in Australia to examine climate change and weed distribution (DPI,
2008). In the United States, long-term ecological research (LTER) sites, originally designed
to monitor ecosystems of interest for conservation, have also compiled preliminary data on
community composition, invasive species, and climate change (Roy et al., 2004). Assigning
additional responsibility for monitoring climate and invasives to existing LTER sites is one
strategy to increase baseline biodiversity information at minimum cost. An expansion of a
variety of monitoring efforts could be invaluable with respect to forecasting. For example,
some transportation corridors are known to facilitate dispersal of invasive species (e.g., Gel-
bard and Belnap, 2003; Tyser and Worley, 1992). Placement of monitoring stations along key
transportation corridors, particularly near large ports, could help identify new and rapidly
spreading invasive threats. Information about the phenology, distribution, and response traits
of a given invasive species would greatly facilitate forecasting, and would help managers
devise suitable containment or eradication strategies for that species. Developing a moni-
toring network to conduct observations and collect data would be an essential first step in
forecasting and mitigation of climate- and CO2-induced impacts regarding the range and
spread of destructive weed species.

Communication/Relevance

Lastly, while many scientists now recognize the implications of climate change for weed
biology, the general public, and policy makers are likely to overlook the economic and
environmental implications until there is a call for action from those studying the problem.
Ideally, scientists should provide real-world socioeconomic examples that consumers and
policy makers relate to. Researchers can provide specific examples of weed impacts on
food security, invasive plants’ impacts on biodiversity, and so on. While the science may be
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inherently worthy in its own right, it will be seen by the public as an “academic exercise”
(at best) unless it can be related to real-world problems. Scientists will need to communicate
and share data among themselves, but will also need to communicate to larger audiences via
various types of media if they are to garner the support and subsequent resources needed to
address these issues.

Such support is needed. The scientific uncertainties highlighted throughout this book re-
main unknown, in part, because the scientific and fiscal resources needed to address them
have not been available. Funding has been made available to study invasive species, (usu-
ally those that are viewed as threats to U.S. Homeland Security, which may or may not
include weeds), but the overall subject of weed biology and anthropogenic environmental
change has rarely been specifically addressed. Government agencies have funded individual
projects on this general topic, but with a species-by-species, location-by-location emphasis.
Such an approach is fragmented and solitary. Public and policy makers need to fund coor-
dinated research that addresses the most important scientific uncertainties while beginning
to concentrate on the recommendations needed to reduce uncertainty with respect to im-
pact. Science that can lead to unifying principles is indispensable to long-term, sustainable
solutions.

A Word in Your Ear

As of this writing, polls suggest that the majority of Americans do not believe that anthro-
pogenic climate change will affect their lives. According to a Gallup poll conducted in March
of 2009, only 38% of Americans, similar to the 40% found in 2008, believe it will pose “a
serious threat” to themselves or their behavior. In spite of the overwhelming scientific con-
sensus, the issue has unfortunately become one of political polemic and not scientific inquiry.
Even among those who “believe” in the science, the idea that mitigation of carbon dioxide
could stop or slow global warming seems to be prevalent; yet, until the recent global financial
crisis, global output of carbon dioxide exceeded even the “business-as-usual” scenario of the
IPCC (Figure 11.4; Canadell et al., 2007; Raupach et al., 2007).

Psychologically, it is understandable, given the global nature of climate change (and the
implications for lifestyle change) that people are tempted to ignore or deny the underlying
science (Stoll-Kleemann et al., 2001). Even among those who accept the science, there re-
mains hope that people will come together to mitigate and prevent drastic climatic changes.
Yet, global climate change has already extended growing seasons, changed species distribu-
tions, and altered the phenology, breeding, and migration of flowers (Fitter and Fitter, 2002),
insects (Parmesan et al., 1999), birds (Cotton, 2003), and mammals (Walther et al., 2002),
with an overall advancement of spring of 2.8 days in the Northern hemisphere (Parmesan,
2007). It would be very odd indeed if weed biology remained unaffected—and, of course, as
we have shown throughout this book, it is not.

Ultimately, as global environmental changes cause a massive shift in Earth’s species and
biological processes, the responses of weeds will make up only a small portion of this
shift—although an underappreciated portion, in our opinion. Unfortunately, the threat now
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CO2 emissions exceed IPCC scenarios
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Figure 11.4 Different IPCC (2007) scenarios for anticipated changes in global CO2 emissions (in gigatons per
year). Actual CO2 emissions are shown by the black dots. Through 2007, actual CO2 emissions exceeded all IPCC
projections, 3.5% versus estimates of 1.6–2.4%. Emissions declined somewhat following the recent global finan-
cial crisis. (Modified from Canadell et al., 2007; Raupach et al., 2007. Updated, color version available online at:
http://www.globalcarbonproject.org/carbonbudget/index.htm)

posed by weeds to food security, environmental stability, and human health remains largely
ignored. For decades, weed science has been extraordinarily successful in synthesizing a
broad base of interdisciplinary knowledge to devise cheap, safe, and effective methodologies
to manage weed threats. Weed scientists may simply be victims of their own success.

In researching and synthesizing the material for this book, it became very clear that a
crucial scientific challenge currently facing weed science is that of climate change and rising
atmospheric CO2. While there may be a role for weed science in mitigation of climate
change (e.g., use of herbicides in no-till systems); we emphasize the need for adaptation of
weed science and management practices to climate change. How can this be accomplished?
Weed science, like most human activities, projects the future by extrapolating from the past.
Although there is still much to be known, we believe it is unwise to simply extrapolate past
patterns into the future in an uncertain climate. Hence, there is an unprecedented scientific
need for ecological assessment, threat recognition, and effective management strategies.
While these are formidable challenges, we also believe that challenges breed opportunities.
One of the strengths of weed science is that it brings together a broad base of scientific
disciplines used in very pragmatic ways to produce solutions for end-users. If the weed
science community perceives climate change and carbon dioxide as real challenges, then we
can begin to meet the scientific and technical challenges needed to address the biotic threats
posed by weeds. A formidable task, but within the scope of those of us that remain fascinated
not only by plants, but by the plant pariahs of human society.
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Common name Scientific name
WSSA/
Bayer code Brief description

Alfalfa∗ Medicago sativa L. MEDSA Forage crop or volunteer weed
Alligatorweed Alternanthera philoxeroides

(Mart.) Griseb.
ALRPH Invasive aquatic tropical weed

Anoda, spurred Anoda cristata (L.) Schlecht. ANVCR Invasive annual agronomic weed
Arabidopsis Arabidopsis thaliana (L.)

Heynh.
ARBTH Minor weed of mustard family

Asparagus∗ Asparagus officinalis L. ASPOF Vegetable or volunteer weed
Barnyardgrass Echinochloa crus-galli (L.)

Beauv
ECHCG Annual grass, weed in paddy rice

Barnyardgrass,
smooth

Echinochloa glabrescens
Munro ex Hook.

ECHGL Annual grass, weed in paddy rice

Bermudagrass Cynodon dactylon (L.) Pers. CYNDA Aggressive grass weed in lawns,
fields

Bindweed, field Convolvulus arvensis L. CONAR Rapidly growing climbing vine
Birdsfoot trefoil Lotus corniculatus L. LOTCO Perennial legume, can be invasive
Blackberry, wild Rubus ursinus L. RUBUR Perennial bramble bush
Broomsedge Andropogon virginicus L. ANOVI Perennial weedy pasture grass
Brome, Red Bromus rubens L. BRORU Invasive annual grass of western

United States
Bulrush Scirpus spp. SCP?? Fast growing riparian sedge
Buttercup,

creeping
Ranunculus repens L. RANRE Herbaceous, stoloniferous invasive

Buttercup, hairy Ranunculus sardous Crantz RANSA Herbaceous forb common in
eastern United States

Canada thistle Cirsium arvense (L.) Scop. CIRAR Noxious invasive perennial of
rangelands, farms

Cassia Cassia spp. CAS?? Tropical leguminous weed
Castor bean Ricinis communis L. RIICO Poisonous hydrophilic weed
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Common name Scientific name
WSSA/
Bayer code Brief description

Cheatgrass Bromus tectorum L. BROTE Flammable invasive grass of
rangelands

Chickweed,
common

Stellaria media (L.) Vill. STEME Annual weed of lawns, landscapes

Cinquefoil, sulfur Potentilla recta L. PTLRC Unpalatable weed of rangelands
Clover, red Trifolium pretense L. TRFPR Perennial weed of pasture and

forage crops
Clover, white Trifolium repens L. TRFRE Shallow rooted winter perennial

legume
Coca Erythoxylem coca Lam. ERYCO Perennial herb, narcotic
Cocklebur Xanthium strumarium L. XANST Herbaceous annual riparian weeds
Cogongrass Imperata cylindrica (L.)

Beauv.
IMPCY Tropical invasive rhizomatous grass

Coontail,
common

Ceratophyllum demersum
(Cham.) Asch.

CERDE Common water weed

cordgrass, prairie Spartina pectinata SPTPE Native riparian grass
Corn∗ Zea mays L. ZEAMX Tropical grass grown for food, feed,

and fuel
Corn cockle Agrostemma githago L. AGOGI Annual forb, cereal weed
Cotton Gossypium hirsutum L. GOSHI Crop for fiber
Crabgrass, large Digitaria sanguinalis (L.)

Scop.
DIGSA Annual lawn and forage weed

Crabgrass,
smooth

Digitaria ischaemum
(Schreb) ex Muhl.

DIGIS Annual lawn and forage weed

Crabgrass,
southern

Digitaria ciliaris (Retz.)
Koel.

DIGSP Annual lawn and forage weed in
Southeast

Dandelion Taraxacum officinale Weber TAROF Ubiquitous lawn weed
Diviners Sage,

Salvia
Salvia divinorum Epling &

Játiva
SADIV Psychoactive herb

Dock, curly Rumex crispis L. RUMCR Riparian broadleaf perennial weed
Dock, broadleaf Rumex obtusifolius L. RUMOB Taprooted perennial similar to curly

dock
Duckweed,

common
Lemna minor L. LEMMI Small aquatic weed

English ivy Hedera helix L. HEEHE Invasive vine of woodlands
European

beachgrass
Ammophila arenaria L.

(link)
AMMAR Invasive grass of western United

States and Canada
Foxtail, giant Setaria faberi Herrm. SETFA Exotic annual grass of mid-west

United States
Foxtail, yellow Setaria glauca (L.) Beauv. SETLU Ubiquitous annual grass of

continental United States
Foxtail, green Setaria viridis (L.) Beauv. SETVI Ubiquitous annual grass of

continental United States
Garlic mustard Alliaria petiolata Andrz. ALAPE Invasive biennial forb of woody

areas
Garlic, wild Allium vineale L. ALLVI Invasive perennial weed of

mid-Atlantic
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Common name Scientific name
WSSA/
Bayer code Brief description

Giant Hogweed Heracleum mantegazzianum
Somm. & Lev.

HERMA Invasive biennial with phytotoxic
sap

Giant Reed,
Arundo

Arundo donax L. ARUDO Invasive riparian weed of western
United States

Golden
bristlegrass

Setaria sphacelata var.
anceps

SETSP Pasture grass, can be volunteer
weed

Goosegrass Eleusine indica (L.) Gaertn. ELEIN Annual agronomic weed
Groundsel,

common
Senecio vulgaris L. SENVU Winter/Spring annual weed of

landscapes
Guineagrass Panicum maximum Jacq. PANMA Perennial invasive grass of

tropics/subtropics
Gumweed,

curlycup
Grindelia squarrosa L. GRNSQ Xeric weed of western United

States
Hawkweed,

meadow
Hieracium caespitosum

Dumort.
HIECA Invasive perennial of northwest

United States
Hawkweed,

orange
Hieracium aurantiacum L. HIEAU Invasive perennial, especially of

upper Midwest United States
Hoary cress Cardaria draba (L.) Desv CADDR Invasive perennial forb of

rangelands
Honey mesquite Prosopis glandulosa Torr. PRCJG Noxious perennial xeric weed
Horsetail Equisetum arvense L. EQUAR Rhizomatous perennial of

landscapes
Horseweed Conyza canadensis (L.)

Cronq.
ERICA Annual weed of disturbed areas

Houndstongue Cynoglossum officinale L. CYWOF Poisonous biennial noxious weed
Itchgrass Rottboellia cochinchinensis

(Lour.) W. Clayton
ROOEX Annual, invades disturbed and

agronomic areas
Japanese

honeysuckle
Lonicera japonica Thunb. LONJA Invasive forest vine of eastern

United States
Japanese millet∗ Echinochloa esculenta (A.

Braun) H. Scholz
ECHES Forage crop, volunteer weed

Japanese stiltgrass Microstegium vimineum Trin
Camus

MCVGM Annual invasive grass, especially
woody areas

Johnson grass Sorghum halepense (L.)
Pers.

SORHA Exotic perennial, aggressive, wide
distribution

Jointed goatgrass Aegilops cylindrical Host AEGCY Winter annual found in cereals and
rangelands

Knapweed,
spotted

Centaurea maculosa Lam. CENMA Invasive weed of western
rangelands

Knapweed,
diffuse

Centaurea diffusa Lam. CENDI Invasive weed of western
rangelands

Knotweed,
common

Polygonum plebeium R. Br. POLPL Weed of trampled and compacted
areas

Knotweed,
Japanese

Fallopia japonica (Houtt.)
Ronse Decr.

POLCU Invasive perennial of riparian
systems
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Common name Scientific name
WSSA/
Bayer code Brief description

Kudzu Pueraria montana var.
lobata (Willd.)

PUELO Highly invasive vine of
southeastern United States

Ladysthumb Polygonum persicaria L. POLPE Much branched summer annual
weed

Lambsquarters,
common

Chenopodium album CHEAL Ubiquitous annual, common
agronomic weed

Larkspur Delphinium spp. DEL?? Numerous spp. Poisonous
rangeland weed

Leafy spurge Euphorbia esula L. EPHHL Invasive perennial, especially in
no-till agriculture

Little bluestem Schizachyrium scoparium
(Michx.) Nash

ANOSC Native prairie grass

Loosestrife,
purple

Lythrum salicaria L. LYTSA Invasive perennial of riparian areas

Loosestrife,
gooseneck

Lysimachia clethroides LYCLE Perennial, less widespread than L.
salicaria

Marestail Hippuris vulgaris L. HPPVU Perennial aquatic herb, native to
California

Melaleuca (punk)
tree

Melaleuca quinquenervia
(Cav.) S.F. Blake

MEQUI Invasive tree of Florida, Louisiana

Milkweed,
common

Asclepias syriaca L. ASCSY Perennial agronomic weed,
especially in no-till

Millet,
wild-proso∗

Panicum miliaceum L. PANMI Weed or forage grass

Morningglory,
pitted

Ipomoea lacunose L. IPOLA Native perennial vine of eastern
United States

Morningglory,
bigroot

Ipomoea pandurata (L.)
G.F.W. Meyer

IPOPA As L. lacunose, but more in
southeastern United States

Morningglory,
ivyleaf

Ipomoea hederacea (L.)
Jacq.

IPOHE Annual vine of disturbed areas

Morningglory,
three lobe

Ipomoea triloba L. IPQTR Perennial subtropical vine,
especially Florida

Morningglory, tall Ipomoea purpurea (L.) Roth PHBPU Ubiquitous annual vine, especially
cultivated fields

Mustard, black Brassica nigra (K.) W.J.D.
Koch

BRSNA Annual weed widespread within
disturbed areas

Mustard,
birdsrape

Brassica rapa L. BRSRA Annual/biennial forb throughout
North America

Mustard, wild Brassica kaber (DC.) L.C.
Wheeler

SINAR Annual weed in forage and small
grains

Nettle, stinging Urtica dioica L. URTDI Exotic perennial, induces contact
dermatitis

Nettle, burning Urtica urens L. URTUR Annual, induces contact dermatitis
Nightshade Solanum spp. SOL?? Number of spp., highly poisonous
Nightshade,

American black
Solanum nigrum L. var.

americanum
SOLAM Annual/perennial poisonous weed,

especially South
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Common name Scientific name
WSSA/
Bayer code Brief description

Nightshade,
bittersweet

Solanum elaeagnifolium
Cav.

SOLEL Perennial vine, often on moist soils

Nightshade, black Solanum nigrum L. SOLNI Annual, sometimes perennial
agronomic weed

Nightshade, West
Indian

Solanum ptycanthum Dun. SOLPT Widely distributed annual forb

Nightshade, hairy Solanum sarrachoides
Sendtner

SOLSA Common weed in potato, host for
late blight

Nutsedge, purple Cyperus rotundus L. CYPRO Perennial ubiquitous weed,
especially agricultural fields

Nutsedge, yellow Cyperus esculentus L. CYPES Perennial widely distributed weed
Oat, wild Avena fatua L. AVEFA Annual weed, especially cereals
Onion, wild,

oniongrass
Allium canadense L. ALLCO Perennial forb, widely distributed in

landscapes
Orchardgrass∗ Dactylis glomerata L. DACGL Perennial forage grass, or volunteer

weed
Oriental

bittersweet
Celastrus orbiculatus

Thunb.
CELOR Invasive woody vine of

northeastern United States
Panicum,

broadleaf
Panicum adspersum Trin. PANAD Annual grass, found in Florida

Panicum, fall Panicum dichotomiflorum
Michx.

PANDI Widely distributed annual weedy
grass

Panicum,
browntop

Panicum fasciculatum Sw. PANFA Annual weed of southern United
States

Panicum, Texas Panicum texanum Buckl. PANTE Annual, southeastern United States
especially agricultural areas

Peyote Lophophora williamsii
(Lem.) J. Coult.

LOPWI Psychotropic cactus

Pigweed Amaranth spp. AMA?? Troublesome weedy spp. widely
distributed

Pigweed, Palmer Amaranthus palmeri S.
Wats.

AMAPA Aggressive annual weed, especially
southern United States

Pigweed, Powell Amaranthus powellii S.
Wats.

AMAPO Annual weed, widely distributed

Pigweed,
prostrate

Amaranthus blitoides S.
Wats.

AMABL Annual weed, widely distributed

Pigweed, redroot Amaranthus retroflexus L. AMARE Annual agronomic weed, widely
distributed

Pigweed, spiny Amaranthus spinosus L. AMASP Noxious annual weed, especially
eastern United States

Pigweed, tumble Amaranthus albus L. AMAAL Widely distributed annual weed
Plantain,

narrowleaf
Plantago lanceolata L. PLALA Common weed, especially of

lawns/landscapes
Plantain,

broadleaf
Plantago major L. PLAMA Common weed, especially of

lawns/landscapes
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Common name Scientific name
WSSA/
Bayer code Brief description

Poison hemlock Conium maculatum L. COIMA Poisonous weed of disturbed areas
Poison ivy Toxicodendron radicans (L.)

Ktze.
TOXRA Widely distributed vine. Induces

dermatitis
Pokeweed Phytolacca americana L. PHTAM Perennial summer weed, especially

disturbed sites
Poppy, opium Papaver somniferum L. PAPSO Annual, source of opiates

morphine, heroin
Poppy, wild Papaver setigerum DC PAPSE Annual, weed in commercial poppy

fields
Potato∗ Solanum tuberosum L. SOLTU Tuber crop, occasional volunteer

weed
Prickly pear

cactus
Opuntia spp. OPU?? Invasive cactus of Australia

Prickly sida Sida spinosa L. SIDSP Ubiquitous summer annual,
especially in cultivation

Princess tree Paulownia tomentosa
(Thunb.)

PAZTO Invasive tree from China

Puncturevine Tribulus terrestris L. TRBTE Prostrate weed, spiny seeds, widely
distributed

Purslane,
common

Portulaca oleracea L. POROL Prostrate summer annual, widely
distributed

Quackgrass Elytrigia repens (L.) Nevski AGRRE Invasive perennial grass, widely
distributed

Radish, wild Raphanus raphanistrum L. RAPRA Annual weed, especially of forage
crops

Ragweed,
common

Ambrosia artemisiifolia L. AMBEL Annual weed, especially disturbed
areas

Ragweed, giant Ambrosia trifida L. AMBTR Annual, prefers moist soil,
agronomic weed

Ragweed, western Ambrosia psilostachya L. AMBPS Erect perennial, especially in waste
areas

Rhubarb Rheum Rhabarbarum L. RHURH Leafy vegetable
Rice∗ Oryza sativa L. ORYSA Global cereal or, if wild, volunteer

weed
Rocket, yellow Barbarea vulgaris R. Br. BARVU Winter annual /biennial, especially

in turfgrass
Rosary pea Abrus precatorius L. ABRPR Poisonous invasive of Florida
Rush skeleton

weed
Chondrilla juncea L. CHOJU Invasive perennial of rangelands

Russian thistle Salsola iberica Sennen &
Pau

SASKR Numerous spp. widely distributed
annual

Ryegrass, Italian Lolium multiflorum L. LOLMU Annual weed, especially
cool-season crops

Ryegrass,
perennial

Lolium perenne L. LOLPE Perennial weed, widely distributed
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Common name Scientific name
WSSA/
Bayer code Brief description

Sagebrush,
common

Artemesia tridentata, var.
subsp.

ARTTR Woody perennial of western United
States

Salt cedar Tamarix ramosissima TAARA Invader of riparian systems
Sesbania, hemp Sesbania exaltata (Raf.) SEBEX Riparian weed of disturbed sites
Shepherd’s purse Capsella bursa-pastoris (L.)

Medicus
CAPBP Ubiquitous winter annual weed

Sandbur Cenchrus longispinus CCHPA Lawn weed, sharp spines
Showy crotalaria Crotalaria spectabilis Roth CVTSP Annual agronomic weed, especially

in southern United States
Sicklepod Cassia obtusifolia L. CASOB Agronomic weed, especially

soybean, peanut
Sorghum/

shattercane∗
Sorghum bicolor (L.)

Moench.
SORVU Cereal grain or volunteer weed

Sowthistle, annual Sonchus oleraceus L. SONOL Widely distributed agronomic
annual weed

Sowthistle,
perennial

Sonchus arvensis L. SONAR Perennial weed of disturbed areas

Soybean Glycine max L. Merr. GLYMA Commercial annual crop
St. Johns wort Hypericum perforatum L. HYPPE Noxious weed, toxic to livestock
Sugarbeet Beta vulgaris L. BETVU Annual crop, commercial sugar

source
Sunflower∗ Helianthus annuus L. HELAN Oil-seed crop, volunteer weed
Tansy ragwort Senecio jacobaea L. SENJA Invasive weed of Western

rangelands
Thistle, musk Carduus nutans L. CRUNU Biennial xeric weed of disturbed

areas
Thistle, bull Carduus vulgare (Savi)

Tenore
CIRVU Spiny biennial weed, widely

distributed
Toadflax,

Dalmatian
Linaria dalmatica (L.) Mill. LINDA Invasive perennial weed of

rangelands
Tree of heaven Ailanthus altissima (Mill.)

Swingle
AILAL Urban invasive perennial

Velvetleaf Abutilon theophrasti
Medicus

ABUTH Opportunistic agronomic annual
weed

Vetch, common Vicia sativa L. VICSA Annual weed, can be used as “green
manure”

Vetch, hairy Vicia villosa Roth VICVI Annual weed, can be cover crop
Water hemlock Cicuta maculate CIUMC Poisonous perennial weed
Water hyacinth Eichhornia crassipes (Mart.)

Solms
EICCR Aggressive aquatic weed

Water thyme,
hydrilla

Hydrilla verticillata (L. f.)
Royle

HYLLI Invasive aquatic weed, especially
southern United States

Wheat∗ Triticum aestivum L. TRZAW Cereal grain, occasional volunteer
weed

White snakeroot Ageratina altissima (L.)
King & H. Rob.

AGALT Poisonous perennial herb
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Common name Scientific name
WSSA/
Bayer code Brief description

Witchgrass Panicum capillare L. PANCA Ubiquitous annual weed
Wooly cupgrass Eriochloa villosa (Thunb.)

Kunth
ERBVI Annual agronomic weed of

midwestern United States
Yellow salsify Tragopogon dubius Scop. TRODM Widespread invasive annual weed
Yellow star thistle Centaurea solstitialis L. CENSO Annual invasive weed, especially

western United States

∗ Can be crop or weed.
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Aerobic systems, for rice cultivation, 170
Aerobiology, 129–31
Aesthetics, weeds’ affect on, 14
Agriculture, 11

carbon dioxide from, 25, 28–29
cultivars in, 11
environmental change and, 201–2
losses in, 210
weeds’ competition with, 11

Agronomists, weed definitions used by, 1
Air quality, changes in, 134
Albutilon theophrasti. See Velvetleaf
Allelopathy, 172–73
Allergies, 13, 129–31

environmental changes’ effect on, 203–4
epidemiology of, 129
weeds causing, by region, 131f

Amaranth, grain, 49t
Amaranth, Palmar (Amaranthus palmeri)

glyphosate-resistant, 157
phenologic development baseline temperature for,

62t
Amaranth, spiny (Amaranthus spinosa), 46t–47t
Amaranthus albus. See Pigweed, prostrate
Amaranthus hybridus. See Pigweed, smooth
Amaranthus palmeri. See Amaranth, Palmar
Amaranthus retroflexus. See Pigweed, redroot
Amaranthus spinosa. See Amaranth, spiny
Ambrosia artemisiifolia. See Ragweed
Amino acid, inhibitors of, 147–48
Animals, 181

grazer, weeds’ effect on, 12
kudzu as feed for, 182–83
seeds dispersed by, 10

Annuals, life cycle of, 3
Aquaculture, 94, 96
Aquatic weeds, 5

climate change’s effect on, 94, 96
harm from, 12

Artemisia spp. See Sweet Annie

Artificial selection, of rice, 77, 78f, 79
Arundo donax. See Giant reed
Asexual reproduction, 9, 67–68
Asthma, plant induced, 129
Atmosphere

carbon dioxide concentration in
prehistoric, 41
projected, 31

composition of, future, 30
methane concentration in, 25, 32f
nitrous oxide concentration in, 32f

Australia, drought in, 170f
Autotrophs, plants as, 199
Avena fatua. See Oat, wild

Barley, production losses of, 16t
Barnyardgrass (Echinochloa crus-galli), 46t–47t

phenologic development baseline temperature for,
62t

relative response to carbon dioxide of, 49t
Bermudagrass (Cynodon dactylon), 46t–47t
Biennial, life cycle of, 3–4
Bindweed, field (Convolvulus arvensis), 46t–47t

carbon dioxide growth response of, 64t
root-shoot ratio of, 67f
seed production of, 7t

Biofuel
kudzu as, 191–93
rational for, 190–91

Biological control, of weeds, 16f, 17–18, 173
augmentation, 174–75
carbon dioxide’s effect on, 176
classical, 175–76
climate change’s effect on, 176
conservation, 174
limitations to, 173
time-course of, 174f

Biological processes, theoretical construct of, 40f
Biomes, distribution of, by photosynthetic pathway,

44f
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Brassica kaber. See Mustard, wild
Brome, red (Bromus madritensis), 64t
Bromus madritensis. See Brome, red
Bromus tectorum. See Cheatgrass
Bulrush (Scirpus spp.), 190

C3 photosynthetic pathway, 4, 36
carbon dioxide’s effect on,

51–52, 54
in crops, 45, 51–52, 54
process of, 41
schematic of, 42f
in weeds, 51–52, 54

C4 photosynthetic pathway, 4, 36
carbon dioxide’s effect on, 48–51
in crops, 48–51, 49t
natural history of, 41
schematic of, 42f
in weeds, 45, 48–51, 49t

CAM. See Crassulean acid metabolism
Canada thistle (Cirsium arvense), 2

biomass of, factors affecting, 53f
carbon dioxide growth response of, 64t
climate change’s effect on, 117
herbicide response of, 153–55, 154f–155f
root-shoot ratio of, 67f
seed production of, 7t
spine length and number, carbon dioxide’s effect

on, 128f
Capsella bursa-pastoris. See Shepherd’s purse
Carbon dioxide (CO2)

allergenic weeds affected by, 203–4
atmospheric concentration of

prehistoric, 41
projected, 31

biocontrol affected by, 176
C3 photosynthetic pathway affected by, 51–52, 54
C4 plants’ relative response to, 48–51, 49t
Canada thistle’s biomass affected by, 53f
Canada thistle’s spine length and number affected

by, 128f
cheatgrass affected by, 95f
crop loss affected by, 87
crops’ responsiveness to, 201–2
cycle of, 25, 30
dissolving of, 30
emergence affected by, 62–63
emission of

accelerated, 28–29
scenarios of, 31f
spatial distribution of, 29f

flowering time affected by, 44
gene expression affected by, 40–41
as greenhouse gas, 24
growth response affected by, 64t

herbicide efficacy affected by, 150–53, 152f,
154f–155f, 156t

increase in, 199, 200f
insects affected by, 99
invasive species affected by, 203t
kudzu affected by, 192
mulch affected by, 171
nitrogen availability and, 51
plant biology affected by, 36, 39
plant toxicity affected by, 204
poison ivy affected by, 132
pollen production affected by, 65–66
ragweed pollen production affected by, 129f, 130
relative forcing value of, 25t
roots and rhizomes affected by, 67
seed germination influenced by, 62–63
source-sink relationships, 44–45
sources of, 28–30, 30f

agricultural, 25, 28–29
cement production, 29, 30f
fossil fuels, 25, 28, 30f
land use change, 28, 30f

tillage affected by, 168
weed biomass affected by, 72f
weed-crop competition affected by, 87–88, 89t,

90–91
Carotenoid pigment, herbicidal inhibition of, 146
Cell membrane, disruptors of, 146
Cellulose biosynthesis, inhibitors of, 147
Cement production, as carbon dioxide source, 29, 30f
Centaurea maculosa. See Spotted knapweed
Centaurea solstitialis. See Yellow starthistle
Chaining, weed management with, 168–69
Cheatgrass (Bromus tectorum), 12

carbon dioxide’s effect on, 95f
climate change’s effect on, 117–18
colonization by, 94

Chemical control, of weeds, 15–17, 158–59, 174f.
See also Herbicide

Chenopodium album. See Lambsquarter
Cirsium arvense. See Canada thistle
Climate change, 23, 213–14

abiotic factors affected by, 111, 113–14
aquatic weeds affected by, 94, 96
biocontrol affected by, 176
Canada thistle affected by, 117
cheatgrass affected by, 117–18
competition affected by, 91–92
evolution affected by, 75, 77, 79
forage systems affected by, 92, 94
herbicide efficacy affected by, 150–53
insects affected by, 205
invasive species’ impacts influenced by, 119f
mulch affected by, 171
pathogens affected by, 204–5
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plant biology affected by, 35–36
projections of, 32–35
spatial pattern of, 33
tillage affected by, 168

Climate envelope models, 113
Climate models, 32–35

precipitation changes in, 33, 34f
regional, 33, 35
resolution of, 33
statistical downscaling of, 33, 35
warming patterns in, 33, 34f

Climate projections, 32–35
Climax community, 73
CO2. See Carbon dioxide
Cocklebur, 11–12
Cogongrass (Imperata cylindrical), 46t–47t
Colonization

by cheatgrass, 94
by weeds, 12

Competition
climate change’s effect on, 91–92
definition of, 61
early establishment and, 62–63
emergence time’s effect on, 63
factors affecting, 8–9
growth and, 63–65
herbivory’s impact on, 65
interspecific vs. intraspecific, 8–9, 61
for light, 8–9
for nutrients, 8–9
in pasture, 94
precipitation’s impact on, 91–92
reproduction and, 65–68
of rice, cultivated vs. weed, 89f
for water, 8
weed-crop, 11, 85–86

carbon dioxide’s effect on, 87–88, 89t, 90–91
drought’s effect on, 90
nutritional value affected by, 135
weed management and, 171–72

weed-weed, climate change’s effect on, 91–92
Contact dermatitis, 4, 13
Convolvulus arvensis. See Bindweed, field
Conyza canadensis. See Horseweed
Coontail, common, 12
Corn

losses of, latitudinal variation in, 68
production losses of, 16t
relative response to carbon dioxide of, 48, 49t
worst weeds for, 47t

Corn borer, 12
Cotton, production losses of, 16t
Cover crop, 170–71, 189
Crabgrass (Digitaria sanguinalis), 46t–47t, 62t
Crassulean acid metabolism (CAM), 5, 36

Cropland
as weed habitat, 5
weed species diversity in, 96

Crops
C3 pathway in, 45, 51–52, 54
C4 pathway in, 48–51, 49t
carbon dioxide responsiveness of, 201–2
cover, 170–71, 189
diversity of, 183–85
herbicide-resistant, 144
losses of

carbon dioxide’s effect on, 87
with vs. without herbicide, 16, 16t
insects-caused, 85
latitudinal variation in, 68
pathogen-caused, 85
sources of, 85
weeds-caused, 85

number of, 183
nutritional value of, weed’s effect on, 135
quality of, weeds’ impact on, 12
rotation of, 171
as weed descendants, 45
as weeds’ domesticated relatives, 184
worst weeds for, 47t
yield of

barriers to, 11
weeds as limitation to, 1

Cucumber (Cucumis sativus), 172
Cucumis sativus. See Cucumber
Cultural control, in weed management, 15, 15f,

169–73
allelopathy for, 172–73
crop rotation for, 171
flooding for, 169–70
mulching for, 170–71
weed-crop competition and, 171–72

Cynodon dactylon. See Bermudagrass
Cyperus rotundus. See Purple nutsedge

Dalmation toadflax, seed production of, 7t
Damage niche

in biogeographic modeling, 70
of Johnsongrass, 71f
of velvetleaf, 71f

Dandelion (Taraxacum officinale)
asexual reproduction of, 67
as food, 183
as simple perennial, 4

Datura stromonium. See Jimsonweed
Decomposition, allelopathy and, 172
Dermatitis, 131–33

contact, 4, 13
photo-, 131, 132f

Desertification, 91
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Diffuse knapweed, seed production of, 7t
Digitaria sanguinalis. See Crabgrass
Disease, weeds as vectors of, 137–38
Drought

in Australia, 170f
evolution affected by, 75, 77
toxic substances affected by, 133
weed-crop competition affected by, 90

Early detection and rapid response (EDRR), 165
Earth, energy leaving, 23–24
Echinochloa colonum. See Jungle rice
Echinochloa crus-galli. See Barnyardgrass
Ecologists, weed definitions used by, 1
Ecosystems

formation of, succession in, 73
invasiveness susceptibility of, 108
invasive species in, 107–10

EDRR. See Early detection and rapid response
Eichhornia crassipes. See Water hyacinth
Electromagnetic radiation, 23
Eleusine indica. See Goosegrass
El Niño, hantavirus and, 137–38
Elytrigia repens. See Quackgrass
Emergence, from soil, 8

carbon dioxide’s effect on, 62–63
competition affected by, 63

Energy, exchange of, 23–24
English ivy, 5
Environmental damage, from weeds, 12–13
Environmentalists, weed definitions used by, 1–2
Establishment, early, competition and, 62–63
Euphorbia esula. See Leafy spurge
Eutrophication, 190
Evolution

climate change’s effect on, 75, 77, 79
drought’s effect on, 75, 77
herbicide’s interaction with, 151
of oats, 77, 77t
of plants, 41
of rice, 77, 78f, 79

Exotic species, 12

Farm, weeding of, 1. See also Agriculture; Crops
Farming, seeds dispersed by, 10–11
Federal Noxious Weed Act, 164
Feedback loops, greenhouse effect, 31–32
Fertilization, of weeds, 3
Fertilizer

invasive species affected by, 118–19
nitrous oxide from, 26

Field bindweed. See Bindweed, field
Fire

cycle of
frequency of, 94

weeds’ impact on, 12
weed management with, 168

Flooding, weed management with, 169–70
Flowering time

carbon dioxide’s impact on, 44
of weeds, 3

Food
security, 210
weeds as, 181–83
weeds’ effect on, 11–12

Forage
systems, unmanaged, climate change’s impact on,

92, 94
weed, 182

Forecasting, 212
Forest, as weed habitat, 5
Fossil fuels, carbon dioxide from, 25, 28, 30f
Foxtail, 49t, 62t

Gene expression, carbon dioxide’s effect on, 40–41
Genes, photosynthesis-related, 40
Genetic diversity, weed’s as source of, 183–85
Germination, of seeds, 6–7, 62–63
Giant foxtail, 49t
Giant reed (Arundo donax), 181, 182f
Global warming. See Climate change
Glycine max. See Soybean
Glyphosate. See also Herbicide

annual use of, 17f
Palmar amaranth resistant to, 157
sensitivity to, 151–52

Goosegrass (Eleusine indica), 46t–47t
Greek mustard (Hirshfeldia incana), 62t
Green foxtail, 49t
Greenhouse effect, 23–24, 31–32
Greenhouse gas, 24. See also Carbon dioxide

cycles of, 24–25
feedback loops with, 31–32
fixation of, 24
infrared trapped by, 24
measurement of, 26–28
relative forcing values of, 25t
types of, 24, 26, 31

Growth
anthropogenic environmental changes affecting, 63
carbon dioxide’s effect on, 64–65, 64t, 67, 132
competition and, 63–65
herbicide’s affecting, 146–47
weeds’ speed of, 3

Habitat, types of, 5
Halocarbons

as greenhouse gases, 24
relative forcing value of, 25t
sources of, 26
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Hand pulling and hoeing, 166–67, 167f
Hantavirus, El Niño and, 137–38
Hardiness zones, changes in, 69f
Health. See also Allergies; Dermatitis

air quality and, 134
environmental changes’ effects on, 203–4
mechanical injury and, 13–14, 127–28
narcotics and, 14, 134–35
public, 13–14
toxic substances and, 133–34
weeds as disease vectors and, 137–38

Herbicide, 143
application of, 144
area treated with, in acres, 145f
Canada thistle’s response to, 153–55, 154f–155f
characteristics of, 144–46
crop losses with vs. without, 15, 16t
efficacy of, factors affecting, 148

abiotic, 148–49
biotic, 149–50
carbon dioxide as, 150–53, 152f, 154f–155f, 156t
climate change as, 150–53
long-term cost of, 157
precipitation as, 155–56

evolution’s interaction with, 151
future management with, 158–59
historical use of, 144
resistance to

biology of, 153–55
crop, 144
distribution of, global, 158f
environmental, 156

types of
amino acid inhibitor, 147–48
cell membrane disruptor, 146
cellulose biosynthesis inhibitor, 147
cytologic growth inhibitor, 146–47
growth regulator, 147
lipid biosynthesis inhibitor, 147
photosynthetic inhibitor, 146
pigment inhibitor, 146

use of
annual, 17f
in hectares, 16

Herbivory
changes in, competition affected by, 65
weeds as barrier to, 3

Hirshfeldia incana. See Greek mustard
Honey mesquite (Prosopis glandulosa), 64t
Horseweed (Conyza canadensis), 62t
Humidity, pathogens affected by, 98
Hydrilla verticillata. See Waterthyme

Imperata cylindrical. See Cogongrass
Infrared, 24

Injury, mechanical, from weeds, 13–14, 127–28
Insects

carbon dioxide’s effect on, 99
climate change’s effect on, 205
crop losses from, 85
fecundity of, 99
precipitation’s effect on, 100
as reproduction vector, 66
temperature’s effect on, 99–100
weed hosting of, 11–12, 99–100, 206

Integrated pest management (IPM), 18
Integrated weed management (IWM), 176
Intergovernmental Panel on Climate Change (IPCC),

30–31, 213, 214f
Invasive species, 12

carbon dioxide’s effect on, 203t
ecology of, 107–10
factors affecting

abiotic, 111, 113–14
biotic, 114–16
environmental change, 110–11
fertilization as, 118–19
human behavior, 116
nitrogen deposition as, 118–19

hypothesis of
enemy release, 108–9
niche occupation, 108
novel weapons, 109

impacts of
climate change’s influence on, 119f
economic, 110
ecosystem, 109–10
future, 119

invasiveness traits of, 108
losses to, in acres, 13
management of, 110, 119–20
models of, 165
in natural ecosystems, 107–10
quarantines of, 163–64
range size of, 112f, 113
resource availability and, 113, 115f
spread rate of, 109
trophic level limitation of, 116

IPCC. See Intergovernmental Panel on Climate
Change

IPM. See Integrated pest management
Ipomoea purpurea. See Morning-glory, tall
Irrigation, 12, 169–70
Isoprene, emissions of, 134
IWM. See Integrated weed management

Japanese honeysuckle (Lonicera japonica), 64t
Jimsonweed (Datura stromonium), 2

carbon dioxide growth response of, 64t
medicinal use of, 186
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Johnsongrass (Sorghum halapense), 2, 46t–47t
damage niche of, 71f
relative response to carbon dioxide of, 49t

Jungle rice (Echinochloa colonum), 46t–47t

Keeling, Charles, 27–28
Keeling Curve, 27f
Kudzu (Pueraria montana), 2, 5

as animal feed, 182–83
areal coverage of, 191
as biofuel feedstock, 191–93
carbohydrate content of, 192t
carbon dioxide’s effect on, 192
establishment of, 166f
growth response of, 64t
history of, 194
latitudinal limit of, 207f
migratory changes in, 206–7, 207f
persistence of, 166f
starchy root of, 191

Lambsquarter (Chenopodium album), 46t–47t
as food, 183
seed production of, 7t
soybean seed yield vs., 88f

Land use changes, 28, 30f
Laypersons, weed definitions used by, 1
Leaf blight, 11
Leaf rust, 98
Leaf spot disease, 98
Leafy spurge (Euphorbia esula)

carbon dioxide growth response of, 64t
root-shoot ratio of, 67f

Light, competition for, 8–9
Limestone, cooking of, 29
Lipid biosynthesis, inhibitors of, 147
Lonicera japonica. See Japanese honeysuckle

Managed systems
environmental change and, 201–2
weeds populations in, 68, 70

Management, weed, 15. See also Herbicide
biological, 15f, 17–18, 173

augmentation, 174–75
carbon dioxide’s effect on, 176
classical, 175–76
climate change’s effect on, 176
conservation, 174
limitations to, 173
time-course of, 174f

chemical, 16–17, 158–59
time-course of, 174f

cultural, 15, 15f, 169–73
allelopathy for, 172–73
crop rotation for, 171

flooding for, 169–70
mulching for, 170–71
weed-crop competition and, 171–72

detection as, 164–65
EDRR as, 165
integrated, 18, 176–77
mechanical, 15, 15f
physical control

chaining for, 168–69
fire for, 168
hand pulling/hoeing for, 166–67, 167f
mowing for, 167
tillage for, 167–68

preventive, 163–64
with quarantines, 163–64
uncertainties with, 209

Mechanical control, of weeds, 15–16, 15f
Medicine, plant-derived, 185–87, 185f
Melaleuca (Melaleuca quinquenervia), 164
Melaleuca quinquenervia. See Melaleuca
Methane

atmospheric concentration of, 25, 32f
as greenhouse gas, 24
relative forcing value of, 25t

Milk sickness, 134
Models, 211–12. See also Climate models

biogeographic, 70
of invasive species, 165

Morning-glory, tall (Ipomoea purpurea), 11–12
Mowing, 167
Mulch, weed management with

carbon dioxide’s effect on, 171
climate change’s effect on, 171
cost-effectiveness of, 170
living, 170–71

Mullein, common, 7t
Musk thistle, 7t
Mustard, wild (Brassica kaber), 64t

Narcotics, weeds as, 14, 134–35
Native systems, environmental change and, 202–3
Natural selection, of rice, 77, 78f, 79
Nightshade (Solanum spp.), 98, 186
Nitrogen

availability of, carbon dioxide response and, 51
Canada thistle’s biomass affected by, 53f
deposition of, invasive species affected by, 118–19
in foliage, 182

Nitrogen use efficiency (NUE), 43, 50–51
Nitrous oxide

atmospheric concentration of, 32f
from fertilizer, 26
as greenhouse gas, 24
from nitrification, 25
relative forcing value of, 25t
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NUE. See Nitrogen use efficiency
Nutrients, competition for, 8–9
Nutrition, 135

Oat, wild (Avena fatua), 46t–47t
carbon dioxide growth response of, 64t
seed production of, 7t

Oats, evolution of, 77, 77t
Ocean currents, energy redistribution by, 32
Opiates, 135, 136f, 186–87, 187f
Oriental bittersweet, 5
Ozone, 26

Panicum, fall, 49t
Papaver spp. See Poppy
Pasture, competition in, 94. See also Rangeland
Pathogens

climate change’s effect on, 204–5
crop losses from, 85
humidity’s effect on, 98
nonindigenous, 205t
temperature’s effect on, 98
weed hosting of, 11–12, 97–98, 205–7

Perennial, 4
Pharmaceuticals, plant-derived, 185–87, 185f
Phosphoglyceric acid, 4
Photo dermatitis, 131, 132f
Photosynthesis, 41–43. See also C3 photosynthetic

pathway; C4 photosynthetic pathway; Crassulean
acid metabolism

biome distribution by type of, 44f
genes, 40
inhibition of, 44–45

herbicidal, 146
natural history of, 41
NUE and, 50–51
source-sink relationships in, 44–45
temperature’s impact on, 42–43, 50, 52, 54
water availability’s impact on, 43, 50

Phytophthora infestans, 98
Phytoremediation, 189–90
Pigweed (Amaranthus spp.)

as food, 183
soybean seed yield vs., 88f

Pigweed, prostrate (Amaranthus albus), 62t
Pigweed, redroot (Amaranthus retroflexus), 49t
Pigweed, smooth (Amaranthus hybridus), 46t–47t
Plant biology

carbon dioxide’s effect on, 36, 39
climate change’s effect on, 35–36
precipitation changes’ effect on, 36
temperature’s effect on, 36
uncertainties in, 208
whole plant responses in, 43–45

Plant communities, 68

Plants. See also Crops; Weeds; specific plant
as autotrophs, 199
biomass of, total, 199
evolution of, 41

PLANTS database, 164
Poison, in weeds, 14
Poison ivy, 14f

carbon dioxide’s effect on, 132
contact dermatitis from, 13
as creeping perennial, 4
medical burden of, 132

Poison oak, 13, 14f
Poison sumac, 13, 14f
Pollen. See also Ragweed

production of, changes in, 65–66, 129–31
along urban-rural transect, 130f

Pollution, removal of, 189–90
Poppy (Papaver spp.), 135, 136f, 186–87, 187f
Portulaca oleracea. See Purslane
Potato, production losses of, 16t
Powdery mildew, 98
Precipitation patterns

in climate models, 33, 34f
competition affected by, 91–92
herbicide efficacy affected by, 156
insects affect by, 100
plant biology affected by, 36
regional, 54

Privet, 5
Prosopis glandulosa. See Honey mesquite
Protein, in weed forage, 182
Public health, 13–14
Pueraria montana. See Kudzu
Purple loosestrife, seed production of, 7t
Purple nutsedge (Cyperus rotundus), 45, 46t–47t
Purslane (Portulaca oleracea), 46t–47t

as food, 183
phenologic development baseline temperature for,

62t

Quackgrass (Elytrigia repens)
carbon dioxide growth response of, 64t
seed production of, 7t

Quarantines, as management technique, 163–64

Ragweed (Ambrosia artemisiifolia)
as allergen, 13
carbon dioxide growth response of, 64t
pollen production, 65–66

carbon dioxide’s effect on, 129f, 130
seed production of, 7t

Rangeland
competition in, 94
species diversity in, 93f
as weed habitat, 5
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Reed. See Giant reed
Relative forcing, of greenhouse gases, 25t
Remote sensing, weed detection with, 165
Reproduction, 3, 9–10

asexual, 9, 67–68
competition and, 65–68
sexual

anemophilous, 65–66
entomophilous, 66

vegetative, 9
Research, priorities in future, 210–11
Rhizomania disease, 98
Rhizomes, carbon dioxide growth response of, 67
Ribulose-1,5-bisphosphate carboxylase (Rubisco),

40–41, 43
Rice, cultivated

aerobic systems for, 170
natural vs. artificial selection of, 77, 78f, 79
production losses of, 16t
seed yield of, 184–85, 184f
water’s importance to, 169
weed rice competition with, 89f

Riparian weeds, 5
Roots, carbon dioxide growth response of, 67
Rubisco. See Ribulose-1,5-bisphosphate

carboxylase
Russian thistle, 12

Salt cedar (Tamarix ramosissima), 13f
Scirpus spp. See Bulrush
Seed bank, soil as, 6
Seeds

barbed, 10
biology of, 6–7
dispersal of, 3, 10–11

animal-based, 10
farming-based, 10–11
trade-based, 11
water-based, 10
wind-based, 10

germination of, 6–7, 62–63
hooked, 10
longevity of, 6
number of, 6
plumed, 10
production of, by plant species, 7t
resin-coated, 10
survival of, 3
yield of, selected plant, 88f, 184–85, 184f

Setaria glauca. See Yellow foxtail
Shepherd’s purse (Capsella bursa-pastoris), 183
Shrub, encroachment by, 92
Soil. See also Emergence, from soil

as seed bank, 6
weeds’ benefits to, 188

Solanum spp. See Nightshade
Sonchus arvensis. See Sowthistle, perennial
Sonchus oleraceus. See Sowthistle, common
Sorghum

production losses of, 16t
relative response to carbon dioxide of, 48, 49t

Sorghum halapense. See Johnsongrass
Sowthistle, common (Sonchus oleraceus), 62t
Sowthistle, perennial (Sonchus arvensis)

carbon dioxide growth response of, 64t
root-shoot ratio of, 67f
seed production of, 7t

Soybean (Glycine max)
losses of, latitudinal variation in, 68
production losses of, 16t
seed yield vs. weed biomass, 88f
worst weeds for, 47t

Species distribution, models of, 70
Spotted knapweed (Centaurea maculosa)

carbon dioxide growth response of, 64t
root-shoot ratio of, 67f

Statistical downscaling, 33, 35
Succession

in ecosystem formation, 73
secondary, 73–75

plant demographics during, 76f
urban vs. rural, 74–75, 74f, 76f

Sugarcane
production losses of, 16t
relative response to carbon dioxide of, 49t

Sun, energy from, 23
Sweet Annie (Artemisia spp.), 186

Tamarix ramosissima. See Salt cedar
Taraxacum officinale. See Dandelion
Temperature

insects affected by, 99–100
pathogens affected by, 98
phenological development and, 62t
photosynthesis affected by, 42–43, 50, 52, 54
plant biology affected by, 36
pollen production affected by, 65–66

Thistle. See Canada thistle; Musk thistle; Russian
thistle; Sowthistle, common; Sowthistle,
perennial; Yellow starthistle

Tillage, 167–68
Tobacco, medicinal use of, 186
Toxic substances, in weeds, 133–34, 204
Trade, seeds dispersed by, 11
Tremetol, 134

Urbanization
pollen and, 130f
succession and, 74–75, 74f, 76f

Urushiol, 13, 132
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Vegetative reproduction, 9
Velvetleaf (Albutilon theophrasti)

carbon dioxide growth response of, 64t
damage niche of, 71f

Vines, carbon dioxide growth response of, 64–65, 132

Water
competition for, 8
photosynthesis affected by, 43, 50
plant oxidization of, 43
rice, cultivated, and, 169
seed dispersal in, 10
vapor, as greenhouse gas, 24, 31
weed harm with, 12

Water hyacinth (Eichhornia crassipes), 12, 46t–47t
heavy metal uptake of, 189–90
waste clearance with, 190

Waterthyme (Hydrilla verticillata), 64t
Water use efficiency (WUE), 43, 54
Weeds

allergenic, 13
carbon dioxide’s effect on, 203–4
region-specific, 131f

animal grazers affected by, 12
benefits of, 181

agroecological, 187–89
animal feed as, 181–83
biofuel, 190–93
buffer, 188–89
cover crop, 189
cultivars as, potential new cultivars, 183
genetic diversity source as, 183–85
human food as, 183
medicinal, 185–87
phytoremediation, 189–90
soil-related, 188

biomass of, changes in, carbon dioxide’s effect on,
72f

C3 pathway in, 51–52, 54
C4 pathway in, 45, 48–51, 49t
carbon dioxide responsiveness of, 201–2
characteristics of, 3

crop cycle, 3
environmental tolerance, 3
fertilization, 3
flowering time, 3
growth speed, 3
herbivory barrier, 3
seed dispersal, 3
seed survival, 3

classification of, 1–3
colonization by, 12
crop losses from, 85
crop quality affected by, 12
crops descended from, 45

crops’ nutritional value affected by, 135, 137, 137t
as crops’ wild relatives, 184
crop yield limited by, 1
damage estimation, 209
definitions of, 1–2
as disease vectors, 137–38
as “early vegetation following soil disturbance,” 1
ecology, principles of, 5
fire cycle affected by, 12
geographic range of, shifts in, 70
habitat of, 5
harm done by, 11

aesthetic, 14
environmental, 12–13
food, 11–12
public health, 13–14
water, 12

identification of, 72, 164
insects hosted by, 11–12, 99–100, 206
latitudinal limits of, 68
life cycle of, 3–4
mechanical injury from, 13–14, 127–28
mechanical protection of, 128
as narcotics, 14, 134–35
as pathogen vector, 11–12, 97–98, 205–7
physiology of, 4–5
as “plant with undiscovered virtues,” 2
poison in, 14
populations of

managed systems with, 68, 70
unmanaged systems with, 73

ranking of, 46t
reproduction of, 3, 9–10
riparian, 5
selection pressures on, 95–96
spread of, 9–10
toxicology of, 133–34
as “unwanted plant species,” 1
“worst,” 45–48, 46t–47t

Weed science
communication of, 212–13
weed definitions in, 1

Wheat
production losses of, 16t
worst weeds for, 47t

Wild tobacco, medicinal use of, 186
Woodwind instruments, 181, 182f
WUE. See Water use efficiency

Yellow foxtail (Setaria glauca), 62t
Yellow starthistle (Centaurea solstitialis)

carbon dioxide growth response of, 64t
range of, current and predicted, 114f
root-shoot ratio of, 67f
seed production of, 7t




