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In Praise of Grass

Next in importance to the divine profusion of water, light,
and air, those three great physical facts which render exis-
tence possible, may be reckoned the universal beneficence
of grass.

Grass is the forgiveness of nature her constant
benediction . . . . Forests decay, harvests perish, flow-
ers vanish, but grass is immortal. It yields no fruit in
earth or air, and yet should its harvest fail in a single year,
famine would depopulate the earth.

Grass softens the rude outline of the world. Its tena-
cious fibers hold the earth in place. It invades the solitude
of deserts, climbs the inaccessible slopes and forbid-
ding pinnacles of mountains, modifies climates, and
determines the history, character, and destiny of nations.

John James Ingalls
Kansas Magazine

1872
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Grassland Science

Whoever could make . . . two blades of grass to grow upon a spot of ground where only one
grew before, would deserve better of mankind, and do more essential service to his country
than the whole race of politicians put together.

Jonathan Swift
from Gulliver’s travels, 1726
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Preface

Forages in Transition

It is daunting to consider how to increase the food supply
while conserving natural resources to feed the expected 10
billion people worldwide by 2050. This must occur with
less land, less water, less fossil fuel, higher costs of labor,
and will require more efficient use of inputs. And, it must
be done while protecting the environment in the face of
global climate change and greater public demand for sus-
tainability. Forages and pastures will play a critical role by
effectively using lower quality land resources, while simul-
taneously, supplying an adequate quantity of high-quality
and safe products, especially animal products. Emphasis
will increase for forages and pastures to contribute specific
ecosystem services.

Much of the land resource of North America is occu-
pied by grasslands and forages managed by ranchers and
farmers for yield, quality and persistence. However, the
social climate surrounding agriculture is rapidly changing
as the public becomes more concerned and even distrust-
ful about motives and priorities of land management
for income over sustainability. How will research and
technical advancement of forages and pastures address
the non-production factors while moving the discipline
forward?

Volume I of the 7th edition of Forages, an Introduction
to Grassland Agriculture (2018), serves primarily as an
undergraduate textbook. It emphasizes basic roles of
the diverse array of forage plants, their adaptation, and
principles of management practices used for efficient
animal production that is sustainable. Volume II of
the 7th edition of Forages, the Science of Grassland
Agriculture (2020) gives more detail on how biological
and physical processes in cells and tissues affect growth,
forage quality and persistence of individual plants. We
then integrate the basic knowledge about individual
plants to their interaction in plant communities, whether

harvested mechanically or grazed by animals, and how
they contribute ecosystem services.

Forage yield in research plots has increased very
little over the past half century. Relative focus is chang-
ing from increasing yield to reducing input costs and
improving and retaining forage quality. New cultivars
and strategies for disease and insect control help protect
yield and improve both animal performance and stand
persistence. New harvesting equipment improves leaf
retention and shortens drying time to reduce weathering
losses. Improved bale wrapping and silage preservation
technologies further help retain digestible components.
Global positioning and drones will find important uses
for precision farming to increase management efficiency.

At the same time, the public desires increased empha-
sis on ecology, climate change, ecosystem services, animal
welfare, and sustainable forage and pasture management.
These concerns have led to stronger links among forage
scientists, animal scientists, ecologists, climatologists and
social scientists to form transdisciplinary foundations for
managing forages and pastures. The broader role of forages
and pastures will lead to new policies to provide qual-
ity animal products as well as valuable ecosystem services.
New science will establish the best policies and practices.

Forages Need Innovation

Forages and pastures can effectively use land resources
that do not compete directly with grain and oilseed
crop production. Ruminants are critical since they have
natural advantages in converting fibrous plant material
into high nutritional value meat and milk products.
Hundreds of plants could become significant forages
in specific environments, and biotechnology will help
improve species already used. Direct use of perennials for
renewable energy sources can reduce dependence on fossil
fuels. Forages will be more integral components of crop
rotations, cover crops and vegetative waterways for feed
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sources and erosion control. Perennial legumes in crop
rotations will protect the soil and support wildlife while
providing fixed nitrogen for subsequent crops.

Fortunately, there are many new technologies in the
pipeline such as global positioning systems, precision
agriculture, drones, improved harvesting and packaging
machinery, safer pesticides, improved efficiency of fertil-
izer use and many findings from biotechnology that are
leading to major changes in plant and animal agriculture.
Scientists are learning about managing marginal soils,
how ecosystems work, how new technologies might
be transferrable to other areas and how the benefits of
plant diversity assist in maintaining ecosystem services.
The private sector will continue to help by developing
new cultivars, improved farm machinery, new research
methodologies and instruments for monitoring hayfields,
pastures and animal behavior.

Forages and the Role of Volume II

For Volume II of Forages, The Science of Grassland Agri-
culture, authors assembled a thorough review of relevant
literature to glean, evaluate and integrate the most impor-
tant factors for current and potential use. Unfortunately,
the number of forage researchers in the US and Canada
is decreasing, similar to trends in Europe, Australia, New
Zealand and South America. This requires more use of
international literature when the information is transfer-
able or is validated or modified in the new environment.
In addition, especially at basic levels, there is a need to use
data and evaluations from non-forage species to provide
insight to important features of forage and pasture plants.
More transdisciplinary research with social and environ-
mental scientists has aided evaluation of applications for
economic viability and social acceptance.

As a first priority, authors considered how research
improves adaptation, quality and persistence of forage and
pasture plants. Second, authors evaluated technologies
and management systems for sustainability within a field
or pasture. In systems chapters, they considered forages

and pastures as components when scaled to cropping
or livestock systems within a larger area. Third, authors
considered potential effects of resource limitations and
pending climate change to support production and pro-
vide ecosystem services. Collectively, Volume II presents
a comprehensive assessment of forages and their roles in
agricultural systems that are changing in character and
function.

Thanks to Contributors

The editors are very appreciative of the contributions of
the 93 authors who delivered this work through their
vision, commitment and knowledge. Their generosity,
good will and talent made this 7th edition of Volume
II possible. The completed edition also continues the
tradition of providing the most comprehensive reference
book available on forages and grasslands that is written
by national leaders in their areas of education, extension,
and research expertise.

In some chapters, concepts and descriptions include
material from chapters on similar topics in earlier editions,
especially the 5th and 6th editions. The current authors and
editors are indebted to those authors who helped form
the foundation and format for chapters in the 7th edition.
With great respect, we thank those earlier authors for their
efforts to advance the science of grassland agriculture and
the roles of forages and pastures in dynamic ecosystems.

Ken Moore provided administrative leadership for the
project and also edited and co-authored chapters. Michael
Collins, Jerry Nelson, and Daren Redfearn shared in the
editorial work and also co-authored chapters. We hope
you can learn from and be reassured and stimulated by
the publication. We welcome your responses about our
collective effort, both negative and positive.

Kenneth J. Moore
Michael Collins
C. Jerry Nelson

Daren D. Redfearn
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Dedication

This volume is dedicated to the memory of Drs. Steven
Louis Fales, Lowell E. Moser and Walter F. Wedin.
Devoted and passionate grasslanders all, they were also
highly productive researchers and enthusiastic educators.
They inspired and trained many of the authors contribut-
ing to this volume. Their lives and careers crossed paths
many times over the years and all three were contributors
to earlier editions of Forages.

Steven L. Fales Lowel E. Moser

Walter F. Wedin

Lowell edited several important books and monographs
related to forages including Cool-Season Forage Grasses
and Warm-Season (C4) Grasses, both published by
the Tri-Societies (ASA-CSSA-SSSA). Walt and Steve
co-edited Grassland: Quietness and Strength for a New
American Agriculture their homage to Grass, the 1948
Yearbook of Agriculture.

This volume is also respectfully dedicated1:

To the Memory of Those gone on before, who, envision-
ing the needs of the future and the possibility of bet-
ter things, lived purposively, giving of themselves.

In Recognition of Those of our own day, who, endowed
with leadership ability in research and education,
continue to stimulate us to more productive effort.

For the Inspiration of Those who today follow on, but
who tomorrow, building upon established founda-
tions, will be charged with the responsibility of solv-
ing problems with which those of their day will be
confronted.

1From , Hughes, H.D., Heath, M.E., and Metcalfe, D.S. (eds.)
(1951). Forages: The Science of Grassland Agriculture, 1e. Ames,
IA: The Iowa State College Press.
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PART I
FORAGE PLANTS

A mixed stand of alfalfa and timothy. Timothy mixtures with alfalfa in Kentucky provide mixed forage on the first cutting or
grazing but nearly pure alfalfa through the remainder of the growing season. Source: Photo courtesy of Mike Collins.

Part I covers basic physiologic and physical properties of
forage species at the cellular and whole-plant levels that
guide genetic improvement and underscore management
practices. The goals are to improve yield and quality of the
biomass and resistance to biotic and abiotic stresses. These
processes often have negative correlations that are species
dependent, and responses of spaced-plants may not reflect
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their properties when grown in dense stands or mixtures.
Critical topics such as photosynthesis, root growth,
canopy architecture, lignification of cell walls and pres-
ence of antiquality factors such as alkaloids in leaves need
to continue to be evaluated. Most perennial forage plants
are polyploids and cross-pollinated, making it difficult
to identify and transfer genes using biotechnology, but
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2 Part I Forage Plants

CRISPR-Cas9 and other new technologies are opening
new ways to supplement traditional breeding methods.

Genetic potential for growth and persistence set
the upper limits for yield. Management strategies utilize
resources efficiently to achieve the actual annual yield, but
it rarely nears the genetic potential. Reducing the yield gap
by more intense management may not be economically

feasible or environmentally friendly. Thus, increasing
efficiency of energy, radiation, nutrient, water and
other natural resources are objectives. These processes are
integrated to understand and optimize plant growth, flow-
ering and seed development. The integrated system is what
the manager must understand to achieve the desired objec-
tive in a way that is sustainable for now and the future.
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CHAPTER

1
Perspectives, Terminology, and
Classification

C. Jerry Nelson, Professor Emeritus, Plant Sciences, University of Missouri, Columbia,
MO, USA

Kenneth J. Moore, Distinguished Professor, Agronomy, Iowa State University, Ames,
IA, USA

Michael Collins, Professor Emeritus, Plant Sciences, University of Missouri, Columbia,
MO, USA

Daren D. Redfearn, Associate Professor, Agronomy, University of Nebraska, Lincoln,
NE, USA

As it has for millennia, the earth is changing physically,
especially during the past few decades, while human pop-
ulation is growing very rapidly. Forage management has
advanced to help meet the expanding needs for ruminant
animal products, nitrogen acquisition, fuel resources and
environmental stewardship. However, changes in climate,
conflicts and shortages of water supplies, increased public
emphasis on ecosystem management, and the challenges
of world hunger and energy remain in the news almost
daily. Other concerns include food safety, food quality and
animal welfare. Each raises questions about how to deal
with hunger, the environment and quality of human life;
especially how management of pastures, forage fields and
the products they support can help provide solutions.

Need for Consistent Terminology

Clear communication depends on terminology that is
common among the individuals involved. Many terms
are common to production of all crops and animals. In
this book, however, emphasis is on those terms unique to
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forage crops, pastures, range, and livestock that describe
their underlying science and practical use. Terms in
bold face are defined in a comprehensive glossary in the
appendix.

While many terms have a history of usage, they can
be confusing when moved from one culture or location
to another. New terms appear regularly along with new
technologies, and need to be clear and used correctly. For
example, a few years ago, a drone would have referred to
a male bee, which it still does, but with the advent of
precision agriculture, a drone is also now an unmanned
aircraft guided by remote control or onboard computers
using global positioning systems (GPSs). Drones can carry
instruments that measure plant health, forage quality, for-
age production and monitor animal behavior in a pasture.
Many other applications will soon follow.

Most definitions are written for the practitioner and
may not be fully understood by the general public or
policy makers. Practitioners are more aware than the
public or legislators about the intrinsic values of forages
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4 Part I Forage Plants

and grasslands. They have a vested interest in technical
and economic aspects that help them be better managers
or marketers. Some specific or technical terms for com-
munication among researchers are in the glossary for use
by practitioners involved with technical communications.
Scientists, extension specialists, consultants, and journal-
ists need to be aware of differences in knowledge levels
between practitioners and the public, especially in urban
areas.

Terms in Grassland Management

Professionals in forages and grasslands have responsibility
to develop consistency of definitions so communication is
clear. Endophyte-free or E− tall fescue, glandular-haired
alfalfa, and no-till seeding are terms that are becoming
common. Conversely, there is debate as to what consti-
tutes animal rights, labor laws, use of water, and others,
including how to measure these factors and assign or esti-
mate economic values.

When allowed to develop unabated, local, and generic
terms take on a local meaning. For example, the public
may observe a pasture that is “rundown” or “overgrazed.”
The practitioner might suggest the pasture was “grazed
heavily,” whereas the scientist might say an inappropriate
stocking rate, stocking density, or grazing pressure,
respectively, was the cause. Each scientific term has some
features in common with the more general descriptor,
but focuses on a more specific factor to add clarity using
biological reasons for the pasture condition. For example,
overgrazing could be due to poor plant growth, having
too many animals, or retaining them on the pasture too
long, all with the result of leaving too little residual forage
mass.

“Grazing heavily” suggests too many animals for the
forage available such that too much forage was removed.
The scientist would use terms such as stocking rate (num-
ber of animals per unit land area for a period of time) and
grazing pressure (mass of forage available per animal at
a given time) to understand the situation in quantifiable
terms.

Sometimes a term used routinely needs to be modified
to lead to change. “Intensive grazing management” was
commonly used for decades and generally connoted
the use of management practices involving “rotational
grazing,” now called rotational stocking, but it also
implied that the “grazing intensity,” now called stocking
rate, was managed. Earlier interpretations could involve
rotating periods of grazing and rest, or encouraging faster
bite rate or larger bite size of animals, i.e. “grazing with
intensity.”

Research on the technologies introduced new terms
that helped increase producer interest in pasture manage-
ment. The need to be biologically accurate, and consistent
with other terminology regarding grazing methods, led
professionals to shift the term from intensive grazing

management to management-intensive grazing (Nation
2004). This focuses properly on the grazing method that
is managed intensively based on knowledge about plants,
animals, fencing, water supplies, and other technologies
used as inputs (Gerrish 2004).

In another case, professionals early on used accumu-
lated forage for deferred grazing; meaning the forage that
accumulated during active growth was allowed to stand
until needed for grazing. Yet, practitioners and technol-
ogy transfer specialists also coined the terms “stockpiling”
and “grazing on-the-stump,” neither of which was func-
tionally descriptive of forage accumulated during active
growth, usually during fall, and subsequently grazed in
winter when growth was slow or had stopped. Even so, the
term stockpiling was gradually accepted, clearly defined
and is now widely adopted (Figure 1.1).

Terms for Soil and Its Functions

Soil has long been defined as “unconsolidated mineral or
organic material on the immediate surface of the earth
that serves as the natural medium for the growth of land
plants.” However, this definition raised concerns among
soil scientists that soils are not limited to earth, some parts
of soil may be rocks or other consolidated material, soils
contain liquids, gases and biological organisms, including
plants, and that soils are dynamic due to soil-forming fac-
tors that differ depending on their use and management
(van Es 2017).

Under leadership by the Soil Science Society of Amer-
ica, ideas and concepts were coalesced to a new definition:
Soil is now “the layer(s) of generally loose mineral and/or
organic material that are affected by physical, chemical,
and/or biological processes at or near the planetary sur-
face and usually holds liquids, gases and biota and support
plants” (van Es 2017). The new definition clearly places
more emphasis on the physical makeup of the soil and
broadens the definition and uses beyond agriculture, i.e.
more than just supporting plants.

Soil Quality

A number of years ago, the term soil quality was intro-
duced and considered as “the capacity (of soil) to function”
(Karlen et al. 2003). Soil quality depends on physical,
chemical, and biological features of upper layers, and
how they interact to provide a given function, be it for
road construction, crop production or a home lawn. A
change in one feature results in a different soil. Scientists
are developing methods to assess the indicators, and then
use mathematical equations to combine several physical,
chemical, and biological features, including organic
matter that changes with human activity, into a numeric
index (Friedman et al. 2001). The desired numeric index
based on physical, chemical, and biological properties
would vary depending on the purpose, e.g. agriculture or
civil engineering.
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Chapter 1 Perspectives, Terminology, and Classification 5

FIG. 1.1. Beef cattle in Saskatchewan extending the grazing season by using accumulated forage.

Source: Photo courtesy of Vern Baron.

Understanding how the components of the soil quality
index interact, while being a noble goal, has been difficult
to measure and interpret over a range of soil types and
topographies (Laishram et al. 2012). This led to interest
in soil health, a simpler concept for evaluating “soil value”
that is related more directly to content of organic matter
(Doran and Zeiss 2000). This seemed more practical
for agricultural uses, especially in the short term, since
organic matter is responsive to management and affects
the structure of the soil and its capacity for holding water
and nutrients.

Soil Health

Soil health is the continued capacity of soil to function
as a vital living ecosystem that sustains plants, animals,
and humans. The term may be more useful than soil qual-
ity to describe the “health state” of a soil in terms of its
productivity and roles in environmental conservation and
the many ecosystem services of pastures and forages since
it is based mainly on organic matter content that is rel-
atively easy to measure and quantify. Many practitioners
and the USDA Natural Resources Conservation Services

have adopted the term soil health using organic matter as
the main component for evaluating soil conditions asso-
ciated with crop and forage management. Soil health and
its emphasis on organic matter is the term championed by
organic agriculturalists.

Sustainability of Grassland Agriculture

Sustainability of agriculture has been a critical issue for
farmers and ranchers for generations, but in the 1960’s
public concern grew about the increased emphasis on pri-
mary production of food and fiber based on use of chem-
ical fertilizers and pesticides. Agriculture was perceived as
mining natural resources for economic benefit with little
concern for short- and long-term sustainability based on
health and well-being of consumers and the environment.
The public raised real concerns about government regula-
tions and management practices for use of chemicals on
farms.

The Delaney amendment in 1958 prohibited any
compound in feeds or foods that caused cancer in animals
or humans. To help meet these concerns, the government
developed stricter regulations on use of chemical fertilizers



�

� �

�

6 Part I Forage Plants

and especially pesticides based on better diagnostic pro-
cedures. This was coupled with increased public interest
in organic agriculture that prohibits use of chemical
inputs. To address the growing concerns, the concept
of sustainable agriculture emerged and, early on, was
somewhat linked to the use of organic practices.

Roles of the Public

The public was concerned about sustainability even
though it was clear organic agriculture alone could not
meet the total food needs then (Pesek et al. 1993) or later
(Reganold and Wachter 2016). Soon a more holistic per-
spective of sustainable agriculture emerged that involved
more than food production and was defined based on
three major components: (i) the economic return to the
producer, (ii) the conservation of the environment, and
(iii) use of practices that are accepted socially (American
Society of Agronomy 1989).

Federal and state governments began cost-share pro-
grams to encourage and reward producers who adopted
management practices to reduce soil erosion, maintain
water quality, increase plant diversity, enhance wildlife
and reduce negative effects of chemical nutrients and pes-
ticides. Industry also accepted the challenges by working
on the broader issues before submitting chemicals for
registration.

Today, there is growing concern about social aspects
like animal rights, worker safety, food safety and label-
ing of contents in food as components of sustainability.
In many cases today, the consumer can get some reassur-
ance by purchasing food directly from Farmer’s Markets
or track products back to the farm or ranch from which it
was produced.

Consideration of Ecosystem Services

After a detailed international analysis (Millennium
Ecosystem Assessment 2005), sustainability of agriculture
today also includes providing a wide range of ecosystem
services, a more inclusive and more comprehensive set of
ecosystem components and interactions affecting human
well-being. This four-part framework, led mainly by
ecologists and social scientists, consisted of four outputs
or services from the land (Figure 1.2).

The desired outputs, all expected from agriculture,
include (i) Supporting services like primary production,
nutrient cycling and soil formation; (ii) Provisioning
services like food, fresh water, wood, and fuel; (iii) Reg-
ulating services like influences on climate, quantity and
quality of water, and diseases of plants and animals; and
(iv) Cultural services like spiritual issues, education, and
esthetics. Currently, a major goal for scientists is to learn
the breadth and determine values of individual ecosystem
services and their interrelationships.

The millennium report on sustainable agriculture is
gradually being accepted internationally as a goal, while

more sub-components are added on a regular basis.
Costanza et al. (2017) reported on the explosion of
research by ecologists and economists wanting to assign
values to ecosystems, encourage policies and document
applications of the ideas. Sustainability now extends
beyond the farm gate to the entire food chain and
includes a myriad of environmental, social, and cultural
issues rarely considered a few decades ago. Agricultural
scientists need to continue to be involved in all aspects.

Unfortunately, agricultural science has often not kept
up to provide a scientific basis for leadership to make good
policy decisions. The public is now the major player, often
without scientific evidence, in decisions and regulations
for the entire food system and the preservation of natural
resources.

Assessing and understanding the complexity involved
with agricultural sustainability will likely require math-
ematical modeling and transdisciplinary approaches
in research. Forage and pasture management and ani-
mal welfare issues need science-based cooperation with
social scientists and practitioners to understand relation-
ships, provide education and satisfy public demands for
sustainability.

Industrialization of agriculture via new technologies
from both the public and private sectors has raised
concerns about ethical and economic motivation among
the players. The question arises; are commercial motives
parallel with those of the public, and based on science?
Scientists are in the early stages of establishing an index
that includes measurable variables associated with the
Millennium Assessment to achieve sustainability in ways
that are socially acceptable. As incomes increase in devel-
oped countries, demands for fresh and safe foods with
good taste will continue to rise. Many will believe, with
little or no scientific evidence, that organically produced
foods are safer, healthier, and taste better. The balance
between organic and other production systems will evolve
(Tillman et al. 2002).

The Role of Organic Agriculture

Organic foods and beverages are a small, but rapidly
growing market segment in the global food industry
including meat and milk products, primarily due to
health and nutrition concerns. A recent study analyzed
40 years of science comparing organic and conventional
agriculture across the four goals of sustainability, pro-
ductivity, environmental impact, economic viability, and
social well-being (Crowder and Reganold 2015). In sum-
mary, organic systems produced lower yields compared
with conventional agriculture, yet it was more profitable
because consumers pay 12–50% more for the products.

Overall, organic farms tend to store more soil carbon,
have better soil quality, and reduced soil erosion. Ini-
tial evidence indicates that organic agricultural systems
deliver greater ecosystem services and social benefits.


