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Foreword

Do not mistake this for just a textbook. You hold in your
hands the key to making a difference. If life is about under-
standing the times in which you live and therefore what you
should do with your life, then this trove of accumulated sci-
entific insight and social wisdom from Stephen Gliessman
is sure to be a key stepping stone. The reason is that Steve
methodically lays out the cumulus of four decades of his
experience and reflections, connecting science to purpose,
action, and meaning.

With few exceptions, treatments of agriculture are
about methods (how you do something) and not about the
substantive questions of all human activity: what and why
we do something. Tractors, fertilizers, and modified seeds
are examples of some of the ways we perform agriculture.
Hunger, power, and inequity are examples of attributes of
agriculture and food systems and therefore why it is impor-
tant to fully understand context before launching unquestion-
ingly into methods and practices.

We are all part of a human culture (including our food
system) that has settled on a predominant view of life as
domination over nature and other people. Examples of the
negative impacts of this domination are most obvious in the
unjust conditions faced by too many people in the food sys-
tem workforce, from the fields, to processing and packing
plants, to shipping and stocking shelves at markets, to the
food service sector. Instead of living wages, safe and healthy
working conditions, and fair immigration laws that create
opportunity while getting work done, we have an industrial,
capital-intensive system that too often exploits both people
as well as the land. We need a food system that fosters the
important indicators of sustainability such as equity, fairness,
and satisfaction for all, rather than domination that benefits
a few. Agricultural curricula must focus beyond the narrow-
ness of specialization, reductionism, and methodologies that
primarily emphasize high yields and maximizing profits for
those in power.

Are there alternatives to the current industrial food and
agriculture system? That is what this book is about. If you are
interested in agricultural and food systems that are managed
for the long term, are more inclusive, pursue wiser purposes,
and thereby converge on different methods, this book will
prove an invaluable guide. It leads you through a succinct
case for an alternative understanding of agricultural and
food systems as opposed to formulaic methodologies. A farm
field is not an outdoor factory, with inputs and outputs that
are allegedly understood and calculated precisely on one
end and maximized on the other end, scored by how much
money can be squeezed from the proposition. Instead, you’ll
understand a farm as a cross section of many processes to be
understood and integrated, where there are multiple goals,

and where perpetual resilience is the key attribute because
that is the way that all components do best over the long term.
This includes ourselves, since, after all, humans cannot exist
without supportive ecosystems.

And I should stress that this synthesis involves rigorous
science, which you will enjoy immensely. One of the delights
of agroecology is that it provides an answer to the very logi-
cal question for all thoughtful explorers of human knowl-
edge: “Why should I learn this?”” Here, you’ll find the payoff
for the basic studies you’ve undertaken. Physics, biochemis-
try, and mathematics are joined seamlessly with economics,
sociology, and political science to render clearer the things
that we all care about. As one example, consider a fundamen-
tal question to put to all human endeavors: “How long can
we keep doing things this way?” This is the sustainability
question, and it can be confronted competently only by com-
bining insights from many fields of human knowledge and
experience. You'll see this throughout this book, but particu-
larly around such topics as whether we have an impending
phosphorus shortage (a nonrecyclable and limited nutrient),
the notion of multifunctionality and integrated landscapes,
and the contextualization of the food justice movement.
Gliessman is one of the world’s masters of this integrated
approach, and one of the best embodiments of the expertise
that Robert Rodale called metasystematics, the discernment
of how systems in perpetual motion relate with and affect
one another.

This is a skill that may be unique now, but one that
humanity will require in greater measure in our crowded
future. As an advocate for more resilient food systems based
on the principles of agroecology, I earnestly recommend that
you invest yourself in developing depth and proficiency in
this essential science. As with Gliessman, your credibility
and effectiveness will be the more potent for your indisput-
able command of what Bertrand Russell called a knowledge
more important than the understanding of facts, that being
the connections among facts. By the time you work through
this deft exposition, you will understand why agriculture
must be fundamentally transformed, how ecological science
can be applied to that end, and how social movements are
as essential to that transformation as is the understanding of
trophic interactions.

Finally, this book is a declaration of purpose: the intent
to apply knowledge to improve and sustain the dignity
of life for all, human and otherwise. As a book, this is an
ambitious inquiry and a survey for the brave and forward-
looking, from a brave and forward-looking scholar. But as
an intellectual and moral challenge, this is nothing short
of a call for epochal culture shift. It is time to move our
knowledge about sustainable food systems beyond the



safe spaces of seminar rooms and scholarly publications.
We need an open-access system that turns knowledge into
practice, rather than into proprietary technologies owned
by a few and for sale to the rest. We must understand the
dynamics of economic and political power and its ability to
limit, shape, and control the food system. Turning knowl-
edge into social action on behalf of greater human well-
being is the ultimate responsibility of the learned, which
is to share the insights that the generosity of others has
allowed one to derive, in a perpetual chain of meaning and
moral action. Einstein stated, “Humanity has every reason
to place the proclaimers of high moral standards and values
above the discoverers of objective truth.” Steve Gliessman
is both a discoverer and practitioner of objective truth and a
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proclaimer of high moral standards. Tellingly, it is not only
his many accomplished former students who can attest to
this, but scores of farmers whose livelihoods have markedly
improved because Gliessman is about science, purpose, and
moral action. Here, he has painstakingly, joyously, fully,
and generously laid out his understanding from a lifetime
of effort on these fronts.
Flip the page. It is now your turn to take this on.

Ricardo J. Salvador

Director and Senior Scientist
Food and Environment Program
Union of Concerned Scientists
Washington, DC



Preface

In the late 1970s, when I and a small group of students and
professors at a school of tropical agriculture in Cérdenas,
Tabasco, Mexico, discussed agroecologia—a term we
thought we had invented—Ilittle did we know that agroecol-
ogy would become a core part of a movement for food-system
change. Much has happened in the field of agroecology since
those early days, and much of that is reflected in this third
edition of Agroecology, first published in 1996.

Agroecology has become known for being a science, a
practice, and part of a social movement focused on trans-
forming food systems to sustainability. It has also become
clear how important it is that all three of these elements be
integrated in a transdisciplinary, participatory, and action-
oriented way in order to be most effective in bringing about
the changes that are urgently needed. We now have the
opportunity to move beyond the thinking of the agronomists
and technologists who say that by merely increasing yields
and profits we will be able to meet the food needs of the
world’s growing population. We were being told this when |
was teaching at the Colegio Superior de Agricultura Tropical
in southern Mexico in the late 1970s and the first Green
Revolution was being touted as the technological miracle for
agriculture. When we applied our newly emerging ecologi-
cal focus to the study of these high-yield, high-input systems,
it quickly became obvious that they suffered from the same
problems that surround industrial agriculture today, with its
focus on large-scale monocultures, huge inputs of synthetic
chemical fertilizers and pesticides, and a top-down research
and extension program designed to “tell farmers what to do.”

Fortunately, around the college and outside the large
development projects in southeastern Mexico, there was
another agriculture—small-scale, traditional Maya agricul-
ture, with 5000 years of cultural memory. For centuries, the
people of the region had developed, tested, and refined prac-
tices that continue to evolve today. Featuring the traditional
corn—beans—squash intercrop, whole-field milpa agroecosys-
tems, the integration of crops and small livestock, complex
crop associations and rotations, agroforestry, and remarkable
tropical home garden systems, this traditional agriculture has
fed people well for a very long time and appeared to be able
to do so indefinitely. Working alongside the campesino farm-
ers who managed these systems, we studied their ecological
foundations, and in the process the principles of agroecology
were born. At the same time, we begin to solidify our resis-
tance to the Green Revolution model.

When I moved to UC Santa Cruz in 1981 and started the
Agroecology Program, another alternative agriculture—
organic farming—was just beginning to take off. Organic
farming not only embodied the ecological approach we had
developed in Mexico, it also served as a good foundation

from which to continue developing resistance to the dominant
agricultural paradigm. In the early 1980s, innovative grow-
ers were changing their farming systems to organic manage-
ment, but in most cases they were doing so without much
backup research to help them through the three-year transi-
tion process required for organic certification, much less help
them design and manage organic crops for the long term.
Through several years of collaborative farmer-based trials on
their farms, we carried out transition studies in crops such
as strawberries, apples, cotton, and artichokes, each with its
own unique set of issues and challenges. From this experi-
ence, we adapted a system developed by Stuart Hill for rede-
signing food systems for sustainability as a protocol for the
agroecological study of such transitional systems. We began
with the first three levels of conversion that are described
in Chapter 22. We were very successful at the outset with
Level 2, where we substituted inputs and practices used in
industrial systems with organically accepted ones. But as
the limits of a purely substitutive approach were reached—
especially when growers wanted to maintain the monocul-
ture design they had worked with before transition—we
came to the realization that a total redesign was needed to
resist the problems, such as diseases, weeds, and pest insects,
that came up at both Level 1 and Level 2. This became the
essence for the agroecosystem redesign process that consti-
tutes Level 3 of conversion, which was presented in the first
edition of this book and is retained in this new edition.

In the years that followed the release of the first edition
of Agroecology, it quickly became obvious that for the con-
version process to reach sustainability, three levels were not
enough. With only these three levels, all of the responsibil-
ity was on the farmers and all the effort was concentrated at
the farm scale. We also began to observe the cooptation of
organic production and markets by large growers and corpo-
rations, using their scale and market control to intensify pro-
duction at Level 2. They rarely considered moving to Level
3. Organic, which in its early years was as much a philosophy
as it was a way of growing crops, was being captured by the
industrial food system.

I think a key milestone in our thinking in agroecology
occurred with the publication in 2003 of an article entitled
“Agroecology: The ecology of food systems” in the Journal
of Sustainable Agriculture. Our team of coauthors, led by
Chuck Francis, was particularly concerned with the takeover
of organic agriculture, and as a response we had decided to
add a Level 4 to the conversion process. This level focused on
reuniting the two most important parts of the food system—
those who grow the food and those who eat it. These two
parts had become so isolated from one another that there was
no shared knowledge among consumers about how food was
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grown, by whom, or where, nor knowledge among farmers
about where food went, how it was marketed, and how it was
consumed. In describing this level of conversion, we were
aware that alternative food networks had developed enough
to become a movement resisting the dominance of the indus-
trial food system model, with people beginning to take back
their right to food system knowledge, and as my friend Rich
Merrill said long ago, to put some culture back into agricul-
ture. When the second edition of Agroecology appeared in
2007, the food system was a central concept, and the recon-
nection of growers and eaters became Level 4 in the transi-
tion process. A chapter was devoted to the alternative food
system movement.

Since 2007, agroecology and our knowledge of the com-
plexity of food system issues have grown dramatically. The
global food price spikes and food riots that took place around
the world in 2008 highlighted the lack of food security and
access for many people in the world, which became central
issues in a growing food justice movement. At the same, the
rapid expansion of genetic engineering in agriculture had
many extolling the promises of a “second green revolution,”
as corporate control of the food system became evident in
everything from the seed to the market. Countering these
developments, movements for food sovereignty, local and slow
food, smallholder and family farms, and farmer-to-farmer
organizations arose and strengthened. It became obvious to
me as an agroecologist that we needed to expand the scope of
the field beyond the growing and eating of food. We needed
to find a political voice, align closely with social movements,
and focus on developing a grassroots and community-based
alternative food system that could grow outward and eventu-
ally make the industrial food system obsolete.

This commitment to social change gelled at about
the same time that agroecology began finding new allies
and sources of support. Important publications, such as
Agriculture at a Crossroads (published by TAASTD in
2009) and Agroecology and the Right to Food (published
by the United Nations Special Rapporteur in 2011), pro-
posed agroecology as an alternative approach for resolving
the interrelated global problems of hunger, rural poverty,
and sustainable development. New agroecology degree pro-
grams appeared around the world: at Florida International
University in Miami; Universidad de Cérdoba in Andalusia,
Spain; Universidad de Antioquia in Medellin, Colombia; at
several universities in Brazil; and elsewhere—most with a
focus that crosses the normal boundaries between natu-
ral and social sciences. Farmer organizations such as Via
Campesina put forward agroecology as a primary means of
creating food sovereignty, opportunity, and justice in farm-
ing communities. The science of agroecology found new
outlets for its research when the journal publisher agreed to
change the name of the Journal of Sustainable Agriculture
to Agroecology and Sustainable Food Systems beginning in
2013. It was clear to me that we were witnessing the begin-
ning of a paradigm shift with the potential to move the
entire food system to a sustainable basis. This would entail
fundamental changes in our social, cultural, and economic
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systems and institutions—which would go beyond what we
had described for Level 4. A fifth level of conversion was
needed to complete the transformation of food systems to
sustainability, and thus Level 5 features prominently in the
final section of this third edition.

As I look back on the 40-plus-year journey I have had
in agroecology, I find two personal projects that illustrate
how the creation of Level 5 came about. The first began as
a group effort among some of my graduate students (listed
below), my wife Robbie Jaffe, and me through our work
in the coffee-growing communities of Mexico and Central
America, which at the time were undergoing the worst
price crash in the history of coffee as a commodity crop.
We formed the nonprofit network Community Agroecology
Network (CAN; described in more detail in Chapter 25),
and began working with the growers at Levels 3 and 4
simultaneously. As the network grew to include non-cof-
fee-growing communities, we quickly jumped to Level 5
with programs in food security, food sovereignty, health
and nutrition, and youth leadership. Social change became
linked with sustainable farming.

The other project was applying the practice of agroecol-
ogy on our own farm, Condor’s Hope Ranch. By combin-
ing agroecology with the traditional dry-farming practice,
described in Chapter 6, for wine grapes and olives, our fam-
ily developed a farming operation that we hope to someday
pass on to our children, nieces, nephews, and grandchil-
dren. In the 20 years since beginning the farm, we have
dealt with multiple farming practice challenges, but the big-
ger issues are how a small family operation can compete
in the highly corporatized industries of wine and olive oil
and how we can encourage our future generations to carry
on with the same passion and opportunity that Robbie and I
have had. These are Level 5 issues.

Agroecology has matured as a science, is recognized as
an important practice, and has aligned with a growing social
movement for food system change. Our goal is to develop
food systems that meet local and regional food, feed, and
fiber needs, conserve and protect natural resources, provide
essential environmental services, ensure food security and
sovereignty, make food justice a reality, and create the oppor-
tunity for present and future generations to enjoy healthy and
satisfying lives.

That may sound like a lot for the field of agroecology to
take on. But I think you will see how this can happen as you
make your way through the book. It begins with a strong eco-
logical foundation for farming practices and ends with all of
us thinking about the critical importance of transitioning to a
new paradigm for food and agriculture, and what this means
for our future.

I conclude this preface by acknowledging and thank-
ing the innumerable people who have helped me form my
agroecological vision over these many years. Among those
that I value as colleagues are Itziar Aguirre, Miguel Altieri,
Francisco Roberto Caporal, José Antonio Costabeber, Joao
Carlos Costa Gomes, Bruce Fergeson, Chuck Francis, Roberto
Garcia Espinosa, Alba Gonzalez Jicome, Manuel Gonzalez



Preface

de Molina, Gloria Guzman, Juan José Jimenez Osornio, Avaz
Koocheki, Helda Morales, Jaime Morales, Clara Nichols,
Ron Nigh, Ivette Perfecto, Paolo Peterson, Francisco Rosado
May, Eduardo Sevilla Guzmdn, Vivan Vadakan, John
Vandermeer, Graham Woodgate, and the faculty and staff
of Environmental Studies at UCSC. I realize there are many
others who should appear on this list, and I apologize for any
omissions.

I deeply appreciate all that I have learned from a very
special group of graduate students who have all truly earned
the title of agroecologist: Jan Allison, Nick Babin, Marcus
Buchanan, Rose Cohen, Wes Colvin, Ariane de Bremond,
Francisco Espinosa, Michelle Glowa, Carlos Guadarrama,
Kathy Hilimire, Eric Holt-Gimenez, Robbie Jaffe, Rob
Kluson, Leslie Linn, Hillary Melcarek, V. Ernesto Méndez,
Carlo Moreno, Joanna Ory, Jim Paulus, Francisco Rosado
May, Martha Rosemeyer, Devon Sampson, and Laura Trujillo.
Over the years, I have been able to collaborate with a remark-
ably diverse group of postdoctoral researchers: Gianumberto
Accinelli, Belén Cotes, Erle Ellis, Manolis Kabourakis, Rie
Mayaura, Eleonora Morganti, Joji Muramoto, Sunita Rao,
Jesus Juan Rosales, Anastasia Scotto, Tatiana Sevilla, Koos
Steyn, and Roberto Tinoco. I am also deeply indebted to
what seems like a multitude of undergraduate students who
were the initial stimulus for this textbook. Their passion for
food system change and hope for the future helped transform
this book into what it has become.

Much appreciation goes to Mike Amato and Catherine
Van Sciver at Taylor & Francis Group, and the entire board
of editors of Agroecology and Sustainable Food Systems, for
making the journal the transdisciplinary voice for the sci-
ence of agroecology. To Ruth and Alf Heller, to whom I dedi-
cate this book, I owe the deepest gratitude for their unending
support for agroecology and heartfelt vision for future food
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systems. I am honored to have my compadre en la lucha,
Ricardo Salvador, prepare the foreword for this edition of
Agroecology. He has been a model for me of how to integrate
education, action, and a willingness to work at the top in the
change process. A very special thanks goes to John Sulzycki,
senior editor at CRC Press/Taylor & Francis Group, without
whose belief in agroecology and deadlines this edition would
have been almost impossible to complete. It wasn’t as simple
as he thought it would be!

Without a doubt, the person I owe the most for bringing
this edition into existence is master editor Eric Engles. The
with before his name on the title page has a remarkable story
behind it. His capacity for keeping track of details, editing
my writing, and shaping ideas, and his insistence that the
full story of power and concentration be told, made this book
what it is and helped greatly in adding Level 5 to the trans-
formation process that needs to happen for the future of food,
agriculture, and our planet.

Finally, I have an accumulated debt of gratitude that I owe
my compaiiera Robbie Jaffe, who has supported this book
project from its initial inception in the mid-1990s. Over the
past year, while this edition has taken shape, she has patiently
(and sometimes not so patiently) given me the space and time
I needed. Be it as a skilled environmental educator, as found-
ing executive director of CAN, or as co-farmer at Condor’s
Hope, her own commitment to food system change is unsur-
passed. As she has shared agroecology with me, we both con-
tinue today to share agroecology with our mutual families
of four generations, from which our heritage comes and to
whom we pass it on.

Steve Gliessman
Condor’s Hope Ranch
New Cuyama, California
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Recommendations for Using This Textbook

Reflecting agroecology’s origins in both the pure-science
field of ecology and the applied field of agronomy, this text
has a dual identity: In one sense, it is designed to teach ecol-
ogy in the context of agriculture; in another sense, it teaches
about agriculture from an ecological perspective.

Despite its attention to the practice of growing food,
however, this is not a book on how to farm. Farming is an
activity that must be adapted to the particular conditions
of each region of the world, and this text’s mission is to
create an understanding of concepts that are of universal
applicability.

The text has been written to accommodate a range of
experience and knowledge levels in both ecology and agri-
culture. Sections I, II, and IIT assume only a basic knowledge
of ecology and biology, and even those students with mini-
mal college-level science training should have little difficulty
comprehending the material if they are diligent. Intensive
study of Chapters 1 through 13 will prepare any student for
the more complex chapters of Sections IV, V, and VL.

Readers with extensive background in ecology will ben-
efit most from the three latter sections. They may want to
skim Chapter 2 for review, and then read Chapters 3 through
13 selectively before turning their attention to the next three
sections. Readers with advanced training in both ecology and
agriculture, including advanced undergraduates, may want
to pursue this strategy as well, supplementing the text with

additional materials that provide more extensive literature
review and reports on research findings.

The text can be used in either a one-quarter or one-
semester course, but the rate at which material is covered
will depend greatly on the instructor, the students, and the
curriculum. Ideally, a laboratory section will complement
the lecture section of any course using this textbook, allow-
ing the testing of ecological concepts in agriculture, and the
demonstration of how the tools of ecology can be applied to
the study of agroecosystems. The accompanying lab man-
ual, Field and Laboratory Investigations in Agroecology, is
designed to fill this role. Its investigations are keyed to the
chapters in this text, and the two work together to create an
integrated course.

Suggested readings and a list of Internet resources at the
end of each chapter provide further materials for the curious
reader. The questions following each chapter are open ended,
designed to encourage the reader to consider the ideas and
concepts presented in the broader context of sustainability.

The concepts and principles in this text can be applied to
agroecosystems anywhere in the world. Just as a farmer must
adjust to local and changing conditions, readers of this book
are challenged to make the necessary adaptations to apply its
contents to their own situations—finding appropriate exam-
ples and case studies in the research literature and working
with local farmers to connect principles to actual practices.
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Section |

Introduction to Agroecology

As the science of connections among living things, ecol-
ogy affords a way of looking at agriculture that immediately
expands its scope well beyond tilling, sowing, cultivating,
harvesting, and marketing. In agroecology, we move from
a narrow concern with farming practices to the whole uni-
verse of interactions among crop plants, soil, soil organ-
isms, insects, insect enemies, environmental conditions, and
management actions and beyond that to the effects of farm-
ing systems on surrounding natural ecosystems. Expanding
this to a global scale, we see agriculture as the most land-
intensive human activity on the earth, which leads us to con-
sider the overall effects of farming on the ability of the earth
to support its populations of humans and other living things.
Examining human beings as a particular population, the eco-
logical perspective then encourages us to look into the social
world, at such topics as human food consumption patterns,
the proportion of farmers to consumers, and the unequal dis-
tribution of food.

Casting the net of relevance this broadly leads, we hope,
to an integrated perspective in which agriculture can be seen
as a key factor—perhaps the key factor—in an intensifying

crisis confronting humankind. Agriculture is not only a
major cause of this crisis; it is also an arena full of poten-
tial solutions. The most basic goal of this section is to intro-
duce readers to this greatly expanded way of thinking about
agriculture.

Chapter 1 describes the many harms to people, soil,
resources, and ecosystems brought about by the way we
produce food today and discusses how applying ecological
concepts and principles to the design and management of
systems of food production—the essence of agroecology—
can help us produce food more sustainably. In this way, the
chapter constructs an overall context for everything we will
consider in this text. Chapter 2 then outlines the fundamental
concepts, theories, and perspectives that make up the frame-
work of agroecology—thus establishing the foundation of the
approach to growing food that we present in Chapter 1 as the
alternative to the unsustainable system we have now. With an
understanding of the stakes involved in how we humans grow
our food and knowledge of the agroecosystem concept, the
reader is prepared to explore the many layers of understand-
ing that make up agroecology.



2 Introduction to Agroecology

FIGURES.1 Anintensive vegetable-based agroecosystem on the urban fringe of Shanghai, China. In systems such as this, food is pro-
duced for local markets without much of the fertilizer, pesticides, and machinery characteristic of large-scale, single-crop agroecosystems.



’I Case for Fundamental
Change in Agriculture

According to a variety of measures, agriculture, considered
on a global scale, posted a long streak of extraordinary suc-
cesses beginning shortly after World War II. During the lat-
ter half of the twentieth century, yields per hectare of staple
crops such as wheat and rice increased dramatically, food
prices declined, the rate of increase in food production gen-
erally exceeded the rate of population growth, and chronic
hunger diminished. This boost in food production was due
mainly to scientific advances and technological innovations,
including the development of new plant varieties, the use of
fertilizers and pesticides, and the growth of extensive infra-
structures for irrigation, all of which contributed to the devel-
opment of what we will call industrial agriculture.

Although agriculture on a global scale has more recently
struggled to maintain the ever-improving trends for yield
increases, food price reductions, and hunger diminish-
ment that it achieved in the twentieth century, it remains
extraordinarily productive, providing abundant food for a
large proportion of the world’s people. Because industrial
agricultural has done a superb job of “delivering the goods,”
many people in the developed and developing worlds have
come to take food for granted. When supermarket shelves
are always stocked with a cornucopia of edible products,
people tend not to devote a great deal of thought to what it
takes to get the food onto the shelves. In historical perspec-
tive, this is really an unprecedented situation. Ever since
Homo sapiens arose some hundreds of thousands of years
ago, most humans have had to put the source of their next
meals at the top of their list of concerns. But while having a
relative abundance of food is a good thing compared to its
opposite, it has tended to desensitize us to food issues, to
make those of us with good access to food uncritical about
how food comes to be.

Ironically, this is precisely the time in our species’ history
when we need to be taking stock of our food system with
a more critical eye than ever before. Just because industrial
agriculture is able to create food abundance in the present
does not mean it will be able to do so over the long term.
Indeed, it is time we came to the realization that industrial
agriculture’s productivity comes at a steep price and that the
bill is eventually going to come due. To create the food pro-
ductivity that we take for granted today, the industrial sys-
tem of food production is sacrificing the basic foundations
of agriculture—fertile soil, available moisture, amenable
climate, nutrient recycling, genetic diversity, and the ecosys-
tem services of natural systems. These prerequisites of food
production can take only so much abuse before they begin to
fail, putting at risk the food supply of tomorrow.

Another way of describing the situation is that the indus-
trial agriculture model that dominates agriculture today is
at the core of a fundamental contradiction: the techniques,
innovations, practices, and policies that constitute industrial
agriculture, and which have played the largest role in increas-
ing agricultural productivity, have also undermined the basis
for that productivity. They have overdrawn and degraded the
natural resources upon which agriculture depends. They have
created a dependence on nonrenewable, increasingly costly
fossil fuels, the use of which exacerbates climate change.
And they have helped to forge a system that concentrates
ownership of food-system infrastructure in the hands of a
few while taking it away from farmers and farmworkers,
those who are in the best position to be stewards of agricul-
tural land. In short, the contradictions inherent in our indus-
trial agriculture-dominated system of food production make
it unsustainable—it cannot continue to produce enough food
for the growing global population over the long term because
it deteriorates the conditions that make agriculture possible.

At the same time, our world food system faces threats
not entirely of its own making, most notably the emergence
of new agricultural diseases, rising costs for all the physi-
cal factors of production (land, water, energy, inputs), and
climate change. As currently configured, the global food sys-
tem is terribly ill equipped to face these threats. Increasingly,
experts are raising red flags about the ability of agriculture
worldwide to adapt to an earth on which droughts, heat
waves, and extreme weather events become commonplace
and the entire biosphere undergoes major shifts with poten-
tially severe consequences for the growing of food.

Although how we feed ourselves is among humankind’s
weightiest issues, there is a conspicuous lack of consensus
on the current status of the world food system and its future
sustainability. A large number of experts—policy analysts,
economists, scientists, researchers, and even some business
leaders—agree with the rough outlines of the view just pre-
sented (e.g., TAASTD 2009; IFAD 2013). They believe that
the industrial methods that dominate the world food system
today are causing great harm to people and to earth’s life-
support systems and cannot (and should not) be sustained.
But as numerous and authoritative as they are, these voices of
concern are drowned out by those who predict productivity
increases into the distant future and advocate for intensifica-
tion and further dissemination of the very same methods and
technologies singled out by critics of industrial agriculture as
being most harmful.

The causes of this crucial difference of opinion will be
addressed in the final section of this book (Section VI).



In the meantime, we encourage readers to entertain the criti-
cal perspective with which this chapter began and be open to
the possibility that the world food system, as productive as
it is, does in fact undermine the foundations of food produc-
tion and needs to be replaced by something fundamentally
different.

The first step in this direction is to take a broad and criti-
cal look at the practices of present-day agriculture—that
is, to examine the largely hidden costs associated with the
remarkable yields we have been extracting from the world’s
agricultural lands.

PRACTICES OF INDUSTRIAL AGRICULTURE

Present-day agriculture is built around two related goals: the
maximization of production and the maximization of profit.
These goals give agriculture a striking resemblance to the
manufacturing processes that occur in factories. In both
cases, elements of production are reduced to their simplest
forms, processes are mechanized so that they can brought
under the full control of human operators, and efficiency
of output in relation to input crowds out any other goals.
Although this form of agriculture is often called conven-
tional to distinguish it from so-called organic agriculture, its
factory-like nature suggests the more descriptive term used
in the introduction to this chapter: industrial agriculture.

In pursuit of maximum production and profit, a host of
practices have been developed in industrial agriculture with-
out regard for their direct social and environmental costs
or their unintended, long-term consequences. Seven basic
practices—intensive tillage, monoculture, irrigation, appli-
cation of inorganic fertilizer, chemical pest control, genetic
manipulation of domesticated plants and animals, and
“factory farming” of animals—form the backbone of mod-
ern industrial agriculture. Each is used for its individual con-
tribution to productivity, but as a whole the practices form a
system in which each depends on the others and reinforces
the necessity of using all in concert.

INTENSIVE TILLAGE

Industrial agriculture has long been based on the practice
of cultivating the soil completely, deeply, and regularly. The
purpose of this intensive cultivation is to loosen the soil
structure to allow better drainage, faster root growth, aera-
tion, incorporation of crop residues, and easier sowing of
seed. Cultivation is also used to control weeds. Under typical
practices—that is, when intensive tillage is combined with
short rotations—fields are plowed or cultivated several times
during the year, and in many cases this leaves the soil free
of any cover for extended periods. It also means that heavy
machinery makes regular and frequent passes over fields.
Ironically, intensive cultivation tends to degrade soil qual-
ity in a variety of ways. Soil organic matter is reduced as a
result of accelerated decomposition and the lack of cover, and
the soil is compacted by the recurring traffic of machinery.
The loss of organic matter reduces soil fertility and degrades
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soil structure, increasing the likelihood of further compac-
tion and making cultivation and its temporary improve-
ments even more necessary. Intensive cultivation also greatly
increases rates of soil erosion by water and wind.

In recent years, some farmers have turned to reduced-
tillage or so-called no-tillage practices. No-till systems have
reduced some of the negative impacts of intensive tillage, but
as currently practiced they depend on herbicides for weed
control. Since herbicide application has its own set of negative
consequences (see Chemical Pest and Weed Control below)
and because no-till systems reduce the input of organic mate-
rial into the soil, this system is really just trading one set of
problems for another.

MONOCULTURE

Over the last century, agriculture all over the world has moved
relentlessly toward specialization. Farming once meant
growing a diversity of crops and raising livestock, but now
farmers are far more likely to specialize, growing corn for
livestock feed, for example, or raising hogs. In crop agricul-
ture, specialization means monoculture—growing only one
crop in a field, often on a very extensive scale. Monoculture
allows more efficient use of farm machinery for cultivation,
sowing, weed control, and harvest, and can create economies
of scale with regard to purchase of seeds, fertilizer, and pes-
ticides. Monoculture is a natural outgrowth of an industrial
approach to agriculture, where labor inputs are minimized
and technology-based inputs are maximized in order to
increase productive efficiency. Monoculture techniques mesh
well with the other practices of modern agriculture: mono-
culture tends to favor intensive cultivation, application of
inorganic fertilizer, irrigation, chemical control of pests and
weeds, and specialized plant varieties. The link with chemi-
cal pesticides is particularly strong; vast fields of the same
plant are more susceptible to devastating attack by specific
pests and diseases and require protection by pesticides. Many
of the same problems occur when farmers plant large areas to
organic monocultures.

APPLICATION OF SYNTHETIC FERTILIZER

The spectacular increases in yields of the last half of the
twentieth century were due in large part to the widespread
and intensive use of synthetic chemical fertilizers. In the
United States, the amount of fertilizer applied to fields each
year increased rapidly after World War II, from 9 million
tons in 1940 to more than 47 million tons in 1980. Although
worldwide use of fertilizer increased most rapidly between
1950 and 1992, continuing increases in use since that period
brought total world consumption of synthetic fertilizer beyond
the 170-million-metric-ton mark in 2007 (FAOSTAT 2012).
Produced in large quantities at relatively low cost using
fossil fuels, atmospheric nitrogen (N,), and mined mineral
deposits containing phosphorus (P), fertilizers can be applied
easily and uniformly to crops to supply them with ample
amounts of the most essential plant nutrients. Because they
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meet plants’ nutrient needs for the short term, fertilizers have
allowed farmers to ignore long-term soil fertility and the pro-
cesses by which it is maintained.

The mineral components of synthetic fertilizers, however,
are easily leached out of the soil. In irrigated systems, the
leaching problem may be particularly acute; a large amount
of the fertilizer applied to fields actually ends up in streams,
lakes, and rivers, where it causes eutrophication (excessive
growth of oxygen-depleting plant and algal life). Fertilizer
can also be leached into groundwater used for drinking,
where it poses a significant health hazard. Use of nitrogen-
based fertilizer is furthermore a problem for the atmosphere:
it stimulates soil microbes to produce more nitrous oxide
(N,0O), which acts as a greenhouse gas and depletes strato-
spheric ozone (Park et al. 2012). Finally, the cost of fertilizer
is a variable over which farmers have no control since it rises
with increases in the cost of petroleum.

IRRIGATION

An adequate supply of water is the limiting factor for food
production in many parts of the world. Thus supplying water
to fields from underground aquifers, reservoirs, and diverted
rivers has been key to increasing overall yield and the amount
of land that can be farmed. Although only 20% of the world’s
cropland is irrigated, this land produces 40% of the world’s
food (FAO 2011).

All sectors of society have placed rapidly increasing
demands on freshwater supplies over the past half cen-
tury, but agricultural purposes account for the lion’s share
of the demand—about 70% of water use worldwide (UN
Water 2012). A clean, fresh, and sufficient supply of water
has become a major issue on the immediate horizon not just
for agriculture, but for all of human society (Pearce 2006).
Unfortunately, agriculture is such a prodigious user of water
that in many areas where land is irrigated for farming, irri-
gation has a significant effect on regional hydrology. The
greatest problem is that groundwater is often pumped faster
than it is renewed by rainfall. This overdraft can cause land
subsidence, and near the coast it can lead to saltwater intru-
sion (Figure 1.1). In addition, overdrafting groundwater is
essentially borrowing water from the future. Where water for
irrigation is drawn from rivers, agriculture is often compet-
ing for water with water-dependent wildlife and urban areas.
Dams built to hold water supplies have dramatic effects
downstream on the ecology of rivers and block the spawn-
ing of anadromous fish. Irrigation has another type of impact
as well: it increases the likelihood that fertilizers will be
leached from fields and into local streams and rivers, and it
can greatly increase the rate of soil erosion.

CHemicAL Pest AND WEED CONTROL

After World War II, chemical pesticides were widely touted
as the new, scientific weapon in humankind’s war against
plant pests and pathogens. These chemical agents had the
appeal of offering farmers a way to rid their fields once and

FIGURE 1.1 Furrow irrigation with gated pipe in coastal cen-
tral California. Overdraft of the underground aquifers from which
the irrigation water is pumped has caused saltwater intrusion,
threatening the sustainability of agriculture in the region.

for all of organisms that continually threatened their crops
and literally ate up their profits. But this promise has proven
to be false. Pesticides (i.e., insecticides, fungicides, and
herbicides) can dramatically lower pest populations in the
short term, but because they also kill pests’ natural enemies,
pest populations can often quickly rebound and reach even
greater numbers than before. The farmer is then forced to use
even more of the chemical agents. The dependence on pesti-
cide use that results has been called the “pesticide treadmill.”
Augmenting the dependence problem is the phenomenon of
increased resistance: pest populations continually exposed to
pesticides are subjected to intense natural selection for pesti-
cide resistance. When resistance among the pests increases,
farmers are forced to apply larger amounts of pesticide or to
use different pesticides, further contributing to the conditions
that promote even greater resistance.

The metaphor of the “treadmill” is particularly apt
because once a farmer gets on it, he or she finds it difficult
to get off. With natural enemies eliminated from the system,
ceasing to use pesticides is asking for serious crop damage.
This is one reason why many farmers—especially those in
developing nations—do not use other options, even though
the problem of pesticide dependence is widely recognized.
Even in the United States, the amount of pesticides applied
to major field crops, fruits, and vegetables each year remains
above 500,000 metric tons per year, more than twice the level
it was in 1962, when Rachel Carson published Silent Spring
(US EPA 2012). Pesticide resistance, the spread of insect
pests and plant pathogens to regions where they had not pre-
viously existed, and the extensive use of genetically modified



FIGURE 1.2 Broadcast spraying to control codling moth in an
apple orchard in the Pajaro Valley, CA.

(GM) crops designed to be grown in concert with intensive
application of herbicides (see the next section) are all fac-
tors driving the worldwide increase in the use of chemical
pest and disease controls. Ironically, total crop losses to pests
have stayed fairly constant for the past 40-50 years despite
increasing pesticide use (Pimentel 2005; Oerke 2006).

Besides costing farmers a great deal of money, pesticides
can have a profound effect on the environment and on human
health. Worldwide, millions of people every year experience
symptoms of direct pesticide poisoning, and the ubiquitous
presence of pesticides in water, soil, and food is implicated in
increased incidence of cancer, reproductive and developmen-
tal disorders, and other maladies. Pesticides applied to fields
kill beneficial insects and those essential to natural system
food webs, and they are easily washed and leached into sur-
face water and groundwater, where they enter the food chain,
affecting animal populations at every level and often persist-
ing for decades.

MANIPULATION OF PLANT AND ANIMAL GENOMES

Humans have selected for specific characteristics among
crop plants and domesticated animals for thousands of
years; indeed, human management of wild species was one
of the foundations of the beginning of agriculture. In recent
decades, however, technological advances have brought about
a revolution in the manipulation of genes. First, advances in
breeding techniques allowed for the production of hybrid
seeds, which combine the characters of two or more plant
strains. Hybrid plant varieties can be much more productive
than similar nonhybrid varieties and have thus been one of
the primary factors behind the yield increases achieved dur-
ing the so-called “green revolution.” The hybrid varieties,
however, often require optimal conditions—including inten-
sive application of inorganic fertilizer—in order to realize
their productive potential, and many require pesticide appli-
cation to protect them from extensive pest damage because
they lack the pest resistance of their nonhybrid cousins. In
addition, hybrid plants cannot produce seeds with the same
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genome as their parents, making farmers dependent on com-
mercial seed producers.

More recently, geneticists have developed techniques that
allow them to splice genes from a variety of organisms into
target genomes to create “customized” plant and animal vari-
eties. These organisms are referred to as transgenic, GM, or
genetically engineered (GE).

Only a few animal species used for food have been genet-
ically engineered as yet—these include pigs with spinach
genes that produce lower-fat bacon, cows that produce milk
with higher casein levels, and salmon that grow at twice
the rate of their wild kin—but transgenic crop plants have
become widespread and very important in agricultural pro-
duction. Between 1996 and 2012, the area planted to GE
crops worldwide increased 100-fold, from 1.7 million hect-
ares to over 170 million hectares, making “biotech” crops
“the fastest adopted crop technology in the history of mod-
ern agriculture” (James 2012). Although developed coun-
tries have long been the leaders in production of biotech
crops—69.5 million hectares were planted in the United
States in 2012, for example—developing countries are now
adopting the crops at a faster rate. The area planted to bio-
tech crops in developing countries surpassed that in devel-
oped countries in 2012.

Two types of GM crops have become particularly preva-
lent: those engineered to be tolerant of herbicides and those
containing genes directing the plants to produce the same
insecticidal toxins produced by the bacterium Bacillus
thuringiensis (“Bt crops”). Herbicide-tolerant crops are
designed to be treated with herbicides—usually glypho-
sate—to kill weeds but not the crop plants; Bt crops protect
themselves from herbivory, reducing the need for insecti-
cides. Together, these crops account for about 95% of the
acres planted to cotton and soybean in the United States and
about 85% of the acres planted to corn (Benbrook 2012).

Although GE organisms hold many promises—reducing
the use of pesticides and irrigation, allowing agriculture on
soils too saline for normal crops, and increasing the nutri-
tional value of some crops—there are many concerns about
the spread of this and related biotechnologies. One main
source of concern is the potential for the migration of modi-
fied genes into other populations, both wild and domestic.
This could result, for example, in more aggressive weeds
or the introduction of toxins into crop plants. In the case of
the modified salmon mentioned earlier, the fish could eas-
ily escape and cross with wild salmon, possibly upsetting
ocean food chains. Increased use of transgenic crops may
also diminish agrobiodiversity, as traditional cultivars are
abandoned, and increase the dependence of farmers on the
transnational corporations owning the patents on the new
organisms.

The rapid rise to dominance of herbicide-tolerant and
Bt crops in US agriculture has revealed what may be one
of the most serious drawbacks of GM food organisms: in
both cases, the target pests—weeds for herbicide-tolerant
crops and insects for Bt crops—become resistant, creating
yet another version of the pesticide treadmill. Many weed
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species have quickly become resistant to glyphosate, forc-
ing farmers planting herbicide-resistant crops to increase
application of glyphosate, spray it more often, and add in
other herbicides that have a different mode of action (and are
often more toxic to humans). Because of this “super weed”
phenomenon, herbicide use in the United States increased
exponentially between 1996 and 2011; US farmers now use
527 million more pounds of herbicide than they did in 1996
(Benbrook 2012). Although Bt crops have, during the same
period, reduced insecticide use moderately, insect pests have
become increasingly resistant to Bt toxins, causing farmers
to bring back the insecticides they used in the past in order
to preserve the efficacy of Bt technology. Moreover, the large
amounts of Bt toxin produced by Bt crops cause the toxin to
appear in ever-higher amounts in animal feed, human food,
and the environment.

FACTORY FARMING OF ANIMALS

If you live in a developed country, a large portion of the meat,
eggs, and milk that you eat probably comes from large-scale,
industrialized operations driven by the goal of bringing these
food products to market at the lowest possible unit cost.
The animals in these “confined animal feeding operations”
(CAFOs) are typically crowded so tightly they can barely
move, given antibiotics to prevent the spread of disease, and
fed highly processed soy- and corn-based feed supplemented
with hormones and vitamins. Even though they are completely
dependent on crop agriculture for the production of feed,
CAFOs are disconnected—spatially and functionally—from
the fields in which the feed grains are grown (Figure 1.3).
Factory-farm livestock production is another manifesta-
tion of the specialization trend in agriculture. In many ways,
factory farming is for pigs, cattle, and poultry while mono-
culture is for corn, wheat, and tomatoes. The livestock in
CAFOs are more susceptible to disease, just as monocropped
corn plants are to pest damage, and both require chemi-
cal inputs (pharmaceuticals for livestock and pesticides for

FIGURE 1.3 A CAFO in California’s Central Valley.

crops) to compensate. Both factory farming and monoculture
encourage the use of organisms bred or engineered for pro-
ductive efficiency and dependent on the artificial conditions
of the industrial process.

Factory farming is criticized by animal rights groups as
cruel and inhumane. Laying hens and broiler chickens are
routinely debeaked to keep them from pecking each other;
hogs are often kept in pens so small they cannot turn around;
beef cattle commonly suffer slow and painful deaths at the
slaughterhouse.

There are many other reasons to be critical of the indus-
trial approach to raising livestock. CAFOs, for example, have
serious impacts on the environment. Disposal of the mas-
sive amounts of manure and urine generated by the confined
animals is a huge problem, usually dealt with by treating the
wastes in large anaerobic lagoons that leak nitrates into sur-
face streams and groundwater and allow ammonia to escape
into the atmosphere. This problem arises because CAFOs by
their very nature cannot recycle nitrogen within the system,
as is the case on smaller traditional farms where animals and
crop plants are raised together. Thus nitrogen becomes a prob-
lematic waste product instead of a valuable plant nutrient.

The rise in factory farming is coupled with a worldwide
trend toward diets higher in meat and animal products. As
demand for meat increases, industrialized methods of ani-
mal food production become more profitable and more
widespread, replacing more sustainable pastoral and mixed
crop—livestock systems.

WHY INDUSTRIAL AGRICULTURE
IS NOT SUSTAINABLE

The practices of industrial agriculture all tend to compro-
mise future productivity in favor of high productivity in
the present. The ways in which industrial agriculture puts
future productivity at risk are many. Agricultural resources
such as soil, water, and genetic diversity are overdrawn and
degraded, global ecological processes on which agriculture
ultimately depends are altered, human health suffers, and
the social conditions conducive to resource conservation are
weakened and dismantled. In economic terms, these adverse
impacts are called externalized costs. Because their conse-
quences can be temporarily ignored or absorbed by society
in general, they are excluded from the cost—benefit calculus
that allows industrial agricultural operations to continue to
make economic sense.

An important feature of industrial agriculture’s external-
ized costs is that they have serious consequences both for
the future and the present. These “unsustainable” aspects
of industrial agriculture are not problematic just because
they are unsustainable—because they will one day cause
the system to collapse—but because they are causing, in the
present, real human suffering and irreparable damage to the
ecological systems on which we rely. They are also problem-
atic because when they do begin to pull industrial agriculture
into a state of crisis, agriculture would not be the only part of
human society that will be impacted.



SoiL DEGRADATION

Every year, according to the Food and Agriculture
Organization (FAO) of the United Nations (UN), between
five and seven million hectares of valuable agricultural land
are lost to soil degradation. Other estimates run as high
as 10 million hectares per year (e.g., World Congress on
Conservation Agriculture 2005). In 2011, the FAO estimated
that 33% of the earth’s land is highly or moderately degraded,
with the majority of this land in areas with high poverty rates
(FAO 2011). Degradation of soil can involve salting, water-
logging, compaction, contamination by pesticides, decline in
the quality of soil structure, loss of fertility, and erosion by
wind and water.

Although all these forms of soil degradation are severe
problems, erosion is the most widespread. Under opti-
mal conditions, soil is created at the rate of about 1 ton/
ha/year, but worldwide soil is being eroded from industrially
farmed land at a rate one to two orders of magnitude greater
(Montgomery 2007). This means that in just a short period,
humans have wasted soil resources that took thousands of
years to be built up (Figure 1.4).

The cause—effect relationship between industrial agricul-
ture and soil erosion is direct and unambiguous. Intensive
tillage, combined with monoculture and short rotations,
leaves the soil exposed to the erosive effects of wind and rain.
The soil lost through this process is rich in organic matter,
the most valuable soil component. Similarly, irrigation is a
direct cause of much water erosion of agricultural soil.

Combined, soil erosion and the other forms of soil deg-
radation render much of the agricultural soil of the world

FIGURE 1.4 Severe soil erosion on a sloping hillside follow-
ing intense winter rains. In this strawberry-growing region in the
Elkhorn Slough watershed of central California, soil losses exceed
150 tons/acre in some years.
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increasingly less fertile. Some land—severely eroded or too
salty from evaporated irrigation water—is lost from produc-
tion altogether. The land that can still produce is kept pro-
ductive by the artificial means of adding synthetic fertilizers.
Although fertilizers can temporarily replace lost nutrients,
they cannot rebuild soil fertility and restore soil health;
moreover, their use has a number of negative consequences,
as discussed earlier.

Since the supply of agricultural soil is finite, and because
natural processes cannot come close to renewing or restoring
soil as fast as it is degraded, agriculture cannot be sustainable
until it can reverse the process of soil degradation. Current
agricultural practices must undergo a vast change if the pre-
cious soil resources we have remaining are to be conserved
for the future.

OVERUSE OF WATER AND DAMAGE
TO HYDROLOGICAL SYSTEMS

Freshwater is becoming increasingly scarce in many parts of
the world as industry, expanding cities, and agriculture com-
pete for limited supplies. Some countries have too little water
for any additional agricultural or industrial development to
occur. To meet demands for water in many other places,
water is being drawn from underground aquifers much faster
than it can be replenished by rainfall, and rivers are being
drained of their water to the detriment of aquatic and riparian
ecosystems and their dependent wildlife. Many of the world’s
major rivers—including the Colorado, Ganges, and Yellow—
now run dry for part of the year as a result.

Agriculture accounts for more than 70% of global water
use. Most of this water is used to irrigate crops. For the
most part, irrigation is employed not to make land produc-
tive, but to make it more productive. The 20% of agricultural
land worldwide that is irrigated produces about 40% of the
world’s food supply (FAO 2011). To generate this consider-
able increase in yield beyond what would otherwise be the
case, irrigated agriculture uses tremendous volumes of water.

Irrigated agriculture uses so much water in part because
it uses water wastefully. More than half of the water applied
to crops is never taken up by the plants it is intended for (Van
Tuijl 1993). Instead, this water either evaporates from the
soil surface or drains out of fields. Some wastage of water
is inevitable, but a great deal of waste could be eliminated if
agricultural practices were oriented toward conservation of
water rather than maximization of production. For example,
crop plants could be watered with drip irrigation systems,
and production of water-intensive crops such as rice could be
shifted away from regions with limited water supplies.

The increasing importance of meat in human diets world-
wide is another factor in agriculture’s rising demand for water,
as is the trend toward concentrated grain feeding of livestock.
Animal factories use a great deal of water for cooling the ani-
mals and flushing their wastes, and many animals drink large
amounts of water. Hogs, for example, can consume up to 8
gal/animal/day (Marks and Knuffke 1998). And these are
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just the direct uses of water for raising livestock. Factoring
in the water needed to grow the biomass fed to animals,
animal-derived food requires at least twice as much water
to produce as plant-derived food, and usually much more.
The difference between the amount of water needed to grow
calorie-equivalent amounts of plant food and animal food
can be extreme. For example, it takes only 89 L of water to
grow 500 cal of potatoes, but an astonishing fifty-five times
more, or 4902 L, to raise 500 cal of grain-fed beef (Postel and
Vickers 2004). If we look at protein alone, the ratio is even
more skewed: on average, producing 1 kg of animal protein
requires about 100 times as much water as producing 1 kg of
grain protein (Pimentel and Pimentel 2003).

In addition to using a large share of the world’s fresh-
water, industrial agriculture has an impact on regional and
global hydrological patterns and the aquatic, riparian, and
marine ecosystems dependent on them. First, by drawing
such large quantities of water from natural reservoirs on
land, agriculture has caused a massive transfer of water from
the continents to the oceans. A 2012 study concluded that
an observed sea level rise of 0.77 mm/year between 1961
and 2003, about 42% of the total rise, was due to the trans-
fer of water from on-land storage basins to the sea. Most
of this transfer is due to the use of underground aquifers
for irrigation (Pokhrel et al. 2012). Moreover, the amount
of water that agriculture causes to be moved from the land
to the oceans is only increasing as more land is brought
under irrigation. Second, where irrigation is practiced on a
large scale, agriculture brings about changes in hydrology
and microclimate. Water is transferred from natural water-
courses to fields and the soil below them, and increased
evaporation changes humidity levels and may affect rainfall
patterns. These changes in turn significantly impact natu-
ral ecosystems and wildlife. Third, the dams, aqueducts,
and other infrastructure created to make irrigation possible
have dramatically altered many of the world’s rivers, caus-
ing enormous ecological damage. Rivers that once provided
valuable ecosystem services to human society cannot do so
anymore—their wetland, aquatic, and floodplain ecosys-
tems can no longer absorb and filter out pollutants or pro-
vide habitat for fish and waterfowl, and they can no longer
deposit the rich sediment so important for restoring the fer-
tility of agricultural soils in floodplain areas (Figure 1.5).

Agriculture’s large and growing use of water will only
grow more serious as a fundamental issue facing human-
kind. As the demand for water increases, the guarantee of
an adequate supply becomes less and less assured because
climate change is reducing mountain snowfall, melting
high-altitude glaciers, increasing the frequency of droughts,
causing salinization of groundwater in coastal areas, and
degrading the ecosystem processes that help purify water.
If industrial agriculture continues to use water in the
same ways, our rivers will become increasingly crippled
and regional water crises will become increasingly com-
mon, either shortchanging the environment, marginalized
peoples, and future generations or limiting irrigation-
dependent food production.

FIGURE 1.5 The San Luis Dam in California. Built in part to
hold irrigation water for farms on the west side of the San Joaquin
Valley, it is one of an estimated 800,000 dams in the world that
trap life-giving silt, destroy riverine and riparian ecosystems, and
completely alter natural hydrological functioning.

PoLLUTION OF THE ENVIRONMENT

More water pollution comes from agriculture than from any
other single source. Agricultural pollutants include pesti-
cides, herbicides, other agrochemicals, fertilizer, animal
wastes, and salts.

Pesticides and herbicides—applied in large quantities on a
regular basis, often from aircraft—are easily spread beyond
their targets, killing beneficial insects and wildlife directly
and poisoning farmers and farmworkers. The pesticides
that make their way into streams, rivers, and lakes—and
eventually the ocean—can have serious deleterious effects
on aquatic ecosystems. They can also affect other ecosys-
tems indirectly. Fish-eating raptors, for example, may eat
pesticide-laden fish, reducing their reproductive capacity
and thereby impacting terrestrial ecosystems. Although per-
sistent organochloride pesticides such as DDT—known for
their ability to remain in ecosystems for many decades—
are being used less in many parts of the world, their less-
persistent replacements are often much more acutely toxic.

Pesticides also pose a significant human health hazard.
They spread throughout the environment by hydrological,
meteorological, and biological means, and so it is impossible
for humans to avoid exposure. In its 2003 edition of Human
Exposure to Environmental Chemicals, the Centers for
Disease Control (CDC) reported that all of the 9282 people
they tested had pesticides and their breakdown products in
their bodies, and the average person had detectable amounts
of 13 different pesticides (Schafer et al. 2004). Similar inci-
dences of exposure and detection were reported in the CDC’s
2013 report (CDC 2013). Pesticides enter our bodies through
our food and our drinking water. In one study (Gilliom and
Hamilton 2006), pesticide contamination was detected in
97% of streams tested in agricultural and urban areas, in 94%
of streams tested in areas with mixed land use, and in 65% of
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streams tested in undeveloped areas. Pesticides were found in
61% of groundwater samples in agricultural areas and 55% of
samples in urban areas. Another study (Wu et al. 2010) found
that the herbicide atrazine, which is used very commonly for
corn production, was present in 75% of all watersheds and
40% of the drinking water wells in corn-producing regions
of the United States, and estimates that over 33 million
people in the United States have been exposed to atrazine in
their drinking water. If all the drinking water sources in the
United States at risk for pesticide contamination were prop-
erly monitored for the presence of harmful agents, the cost
would be well over $15 billion (Pimentel 2005).

Fertilizer leached from fields is less directly toxic than
pesticides, but its effects can be equally damaging eco-
logically. In aquatic and marine ecosystems it promotes the
overgrowth of algae, causing eutrophication and the death
of many types of organisms. Nitrates from fertilizers and
livestock manure are also a major contaminant of drinking
water in many areas. When nitrates enter aquifers they are
not easily removed, and frequently alternative drinking water
sources are not available. As a result, many people in agricul-
tural regions are exposed to nitrate levels in excess of estab-
lished safe thresholds and have an increased risk of cancer
and reproductive disorders. Rounding out the list of pollut-
ants from croplands are salts and sediments, which in many
locales have degraded streams, helped destroy fisheries, and
rendered wetlands unfit for bird life.

Where factory farming has become the dominant form of
meat, milk, and egg production, animal waste has become a
huge pollution problem. Farm animals in the United States
produce far more waste than do humans. The large size of
feedlot and other factory farming operations poses chal-
lenges for the treatment of these wastes. As noted in the pre-
vious text, the wastes are typically treated in large anaerobic
lagoons not well suited to protection of the environment. Some
of the nitrogen from the wastes leaks out of the lagoons and
into underlying aquifers, adding large quantities of nitrates to
the groundwater and eventually to rivers. Even more nitrogen
from the wastes converts to ammonia and enters the atmo-
sphere, where it combines with water droplets to form ammo-
nium ions. As a result, the rainwater downwind of livestock
feeding operations often has extremely high concentrations
of ammonium ions. Although most treated animal waste is
ultimately applied to fields as fertilizer, the phosphorus and
nitrogen it contains are beyond useful levels for most crops.
Furthermore, factory farms often have so much waste to get
rid of that they apply more treated waste to fields than the soil
can accommodate, and do so year-round, even at times in the
crop cycle when fields and crops are unable to absorb it. The
excess nitrogen and phosphorus find their way into streams,
rivers, and the local drinking water supply.

Through all these various avenues, tons of nitrogen and
phosphorus from animal waste and inorganic fertilizer make
their way into waterways and then into the oceans, creating
large “dead zones” near river mouths. More than 50 of these
dead zones exist seasonally around the world, with some of
the largest—in the Chesapeake Bay, Puget Sound, and Gulf
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of Mexico—off the coast of the United States. In the sum-
mer of 2013, the dead zone in the Gulf of Mexico reached a
record-breaking size of more than 8000 square miles.

DESTRUCTION OF NATURAL HABITAT

Farming entails the conversion of native vegetation—the
habitat for native species of insects, birds, mammals, and
other animals—into land intensively managed by humans.
That is the nature of agriculture and the price of support-
ing large populations of human beings on the earth. But dif-
ferent forms of agriculture have vastly different impacts on
native vegetation and natural habitat. As will be discussed
in Chapter 23, land managed by humans for food production
can support healthy populations of beneficial insects, birds,
and other vertebrates and invertebrates, serving in this regard
as a reasonable substitute for the natural habitats that once
existed on the land. For a variety of reasons, industrial agri-
culture has proven remarkably effective at not only eliminat-
ing vast expanses of native vegetation but also at essentially
sterilizing agricultural land and reducing its habitat value to
essentially zero.

Industrial agriculture supports a drive to convert as much
natural habitat as possible to farmland because more land in
production means more profit. More often than not, farm-
ers expand their areas of production not to grow more food
for people, but to grow more corn and other agricultural
commodities for biofuel production and animal feed. In the
United States, conversion of additional land to corn produc-
tion has been directly linked to a rise in the price of corn,
which is a product of federal subsidies for biofuel production.

All the practices of industrial agriculture described earlier
combine to make the large bulk of cropland in many areas
essentially worthless as wildlife habitat. Intensively tilled
monocultures of genetically uniform crops fertilized with
inorganic fertilizers can serve as a habitat for very few ani-
mals except insect pests, and in attempting to control these
pests with pesticides, industrially oriented farmers insure
that other insects are eliminated as well. More recently, the
development of herbicide-resistant crop varieties has allowed
farmers to escalate their war against weeds to a new level,
creating vast stretches of agricultural landscape with no ref-
uges for beneficial insects and no food plants for migrating
populations of butterflies.

The effects of eliminating natural vegetation and reduc-
ing the habitat value of agricultural land may be slow to
accumulate, but there is little doubt that they may become
severe. Some of the effects will be felt directly by agroeco-
systems, as pollinators such as European and native bees
become scarce and reductions in populations of natural ene-
mies of insect pests make farmers more dependent on pesti-
cides. But even more worrisome are the larger-scale effects,
which include precipitous declines in biological diversity
and deterioration of ecosystems that provide farmers and
other humans with critical ecosystem services (such as water
purification, buffering of floods, groundwater recharge, and
erosion control).
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FIGURE 1.6 Pine forest habitat on the Florida Piedmont being
bulldozed to make way for irrigated corn and pasture for cattle
production. The white sandy soil exposed by forest clearing is low in
organic matter and nutrients and requires significant external inputs
to support agricultural production. The agroecosystems put in place
here will have a fraction of the diversity of the undisturbed forest.

DEePENDENCE ON EXTERNAL INPUTS AND
NONRENEWABLE RESOURCES

Industrial agriculture has achieved its high yields mainly by
increasing agricultural inputs. These inputs comprise physi-
cal factors of production such as irrigation water, fertilizer,
pesticides, and processed feed and antibiotics; the energy
used to manufacture these substances, to run farm machinery
and irrigation pumps, and to climate-control animal facto-
ries; technology in the form of hybrid and transgenic seeds,
new farm machinery, and new agrochemicals; and knowl-
edge in the form of the expertise needed to use and manage
these inputs. These inputs all come from outside the agroeco-
system itself; their extensive use has consequences for farm-
ers’ profits, use of nonrenewable resources, and the locus of
control of agricultural production (Figure 1.7).

The longer industrial practices are used on farmland, the
more the system becomes dependent on external inputs. As
intensive tillage and monoculture degrade the soil, contin-
ued fertility depends more and more on the input of fossil-
fuel-derived nitrogen fertilizer and other nutrients. And
using reduced-tillage systems to limit the problems caused
by intensive tillage does nothing to break this dependency
because it usually requires that intensive herbicide use take
the place of tillage as a weed control method.

Agriculture cannot be sustained as long as this dependence
on external inputs remains. First, the natural resources from
which many of the inputs are derived are nonrenewable and
their supplies finite. Second, dependence on external inputs
leaves farmers, regions, and whole countries vulnerable to
supply shortages, market fluctuations, and price increases. In
addition, excessive use of inputs has multiple negative off-
farm and downstream impacts, as noted earlier.

The most notable of external inputs in industrial agricul-
ture is fossil fuels. The dependence of industrial agriculture
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FIGURE 1.7 Equipment yard of a large industrial vegetable
farm in the Salinas Valley, CA. High levels of external inputs
are needed to level, rip, and cultivate soil, plant seeds or transplant
seedlings, apply fertilizers, spray pesticides, irrigate, and harvest
crops such as the monoculture broccoli seen in the foreground.

on fossil fuels has become so extreme—they are critical for
everything from manufacture of nitrogen fertilizer to trans-
port of food from one side of the globe to the other—that
food prices have become correlated directly with energy
prices. Although agriculture’s dependence on an input that
will eventually be used up is a cause for concern, a continued
flow of fossil fuels has been guaranteed for the medium term
by the development of new extractive technologies such as
“fracking” and the exploitation of deeper offshore oil fields.
The same thing cannot be said, however, for another critical
external input: phosphorus. Mined deposits of phosphorus-
rich minerals—the sole source of this important macronutri-
ent in synthetic fertilizer—may be mostly used up within the
next four decades.

ProbucTION OF GREENHOUSE GASES
AND Loss oF CARBON SINKS

As an economic sector, agriculture is the third largest con-
tributor to greenhouse gas emissions worldwide, behind
transportation and the burning of fossil fuels for power and
heat. Although it is impossible to grow, process, and distrib-
ute food without releasing carbon dioxide and other green-
house gases into the atmosphere, our present food system
makes a much larger contribution to climate change than it
would if organized according to agroecological principles.
The geographic and economic separation between farmers
and consumers insures the burning of large quantities of
fossil fuels to distribute and transport food; input-intensive
monoculture requires that fossil fuels be used to produce and
distribute inorganic fertilizers, pesticides, and other inputs
and that farmers be dependent on fossil-fuel-consuming field
equipment. Further, industrial agriculture’s primary focus
on the maximization of yield and profit gives farmers little
motivation to use fossil-fuel energy and the inputs derived
from it efficiently. It is common, for example, for farmers to
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apply excess nitrogen fertilizer, much of which ends up as the
greenhouse gas nitrous oxide.

The food system’s focus on production of meat and dairy
products is a major reason why agriculture produces so much
greenhouse gas. Approximately 37% of agriculture’s total
greenhouse gas emissions—in the form of the potent green-
house gas methane—come from the digestive systems of the
world’s livestock. Livestock are also responsible for much of
agriculture’s emission of carbon dioxide and nitrous oxide.
The nitrous oxide comes from bacterial processing of the
nitrogen in livestock manure; the carbon dioxide comes from
the rapid decomposition of crop residue in the tilled fields
used to produce livestock feed.

In addition to producing greenhouse gases, industrial
agriculture exacerbates climate change by reducing the
ability of the biosphere to hold carbon in a fixed, organic
form. At any particular moment, a significant portion of the
carbon in circulation—that is, not locked away in geologic
structures below the surface—is not in gaseous form in the
atmosphere, but present as dissolved CO, in the oceans and
in organic or mineral form in earth’s terrestrial ecosystems.
This latter “sink” of carbon is largely made up of vegetative
biomass and the microbial biomass, humus, and organic and
mineral carbon of the soil. Industrial agriculture involves
practices (described in Practices of Industrial Agriculture
section) that reduce the storage capacity of both of these
terrestrial carbon sinks. Much of this occurs in the clear-
ing of large tracts of woody vegetation—much of it tropi-
cal rainforest—for pasture land and for growing livestock
feed, palm oil, and biofuel feedstock. Additionally, inten-
sive tillage, application of inorganic fertilizer, and a strong
reliance on annual crops dramatically reduce the ability of
agricultural soils to sequester and store carbon because they
reduce the soil’s biological activity and expose its organic
matter to depletion by erosion, chemical degradation, and
bacterial respiration.

In these many ways, industrial agriculture makes a signifi-
cant contribution to climate change, thereby playing a role in
making much of the earth less hospitable to agriculture in
any form.

Loss oF GENETIC DIVERSITY

Throughout most of the history of agriculture, humans have
increased the genetic diversity of crop plants and livestock
worldwide. We have been able to do this both by selecting for
a variety of specific and often locally adapted traits through
selective breeding, and by continually recruiting wild species
and their genes into the pool of domesticated organisms. In
the last 100 years or so, however, the overall genetic diversity
of domesticated plants and animals has declined. Many vari-
eties of plants and breeds of animals have become extinct, and
a great many others are heading in that direction. About 75%
of the genetic diversity that existed in crop plants in 1900 had
been lost 100 years later (Nierenberg and Halweil 2004). The
UN FAO reported in 2010 that even though modern breeding
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programs are continually releasing new varieties for use in
production, the observed trend is for farmers (and especially
traditional farmers in developing countries) to abandon their
locally adapted varieties (FAO 2010). The UN FAO estimated
in 1998 that as many as two domesticated animal breeds were
being lost each week worldwide (FAO 1998), and noted again
in 2007 that a similar rate of loss continued as more farmers
shifted to market-oriented confinement production systems,
putting at least 20% of known animal breeds in danger of
extinction (FAO 2007).

In the meantime, the genetic bases of most major crops
and livestock species have become increasingly uniform.
At the end of the last century, only six varieties of corn, for
example, accounted for more than 70% of the world’s corn
crop, and 99% of the turkeys raised in the United States
belonged to a single breed (FAO 1998).

The loss of genetic diversity has occurred mainly because
of industrial agriculture’s emphasis on short-term productiv-
ity gains. When highly productive varieties and breeds are
developed, they tend to be adopted in favor of others, even
when the varieties they displace have many desirable and
potentially desirable traits. Genetic homogeneity among
crops and livestock is also consistent with the maximization
of productive efficiency because it allows standardization of
management practices.

For crop plants, a major problem with increasing genetic
uniformity is that it leaves each crop as a whole more vulner-
able to attack by pests and pathogens that acquire resistance
to pesticides and to the plants’ own defensive compounds; it
also makes crops more vulnerable to changes in climate and
other environmental factors. These are not insignificant or
hypothetical threats. Every year, crop pests and pathogens
destroy an estimated 30%—-40% of potential yield. Plant
pathogens can evolve rapidly to overcome crop’s defenses, and
global commerce and genetically uniform farm fields allow
these new virulent strains to spread rapidly from field to field
and continent to continent. In a report on crop diversity and
disease threats released in 2005, researchers identified four
diseases with the potential to devastate the US corn crop,
five that could threaten potatoes, and three with the poten-
tial to harm US-grown wheat (Qualset and Shands 2005).
In late 2004, a new soybean rust (a type of fungus) appeared
in the southern United States and began to attack the soybean
crop. By 2009, soybean rust had spread to 16 states and more
than 576 counties in the United States and at least 3 states in
Mexico. By 2012, the US Department of Agriculture (USDA)
had reported its appearance in Texas and Florida. None of the
commercial soybean varieties planted in the United States are
yet resistant to the rust fungus, and scientists are concerned
about the potential impact on the multibillion US dollar soy-
bean harvest as the rust continues to spread.

Throughout the history of agriculture, farmers—and
more recently, plant scientists—have responded to outbreaks
of disease by finding and planting resistant varieties of the
affected crop. But as the size of each crop’s genetic reservoir
declines, there are fewer and fewer varieties from which to
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draw resistant or adaptive genes. The importance of having a
large genetic reservoir can be illustrated by example. In 1968,
greenbugs attacked the US sorghum crop, causing an esti-
mated $100 million in damage. The next year, insecticides
were used to control the greenbugs at a cost of about $50
million. Soon thereafter, however, researchers discovered a
sorghum variety that carried resistance to the greenbugs. No
one had known of the greenbug resistance, but it was there
nonetheless. This variety was used to create a hybrid that
was grown extensively and not eaten by greenbugs, mak-
ing the use of pesticides unnecessary. Such pest resistance
is common in domesticated plants, “hiding” in the genome
but waiting to be used by plant breeders. As varieties are lost,
however, the valuable genetic reservoir of traits is reduced
in size, and certain traits potentially invaluable for future
breeding are lost forever. There may very well be a soybean
variety somewhere in the world resistant to the new soybean
rust, but will plant scientists locate it before it goes extinct?
A broader issue is that agricultural systems with narrowed
genetic bases are less effective in integrating with and sup-
porting the function of natural systems and thereby helping
to create multifunctional landscapes (see Chapter 23).

Increasing vulnerability to disease is also a serious con-
cern for domesticated animal species as they lose their genetic
diversity, but perhaps more serious is increased dependence
on methods of industrial food production. Livestock breeds
that are not adapted to local conditions require climate-
controlled environments, doses of antibiotics, and large
amounts of high-protein feed.

Loss oF LocAL CONTROL OVER AGRICULTURAL PRODUCTION

Accompanying the concentration of agriculture into large-
scale monocultural systems and factory farms has been
a dramatic decline in the number of farms and farmers,
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especially in developed countries where mechanization and
high levels of external inputs are the norm. From 1920 to the
turn of the century, the number of farms in the United States
dropped from more than 6.5 million to just over 2 million,
and the percentage of the population that lived and worked
on farms dropped below 2%. Data from the 2000 US cen-
sus showed that only 0.4% of the employed civilians in the
United States listed their occupation as “farmer or rancher”
(US Census Bureau 2005). Although the 2007 agricultural
census showed the first increase in the number of farms in
more than 30 years, the increase was primarily in large- and
small-scale operations. Midsize farms have continued to
decline in the United States at much the same rate as seen
during the last century (Gliessman 2009).

In developing countries as well, rural people who work
primarily in agriculture continue to abandon the land to
move to urban and industrial areas, which will hold an esti-
mated 60% of the world’s population by 2030, and perhaps
70% by 2050. China is now carrying out a long-term plan to
move 250 million rural people—most of them small-scale
farmers—into newly built towns and cities. The country’s
leaders hope that expanding the number of urban dwell-
ers will greatly increase consumption and thus economic
growth, but they have not directly addressed the issue of how
those in the cities will be fed, or what the effects will be
of leaving responsibility for food production in the hands of
fewer and fewer people. As shown in Figure 1.8, there are
now far more people in the world whose livelihoods are non-
agricultural than there are people who grow food, and this
gap continues to widen over time.

Besides encouraging an exodus from rural areas, large-
scale commodity-oriented farming tends to wrest control of
food production from rural communities. This trend is dis-
turbing because local control and place-based knowledge and
connection are crucial to the kind of management required
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FIGURE 1.8 Number of people worldwide involved in agriculture and not involved in agriculture. (Data from FAOSTAT, Food and
Agriculture Organization of the United Nations, Statistics database, 2013, http:/faostat3.fao.org/home/index.html, Dates of access range
from January 1, 2013 to December 31, 2013). Figures for 2011 and beyond are projections.
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for sustainable production. Food production carried out
according to the dictates of the global market, and through
technologies developed elsewhere, inevitably severs the con-
nection to ecological principles. Experience-based manage-
ment skill is replaced by purchased inputs requiring more
capital, energy, and use of nonrenewable resources. Farmers
become mere instruments of technology application, rather
than independent decision makers and managers.

Smaller-scale farmers seem to have little power against
the advancement of industrial agriculture. Smaller farms
cannot afford the cost of upgrading their farm equipment
and technologies in order to compete successfully with
the large farm operations. Moreover, the increase in the
share of the food dollar going to distributors and market-
ers, coupled with cheap food policies that have kept farm
prices relatively stable, has left many farmers in a tightening
squeeze between production costs and marketing costs. As
the industrial food system has expanded in the United States
over the last century, increasing the physical and economic
distance between farmers and consumers, US farmers’ share
of the consumer food dollar has continued to shrink, and
now stands below $0.16 according to the USDA (Economic
Research Service 2014).

Faced with such economic uncertainty, there is less
incentive for farmers to stay on the land. One trend is
for larger farmers to buy out their smaller neighbors. But
when agricultural land is adjacent to rapidly expanding
urban centers, such as in California, the incentive instead
is to sell farmland at the inflated value it has as urban land.
Because of this dynamic, the agriculturally rich Great
Central Valley of California has seen the loss of hundreds
of thousands of hectares of farmland to development since
1950, and the rate of loss of agricultural land in the state
as a whole averaged 49,700 acres annually from 1988 to
1998 (Kuminoff et al. 2001). Of the 538,000 acres of agri-
cultural land in California urbanized since the Gold Rush,
one-sixth has been lost to farming in the few decades since
1990 (Thompson 2009). At present, agricultural land is lost
to urbanization at the rate of more than 40,000 acres annu-
ally (American Farmland Trust 2007).

In less-developed countries, the growth of large-scale
export agriculture has an even more ominous effect. Elites in
these countries have, for a long time, gained control of land
through various and often illegal means to increase produc-
tion of export crops. More recently, however, the growing
value of agricultural land in less-developed countries has
attracted international investors, who have been buying it up
at a rapid pace. In the decade between 2000 and 2010, more
than 203 million hectares of land in less-developed coun-
tries were the object of sale or lease negotiations (Anseeuw
et al. 2012). The majority of these land deals were made
for the express purpose of growing export crops—biofuels
in particular—and will contribute nothing to the food sup-
plies of the countries in which they are located. In nearly all
cases, realizing investors’ plans means removing the people
living on and farming the land, often violently and usually
without consultation or compensation (Geary 2012).
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As aresult of these and other trends, rural people—once
able to feed themselves adequately and sell surplus food to
city dwellers—now make up the most food-insecure group
worldwide. It is estimated that 80% of the world’s hungry
live in rural areas (Mikhail 2012). And as more and more
rural smallholders are pushed off the land, they migrate
to cities, where they become dependent on others for their
food. Since more of the food produced in the countryside
is destined for export, increasing amounts of food for the
expanding urban areas must be imported. In 2009, 111
developing countries in the world, most of them with low
average incomes, were classified as “net food importers”
(Valdéz and Foster 2012). This imbalance threatens the
food security of less-developed countries and makes their
people extremely vulnerable to spikes in the prices of glob-
ally traded food staples.

INCREASING VULNERABILITY AND Risk

The size, scale, integration, and technological sophistication
of the world food system tends to give the impression that
it can easily resist the environmental vagaries—droughts,
floods, cold snaps, pest infestations—that have plagued
farmers since humans took up agriculture thousands of years
ago. But this impression is a false one: industrial agricul-
ture has actually made itself extraordinarily vulnerable to
extreme weather events, climatic shifts, and pests and dis-
eases (Figure 1.9).

A central cause of this vulnerability is the practice of
monoculture, especially when it is combined with its usual
concomitant of increasing the genetic uniformity of the crop.
Planting the same variety of a single crop across a wide
geographic area virtually assures that when nature serves
up conditions hostile to that crop’s development—a late
spring frost, a severe drought, an extreme weather event—
the damage will be widespread. When the damage is caused
by drought, the effects are intensified by the dependence on

FIGURE 1.9 A dried-up, drought-affected soybean field in
northern Iowa. The extreme drought of 2012, one of the most
severe on record, caused significant crop losses in the Midwest of
the United States. (Photo courtesy of Laura Jackson.)



Case for Fundamental Change in Agriculture

synthetic fertilizer, because years of providing crop nutrition
solely through chemical means have dramatically lowered
the soil’s moisture-holding capacity through depletion of its
organic matter. As noted earlier, monoculture and genetic
uniformity also dramatically increase vulnerability to pests
and disease. A virtual sea of host organisms, all with their
natural resistance bred out of them, is the perfect opportunity
for a fungus, virus, or insect to vastly improve its reproduc-
tive success in a very short time span. Further exacerbating
the problem is the inherent risk of depending on only three
crops—corn, rice, and wheat—for more than half of the
world’s food.

Climate change assures that industrial agriculture’s vul-
nerability (or, put the other way, its lack of resilience) will
increasingly become a matter of serious concern. Climate
change is likely to increase the frequency and severity of
droughts and floods, to increase the incidence of extreme cold
and heat, to reduce the mountain snowfall on which many
regions rely for irrigation water, and to allow pests and dis-
eases to move to regions where they were formerly excluded
by winter cold. An earth beset by a changing climate needs
exceptionally resilient agroecosystems, not the opposite.

Because of its interconnected nature, the world food sys-
tem is also vulnerable to social, political, and economic fac-
tors that have no direct connection to climate, weather, or the
environment. Increases in the price of oil, trade agreements,
unilateral governmental actions, and disruptions in the world
economy are among the many factors that may have impor-
tant effects on food prices and food supplies. In this realm,
however, it is necessary to clarify who bears the brunt of the
“vulnerability.” Industrial agriculture has become so deeply
integrated into the world economic system, which is con-
trolled by a relative handful of elites, that it is not industrial
agriculture itself that is vulnerable so much as it is the world’s
food consumers and smallholder farmers. The world’s food
staples, like corn, soybeans, wheat, and rice, are increas-
ingly treated as commodities for wealth production, not as
food. Long bought and sold in the international commodity
markets, they are now subject to speculation, just like home
mortgages, currency, and gold. Such speculation now drives
food prices more strongly than any other single factor (Holt-
Gimenez and Patel 2009).

GLOBAL INEQUALITY

Despite increases in productivity and yields, hunger per-
sists all over the globe. More than 1 billion people around
the world are chronically hungry and more than 870 mil-
lion are chronically undernourished (CGIAR 2013). With
increasing frequency, events such as the spike in global food
prices that occurred in 2008 and the major droughts of 2005,
2010, and 2012 create even more hungry people (Bailey
2011). There are also huge disparities in calorie intake and
food security between people in developed nations and those
in developing nations. At the beginning of the twenty-first
century, the world reached a dubious milestone: the number
of overweight people (about 1.1 billion) grew roughly equal
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to the number of underweight people (Gardner and Halweil
2000). This statistic indicates that the unequal distribution
of food—which is both a cause and a consequence of global
inequality—is at least as serious a problem as the threats to
global food production.

Since hunger, poverty, and inequality existed before the
rise of industrial agriculture in the latter half of the 1900s,
it is tempting to argue that global inequality is unrelated to
industrial agriculture—that it has separate causes. While
some causes are indeed separate, it is also true that industrial
agriculture perpetuates and accentuates existing relationships
of inequality. It does this because it is designed to generate
profits for the owners of agribusiness concerns and because
this process of wealth generation depends on increasing its
control of land, farmers, resources, markets, and distribution
networks. The inevitable result is the enrichment of some
groups and some countries at the expense of others.

Developing nations too often grow food mainly for export
to developed nations, using external inputs purchased from
the developed nations. While the profits from the sale of the
export crops enrich small numbers of elite landowners, many
people in the developing nations go hungry. In addition, those
with any land are often displaced as the privileged seek more
land on which to grow export crops.

Besides causing unnecessary human suffering, relation-
ships of inequality tend to promote agricultural policies and
farmer practices that are driven more by economic consid-
erations than by ecological wisdom and long-term thinking.
For example, subsistence farmers in developing nations, dis-
placed by large landowners increasing production for export,
are often forced to farm marginal lands. The results are
deforestation, severe erosion, and serious social and ecologi-
cal harm. As long as industrial agriculture is based on tech-
nology originating in the developed world and on external
inputs accessible to so few, the practice of agriculture will
perpetuate inequality, and inequality will remain a barrier to
sustainability.

PATH TOWARD SUSTAINABILITY

What is the alternative to industrial agriculture? Despite
being dedicated to developing forms of sustainable agricul-
ture, the field of agroecology cannot answer this question
as directly as the reader might wish. Agroecology consists
of principles, concepts, and strategies that must form the
foundation of any system of food production that can make
a legitimate claim to being a more sustainable successor to
industrial agriculture. These principles, concepts, and strate-
gies are more oriented toward offering a design framework
for sustainable agroecosystems than they are prescriptions
or blueprints for the construction or management of actual
agroecosystems, and they do not dictate the specifics of an
entire world food system.

Nonetheless, agroecological principles do suggest the
general elements of a sustainable food system, and describ-
ing these elements will help the reader visualize some of the
goals toward which the agroecological approach points.
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WHAT Is SUSTAINABILITY ANYWAY?

Before describing the elements of a future food system that
operates on a more sustainable basis than the industrial agri-
culture-based system of today, it is helpful to explore what is
meant by the term sustainability.

As scientists, analysts, activists, and others point with
increasing frequency to the unsustainability of human soci-
ety’s current systems and practices—everything from fossil-
fuel use and industrial agriculture to an economic system
dependent on constant growth—it has become ever more
common to adopt the label “sustainable.” Everyone wants
his or her product, industry, alternative method, or proposal
to be considered “sustainable.” As a result, the term sus-
tainability has become increasingly vague, ambiguous, and
confusing.

In addition, as a framework for critical analysis of indus-
trial agriculture and for development of alternatives, the con-
cept of sustainability has a key weakness because it depends
entirely on an inferred or hypothesized future. Condemning
a practice or system as unsustainable is essentially to claim
that it is bad because it will not last. This sidesteps the pos-
sibility that it is causing serious negative consequences right
now, in the present. Conversely, arguing for the desirability
of a system or practice because it is “sustainable” is really
to say that its major benefit would be its durability over
time—that we could expect it to still exist at some time in
the future. This by itself does not ensure that the system or
practice mitigates or reverses harms to people or natural sys-
tems. And underlying these drawbacks is a very real practical
problem with the concept of sustainability: because sustain-
ability per se can never be demonstrated in the present, its
proof always remains in the future, out of reach. Thus it is
almost impossible to know for sure if a particular practice
is in fact sustainable or if a particular set of practices consti-
tutes sustainability.

Despite the drawbacks of the term sustainability, how-
ever, this text has not abandoned it in favor of another term.
In part, that is because there is no good alternative term.
Moreover, used precisely and in accordance with its origi-
nal meaning, sustainability really does convey the essence
of what we hope to create as an alternative to industrial
agriculture—a system of food production, distribution, and
consumption that will endure indefinitely because it does
not sow the seeds of its own demise. But there is much more
to sustainability than mere endurance. As used in this text,
sustainability refers also to the many characteristics of an
ostensibly sustainable practice or system that are respon-
sible for endowing that practice or system with the self-
sufficiency, resilience, and balance that allow it to endure
over time.

If we are going to use the term sustainable to indicate the
essential feature of what we hope to create as an alternative
to industrial agriculture, we should be quite precise about
what is entailed in our use of the term. Based on our present
knowledge, we can suggest that a “sustainable” food system
would, at the very least,

Agroecology: The Ecology of Sustainable Food Systems

¢ Have minimal negative effects on the environ-
ment and release insignificant amounts of toxic or
damaging substances into the atmosphere, surface
water, or groundwater;

e Minimize the production of greenhouse gases, work
to mitigate climate change by increasing the abil-
ity of managed systems to store fixed carbon, and
facilitate human adaptation to a warming climate;

e Preserve and rebuild soil fertility, prevent soil ero-
sion, and maintain the soil’s ecological health;

e Use water in a way that allows aquifers to be
recharged and the water needs of the environment
and people to be met;

¢ Rely mainly on resources within the agroecosystem,
including nearby communities, by replacing exter-
nal inputs with nutrient cycling, better conservation,
and an expanded base of ecological knowledge;

e Work to value and conserve biological diversity,
both in the wild and in domesticated landscapes;

e Guarantee equality of access to appropriate agri-
cultural practices, knowledge, and technologies and
enable local control of agricultural resources;

¢ Eliminate hunger, ensure food security in culturally
appropriate ways, and guarantee every human being
a right to adequate food;

e Remove social, economic, and political injustices
from food systems.

Each of these features of a sustainable system can be dem-
onstrated in the present, and each one involves undeniable
benefits to people and the ecological and social systems on
which people depend.

ELEMENTS OF A SUSTAINABLE FOOD SYSTEM

Using this list of characteristics of sustainability as a guide,
we can envision what food systems of the future might look
like—if humankind as a whole begins to follow “the path
toward sustainability.” Many elements of these systems are
already beginning to appear in rough form, alongside indus-
trial food systems, as agroecology grows and spreads.

e The sustainable food system of the future will be
made up, in large part, of innumerable small- to
medium-scale agroecosystems, each relatively self-
contained, adapted to local conditions, and focused
primarily on satisfying the food needs of a local
population. Only after they satisfy local needs will
these agroecosystems attend to the needs of more
distant communities.

* Food networks will replace food chains as all play-
ers in the food system (from the farm to the table)
are reconnected and have a say in what is produced,
how it is produced, and how it is exchanged and
distributed.

e Traditional, peasant-managed agroecosystems,
despite being beleaguered by the encroachment of
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FIGURE 1.10 A diverse agroforestry system in the village of
Cantagallo, Las Segovias, Nicaragua. A shade-grown organic
coffee cash crop below a diverse cover of native and introduced
trees, along with other associate crops, provides income, food, fire-
wood, and environmental services such as biodiversity conserva-
tion, healthy soil, watershed protection, and carbon sequestration.
Food security and more diverse livelihood opportunities provide
strong elements of sustainability.

industrial-based systems, still provide more than
two-thirds of the world’s food. Already embodying
many of the key attributes of sustainability, these
systems will remain a fundamental basis of food
production for much of the world, as their produc-
tivity and efficiency are improved through agroeco-
logical research.

* Cities—which will continue to provide homes for
a large number of the world’s people—will be sup-
plied with food less by global markets and more by
agroecosystems in the surrounding region and in
the cities themselves.

* Agricultural knowledge will exist primarily in the
public domain, where it will be widely dispersed
and embodied more in farmers’ practices than in
technological products and systems.

* Farmers will be rewarded for the environmental
services that their farms provide beyond the pro-
duction of food. Protecting biodiversity, produc-
ing clean water, stopping soil erosion, sequestering
carbon, and promoting the presence of living land-
scapes will be valued and rewarded.

e Because sustainability in agriculture is not just
about growing and raising food, but about how
that food is used, distributed, and consumed, a
sustainable food system will distribute food more
equitably, reduce food overconsumption and
waste, and insure that our precious agricultural
land is used to feed people rather than automobiles
and livestock.

* Food justice will be a common goal in sustainable
food systems as food security, food sovereignty, and
the right to food become guiding social principles.
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It is not an exaggeration to say that the sustainable food
system of the future, considered as a whole, will represent
a paradigm shift. Like traditional and indigenous agroeco-
systems, it will conserve resources and minimize exogenous
inputs. Like industrial agriculture, it will be very productive.
And unlike any system of food production that has heretofore
existed on the planet, it will combine these attributes while
distributing its benefits equitably among human beings and
societies and refraining from displacing its costs onto natu-
ral ecosystems increasingly pushed to the brink of collapse.
In order for this paradigm shift to come about, agroecology
must become a force for change that integrates research,
practice, and social change in all parts of our food systems.

CAN AN ALTERNATIVE FOOD SYsTEM FEED EVERYONE?

Advocates for industrial agriculture argue that the only way
to satisfy the food needs of the expanding world population
is to continue to develop new agricultural technologies—
particularly GM crop varieties—that will increase yields,
reduce insect damage, and eliminate competition from weeds.
They dismiss alternative, sustainable, and ecologically based
systems as inadequate to the task of growing the needed
amount of food. This view is mistaken on at least two accounts.

First, this view exaggerates the need for increasing yields.
Globally, the food system currently produces more than
enough food calories to adequately feed every single living
human being and more (Cassidy et al. 2013). One problem is
that 9% of these calories are diverted to make biofuels or other
industrial products and another 36% are used for animal feed
(less than 10% of which is recovered in the form of animal-
based food calories), leaving only 55% to be eaten directly
by humans. Another problem is that an estimated one-third
of the food produced globally is lost to spoilage, spillage, and
other problems along the supply chain or simply wasted at the
household level (FAO 2013a). In the United States, the amount
of food wasted and lost equates to 1249 cal/person/day, which
is more than half of what an average person needs (Buzby et al.
2014). Further, the calories that are eaten by humans directly
and not lost as waste are distributed very unevenly, with much
of them going to expand the waistlines of affluent popula-
tions. Thus, the need for more food is driven not as much by
the increase in population as it is by wasteful patterns of food
use and a shift toward richer diets—both of which are social
choices. If people ate less animal-based food on average and
food was used and distributed more equitably and efficiently,
as noted in the previous section, more than enough extra food
production capacity would be freed up to feed everyone ade-
quately, leaving a buffer for feeding an expanding population.

Second, this view ignores a growing body of research show-
ing that small-scale, ecologically based, organic, and even
traditional peasant systems can approach, match, and even
exceed the productivity of industrial systems when measured
by the number of people fed per unit of land or the food bio-
mass produced per unit area. These agroecosystems are usu-
ally the kinds of diverse, multilayered and integrated systems
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FIGURE 1.11
the winter on an alternative farm. This farmers’ market stand is
a direct market option for a 40-acre certified organic family farm
located in Santa Cruz County, CA. They grow over 45 varieties of
fruits and vegetables, including dry farm tomatoes, shelling beans,
and strawberries, and sell their produce to customers and restaurants
at 10 farmers’ markets in Santa Cruz, Berkeley, and San Francisco.

High diversity of production is possible even in

that will be discussed in Sections IV and V of this text, with
a focus on meeting local needs, providing food for the larger
communities in which they participate, and maintaining the
productive capacity of the soil for the long term. The empha-
sis of these systems is definitely not on monoculture yield
maximization nor the market. A comprehensive 2011 report,
presented before the UN Human Rights Council and based on
an extensive review of recent scientific literature, showed that
agroecologically guided restructuring of agroecosystems has
the capability of doubling food production in entire regions
within 10 years, while mitigating climate change and alleviat-
ing rural poverty (De Schutter 2011).

RoLE OF AGROECOLOGY

Many scientists, researchers, and educators in the field of
agroecology, and their colleagues in disciplines like agron-
omy, have long believed that their role is to come up with
agricultural methods and systems that are more sustainable,
more environmentally friendly, less input dependent, and
less technology intensive than those of industrial agriculture.
The assumption is that these methods and systems will then
be adopted because they are superior when judged by any
of various sets of criteria. Unfortunately, the experience of
the last couple of decades has exposed the limitations of this
view. Although we have accumulated a great deal of knowl-
edge about the ecological relationships underlying sustain-
able food production, that knowledge has seen relatively
little application, and industrial agriculture has meanwhile
strengthened its dominance of the world food system.

Transforming agriculture in a fundamental way—putting
it on a sustainable path—is going to be a tremendous chal-
lenge. A basic assumption of this textbook is that agroecolo-
gists can hope to meet this challenge only if we approach it
on three different fronts simultaneously.

Agroecology: The Ecology of Sustainable Food Systems

First, we require more and better knowledge of the
ecological relationships among domesticated agricultural
species, among these species and the physical environment,
and among these species and those of natural systems. This
need is satisfied by the science aspect of agroecology, which
draws on modern ecological knowledge and methods to
derive the principles that can be used to design and manage
sustainable agroecosystems.

Second, we require effective and innovative agricultural
practices, on-the-ground systems that work in the present to
satisfy our food needs while laying the groundwork for the
more sustainable systems of the future. Satisfying this need
is the practical aspect of agroecology, which values the
local, empirical knowledge of farmers and the sharing of this
knowledge, and which undercuts the distinction between the
production of knowledge and its application.

Finally, circumstances demand fundamental changes in
the ways that humans relate to food, the economic and social
systems that determine the distribution of food, and the ways
in which food mediates the relationships of power among
populations, classes, and countries. Serving this need is the
social-change aspect of agroecology, which not only advo-
cates for the changes that will lead to food security for all, but
also seeks knowledge of the means by which these changes
can be activated and sustained.

Although each of these aspects of agroecology is criti-
cal, the bulk of this book is dedicated to the science of
agroecology. In presenting this material, the book high-
lights the practical aspect by giving examples of how the
science can be successfully applied. The social-change
aspect of agroecology is not introduced until Section VI,
after the reader has absorbed the full suite of ecological
principles and practices that form the foundation of sus-
tainable food systems. The placement of this aspect of
agroecology at the end of the book is not an indication
of its secondary importance. If agroecologists and others
seeking to put agriculture on a more sustainable basis fail
to consider the ideas discussed in Section VI, their efforts
are likely to be for naught.

FOOD FOR THOUGHT

1. How does the holistic approach of agroecology
allow for the integration of the three most important
components of sustainability: ecological soundness,
economic viability, and social justice?

2. Why has it been so difficult for humans to see that
much of the environmental degradation caused by
industrial agriculture is a consequence of the lack of
an ecological approach to agriculture?

3. What common ground is there between agronomy
and ecology with respect to sustainable agriculture?

4. What are the issues of greatest importance that
threaten the sustainability of agriculture in the town
or region in which you live?

5. What is the meaning of the concept that people
“have a right to food”?
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INTERNET RESOURCES

Agroecology
www.agroecology.org
A primary site for information, concepts, and case studies
in the field of agroecology.

Agroecology in Action
WWW.agroeco.org
Led by agroecologist Miguel Altieri, Agroecology in
Action promotes the integration of agroecological knowl-
edge and technologies into practice while building a
deeper understanding of the complex long-term interac-
tions among resources, people, and their environment.

Earth Policy Institute
www.earth-policy.org
Led by the well-known eco-economist Lester Brown, this
organization is dedicated to providing a vision of an eco-
economy and a roadmap on how to get there. The website
provides information on major milestones and setbacks in
building a sustainable society.

Food and Agriculture Organization of the United Nations
www.fao.org

Food First: Institute for Food and Development Policy
www.foodfirst.org
Food First is a nonprofit think tank and “education-for-
action center” focused on revealing and changing the root
causes of hunger and poverty around the world.

Sustainable Table
www.sustainabletable.org
Sustainable Table is a consumer campaign developed by
the Global Resource Action Center for the Environment.

Union of Concerned Scientists

Www.ucsusa.org

UCS combines independent scientific research and citi-
zen action to develop innovative, practical solutions and
to secure responsible changes in government policy, cor-
porate practices, and consumer choices. Its food and agri-
culture program focuses on the science behind sustainable
agriculture as the direction for the future.

Worldwatch Institute
www.worldwatch.org
A nonprofit public policy research organization dedicated
to informing policy makers and the public about emerging
global problems and trends, and the complex links between
the world economy and its environmental support systems.
Food and farming are key support systems they monitor.
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2 Agroecology and the
Agroecosystem Concept

The entire field of agroecology derives from one central
concept—that of the agroecosystem. An agroecosystem is a
site or integrated region of agricultural production—a farm,
for example—understood as an ecosystem. The agroecosys-
tem concept provides a framework with which to analyze
food production systems as wholes, including their complex
sets of inputs and outputs and the interconnections of their
component parts. Extended even further, agroecostemic
thinking incorporates social systems—as the structures
within which humans as food consumers organize food dis-
tribution through markets and other means.

Because the concept of the agroecosystem is based
on ecological principles and our understanding of natu-
ral ecosystems, the first topic of discussion in this chap-
ter is the ecosystem. We examine the structural aspects of
ecosystems—their parts and the relationships among the
parts— and then turn to their functional aspects—how eco-
systems work. Agroecosystems are then described in terms
of how they compare, structurally and functionally, with
natural ecosystems.

The principles and terms presented in this chapter will be
applicable to our discussion of agroecosystems throughout
this book.

STRUCTURE OF NATURAL ECOSYSTEMS

An ecosystem can be defined as a functional system of
complementary relations between living organisms and their
environment, delimited by arbitrarily chosen boundaries,
which in space and time appear to maintain a steady yet
dynamic equilibrium. An ecosystem thus has physical parts
with particular relationships—the structure of the system—
that together take part in dynamic processes—the function
of the system.

The most basic structural components of ecosystems are
biotic factors, living organisms that interact in the environ-
ment, and abiotic factors, nonliving physical and chemical
components of the environment such as soil, light, moisture,
and temperature.

LEVELS OF ORGANIZATION

Ecosystems can be examined in terms of a hierarchy of orga-
nization of their component parts, just as the human body can
be examined at the level of molecules, cells, tissues, organs,
or organ systems. At the simplest level is the individual
organism. The study of this level of organization is called
autecology or physiological ecology. It is concerned with

how a single individual of a species performs in response to
the factors of the environment and how the organism’s partic-
ular degree of tolerance to stresses in the environment deter-
mine where it will live. The adaptations of the banana plant,
for example, restrict it to humid, tropical environments with
a particular set of conditions, whereas a strawberry plant is
adapted to a much more temperate environment.

At the next level of organization are groups of indi-
viduals of the same species. Such a group is known as a
population. The study of populations is called population
ecology. An understanding of population ecology becomes
important in determining the factors that control popula-
tion size and growth, especially in relation to the capacity
of the environment to support a particular population over
time. Agronomists have applied the principles of population
ecology in the experimentation that has led to the highest-
yielding density and arrangement of individual crop species.

Populations of different species always occur together in
mixtures, creating the next level of organization, the com-
munity. A community is an assemblage of various species
living together in a particular place and interacting with each
other. An important aspect of this level is how the interac-
tions of organisms affect the distribution and abundance of
the different species that make up a particular community.
Competition between plants in a cropping system and the
predation of aphids by lady beetles are examples of inter-
actions at this level in an agroecosystem. The study of the
community level of organization is known as community
ecology.

The most inclusive level of organization of an ecosystem
is the ecosystem itself, which includes all of the abiotic fac-
tors of the environment in addition to the communities of
organisms that occur in a specific area. An intricate web of
interactions goes on within the structure of the ecosystem.

These four levels can be directly applied to agroecosys-
tems, as shown in Figure 2.1. Throughout this text, refer-
ence will be made to these levels: individual crop plants (the
organism level), populations of crop species or other organ-
isms, farm field communities, and whole agroecosystems.

An important characteristic of ecosystems is that at each
level of organization properties emerge that were not present
at the level below. These emergent properties are the result
of the interaction of the component “parts” of that level of
ecosystem organization. A population, for example, is much
more than a collection of individuals of the same species,
and has characteristics that cannot be understood in terms
of individual organisms alone. In an agroecosystem context,
this principle means in essence that the farm is greater than
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FIGURE 2.1 Levels of ecosystem organization applied to an

agroecosystem. The diagram could be extended in the upward
direction to include regional, national, and global levels of orga-
nization, which would involve such things as markets, farm policy,
and even global climate change. In the downward direction, the
diagram could include the cellular, chemical, and atomic levels of
organization.

the sum of its individual crop plants. Sustainability can be
considered the ultimate emergent quality of an ecosystem
approach to agriculture.

STRUCTURAL PROPERTIES OF COMMUNITIES

A community comes about on the one hand as a result of the
adaptations of its component species to the gradients of abi-
otic factors that occur in the environment, and, on the other
hand, as a result of interactions between populations of these
species. Since the structure of the community plays such an
important role in determining the dynamics and stability of
the ecosystem, it is valuable to examine in more detail sev-
eral properties of communities that arise as a result of inter-
actions at this level.

Species Diversity

Understood in its simplest sense, species diversity is the
number of species that occur in a community. Some com-
munities, such as that of a freshwater pond, are exceedingly
diverse; others are made up of very few species.

Dominance and Relative Abundance

In any community, some species may be relatively abun-
dant and others less abundant. The species with the greatest
impact on both the biotic and abiotic components of the com-
munity is referred to as the dominant species. Dominance
can be a result of an organism’s relative abundance, its physi-
cal size, its ecological role, or any of these factors in combi-
nation. For example, since a few large trees in a garden can
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dramatically alter the light environment for all the other spe-
cies in the garden, the tree species is dominant in the garden
community even though it may not be the most abundant spe-
cies. Natural ecosystems are often named for their dominant
species. The redwood forest community of coastal California
is a good example.

Vegetative Structure

Terrestrial communities are often characterized by the struc-
ture of their vegetation. This is determined mostly by the
form of the dominant plant species, but also by the form and
abundance of other plant species and their spacing. Thus
vegetative structure has a vertical component (a profile with
different layers) and a horizontal component (groupings or
patterns of association), and we learn to recognize how dif-
ferent species occupy different places in this structure. When
the species that make up vegetative structure take on similar
growth forms, more general names are given to these assem-
blages (e.g., grassland, forest, shrubland).

Trophic Structure

Every species in a community has nutritive needs. How
these needs are met in relation to other species determines a
structure of feeding relationships. This structure is called the
community’s trophic structure. Plants are the foundation of
every terrestrial community’s trophic structure because of
their ability to capture solar energy and convert it, through
photosynthesis, into stored chemical energy in the form of
biomass, which can then serve as food for other species.
Because of this trophic role, plants are known as producers.
Physiologically, plants are classified as autotrophs because
they satisfy their energy needs without preying upon other
organisms.

The biomass produced by plants becomes available
for use by the consumers of the community. Consumers
include herbivores, who convert plant biomass into animal
biomass, predators and parasites, who prey on herbivores
and other predators, and parasitoids, who prey on preda-
tors and parasites. All consumers are classified as hetero-
trophs because their nutritive needs are met by consuming
other organisms.

Each level of consumption is considered to be a different
trophic level (Table 2.1). The trophic relationships among
a community’s species can be described as a food chain or
a food web, depending on their complexity. As we will see
later, trophic relationships can become quite complex and are
of considerable importance in agroecosystem processes such
as pest and disease management.

Resistance and Resilience

Over time, the species diversity, dominance structure, vege-
tative structure, and trophic structure of a community gener-
ally does not undergo major changes, even though individual
organisms die and leave the area and the relative sizes of pop-
ulations shift. In other words, if you were to visit and observe
a natural community and then visit it again 20 years later,
it would probably appear relatively unchanged in its basic
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TABLE 2.1

Trophic Levels and Roles in a Community

Type of Trophic Physiological

Organism Trophic Role Level Classification

Plants Producers First Autotrophic

Herbivores First-level Second Heterotrophic

consumers

Predators and ~ Second-level (and Third and Heterotrophic

parasites higher) consumers higher

aspects. Further, if some kind of disturbance—such as fire
or flooding—killed off many members of many species in
the community, the community would eventually recover, or
return to something close to the original condition and spe-
cies composition.

The observed tendency of communities to maintain their
structure, organization, and general composition over time has
two distinct components. Communities tend to resist change
in general and they are resilient in response to disturbance.
Thus, communities are often said to possess the dual proper-
ties of resistance and resilience. The degree to which a com-
munity can successfully resist change or be resilient enough
to recover from disturbance depends greatly on the type of
community and the nature of the disturbances to which it is
subjected. In general, the more complex and species-diverse a
community is, the stronger its resistance and resilience.

FUNCTIONING OF NATURAL ECOSYSTEMS

Ecosystem function refers to the dynamic processes occur-
ring within ecosystems: the movement of matter and energy
and the interactions and relationships of the organisms and
materials in the system. It is important to understand these
processes in order to address the concepts of ecosystem
dynamics, efficiency, productivity, and development, espe-
cially in agroecosystems where function can determine the
difference between the success and failure of a particular
crop or management practice.

The two most fundamental processes in any ecosystem
are the flow of energy among its parts and the cycling of
nutrients.

ENERGY FLOW

Each individual organism in an ecosystem is constantly
using energy to carry out its physiological processes, and
its sources of energy must be regularly replenished. Thus
energy in an ecosystem is like electricity in a home: it is con-
stantly flowing into the system from outside sources, fuel-
ing its basic functioning. The energy flow in an ecosystem is
directly related to its trophic structure. By examining energy
flow, however, we are focusing on the sources of the energy
and its movement within the structure, rather than on the
structure itself.
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Energy flows into an ecosystem as a result of the capture
of solar energy by plants, the producers of the system. This
energy is stored in the chemical bonds of the biomass that
plants produce. Ecosystems vary in their ability to convert
solar energy to biomass. We can measure the total amount
of energy that plants have brought into the system at a point
in time by determining the standing crop or biomass of the
plants in the system. We can also measure the rate of the
conversion of solar energy to biomass: this is called gross
primary productivity, which is usually expressed in terms
of kilocalories per square meter per year. When the energy
plants use to maintain themselves is subtracted from gross
primary productivity, a measure of the ecosystem’s net pri-
mary productivity is attained.

Herbivores (primary consumers) consume plant biomass
and convert it into animal biomass, and predators and para-
sites (secondary and higher-level consumers) who prey on
herbivores or other consumers continue the biomass conver-
sion process between trophic levels. Only a small percentage
of the biomass at one trophic level, however, is converted
into biomass at the next trophic level. This is because a large
amount of energy is expended in maintaining the organisms
at each level (as much as 90% of the consumed energy). In
addition, a large amount of biomass at each level is never
consumed (and some of what is consumed is not fully
digested); this biomass (in the form of dead organisms and
fecal matter) is eventually broken down by detritivores and
decomposers. The decomposition process releases (in the
form of heat) much of the energy that went into creating the
biomass, and the remaining biomass is returned to the soil as
organic matter.

In natural ecosystems, the energy that leaves the system is
mostly in the form of heat, generated in part by the respira-
tion of the organisms at the various trophic levels and in part
by the decomposition of biomass. Other forms of energy out-
put are quite small. The total energy output (or energy loss)
of an ecosystem is usually balanced by the energy input that
comes from plants capturing solar energy (Figure 2.2).

NUTRIENT CYCLING

In addition to energy, organisms require inputs of matter to
maintain their life functions. This matter—in the form of
nutrients containing a variety of crucial elements and com-
pounds—is used to build cells and tissues and the complex
organic molecules required for cell and body functioning.
The cycling of nutrients in ecosystems is obviously linked
to the flow of energy: the biomass transferred between tro-
phic levels contains both energy in chemical bonds and
matter serving as nutrients. Energy, however, flows in one
direction only through ecosystems—from the sun to pro-
ducers to consumers to the environment. Nutrients, in con-
trast, move in cycles—through the biotic components of an
ecosystem to the abiotic components, and back again to the
biotic. Since both abiotic and biotic components of the eco-
system are involved in these cycles, they are referred to as
biogeochemical cycles. As a whole, biogeochemical cycles
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FIGURE 2.2 Ecosystem energy flow. The size of each box represents the relative amount of energy flowing through that trophic level.
In the average ecosystem, only about 10% of the energy in a trophic level is transferred to the next trophic level. Nearly all the energy that

enters an ecosystem is eventually dissipated as heat.

are complex and interconnected; in addition, many occur at a
global level that transcends individual ecosystems.

Many nutrients are cycled through ecosystems. The most
important are carbon (C), nitrogen (N), oxygen (O), phospho-
rus (P), sulfur (S), and water. With the exception of water,
each of these is known as a macronutrient. Each nutrient has
a specific route through the ecosystem depending on the type
of element and the trophic structure of the ecosystem, but
two main types of biogeochemical cycles are generally rec-
ognized. For carbon, oxygen, and nitrogen, the atmosphere
functions as the primary abiotic reservoir, so we can visual-
ize cycles that take on a global character. As an example, a
molecule of carbon dioxide respired into the air by an organ-
ism in one location can be taken up by a plant halfway around
the planet. Elements that are less mobile, such as phosphorus,
sulfur, potassium, calcium, and most of the trace elements,
cycle more locally, and the soil is their main abiotic reser-
voir. These nutrients are taken up by plant roots, stored for a
period of time in biomass, and eventually returned to the soil
within the same ecosystem by decomposers.

Some nutrients can exist in forms that are readily available
to organisms. Carbon is a good example of such a material,
easily moving between its abiotic form in the atmospheric res-
ervoir to a biotic form in plant or animal matter as it cycles
between the atmosphere as carbon dioxide and biomass as
complex carbohydrates. Carbon spends varying lengths of
time in living or dead organic matter, or even humus in the
soil, but it returns to the atmospheric reservoir as carbon diox-
ide before it is recycled again. Figure 2.3 is a simplified depic-
tion of the carbon cycle, focusing on terrestrial systems and
leaving out the reservoir of carbon found in carbonate rocks.

Nutrients in the atmospheric reservoir can exist in forms
much less readily available and must be converted to some
other forms before they can be used. A good example is atmo-
spheric nitrogen (N,). The conversion of molecular nitrogen
(N,) to ammonia (NHj;) through biological fixation by micro-
organisms begins the process that makes nitrogen available
to plants. Once incorporated into plant biomass, this “fixed”
nitrogen can then become part of the soil reservoir and
eventually be taken up again by plant roots as nitrate (NO,).

Atmospheric carbon (CO,)

Photosynthesis

Combustion Respiration ~ Respiration

Decay

Herbivores
and their
predators

Green plants

Fossil fuels
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eath and waste Dol
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organic matter
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Soil carbon
(organic matter)

FIGURE 2.3 The carbon cycle.

As long as this soil-cycled nitrogen is not reconverted back
to gaseous N, or lost as volatile ammonia or gaseous oxides
of nitrogen, it can be actively cycled within the ecosystem
(Figure 2.4). The agroecological significance of the biotic
interactions involved in this cycle is discussed in more detail
in Chapter 16.

Phosphorus, on the other hand, has no significant gaseous
form. It is slowly added to the soil by the weathering of rock,
and once there, it can be taken up by plants as phosphate
and then form part of the standing crop, or be returned to
the soil by excretion or decomposition. This cycling between
organisms and soil tends to be very localized in ecosystems,
with two major exceptions: (1) phosphates may leach out
of ecosystems in ground water if they are not absorbed or
bound, and (2) phosphates adhering to soil particles may be
removed by erosion. In both of these cases, the phosphates
leave the ecosystem and end up in the oceans. Once phos-
phorus is deposited into the sea, the time frame required for
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it to cycle back into terrestrial systems enters the geological
realm, hence the importance of the localized cycles that keep
phosphorus in the ecosystem (Figure 2.5).

In addition to the macronutrients, a number of other chem-
ical elements must be present and available in the ecosystem
for plants to grow. Even though they are needed in very small
quantities, they are still of great importance for living organ-
isms. They include iron (Fe), magnesium (Mg), manganese
(Mn), cobalt (Co), boron (B), zinc (Zn), and molybdenum
(Mo). Each of these elements is known as a micronutrient.

Both types of nutrients are taken up by organisms and
are stored in living or dead biomass or organic matter. If too
much of a nutrient is lost or removed from a particular system,
it can become limiting for further growth and development.
Biological components of each system are very important in
determining how efficiently nutrients move, ensuring that the
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FIGURE 2.5 The phosphorus cycle.
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minimum amount is lost and the maximum amount recycled.
Productivity can become very closely linked to the rates at
which nutrients are able to be recycled.

REGULATION OF POPULATIONS

Populations are dynamic: their size and the individual organ-
isms that make them up change over time. The demographics
of each population are a function of that species’ birth and
death rates, rate of population increase or decrease, and the
carrying capacity of the environment in which they live. The
size of each population in relation to the other populations of
the ecosystem is also determined by the interactions of that
population with other populations and with the environment.
A species with a broad set of tolerances of environmental
conditions and a broad ability to interact with other species
will be relatively common over a large area. In contrast, a
species with a narrow set of tolerances and a very specialized
role in the system will be common only locally.

Depending on the actual set of adaptive traits of each spe-
cies, the outcome of its interaction with other species will
vary. When the adaptations of two species are very similar,
and resources are insufficient to maintain populations of both,
competition can occur. One species can begin to dominate
another through the removal of essential materials from the
environment. In other cases, a species can add materials to
the environment, modifying conditions that aid its own ability
to be dominant to the detriment of others. Some species have
developed ways of interacting with each other that can be of
benefit to them both, leading to relationships of mutualism,
where resources are shared or partitioned (the importance of
mutualisms in agroecology is discussed in Chapter 16). In nat-
ural ecosystems, selection through time has tended to result in
the most complex structure biologically possible within the
limits set by the environment, permitting the establishment
and maintenance of dynamic populations of organisms.

EcosystTeM CHANGE

Earlier, we noted that communities—and, by extension,
ecosystems—tend to retain their basic structures over time
because they resist external pressures and are resilient in
the face of disturbance. Internally, however, ecosystems are
in a constant state of dynamic change. Organisms are com-
ing into existence and dying, matter is being cycled through
the component parts of the system, populations are grow-
ing and shrinking, and the spatial arrangement of organ-
isms is shifting.

Ecosystems also undergo change after they are subjected
to disturbance. This type of change, called succession, is very
different from the dynamism characterizing an ecosystem’s
function and individual components because it is unidirec-
tional and involves progressive shifts in all of an ecosystem’s
aspects. The process of succession eventually allows the rees-
tablishment of an ecosystem similar to that which occurred
before the disturbance, even if the community of organisms
that eventually regains dominance may be slightly different.
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This “end point” of succession is called the climax state of
the ecosystem. Succession results in a return to the climax
state as long as disturbance is not too intense or frequent. The
ability of a community or ecosystem to reestablish its basic
structure and functioning after disturbance and succession is
really what is captured in the concept of resilience.

Because ecosystems experience disturbance at many scales
with some frequency, and because they possess considerable
internal dynamism, ecosystems do not develop toward or enter
into a steady state. Instead, they remain dynamic and flex-
ible, resilient in the face of perturbing forces. Overall stabil-
ity combined with dynamic change and resilience in response
to disturbance is often captured in the concept of dynamic
equilibrium. The dynamic equilibrium of ecosystems is of
considerable importance in an agricultural setting. It permits
the establishment of an ecological “balance,” functioning on
the basis of sustained resource use, which can be maintained
indefinitely despite ongoing and regular change in the form of
harvest, soil cultivation, and replanting.

AGROECOSYSTEMS

Human manipulation and alteration of ecosystems for the pur-
pose of establishing agricultural production makes agroeco-
systems very different from natural ecosystems. At the same
time, however, the processes, structures, and characteristics
of natural ecosystems can be observed in agroecosystems.

NATURAL ECOSYSTEMS AND AGROECOSYSTEMS COMPARED

A natural ecosystem and an agroecosystem are diagrammed,
respectively, in Figures 2.6 and 2.7. In both figures, flows of
energy are shown as solid lines and movement of nutrients is
shown with dashed lines.

A comparison of Figures 2.6 and 2.7 reveals that agro-
ecosystems differ from natural ecosystems in several key
respects.

1. Energy flow: Energy flow in agroecosystems is
altered greatly by human interference. Inputs are
derived from primarily human sources and are often
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FIGURE 2.6 Functional components of a natural ecosystem.
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puts, labeled here as “Consumption and Markets.”

not self-sustaining. Thus agroecosystems become
open systems where considerable energy is directed
out of the system at the time of each harvest, rather
than stored in biomass, which could otherwise accu-
mulate within the system.

2. Nutrient cycling: Recycling of nutrients is minimal
in most agroecosystems and considerable quantities
are lost from the system with the harvest or as a result
of leaching or erosion due to a great reduction in per-
manent biomass levels held within the system. The
frequent exposure of bare soil between crop plants
and, temporally, between cropping seasons, also cre-
ates “leaks” of nutrients from the system. Farmers
have recently come to rely heavily upon petroleum-
based nutrient inputs to replace these losses.

3. Population-regulating mechanisms: Due to the
simplification of the environment and a reduction in
trophic interactions, populations of crop plants or ani-
mals in agroecosystems are rarely self-reproducing or
self-regulating. Human inputs in the form of seed or
control agents, often dependent on large energy sub-
sidies, determine population sizes. Biological diver-
sity is reduced, trophic structures tend to become
simplified, and many niches are left unoccupied. The
danger of catastrophic pest or disease outbreak is
high, despite the intensive human interference.

4. Resilience: Due to their reduced structural and func-
tional diversity in relation to natural ecosystems,
agroecosystems have much less resilience than nat-
ural ecosystems. A focus on harvest outputs upsets
any equilibrium that is established, and the system
can only be sustained if outside interference—in the
form of human labor and external human inputs—is
maintained.
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TABLE 2.2

Important Structural and Functional Differences

between Natural Ecosystems and Agroecosystems

Natural Ecosystems
Medium High

Agroecosystems

Net productivity

Trophic interactions Complex Simple, linear
Species diversity High Low

Genetic diversity High Low

Nutrient cycles Closed Open
Resilience High Low

Human control Independent Dependent
Temporal permanence Long Short

Habitat heterogeneity Complex Simple

Source: Adapted from Odum, E.P,, Science, 164, 262, 1969.

The key ecological differences between natural ecosystems
and agroecosystems are summarized in Table 2.2.

Although sharp contrasts have been drawn between natu-
ral ecosystems and agroecosystems, actual systems of both
types exist on a continuum. On one side of the continuum,
few “natural” ecosystems are truly natural in the sense of
being completely independent of human influence; on the
other side, agroecosystems can vary greatly in their need for
human interference and inputs. Indeed, through application
of the concepts presented in this text, agroecosystems can be
designed that come close to resembling natural ecosystems
in terms of such characteristics as species diversity, nutrient
cycling, and habitat heterogeneity.

AGROECOSYSTEM AS A UNIT OF ANALYSIS

We have so far described agroecosystems conceptually; it
remains to explain what they are physically. In other words,
what is the thing we are talking about when we discuss the
management of an agroecosystem? This is first of all an
issue of spatial boundaries. The spatial limits of an agro-
ecosystem in the abstract, like those of an ecosystem, are
somewhat arbitrary. In practice, however, an “agroecosys-
tem” is generally equivalent to an individual farm, although
it could just as easily be a single farm field or a grouping of
adjacent farms.

Another issue involves the relationship between an
abstract or concrete agroecosystem and its relationship and
connection to the surrounding social and natural worlds. By
its very nature, an agroecosystem is enmeshed in both. A
web of connections spreads out from every agroecosystem
into human society and natural ecosystems. Coffee drink-
ers in Seattle are connected to coffee-producing agroeco-
systems in Costa Rica; the Siberian taiga may experience
impacts from conventional corn production systems in the
United States.

In practical terms, however, we must distinguish between
what is external to an agroecosystem and what is inter-
nal. This distinction becomes necessary when analyzing
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agroecosystem inputs, since something can’t be an input
unless it comes from outside the system. The convention fol-
lowed in this text is to use an agroecosystem’s spatial bound-
ary (explicit or implicit) as the dividing line between internal
and external. In terms of inputs supplied by humans, there-
fore, any substance or energy source from outside the spa-
tial boundaries of the system is an external human input.
Even though the word external is redundant with input, it
is retained in this phrase to emphasize off-the-farm origins.
Typical external human inputs include pesticides, inorganic
fertilizers, hybrid seed, fossil fuels used to run tractors,
the tractors themselves, most kinds of irrigation water, and
human labor supplied by nonfarm residents. There are also
natural inputs, the most important of which are solar radia-
tion, precipitation, wind, sediments deposited by flooding,
and plant propagules.

SUSTAINABLE AGROECOSYSTEMS

The challenge in creating sustainable agroecosystems is one
of achieving natural ecosystem-like characteristics while
maintaining a harvest output. Working toward sustainability,
the manager of any particular agroecosystem strives as much
as possible to use the ecosystem concept in his or her design
and management. Energy flow can be designed to depend
less on nonrenewable sources, and a better balance achieved
between the energy used to maintain the internal processes of
the system and that which is available for export as harvest-
able goods. The farmer can strive to develop and maintain
nutrient cycles that are as “closed” as possible, to lower nutri-
ent losses from the system, and to search for sustainable ways
to return exported nutrients to the farm. Population regula-
tion mechanisms can depend more on system-level resistance
to pests, through an array of mechanisms that range from
increasing habitat diversity to ensuring the presence of natu-
ral enemies and antagonists. Finally, an agroecosystem that
incorporates the natural ecosystem qualities of resilience,
productivity, and balance will better ensure the maintenance
of the dynamic equilibrium necessary to establish an eco-
logical basis for sustainability. As the use of external human
inputs for control of agroecosystem processes is reduced,
we can expect a shift from systems dependent on synthetic
inputs to systems designed to make use of natural ecosystem
processes and interactions and materials derived from within
the system.

AGROECOSYSTEMS AND THE LANDSCAPE

Agroecology finds its most immediate applications at the
farm or agroecosystem level, where it can effectively deal
with production, short-term enterprise economics, and envi-
ronmental impacts in the immediate vicinity of the farm. But
each farm or agroecosystem exists in a larger spatial and eco-
logical context that is best denoted by the term landscape.
At the landscape level, agroecosystems and natural ecosys-
tems are closely linked and can impact each other positively
as well as negatively. In most parts of the world, interactions
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SPECIAL TOPIC: HISTORY OF AGROECOLOGY

Although agroecology—defined broadly as the ecological analysis of agriculture—has roots that go back deep into
the twentieth century, the field did not achieve broad recognition as a discipline until the 1990s. A major reason for its
delayed entry into the mainstream is that it could not gain general acceptance until its two parents—the sciences of ecol-
ogy and agronomy—agreed to settle some of their differences. Ecology had always been concerned primarily with the
study of natural systems, whereas agronomy dealt with applying the methods of scientific investigation to the practice of
agriculture. The boundary between pure science and nature on the one hand, and applied science and human endeavor
on the other, kept the two disciplines relatively separate, with agriculture ceded to the domain of agronomy.

To fully understand agroecology as it exists today, it is helpful to examine the early efforts of a few researchers
to bridge that wide gap between ecology and agronomy. The earliest agroecologist may have been Basil M. Bensin,
a Russian agronomist who published research in the late 1920s and early 1930s. Bensin was concerned that farmers
were being taken advantage of by the companies selling the seeds, fertilizers, and tractors that began to penetrate agri-
culture after World War I. Claims were being made that these industrial inputs had universal application, but farmers
who purchased them were very often disappointed when they did not function well on their particular farms. Bensin
(1930) called for researching the ecological conditions on each farm so that farmers could make decisions that were
appropriate to the unique needs and conditions of their farms. Planting crops that were locally adapted to each farm
locality would not only help farmers make better input decisions, it would also allow them to greatly restrict the need
for these purchased inputs in the first place. In Bensin’s published work, there appeared what may be the first uses of
the term agroecology.

At about the same time that Bensin was publishing his pioneering work, there began to occur an important but
short-lived bout of cross-fertilization between ecology and agronomy that resulted in the development of the field of
crop ecology. Like Bensin, crop ecologists were concerned with where crops were grown and the ecological condi-
tions under which they grew best, and they also began to use the term agroecology to refer to the applied ecology of
agriculture, but unlike Bensin, they began to focus on how to increase yields by altering the ecological conditions in
which crops grew through the use of inputs—an approach more consistent with the emergence of industrial agriculture
than critical of it.

Following World War II, ecology moved in the direction of becoming more of a pure science, while agronomy became
increasingly result oriented, reflecting the increasing emphasis in agriculture on mechanization, use of agricultural
chemicals, and large-scale monoculture. Researchers in each field became less likely to see any commonalties between
the disciplines and the gulf between them actually widened.

Countering this general trend in the late 1950s was a renewed interest in crop ecology, prompted in part by the matur-
ing of the ecosystem concept. The ecosystem concept provided, for the first time, an overall framework for examining
agriculture from an ecological perspective. The few researchers actually using the ecosystem concept in this way termed
their field of work agricultural ecology.

The sciences of ecology and agronomy moved even further apart with the arrival of the green revolution in the 1960s
and the ever-increasing focus on technological answers to all of agriculture’s problems. But the 1960s also brought about
an increase in environmental awareness among members of the public, and it was this increasing awareness—about pol-
lution of the air and water and the effects of pesticide application—that would eventually become a major impetus for the
emergence of agroecology in its modern form.

In the realm of ecology, interest in applying ecology to agriculture gradually gained momentum during the 1960s
and 1970s with the intensification of community and population ecology research and the growing influence of systems-
level approaches. An important sign of an interest in agriculture among ecologists at the international level occurred
in 1974 at the first International Congress of Ecology, when a working group developed a report entitled Analysis of
Agroecosystems. The agroecosystem concept gave ecologists a way of focusing their ecosystem thinking on agricultural
ecosystems.

It was also during the 1970s that agroecology began to break out of the confines of academia. This occurred in
Mexico, where small farmers, peasants, activists, and scientists, united in their opposition to the changes being wrought
by the green revolution, began to use the agroecosystem concept as a way of insisting that the traditional, local, and indig-
enous systems of Mexico should not be just swept aside and replaced with the high-yielding but input-intensive technolo-
gies more appropriate for large-scale production systems. They believed that these traditional, balanced agroecosystems
deserved attention as instances of coevolution between ecological, technological, and socioeconomic elements that had
met the needs of millions of small farmers for centuries.

In particular, agroecology found its rebirth as a practical, whole-systems approach at a small college of tropical agri-
culture in southeastern Mexico, where the term agroecologia was applied to a program of related teaching, research, and
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community-based development projects (Gliessman 1978b). From its emergence here, agroecology acquired a social-
movement aspect that it would never lose, as well as a focus on the ecological foundations of the traditional farming
systems in developing countries (Gliessman 2013). Researchers from many disciplines began to recognize that tradi-
tional agriculture provided important examples of ecologically based agroecosystem management (Gliessman 1978a;
Gliessman et al. 1981).

By the beginning of the 1980s, agroecology had emerged as a distinct methodology and conceptual framework for
the study of all types of agroecosystems. Its influence growing during a time when the environmental and social costs
of the green revolution were increasingly recognized, agroecology helped contribute to the development of the concept
of sustainability in agriculture. While sustainability provided a goal for focusing agroecological research, agroecology’s
whole-systems approach and knowledge of dynamic equilibrium provided a sound theoretical and conceptual basis for
the development of actual food production systems that could claim to be far more sustainable and less impactful on the
environment than their conventional counterparts. In 1984, a variety of authors laid out the ecological basis of sustain-
ability in the proceedings of a symposium (Douglass 1984); this publication played a major role in solidifying the con-
nection between agroecological research and the promotion of sustainable agriculture as a practice.

During the 1990s, agroecology matured into a well-recognized approach for the conversion to sustainable agriculture.
Agroecological research approaches emerged (Gliessman 1990), several textbooks were published (Altieri 1995b; Pretty
1995; Gliessman 1998), and academic research and education programs were put into motion. A number of organic
farmers, and others growing food in more sustainable ways, began to think of what they were doing as agroecology. The
establishment of an Agroecology Section for the Ecological Society of America in 1998 signaled a major change in how
ecologists thought about agriculture, and the regular presentation of symposia, oral papers, and posters on agroecology
at annual meetings of the American Society of Agronomy showed the embracing of the ecological approach.

A key development in agroecology took place in the early 2000s when its focus began to expand from the agroecosys-
tem to the entire food system (Francis et al. 2003). No longer could agroecology concern itself solely with crops, animals,
and farm fields. The entire food system, from the seed and soil all the way to the table, needed to be taken into account.
It became generally accepted that farmers and eaters, and everyone in between, were part of an interconnected system.

Embracing this food-system approach, a parallel movement took place on the social science side of agroecology
(Guzman-Casado et al. 1999). Rural sociologists, anthropologists, ethnobotanists, and others operating in the agroeco-
logical framework emphasized the importance of addressing the growing injustices and inequities that had developed as
a result of the commodification of food and the industrialization of agriculture. They pointed out that alleviating hunger
and poverty and supporting smallholder farmers throughout the world was not only consistent with putting agriculture on
a more sustainable basis ecologically but also a necessary part of achieving that goal (Sevilla-Guzmén 2006).

Today, agroecology is striving hard to link academics and farmers, to straddle established boundaries, and to move the
entire food system in a more sustainable direction. Energized by the convergence of concerns around the sustainability of
the human presence on the planet, agroecology is firmly established as a field that weaves together three components: the
scientific study of ecological processes in agroecosystems, the promotion and support of farming practices rooted in the
goal of sustainability, and the advancement of the complex social and ecological shifts that need to occur to move food
systems to a truly sustainable basis (Méndez et al. 2013).

Important Works in the History of Agroecology

Year Author(s) Title

1928 K. Klages

Crop ecology and ecological crop geography in the agronomic curriculum

1930 B. Bensin Possibilities for international cooperation in agroecological investigations
1938 J. Papadakis Compendium of Crop Ecology

1939 H. Hanson Ecology in agriculture

1942 K. Klages Ecological Crop Geography

1956 G. Azzi Agricultural Ecology

1962 C. P. Wilsie Crop Adaptation and Distribution

1965 W. Tischler Agrarokologie

1973 D. H. Janzen Tropical agroecosystems

1974 J. Harper The need for a focus on agro-ecosystems

1976 E. Hernandez Xolocotzi Los Agroecosistemas de Mexico

1976 INTECOL Report on an International Programme for Analysis of Agro-Ecosystems
1977 O. L. Loucks Emergence of research on agro-ecosystems

(Continued)
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Title

Memorias del Seminario Regional sobre la Agricultura Agricola Tradicional

Agroecosistemas: Conceptos Basicos

Agricultural Ecology: An Analysis of World Food Production Systems

The ecological basis for the application of traditional agricultural technology in the
management of tropical agroecosystems

Agricultural Ecosystems: Unifying Concepts

Agricultural Sustainability in a Changing World Order

Agroecology: Researching the Ecological Basis for Sustainable Agriculture
Agroecology: The Science of Sustainable Agriculture (3rd edn.)

Regenerating Agriculture: Policies and Practice for Sustainability and Self-Reliance
Agroecology: Ecological Processes in Sustainable Agriculture

Agroecologia como Desarrollo Rural Sostenible

Agroecology: The Ecology of Food Systems

Agroecosystem Analysis

New Dimensions in Agroecology

Agroecology in Action: Extending Alternative Agriculture Through Social Networks

Desde la Sociologia Rural a la Agroecologia

Agroecology: The Ecology of Sustainable Food Systems (2nd edn.)
“Agroecology as a science, a movement, and a practice: A review” (in Agronomy
for Sustainable Development)

Ecology of Agroecosystems

Agriculture at the Crossroads

Agroecology and the right to food

Agroecology: Growing the roots of resistance

Year Author(s)

1978b  S. Gliessman

1979 R. D. Hart

1979 G. Cox and M. Atkins

1981 S. Gliessman, R. Garcia-Espinosa,
and M. Amador

1983 M. Altieri Agroecology

1984 R. Lowrance, B. Stinner, and G. House

1984 G. Douglass (ed.)

1990 S. Gliessman (ed.)

1995 M. Altieri

1995 J. Pretty

1998 S. Gliessman

1999 G. Guzman-Casado, M. Gonzalez de Molina,
and E. Sevilla-Guzmén

2003 C. Francis et al.

2004 D. Rickerl and C. Francis (eds.)

2004 D. Clements and A. Shrestha (eds.)

2006 K. Warner

2006 E. Sevilla-Guzman

2007 S. Gliessman

2009 A. Wezel et al.

2009 J. Vandermeer

2009 TAAKSTD

2011 0. De Schutter

2013 S. Gliessman

2013 V. E. Mendez et al. (eds.)

Agroecology and the Transformation of Agri-Food Systems

between the two types of systems are so complex that it is
difficult to separate one from the other. When we consider
how humans can inhabit and use landscapes such that their
agricultural components are sustainable and their natural
components are preserved and protected, we become aware
that all human-inhabited landscapes—that is, all anthropo-
genic landscapes—are in fact multifunctional. Natural eco-
system services blend with agroecosystem processes, and the
two are pulled apart at the risk of harming both.

The concept of multifunctionality is not restricted to
rural landscapes. The same principles that govern the
sustainable interaction of the agricultural and the natural
can be applied to urban areas when they are considered
in the larger landscape context. Cities can support both
small-scale agricultural production and natural communi-
ties within their boundaries, and the ways in which they
interface with both the agricultural and natural systems
surrounding them are crucial to consider in the pursuit of
sustainability (Figure 2.8).

Looking at agroecosystems in the context of landscapes
reveals that the agroecosystem concept is crucial for under-
standing how humans modify the surface of the earth and
how the apparently distinct landscapes of wildlands, agricul-
tural lands, and urban areas are in fact closely intertwined.
In other words, the agroecosystem is a central concept in the
ecology of human land use.

FIGURE 2.8 A multifunctional anthropogenic landscape in
the northern part of Andalucia, Spain. Annual crops (e.g., mel-
ons, tomatoes, greens) are grown on the better valley soils, and
olives and almonds on the hillsides and in hedgerows; at the same
time, animals are grazed on the hillsides and forests maintained on
the uplands.

AGROECOSYSTEMS IN CONTEXT:
THE FOOD SYSTEM
Human-inhabited, or anthropogenic, landscapes understood

and examined in a local or regional context are in turn
part of much larger systems, networks of food production,
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distribution, and consumption called food systems. Food
systems include farmers, farmworkers, consumers, food
wholesalers, food retailers, food distributors, food brokers,
importers, exporters, suppliers and manufacturers of agri-
cultural inputs, transportation systems, government regula-
tory apparatuses, and the larger economic, sociocultural, and
political structures within which food production and distri-
bution occurs. Although more-or-less distinct food systems
exist at the level of nations, world regions, and continents,
their increasing interdependence joins them together in a
single global food system. In this text, the global food system
is the most relevant; we refer to it as simply tie food system.
The food system is sometimes referred to as the global agro-
food system.

Sustainability in agriculture can only come from under-
standing the interaction of all components of the food sys-
tem. Therefore, this text lays the groundwork for developing
a food-system perspective from which to view all questions
of agricultural sustainability. This perspective pays attention
as much to the people in agroecosystems as it does to the
ecological conditions on the farm. It takes into account the
large amounts of energy and materials that are integral to
the processing, transportation, and marketing that take place
in the human “food chain.” It pays attention to the equity
issues of hunger, food security, and access to good nutrition
and diet. It weighs the impacts of globalization in the market-
place and in farm communities, and sees producers and con-
sumers as actively connected parts of a single system. These
larger food-system issues—and the role that agroecology can
play in meeting the challenges they pose—are explored in
detail in the final chapters of this book.

FOOD FOR THOUGHT

1. What kinds of changes need to be made in the
design and management of agriculture so that we
can come closer to farming in “nature’s image”?

2. For agriculture to become more sustainable, it has
to solve the problem of how to return nutrients to
the farms that they come from. What are some ways
this might be done in your own community?

3. In agroecology we strive to create agroecosystems
that are resilient in the sense that they retain a par-
ticular structure and set of functions despite being
subjected to continual disturbance. How can the
concept of resilience add to our understanding of
sustainability?

4. As a consumer, how do your choices affect the
global food system?

INTERNET RESOURCES

Agroecology
www.agroecology.org
The author’s website. Serves as an excellent backup to the
textbook. It provides useful resources for learning and
applying what is presented, with an emphasis on training,

31

research, and application of agroecological approaches to
solving real-world food-system problems.

Agroecology and Sustainable Food Systems
www.tandfonline.com/wjsa
The primary scientific journal dedicated to promoting
research in agroecology and applications for food-system
transformation.

Agroecology in Action
WWW.agroeco.org
A website dedicated to demonstrating the many and var-
ied ways to apply agroecology, with special emphasis on
issues in Latin America.

Center for Agroecology and Sustainable Food Systems
www.ucsc.edu/casfs
The Center for Agroecology & Sustainable Food Systems
is a research, education, and public service program at the
University of California, Santa Cruz, dedicated to increas-
ing ecological sustainability and social justice in the food
and agriculture system.

Ecological Society of America—Agroecology Section
www.esa.org/agroecology/
The ESA section for agroecology works at the interface of
agriculture and ecology to promote science-based strate-
gies and disseminate information necessary for develop-
ing sustainable agricultural systems.

Ecology and Society
www.ecologyandsociety.org
A journal of integrative science for resilience and
sustainability.
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Section 1]

Plants and Abiotic Factors of the Environment

In the absence of photosynthesis, life on earth would prob-
ably consist of little more than colonies of one-celled che-
motrophic bacteria. On land, the preeminent practitioners of
photosynthesis are the higher (i.e., vascular) plants. As the
producers upon which nearly all other life forms depend,
vascular plants form the foundation of virtually all terres-
trial ecosystems—and all the agroecosystems from which
humans derive most of their food.

Although even the simplest of agroecosystems involve
complex relationships among crop plants, noncrop plants,
animals, and soil microorganisms and between each of these
types of organisms and the physical environment, the most
basic of relationships are those between individual photosyn-
thesizing crop plants and their environment. Temperature,
rainfall, exposure to sunlight, soil fertility, and other physical
aspects of the environment are the central determinants of
photosynthetic rate and plant growth—and thus production
of edible biomass. Before attempting to understand agroeco-
systems at their full level of complexity, therefore, it is help-
ful to make a focused study of how individual crop plants
respond to the conditions they encounter in the environment.

This ecological approach, known as physiological ecology or
autecology, provides a necessary starting point for our study
of whole agroecosystems.

Autecological study of the plants that make up agroeco-
systems begins by breaking down the environment into indi-
vidual factors and exploring how each factor affects the crop
plant. Consistent with this approach, the core chapters in this
section are each devoted to a single environmental factor of
importance in agroecosystems. Each chapter describes how
its factor functions in time and space and then gives exam-
ples of how farmers have learned either to accommodate
their crops to this factor or to take advantage of it to improve
the sustainability of the agroecosystem. These chapters are
preceded by a chapter that reviews the basic structure and
function of the plant itself, providing a basis for understand-
ing its responses.

The interactions examined in these chapters are the founda-
tion of the ecological thinking that is elaborated on in subse-
quent sections and that becomes the basis for understanding the
interactions and relationships among the diverse social, politi-
cal, economic, and ecological components of the food system.
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FIGURE S.2 A young corn plant emerging through the organic debris left after the burning of fallow second-growth vegetation in
Tabasco, Mexico. This plant will respond in different ways to the environmental conditions and factors it encounters during its life cycle.
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The design and management of sustainable agroecosystems
has important foundations in our understanding of how
individual plants grow, develop, and eventually become the
plant matter we use, consume, or feed to our animals. This
chapter reviews some of the more important plant physiolog-
ical processes that allow a plant to live, convert sunlight into
chemical energy, and store that energy in parts of the plant
and in forms we can use. The chapter also reviews some
of the principal nutritional needs of plants. Finally, by way
of introduction to the rest of the chapters in Section II, the
chapter reviews some of the most important concepts and
terms used to describe the ways individual plants respond
and adapt to the range of environmental factors we will be
examining.

PLANT NUTRITION

Plants are autotrophic (self-nourishing) organisms by virtue
of their ability to synthesize carbohydrates using only water,
carbon dioxide, and energy from the sun. Photosynthesis, the
process by which this energy capture takes place, is thus the
foundation of plant nutrition. Yet manufacturing carbohy-
drates is just part of plant growth and development. An array
of essential nutrients, along with water, are needed to form
the complex carbohydrates, amino acids, and proteins that
make up plant tissue and serve important functions in plants’
life processes.

PHOTOSYNTHESIS

Through the process of photosynthesis, plants convert solar
energy into chemical energy stored in the chemical bonds
of sugar molecules. Since this energy-trapping process is so
important for plant growth and survival, and is what makes
plants useful to humans as crops, it is important to under-
stand how photosynthesis works.

The descriptions of the processes of photosynthesis that
follow are very simplified. For our purposes, it is more
important to understand the agroecological consequences
of the different types of photosynthesis than to know their
actual chemical pathways. However, if a more detailed
explanation is desired, the reader is advised to consult a plant
physiology text.

As a whole, the process of photosynthesis is the solar-
energy-driven production of glucose from water and carbon
dioxide, as summarized in this simple equation:

6CO, +12H,0 + lightenergy — C4H,,04 + 60, + 6H,O

Photosynthesis is actually made up of two distinct processes,
each with multiple steps. These two processes, or stages, are
called the light reactions and the dark reactions (Figure 3.1).

The light reactions function to convert light energy into
chemical energy in the form of ATP and a compound called
NADPH. These reactions use water and give off oxygen. The
dark reactions (which take place independently of light) take
carbon atoms from carbon dioxide in the atmosphere and use
them to form organic compounds; this process is called car-
bon fixation and is driven by the ATP and NADPH produced
by the light reactions. The direct end product of photosyn-
thesis, often called photosynthate, is made up mainly of the
simple sugar glucose. Glucose serves as an energy source for
growth and metabolism in both plants and animals, because it
is readily converted back to chemical energy (ATP) and car-
bon dioxide by the process of respiration. Glucose is also the
building block for many other organic compounds in plants.
These compounds include cellulose, the plant’s main struc-
tural material, and starch, a storage form of glucose.

From an agroecological perspective, it is important to
understand how photosynthesis can be limited. Temperature
and water availability are two important factors. If temper-
atures are too high or moisture stress too great during the
day, the openings in the leaf surface through which carbon
dioxide passes begin to close. As a result of the closing of
these openings—called stomata—carbon dioxide becomes
limiting, slowing down the photosynthetic process. When the
internal concentration of CO, in the leaf goes below a critical
limiting concentration, the plant reaches the so-called CO,
compensation point, where photosynthesis equals respira-
tion, yielding no net energy gain by the plant. To make mat-
ters worse, the closing of the stomatas under water or heat
stress also eliminates the leaf’s evaporative cooling process
and increases leaf O, concentration. These conditions stimu-
late the energetically wasteful process of photorespiration,
in which O, is substituted for CO, in the dark reactions of
photosynthesis, producing useless products that require fur-
ther energy to metabolize.

Some kinds of plants have evolved different ways of fixing
carbon that reduce photorespiration. Their alternate forms of
carbon fixation constitute distinct photosynthetic pathways.
Altogether, three types of photosynthesis are known to exist.
Each has advantages under certain conditions and disadvan-
tages in others.

C3 Photosynthesis

The most widespread type of photosynthesis is known as
C3 photosynthesis. The name comes from the fact that the
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FIGURE 3.1
Calvin cycle is the basis of the dark reactions.

first stable compound formed in the dark reactions is a three-
carbon compound. In plants that use this pathway, carbon
dioxide is taken in during the day through open stomata and
used in the dark reactions to form glucose.

C3 photosynthesis plants do well under relatively cool
conditions, since their optimum temperature for photosyn-
thesis is relatively low (see Table 3.1). However, because their
stomata must be open during the day to take in carbon diox-
ide, C3 plants are subject to photosynthetic limitation during
times of heat or drought stress: the closure of the stomata to
prevent moisture loss also limits the intake of carbon dioxide
and increases photorespiration. Common crops that use C3
photosynthesis are wheat, oats, beans, squash, and tomatoes.

TABLE 3.1
Comparison of the Three Photosynthetic Pathways
C3 C4 CAM
Light saturation 3,000-6,000 8,000-10,000 ?
point (ft cd)
Optimum 15-25 25-40 30-40
temperature (°C)
CO, compensation 30-70 0-10 0-4
point (ppm of CO,)
Maximum 15-35 30-45 3-13
photosynthetic rate
(mg CO,/dm?/h)
Maximum growth 1 4 0.02
rate (g/dm?day)
Photorespiration High Low Moderate
Stomata behavior Open day, Open or closed Closed day,
closed night day, closed night open night

Sources: Loomis, R.S. and Connor, D.J., Crop Ecology: Productivity and
Management in Agricultural Systems, Cambridge University
Press, Cambridge, U.K., 1992; Etherington, J.R., Environment and
Plant Ecology, 3rd edn., John Wiley & Sons, New York, 1995;
Mauseth, J.D., Botany: An Introduction to Plant Biology, 5th edn.,
Jones & Bartlett Learning, Burlington, MA, 2013.
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Carbohydrates

.h

Basic processes of photosynthesis. Photophosphorylation is another name for what occurs during the light reactions; the

C4 Photosynthesis

A more recently evolved form of photosynthesis is known as
the C4 type. In this system, CO, is incorporated into four-
carbon compounds before it enters the dark reactions. The
four-carbon compound is transported to special cells rich
in chloroplasts known as bundle sheaths, clustered around
veins in the leaves, where enzymes break loose the extra
carbon as CO,. The CO, is then used to form the three-
carbon compounds used in the dark reactions, just as in C3
photosynthesis.

The C4 pathway allows carbon fixation to occur at much
lower concentrations of CO, than does the C3 pathway. This
enables photosynthesis to take place while the stomata are
closed, with CO, liberated by internal respiration being cap-
tured rather than CO, from outside air. The C4 pathway also
prevents photorespiration from occurring because it makes it
much more difficult for O, to compete with CO, in the dark
reactions. Thus, photosynthesis in C4 plants can occur under
conditions of moisture and temperature stress, when photo-
synthesis in C3 plants would be limited. At the same time,
C4 plants usually have a higher optimum temperature for
photosynthesis.

C4 plants therefore use less moisture during times of high
photosynthetic potential, and under warm and dry conditions
have higher net photosynthesis and higher biomass accumu-
lation than C3 plants. C4 photosynthesis involves an extra
biochemical step, but under conditions of intense direct sun-
light, warmer temperature, and moisture stress, it provides a
distinct advantage.

Some well-known crops that use C4 photosynthesis are
corn, sorghum, and sugarcane. A lesser-known C4 crop is
amaranth. C4 plants are more common in tropical areas,
especially the drier tropics. Plants that originated in drier
desert regions or grassland communities of warm temperate
and tropical climates are more likely to be C4 plants.

CAM Photosynthesis

A third type of photosynthesis is called crassulacean acid
metabolism (CAM) photosynthesis. It is similar to C4
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photosynthesis. During the night, while the stomata can be
open without causing the loss of undue amounts of moisture,
carbon dioxide is taken in and the four-carbon compound
malate is formed and stored in cellular organelles called vac-
uoles. The stored malate then serves as a source of CO, dur-
ing the day to supply the dark reactions. Plants using CAM
photosynthesis can keep their stomata closed during the day,
taking in all the CO, they need during the night. As would
be expected, CAM plants are common in hot and dry envi-
ronments, such as deserts; they include many succulents and
cactus. Bromeliads that live as epiphytes (plants attached to
other plants and not rooted in soil) are also CAM plants; their
habitat in the canopy of rainforests is much drier than the
rest of the rainforest community. An important crop plant
using CAM photosynthesis is pineapple, a member of the
Bromeliaceae.

Photosynthetic Pathways Compared

A comparison of the different photosynthetic pathways is
presented in Table 3.1. The different arrangements of chlo-
roplasts within the leaves of each type are correlated with
different responses to light, temperature, and water. C3
plants tend to have their peak rate of photosynthesis at mod-
erate light intensities and temperatures, while actually being
inhibited by excess light exposure and high temperatures. C4
plants are better adapted to high light and temperature condi-
tions, and with the ability to close stomata during daylight
hours in response to high temperature and evaporative stress,
they can use water more efficiently under these conditions.
CAM plants can withstand the most consistently hot and dry
conditions, keeping stomata closed during daylight hours, but
they sacrifice growth and photosynthetic rates in exchange
for tolerance of extreme conditions.

Despite the greater photosynthetic efficiency of C4 plants
under warmer and drier conditions (Table 3.2), C3 plants
such as rice and wheat are responsible for the great bulk of
world food production. The superiority of C4 photosynthesis
makes a difference only when the ability of the crop to con-
vert light into biomass is the sole limiting factor, a situation
that seldom occurs in the field.

CARBON PARTITIONING

The carbon compounds produced by photosynthesis play
critical roles in plant growth and respiration because of
their dual role as an energy source and as carbon skeletons
for building other organic compounds. How a plant distrib-
utes the carbon compounds derived from photosynthesis
and allocates them to different physiological processes and
plant parts is described by the term carbon partitioning.
Since we grow crops for their ability to produce harvestable
biomass, carbon partitioning is of considerable agricultural
interest.

Although photosynthesis has an efficiency of energy
capture of about 20%, the process of converting photosyn-
thate into biomass has an efficiency that rarely exceeds 2%.
This efficiency is low mainly because internal respiration
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TABLE 3.2
Comparison of Net Photosynthetic Rates among C3
and C4 Plants

Net Photosynthetic Rate

Crop Type (mg CO,/dm? Leaf Area/h)?
C3 Plants
Spinach 16
Tobacco 16-21
Wheat 17-31
Rice 12-30
Bean 12-17
C4 Plants
Corn 46-63
Sugarcane 42-49
Sorghum 55
Bermuda grass 35-43
Pigweed (Amaranthus) 58

Sources: Zelitch, 1., Photosynthesis, Photorespiration, and Plant
Productivity, Academic Press, New York, 1971; Larcher, W.,
Physiological Plant Ecology, Springer-Verlag, New York, 1980.

@ Determined under high light intensity and warm temperatures

(20°C-30°C).

(oxidation of photosynthate for cell maintenance) uses up
much of the photosynthate and because photorespiration
limits photosynthetic output when photosynthetic potential
is highest. Much research aimed at improving crop yield has
focused on increasing the efficiency of photosynthetic carbon
fixation, but this goal continues to elude researchers.

Since the ability of plants to create biomass is limited,
how they partition the fixed carbon they do create is of para-
mount importance in agriculture. Humans select plants that
shunt more photosynthate to the part of the crop that is to be
harvested, at the expense of other plant parts. Thus, the pri-
mary basis for increasing crop yield through plant breeding,
both traditional and modern, has been the enhancement of
harvested biomass relative to total plant biomass.

The harvestable or harvested portion of most crop plants
usually has limited photosynthetic capacity itself, hence
yields depend a great deal on carbohydrate that is transported
through phloem cells from photosynthetically active parts of
the plants to the harvestable parts.

In ecological terms, we often refer to carbon partition-
ing as a “source, path, and sink” phenomena (Figure 3.2).
The source is usually the leaf, the chloroplasts in particu-
lar. Much detailed research has been done on the physiology
and biochemistry of the actual transfer of carbon out of the
chloroplast and into transport paths. A complex set of chemi-
cal locators and enzymes are active in this process. Once in
the phloem, carbon then moves through the stem to grain,
flowers, fruits, tubers, or other parts, which are the sinks. At
this point there is phloem “unloading” and sink uptake. The
actual transfer from vascular strands to sink tissue is often
based on a sugar concentration gradient.
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FIGURE 3.2 Carbon partitioning.

The products of photosynthesis are compounds of car-
bon, oxygen, and hydrogen that make up an average of 90%
of plant dry matter. Therefore, there is a close relationship
between whole-plant photosynthesis and whole-plant pro-
ductivity. Overall photosynthetic rates are related to rates per
unit leaf area, as well as to the production of new leaf area,
but they are also dependent on the rate of transfer from source
to sink. Carbon is kept in the area of leaf development while
new leaves are forming; only after all leaves are formed can
the transfer to other sinks take place. After the canopy closes,
crop photosynthesis and growth depend mainly on net CO,
fixation per unit leaf area.

Over the growing season, the various sinks of the plant
compete with each other for the supply of fixed carbon pro-
duced by the leaves, with the result that some parts of the
plant accumulate more biomass than others. The mechanisms
regulating this partitioning of photosynthate within the plant
are not well understood, though it is clear that the process is
dynamic and related to both environmental conditions and
the genetically determined developmental patterns of the
plant. Ways of modifying carbon partitioning in crop plants
are being explored by researchers; one example involves the
development of perennial grain crops, where the challenge is
to balance the partitioning of carbon between the vegetative
body of the perennial plant (especially the roots and stems)
and the grain.

NuUTRITIONAL NEEDS

Photosynthesis provides a plant with a large portion of its
nutritional needs—energy, and carbon and oxygen for
building important structural and functional compounds.
Together with hydrogen—derived from the water that enters
plant roots as a result of transpiration—carbon and oxygen
make up approximately 95% of the average plant’s fresh
weight.

The elements that make up the other 5% of living plant
matter must come from somewhere else—namely the soil.
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These other elements are plants’ essential nutrients. They
are needed to form the structures of the plant, the nucleic
acids directing various plant processes, and the enzymes and
catalysts regulating plant metabolism. They also help main-
tain internal osmotic balance and have a role in the absorp-
tion of ions from the soil solution. If an essential nutrient is
not available in adequate supply, the plant suffers and does
not develop properly. In agriculture we have learned how to
adjust the supply of these nutrients in the soil to meet the
needs of our crops.

The three nutrients that are required in relatively large
amounts, and have played such important roles as inorganic
fertilizers in agriculture, are nitrogen, phosphorus, and potas-
sium. These are classified as macronutrients. Plants vary in
the actual amounts of these nutrients they require. Since each
plant variety has become adapted to different habitats with
different environmental conditions, it makes sense for there
to be such variation in nutrient requirements. A review of
some of this nutritional variation can tell us a lot about proper
crop selection and fertility management.

Nitrogen
Nitrogen is needed in large amounts by plants, but at the
same time is the most universally deficient nutrient. It occurs
in every amino acid, and as a result is a major component of
proteins. Nitrogen is therefore involved in some way with up
to 50% of dry plant biomass. It is required in enzyme synthe-
sis, with a deficiency affecting almost every enzymatic reac-
tion. Since nitrogen forms part of chlorophyll and is required
in its synthesis, it is no wonder that nitrogen-deficient plants
show the yellowing that is indicative of limiting amounts of
this nutrient in the soil. Adequate supplies of nitrogen are
also needed for normal flowering and fruit set in all plant
species. Plants commonly have 1%—-2% nitrogen as a propor-
tion of dry weight, but contents above 5% are not unusual.
Except for nitrogen that is captured directly from the air
by symbiotic microorganisms that live in the roots of most
members of the Fabaceae and a few other plant families and
passed on to the host plants in an available form, most plants
obtain their nitrogen from ion exchange with the soil solution
as NO,~ or from NH,* adsorbed to humus or clay minerals.
Available forms of nitrogen in the soil are generally kept at
low levels by rapid uptake of nitrogen when it is available
coupled with nitrogen’s high potential for leaching loss with
rainfall or irrigation percolation.

Phosphorus

Phosphorus is an important component of nucleic acids,
nucleoproteins, phytin, phospholipids, ATP, and several other
types of phosphorylated compounds including some sugars.
Phosphorus is built into the DNA of chromosomes and the
RNA of the nucleus and ribosomes. Cell membranes depend
on phospholipids for the regulation of movement of materials
in and out of the cells and organelles. Phosphorus in the form
of phosphates occurs in certain enzymes that catalyze meta-
bolic reactions. Sugar metabolism in plants, for example,
depends on phosphoglucomutase. Phosphorus also occurs in
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primary cell walls in the form of enzymes that affect cell
wall permeability. The initial reactions of photosynthesis
also involve phosphorus; it is found in the five-carbon sugar
with which CO, initially reacts.

Phosphorus is absorbed as phosphates from the soil solu-
tion through plant roots. Phosphates in solution are readily
available and taken up by plants, but except in soils that are
derived from parent materials high in phosphorus or where
phosphorus levels have built up over time in response to
many years of fertilization, available phosphorus in most
soils is quite low. Plants will opportunistically take up large
amounts of this nutrient when it is available, accumulating
about 0.25% of dry weight, but are quick to show signs of
deficiency when it is lacking. Leaves take on a bluish cast
or remain dark green, and purple pigments (anthocyanins)
become prominent on the underside of the leaves and along
the veins or near the leaf tip. Root and fruit development are
severely restricted when phosphorus is limiting.

Potassium

Potassium is not a structural component of the plant, nor a
component in enzymes or proteins. Its main role is to provide
the appropriate ionic environment for metabolic processes
that take place in the liquid contents of the plant cell, or the
cytosol. In relation to this role, it has regulatory functions: it
is involved, for example, in osmoregulation (stomatal move-
ment) and as a cofactor for many enzyme systems. Most
metabolic processes that have been studied are affected by
potassium. In protein metabolism, for example, it appears
that potassium activates certain enzymes that are responsible
for peptide bond synthesis and the incorporation of amino
acids into protein. Potassium needs to be present for the for-
mation of starches and sugars, as well as for their later trans-
port throughout the plant. This nutrient has been shown to
be needed for cell division and growth, and is linked to cell
permeability, proper turgidity, and hydration. Plants show
better resistance to disease and environmental stress when
potassium supplies are adequate.

Plants obtain potassium in the form of the cation K*, tak-
ing it in through the roots as exchangeable ions from adsorp-
tion sites in the soil matrix or from a dissolved form in the
soil solution. When potassium is deficient, plants primarily
show disruptions in water balance; these include drying tips
or curled leaf edges, and sometimes a higher predominance
of root rot. Potassium is usually quite abundant in soils, with
plant tissues being made up of 1%—2% potassium by dry
weight under optimum conditions, but excessive removal
through harvest or soil leaching can lead to potassium
deficiency.

Other Macronutrients

Three other nutrients—calcium (Ca), magnesium (Mg), and
sulfur (S)—are also considered to be macronutrients, but this
classification is more a function of the relatively high levels
in which they accumulate in plant tissue and less because of
their importance in different plant structures or processes.
This is not to say that they do not play valuable roles, because
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when any of these nutrients are deficient in the soil, plant
development suffers and symptoms of deficiency show up
quickly. Calcium and magnesium are readily absorbed by
plant roots through cation exchange (as Ca?* and Mg?*), but
sulfur is taken up sparingly as an anion (SO,>") from organi-
cally bound sites in the soil or upon dissociation of sulfates
of Ca, Mg, or Na.

Micronutrients

Iron (Fe), copper (Cu), zinc (Zn), manganese (Mn), molyb-
denum (Mo), boron (B), and chlorine (Cl) make up what are
called the micronutrients or the trace elements. Each one
plays some vital role in plants, but usually in extremely small
quantities. In fact, most of these elements are toxic to plants
when they occur in the soil in large quantities. All are taken
up from the soil solution through ion exchange at the root
surface.

The role that each of the micronutrients plays in plants’
life processes is outlined in Table 3.3. As one would imag-
ine, any of the important physiological processes listed could
be inhibited or altered by a deficiency of the micronutrient
concerned. Many inorganic fertilizers carry small quantities
of these elements as contaminants, and mixtures of trace ele-
ments are now commonly added to soils that have undergone
a long period of conventional management. Organic fertil-
izers, especially those made from composted plant material
and manure, are rich in micronutrients.

TRANSPIRATION

All of a plant’s life processes, including photosynthesis,
carbon partitioning, and metabolism, are dependent on the

TABLE 3.3
Micronutrients and the Processes in Which They
Are Involved

Nutrient Processes

Boron (B) Carbohydrate transport and metabolism, phenol
metabolism, activation of growth regulators

Chlorine (Cl) Cell hydration, activation of enzymes in
photosynthesis

Copper (Cu) Basal metabolism, nitrogen metabolism,
secondary metabolism

Iron (Fe) Chlorophyll synthesis, enzymes for electron

transport
Manganese (Mn) Basal metabolism, stabilization of chloroplast

structure, nitrogen metabolism

Molybdenum (Mo)  Nitrogen fixation, phosphorus metabolism, iron
absorption and translocation
Zinc (Zn) Chlorophyll formation, enzyme activation, basal

metabolism, protein breakdown, hormone
biosynthesis

Source: Adapted from Treschow, M., Environment and Plant Response,
McGraw-Hill, New York, 1970.
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continual flow of water from the soil to the atmosphere along
a pathway that extends from the soil, into the roots, up the
stem to the leaves, and out of the leaves through the stomata.
This flow process is called transpiration.

Water loss from the leaves creates a concentration gradi-
ent, or a lower leaf water potential, that then through capil-
larity moves more water into the plant and to the leaves to
replace the loss. The actual amount of water that is chemi-
cally bound in plant tissues or that is actively involved in
processes such as photosynthesis is very small in proportion
to the transpirational loss of water on a daily basis. Water
movement through plants is very important in nutrient cycles
and under conditions of limited water availability in the soil,
as we will see in later chapters.

THE PLANT IN ITS INTERACTION
WITH THE ENVIRONMENT

Each of the physiological processes described earlier allows
the plant to respond to and survive in the environment in
which it lives. An understanding of the ways individual
plants and their physiology are impacted by different factors
of the environment is an essential component in the design
and management of sustainable cropping systems.

The ecological study of individual plant response to the
diverse factors of the environment—termed autecology or
physiological ecology in the pure sense and crop ecology
in the applied sense—is therefore a foundation of agroeco-
logical understanding. Some of the conceptual basis of aut-
ecology is reviewed in the next section. Each factor of the
environment and its effects on crop plants is then explored in
a separate chapter in preparation for expanding our view to
the agroecosystem level.

A PLANT’S PLACE IN THE ENVIRONMENT

Each species occupies a particular place in the ecosystem,
known as the habitat, that is characterized by a particular
set of environmental conditions that includes the interaction
of the species with the other species in the habitat. Within its
habitat, the species carries out a particular ecological role or
function, known as the ecological niche of that species. For
example, coast redwoods (Sequoia sempervirens) occupy a
specific habitat on the north coast of California character-
ized by a moderating maritime climate and the occurrence
of summer fog that compensates for a lack of rainfall during
this time. At the same time, redwoods occupy the ecologi-
cal niche of autotrophic producers capable of modifying the
microclimate under their emergent canopies and being the
dominant species in their community.

ResPONSES TO FACTORS OF THE ENVIRONMENT

Every plant during its lifespan goes through distinct stages of
development, including germination of the seed, initial estab-
lishment, growth, flowering, and dispersal of seed. Each of
these stages involves some kind of physiological change, or
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response, in the plant. Most plant responses are tied directly
to environmental conditions.

Triggered Responses

Many plant responses are triggered by some external stimu-
lus. They come about as a result of a certain condition, but
that external condition does not have to be maintained in
order for the response to continue. For example, tobacco
seed requires exposure to light in order to germinate, but that
exposure need only last for a fraction of a second. After a
brief exposure to light, the seed will germinate even if it is
planted in total darkness.

Dependent Responses

Some plant responses depend on the continued presence of a
particular external condition. The response is both induced
and maintained by the condition. The production of leaves
on the spiny stems of ocotillo (Fouquieria splendens) in
the Sonoran Desert is an example of this type of response.
Within a day or two after significant rainfall, leaves appear
on the stems; as long as moisture levels are sufficient in the
soil, the leaves are retained, but immediately upon reaching
the wilting point the leaves are dropped.

Independent Responses

Finally, certain responses in plants occur regardless of condi-
tions in the immediate environment and are the result of some
internally controlled, physiologically determined set of factors.
For example, a corn plant begins to flower because a particular
stage in growth and development has been achieved. External
conditions may force later or earlier flowering by affecting
growth, but the actual shift to flowering is internally controlled.

Limits AND TOLERANCES

The ability of an individual species to occupy its particular
habitat is the result of a set of adaptations that have evolved
over time for that species. These adaptations allow the plant
to cope with certain levels of moisture availability, tempera-
ture, light, wind, and other conditions. For each of the factors
that delimit the habitat for the species, there is a maximum
level of tolerance and a minimum level of tolerance beyond
which that species cannot cope. Between these two extremes
there is an optimum at which the species performs or func-
tions the best. For example, the tropical plant banana has a
mean monthly temperature optimum of 27°C; above 50°C
banana trees suffer sunscorch and stop growing; below
21°C growth is checked by reduction in leaf production and
delayed shooting of the bunches.

A particular species’ range of tolerance limits and opti-
mum for a factor of the environment is ultimately the result of
how that factor affects each of the physiological processes of
the plant (Figure 3.3). A species’ tolerance of a range of tem-
peratures, for example, is linked to how temperature affects
photosynthesis, transpiration, and other physiological pro-
cesses of the plant. When all of the abiotic and biotic factors
of the environment are entered into the tolerance equation,
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FIGURE 3.3 A plant’s range of tolerance for an environmental factor.

the full range of a species’ adaptability becomes apparent. An
individual’s habitat and niche become fully integrated.

A species with a broad set of tolerances of environmen-
tal conditions (known as a generalist) and a broad ability to
interact with other species (often referred to as a species with
a broad niche or the capability of considerable niche overlap)
will be more common over a larger area. In contrast, a spe-
cies with a narrow set of tolerances and a very specialized
niche (a specialist), will be less common over larger areas
and only seen as common at a very localized level. Redwood
sorrel (Oxalis oregana), an ecological specialist, can form
dense stands in which it is the locally dominant plant, but it
is restricted to the specific conditions encountered in the par-
tially shaded understory of a redwood forest. If the shade is
too dense, photosynthetic activity is not great enough to meet
the plant’s respiratory needs, and if the sun is too intense,
sorrel is unable to tolerate the desiccating effects of direct
solar radiation. Redwood sorrel’s optimum level of light is
intermediate to these two extremes.

In summary, each individual plant species occurs in a
particular habitat as a result of the development over time of
a particular set of adaptive responses to the environment in
which it lives. The species’ limits of tolerance restrict indi-
viduals of that species to a particular habitat, within which
interactions with other species occur. This is the case in both
agroecosystems and natural ecosystems. How each plant in
an agroecosystem performs will depend on how each factor
of the environment impacts it. We will explore these factors
in detail in the following chapters.

FOOD FOR THOUGHT

1. How might the different forms of photosynthesis that
occur in plants have come about? What specific con-
ditions of the environment would select for each type
and how might we use this knowledge in agriculture?

2. What would you consider to be “balanced plant
nutrition” and how would you try to maintain it in
an agroecosystem setting?

3. Why does a plant partition carbon to different parts
of the plant structure?

4. How many factors need to be included to be able
to thoroughly understand the full range of condi-
tions that determine an individual plant’s habitat?

5. How is plant nutrition affected by the shift from
easily soluble synthetic fertilizers to more complex
organic soil amendments, as commonly applied in
organic farming systems?

INTERNET RESOURCES

The Botanical Society of America
www.botany.org
This site is a primary means by which the society pro-
motes study and inquiry into the form, function, develop-
ment, diversity, reproduction, evolution, and uses of plants
and their interactions within the biosphere.

RECOMMENDED READING
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Lambers, H., F. S. Chapin IIl, and T. L. Pons. 2008. Plant
Physiological Ecology, 2nd edn. Springer-Verlag: New York.
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molecular biology and whole-plant physiology.
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metabolism, and the roles of each nutrient in plant function.
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4 Light

Light from the sun is the primary source of energy for eco-
systems. It is captured by plants through photosynthesis and
its energy stored in the chemical bonds of organic com-
pounds. Sunlight also drives the earth’s weather: light energy
transformed into heat affects rainfall patterns, surface tem-
perature, wind, and humidity. The way these factors of the
environment are distributed over the face of the earth deter-
mines climate and is of considerable importance in agricul-
ture. All these light-related factors will be reviewed in more
detail in subsequent chapters.

This chapter focuses on the light environment as it directly
affects agroecosystems. The light environment includes that
portion of the electromagnetic spectrum from the invisible
ultraviolet (UV) through the visible light spectrum to the
invisible infrared (IR). This chapter also discusses how the
light environment can be managed to more efficiently chan-
nel this renewable source of energy through the system, use
it to maintain the many and diverse functions of the system,
and ultimately convert part of it into sustainable harvests.

SOLAR RADIATION

The energy the earth receives from the sun arrives in the
form of electromagnetic waves varying in length from less
than 0.001 nanometers (nm) to more than 1,000,000,000 nm.
This energy makes up what is known as the electromag-
netic spectrum. The portion of the electromagnetic spec-
trum between about 1 and 1,000,000 nm is considered to be
light, although not all of it is visible. Light with a wavelength
between 1 and 390 nm is UV light. Visible light is the next
component, made up of light with wavelengths between 400
and 760 nm. Light with a wavelength longer than 760 nm
and shorter than 1,000,000 nm is known as IR light, and
like UV light is invisible to the eye; when the wavelength of
IR light extends beyond 3000 nm, however, it is sensed as
heat. Figure 4.1 shows how the electromagnetic spectrum is
divided into types of energy.

ATMOSPHERE AS FILTER AND REFLECTOR

When light first arrives from the sun at the outer edge of
the earth’s atmosphere, it is comprised of approximately 10%
UV light, 50% visible light, and 40% IR light or heat energy.
As this light interacts with the earth’s atmosphere, several
things can happen to it, as shown in Figure 4.2.

Some light is dispersed or scattered—its path toward the
surface is altered due to the interference from molecules
in the atmosphere, but its wavelength is not changed in the

process. Most dispersed light reaches the surface, but in the
process gives the atmosphere its unique blue color. Some
light is reflected off of the atmosphere back out into space; its
wavelength is also unchanged in the process. Finally, some
light is absorbed by water, dust, smoke, ozone, carbon diox-
ide, or other gases in the atmosphere. The absorbed energy
is stored for a period of time, and then reradiated as longer-
wave heat energy. Almost all UV light with a wavelength of
300 nm or less is absorbed by the earth’s atmosphere before
it strikes the surface. (UV light with a wavelength below
200 nm is potentially lethal to living organisms.) The light
that is not reflected off the atmosphere or absorbed is frans-
mitted and reaches the surface. This energy is mostly visible
light, but also includes some UV light and IR light.

At the earth’s surface, this transmitted light is absorbed
by soil, water, or organisms. Some of the absorbed energy
is reflected back into the atmosphere, and some is reradiated
as heat.

Over the last several hundred years in particular, humans
have added gases and tiny particles to the atmosphere that
have changed the way in which the atmosphere reflects, dis-
perses, and transmits light. These changes in atmospheric
composition are at the root of climate change. Subsequent
chapters will explore in more detail how changes in its com-
position affect the atmosphere’s interaction with light from
the sun and ultimately affect factors of crucial importance to
plants—temperature, precipitation patterns, and wind. This
chapter sets those issues aside so that it may focus on the
ways in which sunlight considered as an ecological factor
affects plant growth and functioning.

ECOLOGICAL SIGNIFICANCE
OF LIGHT ON EARTH

All wavelengths of light that reach the earth’s surface have
significance for the living organisms that occupy the planet.
Over evolutionary time, organisms have developed different
adaptations for accommodating themselves to the various
spectra. These adaptations vary from active energy capture
to deliberate avoidance of solar energy exposure.

ULTRAVIOLET LIGHT

Only about 1% of the UV light entering the earth’s outer
atmosphere actually reaches the surface. The rest is absorbed
by a layer of ozone gas high in the atmosphere. Despite this
reduction in its intensity at the surface, UV light can be active
in certain chemical reactions in plants. Together with the
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Wavelength in nanometers
-] 1? 100 1,000 10,000 100,000 1,000,000 —=

X-rays and gamma rays Ultraviolet light | I I

Infrared light Radio waves
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Visible light (390-760 nm)

Range of solar radiation not substantially filtered
out by the atmosphere

FIGURE 4.1 The electromagnetic spectrum. The sun emits the full spectrum of electromagnetic energy, but the atmosphere reflects
and filters out most of the shortwave radiation, much of the IR, and the longest wavelength radio waves. A relatively narrow band of energy
centered on the visible light spectrum reaches the earth’s surface mostly unimpeded.

Atmosphere

FIGURE 4.2 The fate of light upon reaching the earth. Trans-
mitted light from the sun is mostly in the visible light range; reradi-
ated energy is mostly in the IR range.

shorter wavelengths of visible light, UV tends to promote the
formation of plant pigments known as anthocyanins, and can
be involved in the inactivation of certain hormonal systems
important for stem elongation and phototropism.

In general, however, UV radiation is harmful to plant tis-
sues. Plants (as well as animals) are therefore very depen-
dent on the screening effect of the ozone layer. Although
the opaque epidermis of most plants reduces the amount of
harmful UV entering sensitive tissue or cells, an increase
in UV exposure beyond the amount for which plants have
evolved adaptations can damage leaf cells, inhibit photosyn-
thesis and growth, and promote mutations.

Since the middle of the last century, humans have been
releasing compounds into the atmosphere that can make
their way into the stratosphere and destroy ozone molecules.
These compounds, which include chlorofluorocarbons used
as coolants and propellants, and agricultural fumigants like
methyl bromide, become highly effective ozone assassins
when UV radiation tears off their chlorine or bromine atoms,
turning these atoms into free radicals that react destruc-
tively with ozone. As these compounds, collectively known

as halocarbons, accumulated in the upper atmosphere, they
began to affect the ozone layer. By the 1980s, significant thin-
ning of the ozone layer had been observed over the southern
polar region and levels of UV irradiation at the surface had
increased in many places. This caused so much worry that
most of the countries of the world agreed in 1987 to phase out
production and use of halocarbons.

This 1987 agreement, called the Montreal Protocol, has
been effective at greatly reducing emissions of halocarbons,
allowing the ozone layer to undergo some ‘“healing” since
the 1990s. However, many scientists are still very concerned
about the long-term status of the ozone layer. One problem
is that halocarbons still continue to be produced, particu-
larly for use in air conditioners in unregulated markets in
the developing world, and such use is likely to increase as
the middle class expands in these countries and as increas-
ing temperatures make air conditioning seem more neces-
sary. Another cause for worry is accumulating evidence that
climate change is helping to destroy ozone in the stratosphere
through several different mechanisms. In one such mecha-
nism, the highly energetic storms that are becoming more
common as the earth warms are sending water vapor high
enough into the atmosphere to interact with sulfate aerosols
and in this form present the ozone layer with yet another seri-
ous antagonist. If the UV protection offered by the ozone
layer does indeed decline as climate change progresses, the
consequences for agriculture could be significant.

PHOTOSYNTHETICALLY ACTIVE RADIATION

The light energy in the visible spectrum is of greatest impor-
tance in agroecosystems. Depending on local climatic condi-
tions, it forms 40%—-60% of the total energy of solar radiation
reaching the earth’s surface. Also known as photosyntheti-
cally active radiation (PAR), this is the light with wave-
lengths between 400 and 760 nm. Green plants will not grow
without a combination of most of the wavelengths of light in
the visible spectrum.

Not all the light in this spectrum is of equal value in
photosynthesis, however. The photoreceptors in chlorophyll
are most absorptive of violet-blue and orange-red light;
green and yellow light are not as useful. Since chlorophyll
cannot absorb green light very well, most of it is reflected
back, making plants appear green. Figure 4.3 shows how
the absorbance of chlorophyll varies with wavelength.
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FIGURE 4.3 Absorbance of chlorophyll in relation to the
wavelength of light. Chlorophyll absorbs mostly violet-blue and
orange-red light; thus leaves reflect green and yellow light.

The wavelengths of light that chlorophyll absorbs best cor-
respond roughly to the wavelengths at which photosynthesis
is most efficient.

INFRARED LIGHT

IR light energy with a wavelength from 800 to 3000 nm—
sometimes referred to as the near-IR range—has an important
role in influencing the hormones involved in germination, a
plant’s response to changes to day length, and other plant pro-
cesses. In the range beyond 3000 nm, IR light becomes heat,
and different ecological impacts are evident. (Temperature as
an ecological factor is discussed in Chapter 5.)

CHARACTERISTICS OF VISIBLE LIGHT EXPOSURE

Light energy in the visible or PAR range is converted by pho-
tosynthesis into chemical energy, and eventually into the bio-
mass that drives the rest of the agroecosystem, including the
part we harvest for our own use. To manage agroecosystems
in a way that maximizes the efficiency of this process, it is
important to understand how the light to which plants are
exposed can vary.

QuaAurTy

Visible light can vary in the relative amounts of the colors
that make it up—this is referred to as the light’s quality. The
largest proportion of direct sunlight at the earth’s surface is at
the center of the visible light spectrum, dropping off slightly
at both the violet and red ends. The diffuse light from the
sky—such as what occurs in the shade of a building—is rela-
tively higher in blue and violet light. Since different portions
of the visible light spectrum can be used for photosynthesis
more efficiently than others, light quality can have an impor-
tant effect on photosynthetic efficiency.
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A number of factors can cause light quality to vary. In
the interior of some cropping systems, for example, canopy
species remove most of the red and blue light, leaving pri-
marily transmitted green and far-red light. Light quality can
therefore become a limiting factor for plants under the can-
opy, even though the total amount of light may appear to be
adequate.

INTENSITY

The total energy content of all the light in the PAR range
that reaches a leaf surface is the intensity of that light. Light
intensity can be expressed in a variety of energy units, but
the most common are the langley (cal/cm?), the watt (J/s),
and the einstein (6 x 1023 photons). All of these units of mea-
sure express the amount of energy falling on a surface over
some time period. At very high light intensities, photosyn-
thetic pigments become saturated, meaning that additional
light does not effectively increase the rate of photosynthesis.
This level of light intensity is called the saturation point.
Excessive light can lead to degradation of chlorophyll pig-
ments and even cause harm to plant tissue. At the other
extreme, low levels of light can bring a plant to the light
compensation point, or the level of light intensity where the
amount of photosynthate produced is equal to the amount
needed for respiration. When the light intensity goes below
the compensation point, the energy balance for the plant
is negative. If the negative balance is not offset by a time
period of active photosynthesis and energy gain, the plant
may die.

DuURATION

The length of time that leaf surfaces are exposed to sunlight
each day can impact photosynthetic rates as well as longer-
term plant growth and development. Duration of light expo-
sure is also an important variable in how light intensity or
quality can affect a plant. Exposure to excessive levels of
light for a short time, for example, can be tolerated, whereas a
longer period of exposure can be damaging. Or a short period
of intensive light, allowing the plant to produce an excess of
photosynthate, can then allow for tolerance of a longer period
below the light compensation point.

The total number of hours of daylight—the photoperiod—
is also an important aspect of the duration of light exposure.
A variety of plant responses, as will be discussed in detail
in the following, have specific chemical triggers or control
mechanisms that can be activated or deactivated depending
on the number of hours of daylight, or in some cases, the
number of dark hours without sunlight.

DETERMINANTS OF VARIATIONS
IN THE LIGHT ENVIRONMENT
The quality and quantity of light received by a plant in

a specific location and the duration of its exposure to
light are a function of several important factors including
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seasonality, latitude, altitude, topography, air quality, and
the structure of the vegetation canopy.

SEASONALITY

Except at the equator, daylight hours are longest during the
summer and shortest in the winter, reaching their extremes
at the corresponding solstice. Since the angle of the sun in
relation to the surface is much lower toward the poles during
the winter, the sunlight that is available has to pass through
more atmospheres before it reaches the plant, making that
sunlight much less intense. Therefore, both intensity and
duration of light are affected by seasonality. Many plants
have adapted to the seasonal variations in day length and
light intensity through the selection of adaptations that either
prepare the plant for the upcoming winter or get it ready to
take advantage of more optimal conditions for growth and
development as spring progresses into summer. The tim-
ing of many agricultural activities—such as planting and
pruning—corresponds to the changing hours of daylight at
specific times of the year.

LATITUDE

The closer to either of the poles, the greater the seasonal
variation in day length. Above the arctic circle, 24 h periods
of daylight in the summer are balanced by 24 h periods of
night in the winter. Near the equator, the constancy of 12 h
days throughout the year makes for a light environment that
promotes year-round high net primary productivity and per-
mits an agriculture that is characterized by either multiple
plantings during the annual crop calendar or an abundance
of perennial crops that provide a mixture or succession of
harvests throughout the year.

ALTITUDE

As elevation increases, light intensity also increases because
the thinner atmosphere absorbs and disperses less light.
Plants growing at higher elevations, therefore, are more sub-
ject to conditions of light saturation and face greater danger of
chlorophyll degradation than plants at sea level. Many high-
elevation plants have evolved reflective coloration or protec-
tive hairs or scales on leaf cuticles to reduce the amount of
light penetrating the leaves.

TOPOGRAPHY

The slope and direction of the soil surface can create local-
ized variations in the intensity and duration of exposure to
sunlight. Although the temperature effects of this variation
may be of greater significance, steep slopes facing the poles
can receive significantly lower direct insolation than other
sites. Slope orientation usually becomes more important dur-
ing the winter months, when a hillside or other topographic
feature can cast a shadow over the vegetation. In farm-
ing systems, minor topographic variation can create subtle
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FIGURE 4.4 Concentrated weed growth on the north-facing
side of a furrow. Because this side of the furrow received less light
than the south-facing side, it remained cooler and moister, favoring
the development of these particular weeds.

differences in microclimate that affect plant development,
especially when plants are still very small (Figure 4.4).

AR QuALITY

Suspended materials in the atmosphere can have a signifi-
cant screening effect. Smoke, dust, and other pollutants,
either natural or human produced, can greatly interfere with
photosynthetic activity, either by reducing the amount of
light energy that reaches the leaf or by coating the leaf and
cutting down the amount of light that penetrates the cuticle.
Such air quality problems are usually most common in and
around urban or industrial regions (Figure 4.5), but poor air
quality associated with agricultural activities such a burning
and soil disturbance can also occur. Greenhouse horticulture
is particularly affected by deposition of particulates from
dirty air; even when glass is clean it reduces light passage
by about 13%.

VEGETATION CANOPY STRUCTURE

The average leaf allows the transmission of about 10% of the
light that strikes its surface. Depending on the structure of
the canopy of the vegetation, leaves will overlap one another
to a greater or lesser extent, adding to the density of the
canopy and reducing both the quantity and quality of light
that eventually reaches the soil surface. At the same time,
however, considerable sunlight may pass between leaves or
through the spaces that become available between leaves as
wind moves the canopy and as the sun moves across the sky.
Some of this additional light enters as diffused side lighting



Light

FIGURE 4.5 Smog in the Valley of Mexico. The high level of
air pollution in this mountain-ringed valley impacts light quality at
ground level. One of the peaks of Volcan Ixtacihuatl extends above
the smog.

(sky light), and other light enters directly from the sun and
forms sunflecks (small, usually mobile spots of unobstructed
light). From an agricultural perspective, it is important to
understand how light varies inside of the vegetative canopy,
especially when dealing with diverse intercropped systems,
agroforestry systems, and even the management of noncrop
plant species in the interior of a cropping system.

The relative rate of light transmission of a canopy is
expressed as the average amount of light that is able to pen-
etrate the canopy as a percentage of the total incident light
available at the top of the canopy or on the surface of an
adjacent area free of vegetation. Since we also know that the
change in average light penetration depends on the density
of the foliage and arrangement of leaves, another way of
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determining the potential for light absorption of a particular
canopy is to measure leaf area index (LAI). This is done by
calculating the total surface area of leaves above a certain
area of ground; since the units for both are identical (m?),
LAI becomes a unitless measure of the amount of cover. If
the LAI is determined to be 3.5, for example, the given area
is covered by the equivalent of 3.5 layers of leaves in the
canopy, implying that light will have to travel through that
many layers before reaching the ground. The height of each
layer, however, is an important determinant of the sequential
reduction of light as it travels through the canopy.

Not only is the more obvious measure of total light inten-
sity reduced as we enter deeper into the vegetative cover, but
the quality of that light changes as well. The “light of shade”
inside an agroecosystem (or forest) usually has a very low
amount of red and blue light, and a relatively high amount
of green and IR light. This effect is particularly pronounced
under broad-leaved evergreen canopies. Conifer forests, on
the other hand, have much more red and blue light at the for-
est floor because of the structure of the leaves (needles) and
the fact that they are much more reflective rather than absorb-
ing and transmitting of visible light.

Given the extreme variations in canopy structure among
natural vegetations and cropping systems, light levels inside
canopies are highly variable as well. They can range from
only a few percent of full sunlight at soil level in a dense
forest to nearly 100% of full sunlight in a cropping system in
the early stages of crop development. The light intensity in a
fully mature cotton crop is reduced to 30% of full sunlight at
a point halfway between canopy top and soil surface, and is
less than 5% of full sunlight at the soil surface. The ways in
which a squash crop, a corn crop, and a corn/squash intercrop
modify the light environment under their canopies are illus-
trated in Figure 4.6.
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FIGURE 4.6 Light attenuation under the canopy of a squash monoculture, a corn monoculture, and a corn/squash intercrop.
The data for each crop show the percentage of full sunlight remaining at each of six horizontal levels. (Data from Fujiyoshi, P., Ecological
aspects of interference by squash in a corn/squash intercropping agroecosystem, Unpublished data from Ph.D. thesis in Biology. University

of California, Santa Cruz, CA, 1997.)
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PHOTOSYNTHETIC RATE

Once light is absorbed by the leaf and activates the processes
in the chloroplast that eventually lead to the production of
energy-rich sugars, differences in the actual rate of photo-
synthesis become important. Photosynthetic rate is primarily
determined by three different sets of factors: (1) the plant’s
developmental stage (discussed in the next section), (2) the
environmental conditions surrounding the plant, including
the light environment, and (3) the type of photosynthetic
pathway (C3, C4, or crassulacean acid metabolism [CAM])
used by the plant. It is important to know what determines
variations in photosynthetic rate when managing the light
environment in agroecosystems.

PHOTOSYNTHETIC EFFICIENCY AND
FACTORS OF THE ENVIRONMENT

Like any plant response, photosynthesis is greatly affected by
environmental conditions. These include temperature, light
intensity, light quality, duration of light exposure, availabil-
ity of carbon dioxide, availability of moisture, and wind. For
each of these factors, a plant has maximum and minimum
tolerances, as well as an optimum condition making photo-
synthesis most effective. The effects of these factors will be
dealt with in more detail in later chapters.

In general it can be said that much of an individual plant’s
structure and function has evolved over time for photosyn-
thetic efficiency. But despite a host of adaptations, from leaf
structure to chemical pathways, only a small percentage of
available solar energy is captured by the process. Most leaves
reach saturation at only about 20% of full sunlight. Of the
solar energy absorbed by leaves, only about 20% gets con-
verted to chemical energy in sugar molecules. This gives
photosynthesis a theoretical efficiency of about 4%, which
can be lowered even more as carbon dioxide around the leaf
is depleted. In addition, only part of the energy in photosyn-
thate is actually converted to biomass, reducing the efficiency
of the entire process to between 1% and 3%. Since we have
yet to find ways of altering the photosynthetic process itself,
it becomes most important to try to maintain environmen-
tal conditions as close to optimum as possible, as well as to
select crop plants with the appropriate pathway and adapta-
tions for a particular environment.

DIFFERENCES IN PHOTOSYNTHETIC PATHWAYS

The research that has helped us understand the different types
of photosynthetic pathways and their conditions of optimum
functioning has also helped us refine our selection of crops
for different locations. The higher photosynthetic rates, vir-
tual lack of photorespiration, and morphological adaptations
(bundle sheaths) in C4 plants combine to give these plants an
advantage under conditions of high light intensity and warm
temperatures. These two conditions often occur in moisture-
limited situations as well. Therefore, even under moisture
stress and accompanying stomatal closure, C4 plants can
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continue to photosynthesize through the scavenging of
internally produced carbon dioxide because of an ability to
maintain the process even at low compensation points for
carbon dioxide. C4 plants, however, are somewhat restricted
to these conditions of high light intensity and warmth. C3
plants have a much wider distribution and a better ability to
function under conditions of lower temperatures, shading,
and climatic variation. Researchers have recently shown that
when C3 and C4 crops (e.g., corn and dry beans, or sweet
sorghum and soybeans) are grown together in the same crop-
ping system, the complementarity in light needs helps pro-
duce a yield advantage for the mixture (Tsubo et al. 2001;
Arshad and Ranumukhaarachichi 2012). Rotations of C3 and
C4 crops can also respond to changing light conditions that
occur seasonally.

MEASUREMENT OF PHOTOSYNTHETIC RATE

The measurement of photosynthetic rates in the field allows us
to monitor the efficiency of energy capture in various crops.
The most accurate measurement is of actual gas exchange
by the plant. An individual leaf, plant part, or whole plant
is enclosed in a transparent chamber where conditions are
monitored and maintained as close to ambient conditions as
possible. Air is passed through the chamber and into an IR
gas analyzer (IRGA) so that changes in carbon dioxide con-
tent caused by the photosynthesis—respiration balance can be
determined.

The other form of measurement is based on the weight
gain in dry biomass by the whole plant or the determination
of the correlation between weight gain of specific plant parts
and the whole plant over time. For an annual plant that begins
as a seed and completes its life cycle in a single season, net
photosynthetic activity is directly related to the dry weight
of the plant at harvest. For perennials, some part of the plant
has to be harvested, and by using models of whole plant
development and biomass distribution, approximate values
of net photosynthetic activity can be determined. The LAI
described earlier can also be used to estimate the potential
leaf area available for photosynthesis in a crop system, and
then based on our knowledge of approximate photosynthetic
rates for individual plants or plant parts, estimates of the pho-
tosynthetic rate for the whole system can be made.

OTHER FORMS OF RESPONSE TO LIGHT

Plants respond to light in other ways besides using light
to produce energy-rich sugars. Light has an influence on
the plant from germination of the seed to its production of
new seeds.

GERMINATION

The seeds of many plants require light to germinate; when
buried beneath the soil they do poorly. A single, brief expo-
sure to light, however, such as during cultivation when a weed
seed is brought to the surface but immediately buried again
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as the soil is turned, can be enough to induce germination.
Other seeds need repeated exposure or even constant expo-
sure to the light in order to germinate. Lettuce is perhaps one
of the best known examples of such a crop species—without
light exposure, germination is reduced by 70% or more. The
seeds of other plants, such as those of many of the cucurbits,
have the opposite requirement: the seed must be buried fully
in order to germinate because light actually inhibits germina-
tion. In all of these cases, a light-sensitive hormone controls
the response.

GROWTH AND DEVELOPMENT

Once a seed germinates, the newly emerged plant begins the
process of growth and development. At any stage in the pro-
cess, light intensity or duration of light exposure can control
the plant’s response, either as a stimulus for the response or
as a limiting factor.

Establishment

Early seedling establishment can be very much affected by
light levels, especially when seed germination or seedling
establishment takes place under the canopy of already estab-
lished plants. Some seedlings are less shade tolerant than
others, and have more difficulty establishing when there is
a lack of sufficient light to maintain further plant develop-
ment. An example of the importance of differences in shade
tolerance is seen in the comparison of seedlings of white pine
and sugar maple in forests of the northeastern United States.
White pine seedlings experience a photosynthetic deficit at
10% of full sunlight and sugar maple seedlings reach it at 3%.
This difference in light compensation point means that sugar
maple is more shade tolerant than white pine, so in a dense
forest with light levels consistently below 10%, only sugar
maple seedlings will reproduce. The greater shade tolerance
of sugar maple can be an important factor in forest succes-
sion. After logging, pines establish first, but as the forest
closes in and shade deepens, sugar maples begin to establish
and eventually replace the pines. This successional process
has been extremely important for maple syrup producers in
the region. Without ever having to plant a sugar maple seed-
ling, an entire industry has emerged.

Plant Growth

When a plant is surrounded by others, the amount of light
reaching its leaves can become limiting and competition
for light begins to occur. Competition for light is especially
likely in same-species plant populations or in plant commu-
nities made up of very similar species with very similar light
needs. Stem and leaf growth can be severely limited if com-
petition reaches the point where a plant is completely shaded
by its neighbors. If some part of the plant is able to emerge
from the shade and reach full sunlight, photosynthesis in that
part may be able to compensate for the shading occurring
over the rest of the plant and permit adequate development.
Many plants develop anatomically different leaves
depending on the level of shading or sun. Shade leaves are
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thinner and have larger surface per unit weight, a thinner epi-
dermis, less photosynthetic pigment, spongier leaf structure,
but more stomata than sun leaves. Interestingly, shade leaves
often appear to be adapted to the lower light environment,
being able to photosynthesize above the compensation point
due in part to the larger surface area for light capture. But it
is important that shade leaves be protected from the harmful
effects of too much light.

Phototropism

Light can induce a plant to synthesize chlorophyll and antho-
cyanins, which stimulate growth in certain plant parts such
as the leaf petiole or the flower peduncle, causing the phe-
nomenon of growing toward or away from light. In some
cases, this growth pattern is triggered by a hormone that is
activated by blue light. Leaves can be oriented toward the
sun to capture more light, or away from the sun in high-light
environments. Sunflowers receive their name from the char-
acteristic orientation of the disk of the inflorescence toward
the morning sun.

Photoperiod

Because the earth is tilted on its axis, the relative proportion
of daylight and nighttime hours varies from one time of year
to another. Because of the correlation of hours of light or dark
with other climatic factors, especially temperature, plants
have developed adaptive responses to the changing light/dark
regimes over time. Important processes such as flowering,
seed germination, leaf drop, and pigmentation changes are
examples. A pigment in plants known as phytochrome is the
major photoreceptive agent responsible for regulating these
responses.

The phytochrome pigment has two forms; one form
has an absorption peak for red light with a wavelength of
660 nm, the other has an absorption peak for far-red light
with a wavelength of 730 nm. In daylight, the red light form
is rapidly converted to the far-red form, and in the dark, the
far-red form slowly converts back to the red form. The far-
red phytochrome is biologically active and responsible for the
basic responses of plants to the number of hours of light or
darkness.

In the morning, after only a few minutes of light expo-
sure, the far-red phytochrome becomes the dominant form
and remains so throughout the day. This dominance is main-
tained into the night as well, since the conversion back to red
phytochrome during darkness is slow. Therefore, when the
length of the night is relatively short, there is insufficient time
for enough far-red phytochrome to convert to the red form,
and the far-red form stays dominant. However, as the number
of hours of darkness increases, a point is reached at which
night is long enough to allow a shift of dominance to the
red form. Even when this period of red dominance is short,
changes occur in the plant’s response.

In chrysanthemums, for example, the end of the far-red
phytochrome’s continual dominance in autumn triggers the
growth of flowering buds. This type of response is known
as a “short-day” response, even though the actual response
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is activated by the longer nighttime hours. The importance
of the dark period is accentuated by the fact that even a
short period of artificial light in the middle of the night for
greenhouse-raised mums allows for the conversion of enough
far-red phytochrome to suppress flowering.

Strawberries have the opposite type of response. In the
spring, shorter nights allow the far-red phytochrome to regain
continual dominance, causing a shift from vegetative produc-
tion to flower production. Plants with this kind of response
are called “long-day” plants, even though it is shorter nights
that actually trigger the change. So-called day-neutral variet-
ies of strawberries have been developed to extend flowering
later into the summer and early fall when normal strawber-
ries undergo the shift to vegetative growth characteristic of
long-day plants.

ProbucTION OF THE HARVESTABLE PORTION OF THE PLANT

The conditions of the light environment have a crucial role
in the production of the part of the plant that we intend to
harvest. In general, crop plants have been selected to shunt a
great deal of photosynthate to the portions of the plant that
are harvested. In other words, the harvested portions are
major “sinks” in carbon partitioning. Nevertheless, the abil-
ity of the plant to produce the desired amount of biomass in
its harvested parts is dependent on the conditions of its light
environment. By understanding the complex relationships
between plant response and light quantity, quality, and dura-
tion of exposure as discussed earlier, the light environment
can be manipulated and plants selected in order to optimize
output from the agroecosystem.

MANAGING THE LIGHT ENVIRONMENT
IN AGROECOSYSTEMS

There are two main approaches to managing the light envi-
ronment of an agroecosystem. Where light is generally not a
limiting factor, management is oriented toward accommodat-
ing the system to the excess of light that can occur; where
light is more likely to be a limiting factor, the focus is on how
to make enough light available for all of the plants present in
the system.

Regions where light is not a limiting factor are often dry
regions. In these locations, the key issue in determining the
structure of the vegetation and the organization of a cropping
system is usually the availability of water, not light. Plants
are usually more separated from each other, light relations
are of less importance since there is usually an overabun-
dance of solar energy, and many organisms must display
adaptations for “avoidance” of light rather than capture.
Leaves are often vertically oriented to avoid direct exposure
to light, have less chlorophyll content so as to absorb less
light energy and thus less heat, and contain higher propor-
tions of red pigments so as to reflect the red light normally
absorbed in photosynthesis.

Light is more likely to be a limiting factor in humid regions.
Both natural vegetation and agroecosystems in humid areas
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are much more layered or stratified, with both light quantity
and quality being altered as light passes through those layers
on its way to the soil surface. In these regions, the manage-
ment of light can be an important factor in optimizing the
productivity of agroecosystems. The more stratified the veg-
etation structure, the greater the challenges for light manage-
ment. In forestry and agroforestry systems, for example, the
seedlings of the canopy species often do not germinate well
in the shaded environment of the forest floor, a factor that
must be taken into account in managing the diversity of the
system.

CROP SELECTION

One aspect of managing the light environment is to match
the availability of light in the system to the plants’ response
to light. The light requirements of plants, as well as their tol-
erances, are important factors in the crop selection process.

The type of photosynthetic pathway of the crop plants is the
most basic determinant of light requirements. As discussed
previously, plants with C4-type photosynthesis require high
light intensity and long duration of light exposure to produce
optimally, in addition to not being as well adapted to areas
with cooler, moister conditions, especially cooler nighttime
conditions. In contrast, many C3 plants will not grow well in
the same light conditions favored by C4 plants.

In central coastal California, for example, where the adja-
cent cold ocean currents normally keep summer nighttime
temperatures at low to moderate levels and produce regular
morning fog, C4 crops such as sweet corn are very slow to
develop and rarely obtain the yields or sweetness of the ears
grown in plantings in the interior valleys of the state just 50
miles to the east. In contrast, many C3 crops such as lettuce
grow very well in the coastal climate.

Sugar cane is a good example of a C4 crop requiring high
light intensity. When planted in areas with adequate light
and moisture, this C4 crop achieves one of the highest rates
of photosynthetic efficiency known for crop plants. Variety
selection, row arrangement, planting density, fertility man-
agement, and other factors have been combined with the 4%
conversion rate of PAR to biomass to produce some of the
highest net dry matter returns known for a cropping system
(up to 78 tons dry matter/ha/year).

Even within crops of the same photosynthetic pathway,
crop selections can be made. Different light compensation
points, for example, could determine which crops to select
for shadier environments.

CroprPING DIVERSITY AND CANOPY STRUCTURE

The light environment in the interior of a cropping system
varies considerably. Cropping systems can be designed to
create regions in the system where the light environment
is most appropriate for a particular crop. In the tropics, for
example, farmers make full use of the altered light environ-
ment under the canopy of trees to grow crops such as coffee,
cacao, and vanilla. Cacao and vanilla plants do not tolerate
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direct sun for any appreciable amount of time, and often they
need to have the shade-producing canopy in place before they
can be planted. Only recently have varieties of coffee been
developed that can be planted in direct sunlight.

In mixtures of annual crops, the light environment within
the canopy of the system changes as the crop system matures,
with LAI and light intensity at different levels undergoing
considerable variation over time. Farmers have learned to
take advantage of these changing conditions. A well-known
example is the traditional corn—bean—squash intercrop of
Mesoamerica. In a particular form of this multiple cropping
system in southeastern Mexico, all three crops are planted
at the same time, hence each encounters a very similar light
environment when they first emerge. But the corn component
of the system soon dominates the canopy structure, casting
shade on the beans and squash below. As the corn canopy
closes, beans occupy the lower half to two-thirds of the corn-
stalk by climbing up the cornstalk. The squash is confined
to the darker understory, itself casting yet a deeper shade on
the soil surface and aiding in weed control within the crop-
ping system. Although both the beans and squash receive
less-than-optimal light exposure, they both receive enough
to produce adequately and do not interfere with the very high
light needs of the corn. Corn is a C4 crop, and beans and
squash are C3 crops. Such an agroecosystem is evidence that
crops of different photosynthetic pathways can be combined
in intercropping systems, and research aimed in this direc-
tion could certainly come up with more.

Diverse home garden agroforestry systems are perhaps
the most complex examples of the management of the light
environment in agroecosystems; they are discussed in much
more detail in Chapter 18, Disturbance, Succession, and
Agroecosystem Management. Their high LAI (3.5-5.0), diver-
sity of distribution of the canopy layers, high light absorbance
by the foliage (90%—-95%), and patchy horizontal structure
due to either successional development or intentional human
intervention make for a highly diverse light environment that
promotes one of the correspondingly highest plant species
diversities known for an agroecosystem. Much needs to be
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known about the specific light requirements and tolerances of
each component of such a system.

A study of the light environments of nine different
agroecosystems in Mexico and Costa Rica provides some
impression of the possible variation in the structure and char-
acteristics of light environments. The data from this study
are presented in Table 4.1.

In general, the polycultures in the study were more
effective at intercepting light than the monocultures,
although the sweet potato monoculture, with its broad
leaves, intercepted light as effectively as the home garden
and the shaded coffee system. These mixed results point
out the difficulty of determining a system’s efficiency of
light use. Simply measuring vegetative cover, LAI, and the
transmission of light to the surface does not by itself eluci-
date how light is used by the components of the system nor
does it show how a well-designed system can create a light
environment that meets the needs of a diversity of different
plants at the same time.

TEMPORAL MANAGEMENT

Over time, the light environment in an agroecosystem
changes. One type of change results from the growth of the
plants in the system, and another from seasonal changes.
Both kinds of changes can be taken advantage of, modified,
or used as cues for initiating specific techniques.

One kind of temporal management that takes advantage
of the changes in the light environment that occur as a crop
matures is the “oversowing” of one crop into another. This
is done, for example, to produce an oat/legume hay crop:
instead of sowing the oats, harvesting the oats, and then
planting the legume covercrop (such as clover or vetch), the
seed of the legume can be sown when the oats reach a partic-
ular stage of development and the light environment is most
conducive to the establishment of the legume. Specifically,
the legume is planted just before the heads of oats begin to
form, when light levels at 3 in. above the soil are about 40%
of full sunlight. Clover seems to establish best around 50%

TABLE 4.1
Measures of the Light Environment in a Range of Agroecosystems and Natural Ecosystems in Costa Rica
and Mexico

Species LAl  Cover (%)  Transmission (%)
2-month-old corn monoculture, conventionally managed 7 1.0 56 35
3.5-month-old corn monoculture, traditionally managed 20 2.6 88 12
Sweet potato, weeded and treated with insecticide 8 29 100 11
2.5-year-old intercrop of cacao, plantain, and the native timber tree Cordia alliodora 4 34 84 13
Old wooded home garden containing a diverse mixture of useful plants 18 3.9 100 10
Coffee plantation with an overstory of Erythrina trees 7 4.0 96 4
Plots planted with useful plants to mimic natural succession, 11 months after clearing 27 4.2 98 7
Gmelina plantation (trees grown for timber and pulp intercropped with beans and corn) 8 5.1 98 2
Plots undergoing natural succession, 11 months after clearing 35 5.1 96 <1

Source: Data from Ewel, J. et al., Agro-Ecosystems, 7, 305, 1982.
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FIGURE 4.7 Oversown clover plants exposed at the early July
harvesting of the overstory oat crop at the Rodale Research
Farm, Kutztown, PA. The clover will be ready to harvest for for-
age or incorporated as a green manure crop in less than 2 months.

of full sunlight, so overseeding that occurs just before heads
start to form gets the legume off to a good start. After the
oats are harvested, the light levels reaching the established
clover plants approach once again those of full sunlight, pro-
moting the rapid growth of this species as a nitrogen-fixing
covercrop (Figure 4.7).

Management of seasonal variations in light is common in
perennial and agroforestry systems. Coffee systems in Costa
Rica—the subject of considerable applied shade manage-
ment research—offer a good example of this form of tempo-
ral light management (Bellow and Nair 2003; Cerdén et al.
2012). As discussed previously, coffee is typically grown
under the shade of trees, often species of the leguminous
genus Erythrina. Although coffee is a very shade-tolerant
plant, it suffers when shade becomes too dense. This is espe-
cially true during the wet-season time of the year, when rela-
tive humidity inside the coffee cropping system stays close
to 100% most of the time, promoting fungal diseases that
can cause coffee defoliation and fruit drop. Therefore, a com-
mon practice is to heavily prune the shade trees at the begin-
ning of the wet season (during June) in order to allow more
light into the interior, promoting drier conditions and hence
a reduced chance of disease. The greater cloud cover during
the wet season lessens the need for shade over the coffee.
Close to the end of the wet season (usually November or
December) another less intensive pruning occurs that opens
up the canopy of the plantation again, possibly promoting the
development of flower buds that open later in the dry season,
but also stimulating the turnover of nitrogen-rich biomass
that aids the more rapid growth of the coffee plants during
this period (Figure 4.8).

CARBON PARTITIONING AND SUSTAINABILITY

As was discussed in Chapter 3, a relatively small percentage
of the carbon that gets fixed by photosynthesis into

FIGURE 4.8 Pruned shade trees in a coffee plantation in
Turrialba, Costa Rica. The common shade trees (Erythrina poep-
pigiana) are heavily pruned at the beginning of the wet season to
open up the coffee plantation to better light penetration during the
more cloudy and rainy time of the year.

carbohydrate form eventually gets transformed into biomass.
For agriculture, it is the portion of that biomass that finds its
“sink” in the form of harvestable, consumable, and/or mar-
ketable organic matter that is of greatest importance. All of
the discussions of how the light environment can be managed
to increase the size of this sink must also take into consider-
ation what the long-term impacts might be of harvesting and
removing this biomass from the agroecosystem.

The experience of corn farmers in Puebla, Mexico offers
an interesting example of how increasing the proportion of
carbon partitioned into harvestable material isn’t necessarily
positive. Many of the small traditional farmers of the region
switched to higher-yielding “green revolution” corn varieties
in the late 1960s and early 1970s. These varieties had been
bred to produce more grain at the expense of biomass nor-
mally stored in other parts of the plant—especially the stems
and leaves. After planting these varieties for a few years,
the farmers went back to using their traditional varieties of
corn. Since these farmers used animals so extensively in their
farming systems (especially for cultivation and transport),
and since corn stover was an important supplemental feed
for the animals, the great reduction in stems and leaves from
the new varieties did not allow the production of adequate
animal feed. In this case, concentrating the carbon sink in
grain did not take into account the sustainability of all parts
of the agroecosystem.

The same process may be going on with other crops.
Traditional rice varieties, for example, store over 90% of
their carbon in leaves, stems, and roots, whereas new vari-
eties have raised the portion of carbon stored in grain to
well over 20% (Cassman 1994; Cassman et al. 2003). In
cultures where rice straw plays important roles elsewhere
in the agroecosystem, such as for building material, fuel,
and feed for animals, human needs would dictate the need
for care in transitioning to varieties that sacrifice some
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forms of biomass for rice grain. Within the agroecosys-
tem itself, we must also understand the possible impacts
of this “loss” of organic matter on such ecological com-
ponents as soil organic matter maintenance, soil aggregate
stability, biological activity in the soil, and nutrient inputs
that are essential for the long-term sustainability of the
agroecosystem.

FUTURE RESEARCH

Much work needs to be done on managing the light envi-
ronment in agroecosystems. We have recently learned a lot
about photosynthetic pathways, carbon partitioning, and
how to raise the yield of harvestable biomass from cropping
systems. But we need also to understand that agroecosystem
management requires that we return as much organic matter
to the system, especially to the soil, as we remove from it.
The energy that is captured from the sun must contribute as
much to long-term agroecosystem sustainability as it does
to short-term harvests. Research on how to balance these
needs is key to developing the sustainable agroecosystems
of the future.

FOOD FOR THOUGHT

1. What are the basic differences between too much
light and too little light in terms of plant response?
What are some of the ways of compensating for
either extreme in the design of an agroecosystem?

2. Our understanding of the different types of pho-
tosynthetic pathways in plants has come mostly
from basic laboratory research, but this knowledge
has helped considerably in the management of the
light environment in agroecosystems. What other
basic research questions, greatly isolated from the
field, might be of great potential significance for
sustainability?

3. What are some of the most significant ways that
humans and human activities are impacting the
light environment? What might the consequences
be for agriculture in the future?
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4. Light energy is considered to be one of our most
available and easily used sources of renewable
energy. What are some of the factors that have
slowed the development of better ways to take
advantage of this energy source in agriculture?

INTERNET RESOURCES

Ozone Hole Watch
NASA Goddard Space Flight Center
ozonewatch.gsfc.nasa.gov

International Society of Photosynthesis Research
www.photosynthesisresearch.org
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5 Temperature

The effect of temperature on the growth and development of
plants and animals is well known and easily demonstrated.
Each organism has certain limits of tolerance for high and
low temperatures, determined by its particular adaptations
for temperature extremes. Each organism also has an opti-
mum temperature range, which can vary depending on the
stage of development. Because of their different reactions
to temperature, papayas are not planted in the cool coastal
temperate environment of the Monterey Bay of California,
and apples would not do well if planted in the humid tropical
lowlands of Tabasco, Mexico.

Thus the temperature range and degree of temperature
fluctuation in an area can set limits on the crop species and
cultivars that a farmer can grow, and can cause variations
in quality and average yield for the crops that are grown.
In selecting crops, it is necessary to consider the range of
temperature conditions that might occur from day to day,
between day and night, and from season to season. And one
must be concerned with both aboveground temperatures
and those belowground. Farmers need to consider also the
many ways in which it is possible to modify the temperature
environment in which crops grow. Putting all these variables
together, it can be seen that agroecosystem management with
respect to temperature involves potentially complex interac-
tions among management actions, plants’ responses to tem-
perature, the potential range of temperatures in a region, and
the actual temperatures to which crops are exposed.

The natural unpredictability of the weather makes the
temperature-related management of agroecosystems difficult
enough; as the climate changes in the coming decades, tak-
ing into account the temperature factor will become increas-
ingly challenging—and increasingly vital.

SUN AS THE SOURCE OF HEAT
ENERGY ON EARTH

When we measure the temperature of the air, soil, or water,
we are measuring heat flow. In order to more fully under-
stand temperature as a factor, it is useful to think of this heat
flow as part of the energy budget of the ecosystem, the basis
of which is solar energy.

The energy flowing from the sun is predominantly short-
wave radiation, usually thought of as light energy made up
of both visible and invisible spectra. Recall that the fate
of this energy once it reaches the atmosphere of the earth
was discussed in the previous chapter and diagrammed in
Figure 4.1. To review, incoming solar radiation is either
reflected, dispersed, or absorbed by the atmosphere and its

contents. Reflected and dispersed energy is little changed, but
absorbed energy is converted to a long-wave form of energy
manifested as heat. Similarly, the short-wave energy that
reaches the earth’s surface is either reflected or absorbed. The
absorption process at the surface, by which short-wave light
energy is converted into long-wave heat energy, is known as
insolation. Heat formed by insolation can be stored in the
surface, or reradiated back into the atmosphere. Some of the
heat reradiated into the atmosphere can also be reflected back
to the surface.

As a result of these processes, heat energy is trapped
at and near the earth’s surface, and the temperature there
remains relatively high compared to the extreme cold of the
upper atmosphere and of outer space. Overall, this warming
process is termed the greenhouse effect.

Temperatures at the earth’s surface vary from place to
place, from night to day, and from summer to winter; nev-
ertheless, a rough overall equilibrium is maintained between
the heat energy gained by the earth and its atmosphere, and
the heat energy lost. This balance between heating and cool-
ing is represented in the following equation:

SU-o)+Ly—L,xHy + Heppy = Hyy =0
where
S is the solar gain
o is the albedo of the earth’s surface (with a value between
Oand 1)

L, is the flux of long-wave heat energy to the surface

L, is the flux of long-wave heat energy away from the

surface

H is the gain or loss of heat energy from air, soil, and

water (evap)

This equilibrium is currently undergoing a shift in response
to human-induced changes in the atmosphere—in particular,
increases in carbon dioxide from the combustion of fossil fuels
and increases in other “greenhouse gases” such as methane.
As more greenhouse gases are added to the atmosphere, more
heat is trapped between the atmosphere and the surface. The
amount of heat gained by the earth needs to be only slightly
greater than the amount lost for the overall temperature torise.
The major concern—not just for agriculture—is that solar
gain is going to remain positive for a very long time, causing
average temperatures to continue to increase. This is because
the changes humans have made to the atmosphere are very
long lasting and because we will continue to pump green-
house gases into the atmosphere for the foreseeable future.
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There is also the problem of positive feedback loops. In
some of these loops, warming creates more warming. This is
occurring in the arctic, for example, as highly reflective ice is
replaced by highly absorptive open water and land. In other
feedback loops, warmer temperatures cause more release of
greenhouse gases, the underlying cause of warming. This,
too, is occurring in the arctic, as warming temperatures melt
permafrost, resulting in the release of carbon dioxide and the
particularly potent greenhouse gas methane.

PATTERNS OF TEMPERATURE VARIATION
ON THE EARTH’S SURFACE

There are several ecological aspects to temperature distri-
bution that are useful for understanding the variation and
dynamics of temperature conditions at the surface. We need
to know this information, first of all, not only to make the
proper selections of our crop types, but also to adapt agroeco-
systems to temperature conditions and to alter these condi-
tions where possible.

Temperature variation occurs at the largest scale when
we consider world climates, made up of the seasonal pat-
terns of temperature, rainfall, wind, and relative humidity.
At the other end of the scale, important variation also occurs
at the micro level when we consider the temperature condi-
tions inside a crop canopy or those just below the surface of
the soil.

LATITUDINAL VARIATION

The amount of solar radiation actually absorbed by the
surface over a particular period of time is affected greatly
by latitude. At or near the equator, incoming radiation
strikes the earth’s surface at a vertical angle. At increasing
distances from the equator, however, the sun’s rays strike
the surface at an increasingly shallow angle. As this angle
becomes shallower, the same amount of incoming solar
radiation is spread over a larger and larger area of the earth’s
surface, as shown in Figure 5.1. In addition, the sun’s rays
must pass through an increasingly thick atmospheric layer
at higher latitudes, resulting in a loss of energy to reflection
and scattering by materials in the atmosphere, such as water
droplets and dust. The overall effect is a regular decline in
the intensity of solar radiation per square unit of surface as
one moves away from the equator. This latitudinal variation
in solar gain is one of the major causes of latitudinal varia-
tions in temperature.

ALTITUDINAL VARIATION

At any latitude, as altitude increases, temperature decreases.
On the average, for each 100 m of elevation gain, ambient
temperature drops approximately 0.5°C. In locations where
increased cloud cover during the day is associated with this
elevation gain, temperature differences can be even greater
due to reduced solar gain. At the same time, the increasing
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FIGURE 5.1 The effect of latitude on solar gain. The higher

the latitude, the greater the distance that solar radiation must travel
through the atmosphere (D,>D,) and the greater the surface area
over which a certain amount of solar radiation is spread (A,>A,).

thinness of the atmosphere at higher altitude results in a
greater loss of heat from both the soil surface and the air just
above it by reradiation at night. This phenomenon contrib-
utes significantly to lower nighttime temperatures at eleva-
tions much above sea level. In mountainous regions at high
elevations in the tropics (above 3000 m) and at progressively
lower elevations as one moves toward the poles, reradiation at
night is so intense that wintertime temperature conditions are
encountered almost every night the sky is clear.

SEASONAL VARIATION

Seasonal differences in temperatures over the surface of the
earth are the result of changes in the orientation of the earth
in relation to the sun as it revolves around the sun on its tilted
axis. Through the course of the year, a belt of maximum solar
gain or insolation moves back and forth across the equator
in relation to the angle of incidence of the sun’s rays and the
length of the day. Longer days lead to more solar gain. This
swing in insolation is the direct cause of a seasonal swing
in temperature. The degree of seasonal variation in average
temperatures increases with increasing distance from the
equator (Figure 5.2).

MARITIME vS. CONTINENTAL INFLUENCE

Large bodies of water, especially the oceans, greatly affect
the temperature of adjacent land masses. Because water
reflects a larger proportion of insolation in relation to land,
loses heat readily through surface evaporation, has a high
specific heat, and readily mixes layers vertically, the tem-
perature of large bodies of water is slower to change than
that of land masses. Land heats up more during the summer
because all the absorbed heat stays in the surface horizon
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FIGURE 5.2 Seasonal variation in the sun’s angle of incidence.
The tilt toward the sun that occurs in summer increases both the
length of the day and the intensity of solar radiation striking the
ground.

and the atmosphere close to that surface, and it cools to a
lower temperature during the winter because of reradiation
and heat loss. Water masses are therefore moderators of broad
fluctuation in temperature, tending to lower temperatures in
the summer and to raise temperatures in the winter. This
water- or marine-mediated effect on temperature is called a
maritime influence, in contrast to the more widely fluctuat-
ing variations in temperature encountered at a distance from
water under a continental influence. Maritime influences
help create the unique Mediterranean climates of such places
as coastal California and Chile, where nearby upwelling cold
currents accentuate the moderating influences during the dry
summer season (Figures 5.3 and 5.4).

ToPOGRAPHIC VARIATION

Slope orientation and topography introduce variation in tem-
perature as well, especially at the local level. For example,
slopes that face toward the sun as a result of the inclination
of the earth on its axis experience more solar gain, espe-
cially in the winter months. Hence, an equator-facing slope
is significantly warmer than a pole-facing slope—all other
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FIGURE 5.3 Lettuce grown year-round in a temperate mari-
time climate. Cooling summer fog and the warming effect of the
nearby ocean in the winter permit year-round vegetable and fruit
production on the central coast of California.

factors being equal—and offers unique microclimates for
crop management.

Valleys surrounded by mountain slopes create unique
microclimates as well. In many parts of the world air that
moves downslope due to winds or pressure differences can
rapidly expand and heat up as it descends, a process known
as katabatic warming. (The wind associated with this phe-
nomenon will be discussed in Chapter 7.) As the air is
warmed, its ability to hold moisture in vapor form (relative
humidity) goes up, increasing the evaporative potential of
the warmer air.

Valleys are subject to nighttime microclimate variation as
well. On the higher elevation slopes above a valley, reradia-
tion occurs more rapidly; since the cooled air that results is
heavier than the warmer air below, the cooler air begins to
flow downslope, a phenomenon called cold air drainage.
Often this cooler air passes under warmer air, pushing the
warmer air above it and forming an inversion, in which a
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Monthly average daily high temperatures at San Francisco, CA and Stockton, CA. Both cities are at nearly the same

latitude and elevation, but coastal San Francisco has a maritime climate, and Stockton, 100 km to the east, is under more of a continental
influence. (Data from Conway, M. and Liston, L. (ed.), The Weather Handbook, Conway Data, Atlanta, GA, 1990.)
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FIGURE 5.5 Cold air drainage and inversion layer. Cold air can drain into valley bottoms at night and pool beneath a layer of

warmer air.

warmer layer of air becomes “sandwiched” between two lay-
ers of colder air. In some locations, the cold pocket of air can
lead to frost formation and plant damage, whereas the warm
air inversion just above it stays significantly warmer. This pat-
tern of local temperature variation is illustrated in Figure 5.5.
The planting of frost-sensitive citrus between 500 and 1000 ft
elevation on the lower slopes of the foothills of the Sierra
Nevada Mountains of the Central Valley of California is a
good example of how farmers have learned to take advantage
of a wintertime inversion layer of warmer air that is forced up
by the drainage of colder air into a valley floor below.

DESCRIBING TEMPERATURE VARIATION

Holding constant the variable of geographic location, the
temperature variations that occur in any particular location
over time make up a major component of that place’s climate
(another major component, precipitation, is discussed in the
following chapter). When temperature data are collected for a
certain location over a long period of time, these data form a
climatological record that shows how temperature has varied
with the time of year at that place. The most useful patterns,
in an agroecological sense, that can be drawn from such a
record relate to extremes at both the high and low ends of the
temperature scale and to various averages.

¢ Lowest annual minimum. Regardless of the date,
what’s the coldest possible temperature (or the cold-
est ever recorded) at a location on the earth? This
aspect of the temperature factor, discussed below in
terms of climate zones, is the most crucial for peren-
nial crops in temperate zones because, exposed to
temperatures below a certain level, some plants will
suffer damage or die.

¢ Highest annual maximum. Regardless of the date,

Cold air

the damaging effects of extreme heat on plant tis-
sue, growth, and reproduction.

Highest daily maximum and lowest daily mini-
mum. What are the highest and lowest tempera-
tures ever recorded at a location on a certain date?
Because nearly all crops in temperate climates are
grown on a seasonal cycle, the seasonal timing of
extreme heat and cold can be important. For exam-
ple, farmers may want to know the record lows for
each date during spring to learn when they can
safely plant a frost-sensitive crop.

Average daily maximum and minimum. What
are the typical high and low temperatures for a
location on a certain date? Date-referenced aver-
ages tell farmers when to expect conditions that are
most optimal for growth of a particular crop, which
determines sowing time, choice of crop or variety,
and sometimes harvest time.

Magnitude of difference between the average
daily high and low. Are nighttime lows and day-
time highs not widely separated or are they very dif-
ferent? Some crops prefer one type of regime, others
prefer the opposite. Zinfandel grapes, for example,
do best with a wide daily temperature range—hot
days for optimal plant development and cool nights
for optimal fruit development.

Duration of extreme heat or cold. For how many
successive days may the temperature drop below a
certain critical threshold at night? For how many
successive days may it reach above a certain tem-
perature? For many crop plants with some ability
to withstand extreme heat or cold, what may matter
most is the amount of time they spend outside the
zone of tolerance.

what’s the hottest possible temperature (or the hot-
test ever recorded)? Although it is not a determi-
nant of climate zone, this aspect of climate can be
as important as lowest annual minimum because of

The temperature patterns encoded in a climatological
record tell a farmer what is likely to happen with regard
to temperature and what kinds of extremes are possible.
This information, as mentioned earlier, can be important
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in choosing crop types and planting dates. In addition, the
climatological record provides a baseline against which
deviations from “normal” can be measured, described, and
understood. New record highs and record lows for particu-
lar dates, months, seasons, or all time make up one impor-
tant category of temperature deviation. Another type of
deviation is the magnitude of the difference between the
climatological average maximum or maximum for a cer-
tain date and the actual observed temperature; adding the
dimension of duration, we can begin to quantify such events
as an “unusual hot spell.”

ErrecTs OF CLIMATE CHANGE ON TEMPERATURE

The general patterns of geographic and seasonal temperature
variation discussed in the earlier text will continue to hold
true as the earth gradually warms. Climate change, however,
will add extra layers and degrees of variability and unpre-
dictability as well as a general warming trend, both of which
may have significant effects on agriculture. Some of the most
important changes that can be expected are the following:

e Temperature in general will increase in many areas
of the world. Broadly speaking, this will entail
increases in the average high for each day of the
year, the average low for each day, the overall aver-
age for longer periods of time like months and sea-
sons, the annual minimum temperature, and the
annual maximum temperature.

* Areas closer to the poles are likely to see larger
increases in average and maximum temperatures
than areas near the equator.

e In many areas with temperate climates, the number
of frost-free days will increase.

* Weather and climate variability are likely to
increase in most areas, which means that extreme
temperatures will increase in both frequency and
magnitude. While record-breaking heat will be the
most common type of extreme that occurs, an over-
all increase in temperature variability means that
extreme and unseasonable low temperatures will
also be possible.

e Periods of extreme heat harmful to many types of
crops will increase in frequency and in length. They
may also begin to occur uncharacteristically early
and late in seasonally anchored agricultural cycles.

e Other weather-related factors that interact with
temperature and mediate temperature’s effects on
crop pants, such as humidity, rainfall, and wind, are
likely to become more variable and less predictable
along with temperature.

These changes in temperature patterns are all predicted by
long-term climate models, which vary in their specifics but
agree on the general patterns. Adding to the degree of cer-
tainty in these predictions is the fact that all of these changes
are already happening; decades of weather data from much
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of the world show a general warming and a general increase
in temperature variability.

Overall, the shifts in temperature patterns brought about
by climate change are likely to be a mixed bag for agricul-
ture. On the one hand, longer growing seasons and fewer
frost-free days mean that some areas formerly too cold for
agriculture (at both higher latitudes and higher altitudes) will
be opened up to food production. And these same changes
have the potential for making some temperate farming areas
more productive and able to grow a wider variety of crops.
However, the increasing likelihood of periods of extreme
heat and extreme cold will increase the risk of crop failure
and yield-reducing temperature damage, and some areas
may actually become too hot for agriculture. Also, a general
warming at the low end of the temperature spectrum will
allow some crop pests and disease organisms to spread north-
ward and southward toward the poles into areas where they
were formerly excluded by freezing temperatures.

RESPONSES OF PLANTS TO TEMPERATURE

All physiological processes in plants—including germina-
tion, flowering, growth, photosynthesis, and respiration—
have limits of tolerance for temperature extremes, and a
relatively narrow temperature range at which functioning
is optimized. Thus the temperature regime to which a plant
is exposed is ultimately connected to its yield potential. For
example, temperature conditions may allow a plant to estab-
lish and grow, but then a sudden change in the weather (e.g.,
a cold spell) might prevent it from flowering and setting fruit
and producing seed.

Farmers must carefully adapt their practices to the local
temperature regime, taking into account diurnal variations,
seasonal variations, moderating influences, microclimate,
other temperature-related factors, and the particular tempera-
ture responses of specific crops. In California, for example,
farmers shift to cool-season varieties of crops such as broc-
coli for winter planting, plant covercrops during the wet and
cool time of the year when many vegetable crops would not
do well, plant avocado trees close to the coast in areas that are
frost-free because of the maritime influence, and plant lettuce
during the winter in the interior desert valleys of southern
California. Other farming regions offer similar examples.

Because of its effect on plants, temperature can also be
used as a tool to cause desired changes in plants. For example,
farmers in central coastal California chill strawberry trans-
plants for several weeks before planting in order to induce
vegetative growth and good crown development.

ADAPTATIONS TO TEMPERATURE EXTREMES

Natural ecosystems are made up of plants and animals that
have been ‘“screened” by natural selection. Periodic tem-
perature extremes are some of the factors that have elimi-
nated those species that are not tolerant of local conditions.
Therefore, we can expect the temperature range tolerances of
the species of local natural systems to give us an indication
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of the temperature extremes we might expect when we try
to farm in an area. Recognizing these indicators, as well as
selecting for adaptations to extremes in our crop species, can
help in the development of farming systems that lower the
risk associated with the natural variability in temperature
extremes. As the climate changes over time, farmers may
have to shift their practices appropriately.

Heat

The effects of high temperatures on crops are the result of a
complex interaction between evaporative water loss, changes
in internal water status, and changes in other physiological
processes. Heat stress causes a decline in metabolic activ-
ity, which is thought to come about from the inactivation
of enzymes and other proteins. Heat also raises the rate of
respiration, which can eventually overtake the rate of photo-
synthesis, halting plant growth and ultimately killing plant
tissue. Even when heat does not cause outright damage to
crop plants, it can reduce the rate of growth and the crops’
eventual yield.

Heat can also significantly impact crop plants’ reproduc-
tive processes, which for grains, pulses, oilseeds, and many
other seed and fruit crops is fundamental to yield. Many crops
are particularly sensitive to heat during pollination or fruit
set. If extreme heat occurs during the time that corn plants
are silking, for example, it can have devastating effects. Heat
slows the growth of silks, delaying the time they become
receptive to pollen; if the delay is long enough, much of the
pollen may already be shed. Heat also tends to dessicate the
silks, greatly reducing their capacity to support pollen tube
growth and thus seed fertilization. Heat also reduces pollen
formation and greatly shortens the period of pollen viability.

Plants native to temperate areas generally have lower lim-
its to temperature stress than plants of more tropical areas.
In all cases, though, leaf functions become impaired at about
42°C (108°F), and lethal temperatures for active leaf tissue
are reached in the range of 50°C-60°C.

Common morphological adaptations of plants to excess
heat include

A high CO, compensation point for the photosyn-

thesis/respiration ratio, often aided by changes in

leaf structure;

* White or gray leaves that reflect light and thus
absorb less heat;

* Hairs (pubescence) on the leaves that insulate leaf
tissue;

* Small leaves with less surface area exposed to
sunlight;

e Leaves with a lower surface-to-volume ratio for
gaining less heat;

» Vertical orientation of leaves to reduce heat gain;

* More extensive roots, or a greater root-to-shoot

ratio, for absorbing more water to offset water loss

from the leaves or to maintain more water intake

relative to leaf area;
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FIGURE 5.6 Artichokes near Castroville, CA, damaged by
a very unusual late-season frost. Long-term upward shifts in
average temperatures coupled with occasional low-temperature
extremes can pose a potent threat to cold-sensitive crops.

e Thick, corky or fibrous bark that insulates the cam-
bium and phloem in the plant trunk;

e Lower moisture content of the protoplasm and
higher osmotic concentration of the living tissue.

These characters can be incorporated into farming systems
where water availability is limited and temperatures are high,
either through the use of crop plants with these characters, or
through the breeding of varieties that show them.

Cold

When temperatures drop below the minimum required for
growth, a plant can become dormant, even though meta-
bolic activity may slowly continue. Chlorosis may occur,
followed eventually by death of the tissue. Death at low
temperature is due to protein precipitation (which can occur
at temperatures above freezing), the drawing of water out
of the protoplasm when intercellular water freezes, and the
formation of damaging ice crystals inside the protoplasm
itself (Figure 5.6).

Resistance to extremes of cold depends greatly on the
degree and duration of the low temperature, how quickly the
cold temperature comes about, and the complex of environ-
mental conditions that the plant may have undergone before
the cold event. Some specific structural adaptations provide
resistance as well, such as coverings of wax or pubescence
that allow leaves to endure extended cold without freezing
the interior tissue, or the presence of smaller cells in the
leaf that resist freezing.

Temporary cold hardiness can be induced in some plants
by short-term exposure to temperatures a few degrees above
freezing or withholding water for a few days. Such plants
undergo hardening, giving them limited resistance to
extreme cold when it occurs. Greenhouse-grown seedlings
can be hardened to cold by exposing them to cooler tempera-
tures in a shade house and cutting back on irrigation for a few
days before transplanting to the field.
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SPECIAL TOPIC: SHIFTING CLIMATE ZONES

One of the most basic elements of place-based agroecological knowledge is encapsulated in the following question,
What’s the coldest temperature that’s likely to occur here? This factor is key because in temperate climates the aver-
age minimum temperature at a particular location limits what perennial plants can be grown there more than any other
single environmental factor. If a plant experiences temperatures below its range of tolerance, it will be damaged or killed
outright—something a farmer or horticulturalist clearly wants to avoid.

For a very long time, farmers and gardeners could consider the average minimum temperature of a place to be fixed,
much like the hours of sunlight on the summer solstice. But a few decades ago, this aspect of climate began to change.
The average minimum temperature began to slowly increase in many locations as winters became a little warmer.

In the United States, farmers and gardeners could see graphic evidence of the poleward retreat of cold winter tempera-
tures when the US Department of Agriculture (USDA) released a new version of its much-used plant hardiness zone map
in 2012. This map shows climate zones within which the average minimum temperature is within a 10°F range (along
with subzones based on a 5°F range). Based on temperature data from 1976 to 2005, the zones on the new map are clearly
different from those on the previous map from 1990, which were based on data collected from 1974 to 1986.

The new map shows that more than a third of the United States is now in a warmer subzone than it was in 1990, and
about 20% has shifted a whole zone. Nebraska, for example, was mostly in USDA zone 4 in 1990 but now is almost
entirely in zone 5. The general warming of winter temperatures in temperate zones around the world is expected to
continue—and the pace of change to accelerate—in the coming years, with significant consequences for agriculture.
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The 2012 USDA plant hardiness zone map can be viewed at http:/planthardiness.ars.usda.gov/PHZM Web/

Many plants are adapted to extreme cold through mech-
anisms that allow them to avoid cold. Deciduous perennial
shrubs or trees that lose their leaves and go dormant during the
cold period, bulbous plants that die back to the belowground
plant parts, and annuals that complete their life cycle and pro-
duce seeds, are all examples of plants avoiding cold.

THERMOPERIOD IN PLANTS

Some plants need daily variation in temperature for optimal
growth or development. In a classic paper in ecophysiology
(Went 1944), it was demonstrated that tomato plants grown
with equal day and night temperatures did not develop as
well as tomato plants grown with normal day temperatures
and lower night temperatures. This response occurs when the
optimal temperature for growth—which takes place mostly
at night—is substantially different from the optimal tempera-
ture for photosynthesis—which takes place during the day.

Diurnal variation in temperature is encountered by plants
in many natural ecosystems and open-field agroecosystems,
but in very controlled agroecosystems, such as greenhouses,
the diurnal temperature variation is much less pronounced.
In other situations, plants from climates with cool nights do
not do as well in regions with relatively constant day and
night temperatures, such as the humid tropics or in temperate
continental regions during the summertime.

VERNALIZATION

Some plants need to undergo a period of cold, called ver-
nalization, before certain developmental processes can take
place. For example, in the California grasslands, many native
herbaceous species will not germinate until after a cold spell
of several days duration, even though rainfall may have

already occurred. Since the timing of the first rain of the sea-
son in this area is highly variable and early rain is usually fol-
lowed by a very dry spell before more consistent precipitation
begins, if germination were to occur with the initial rainfall,
most of the new seedlings would probably not survive. There
is thus a selective advantage to delaying germination until
after vernalization has occurred.

Many agricultural and horticultural plants respond to
vernalization. Lily bulbs, for example, are treated with cold
at the appropriate time before planting so that they can be
blooming for Easter in north temperate areas. In other cases,
seeds of crops are treated with cold before planting in order
to ensure more uniform germination.

MICROCLIMATE AND AGRICULTURE

Temperature has thus far been discussed as a factor of cli-
mate. Climate is made up of the fairly predictable, but highly
variable, patterns in atmospheric conditions that occur over
the long term in a certain geographic area. Climatology, or
the study of climatic patterns, can tell us what the average
temperatures for any particular part of the earth might be, and
the degree of variation from the average that can be expected.
There is little chance in the near future that humans will be
able to intentionally modify climate on any kind of large
scale. This is especially true for temperature. The large-scale
aspects of climate, such as cold fronts, wind storms, and rain-
fall patterns, are best dealt with by selecting crops adapted to
the range of climatic conditions that are expected.

But at the level of the individual crop organism or crop field,
there is an aspect of climate that can be managed—the micro-
climate. Microclimate is the localized conditions of tempera-
ture, humidity, and atmosphere in the immediate vicinity of an
organism. According to some definitions, the microclimate is
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made up of the conditions in a zone four times the height of the
organism being considered. Although microclimate includes
factors other than temperature, farmers are most likely to be
concerned with temperature when modifying microclimate or
taking advantage of microclimatic variations.

MIicrOCLIMATIC PROFILE

Within a cropping system, the conditions of temperature,
moisture, light, wind, and atmospheric quality vary with spe-
cific location. Conditions just above the canopy of the crop-
ping system can be very different from those in the interior,
at the soil surface, and below the soil into the root zone. The
specific microclimatic conditions along a vertical transect
within a cropping system form what is called the microcli-
matic profile of the system. Both the structure of the system
and the activities of the component parts have impact on the
microclimatic profile. The profile also changes as the compo-
nent plant species develop.

Figure 5.7 shows the microclimatic profile of a corn, bean,
and squash intercropping system in a schematic form, with
each factor measured in relative terms through five layers
of the canopy. In such a system, the microclimatic profile is
very different at each stage of development, from early ger-
mination to full growth.

The belowground microclimate profile is also important;
it extends from the soil surface to a small distance below the
deepest roots of the crop plants. Under certain circumstances,
the conditions to which a crop is subjected may be so differ-
ent at different zones in the microhabitat as to cause prob-
lems for the crop. For example, warm wind currents when
the soil is very cold can cause desiccation of the aboveground
part of the plant since the roots are unable to absorb water
fast enough to offset water loss.

MODIFYING THE TEMPERATURE MICROCLIMATE

Through appropriate design and management, the micro-
climate of a system can be modified. Such modification is
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especially important if the goal of the farmer is to create or
maintain microclimatic conditions that favor the sustainabil-
ity of the cropping system. If this is the case, each modifi-
cation must be evaluated as much as for its contribution to
short-term yield and market return as for its contribution to
the longer-term sustainability of the system.

Although microclimate includes many factors, its modifi-
cation is often focused specifically on temperature. Practices
and techniques used to modify the temperature microclimate
are described in the following. Although modification of
temperature is the main purpose of these practices, they will
also impact other factors of the microclimate, such as humid-
ity and light.

Canopy Vegetation

Trees or other tall plants that create a canopy over the other
plants in a system can greatly modify the temperature con-
ditions under the canopy. Shade from the canopy reduces
solar gain at the surface of the soil, as well as helping the
soil retain moisture. Agroforestry systems in the tropics are a
good example of this kind of practice.

The data from a study in Tabasco, Mexico (Gliessman
1978c) clearly show the temperature-modifying effects of
trees. In this study, the temperature microclimate of a tree-
covered cacao orchard was compared with that of a nearby
open grass pasture. As shown in Figure 5.8, temperature
changes over a 24 h period at various levels in the cacao plan-
tation were much more moderate than they were at the same
levels in the pasture system. The pasture system became
warmer during the day than the cacao system, and became
colder aboveground during the night.

Nonliving Canopies

Other means of creating a canopy for a cropping system
are possible as well. Floating row covers of nylon fiber,
for example, have been used over organic strawberries in
California during the early winter season in an attempt to
allow more insolation of the soil surface below, yet provide
a localized greenhouse effect for reradiated heat given off

Temperature
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Wind speed

Water vapor

Mid-interior

Below squash
leaves
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FIGURE 5.7 Schematic microclimatic profile of a mature corn—-bean—-squash intercrop system, showing relative levels of five fac-
tors at each layer in the canopy at midday. (Adapted in part from Monteith, J.L., Principles of Environmental Physics, Edward Arnold,

Ltd., London, UK., 1973.)
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FIGURE 5.8 Temperature changes over a 24 h period at four different levels in an open pasture and in a tree-covered cacao plan-
tation in Tabasco, Mexico. The presence of trees in the cacao system moderates temperature changes at all levels, keeps belowground
temperatures lower than those in open pasture, and keeps aboveground temperatures higher at night. A similar pattern is shown for rela-
tive humidity: in the pasture system, humidity fluctuates more over a 24 h period than it does in the cacao system. Note that the scales on
the vertical axes are not all identical. (Data from Gliessman, S.R., Unpublished research report, Colegio Superior de Agricultura Tropical,

Tabasco, Mexico, 1978c.)

from the soil surface. Figure 5.9 shows the results of one
study of this practice, in which temperatures in the upper
5 cm of the soil were significantly raised during the critical
root and crown development period for the strawberry plant
(Gliessman et al. 1996).

There has also been considerable research and practi-
cal experimentation in the use of “hoop houses” or plastic
tunnels for vegetable production in California, Spain, and
elsewhere (Illic 1989). Wire or plastic hoops are placed over
planted beds in the field, and then covered with plastic or
cloth. The localized greenhouse effect of these structures
traps and holds additional heat during the day, and the cov-
ering reduces heat loss during the night. Hoop houses can
allow for the earlier planting of warm-weather crops such as
tomatoes or peppers, or the extension of the cropping sea-
son into the fall or early winter where light frost becomes
possible. Due to their high cost, these structures are mostly
restricted to use with higher-value crops (Figure 5.10).

Soil Surface Cover

Changes in the soil temperature microclimate can be induced
by covering the surface of the soil. Growing a covercrop is
one well-recognized method of modifying soil temperature.

The covercrop shades the soil, hence lowering soil temper-
atures, and has additional positive impacts on soil organic
matter content, weed seed germination, and moisture conser-
vation. When a covercrop is planted in-between active crop
plants, it is often called a living mulch. A living mulch can
change the albedo of the soil surface, making it less reflec-
tive and raising the temperature of the air immediately above
the crop. A living mulch can also have the opposite effect on
temperature by increasing evaporation off of the vegetation.
Nonliving mulches, of either organic or inorganic materials,
can change the temperature microclimate as well; their effect
depends on the color, texture, and thickness of the material.
Straw from crops such as wheat, oats, and barley is commonly
used for a dry mulch, as are many other kinds of crop residues
or grasses gathered from fallow fields, gardens, or nearby non-
crop areas. Aquatic plants such as water hyacinth (Eichhornia
crassipes) or duckweed (Lemna spp.), usually considered
a problem in waterways, especially in tropical areas, can be
pulled from the water and applied as mulch. Plant-derived
mulches eventually get incorporated into the soil, benefit-
ing soil organic matter content. In recent times, some non-
plant mulching materials have become popular; these include
newspaper, cardboard, cloth, and plastic sheeting. Specialized
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FIGURE 5.9 Effect of floating row covers on soil temperature in an organic strawberry system. When strawberries are grown under
conventional methods, it is possible to use clear plastic as a soil-temperature-elevating soil covering during the winter, because weeds have
been killed by prior soil fumigation. In organically grown strawberries, black plastic must be used instead to prevent weed growth. Black
plastic, however, is less efficient than clear plastic in raising the soil temperature, as shown in (a). In an attempt to compensate for this dif-
ference, nylon floating row covers were placed over the organic strawberries during the second year of the study. As shown in (b), the row
covers were successful in narrowing the soil temperature differences between the conventional and organic treatments during the period the
covers remained on the beds. (Data from Gliessman, S.R. et al., Calif. Agric., 50, 24, 1996.)

FIGURE 5.10 Hoop houses protecting frost-sensitive crops.
The hoop house coverings, acting as a nonliving canopy, are put in
place at the end of the day to trap heat and reduce nighttime heat
loss; in the morning they are removed to allow light to reach the
crop. Frost is still visible on the ground just outside the shadow of
the center hoop house.

horticultural papers have been developed that biodegrade after
a period of time and can be worked back into the soil.

A practice with effects similar to those of adding a mulch
is to let a mulch accumulate naturally. This is accomplished
through the use of a no-till system. Crop residues are left on
the soil surface, forming a mulch that modifies the tempera-
ture of the soil and prevents moisture loss.

A final kind of practice is to change the color of the soil
surface to alter its albedo and thus the amount of solar energy
it absorbs. Burning crop residue is one way of doing this.
Residue burned to carbon black will absorb a greater amount
of heat, and residue burned to ash white will absorb less heat.

Greenhouses and Shade Houses

Shade houses and greenhouses are now common ways of
modifying the temperature environment at the microclimatic
level. Shade houses block a portion of incoming solar radia-
tion, lowering solar gain and temperature.

Greenhouses, on the other hand, are more often used to
conserve or trap heat. Light energy penetrates the glass or
plastic cover on a greenhouse, and inside it is absorbed and
reradiated as long-wave heat energy. The reradiated energy
then becomes trapped inside the greenhouse. During extended
cold or cloudy periods, growers can heat the interiors of their
greenhouses from many different sources. Recirculating hot
water is often used to heat the floors of greenhouses, or at
least provide heat on benches in the houses for germination
or early plant development.

At certain times of the year or in particular climate zones,
excess heat can be trapped in a greenhouse, requiring vent-
ing and air cooling. Another way of reducing greenhouse
temperatures is to block some of the incoming solar radia-
tion with shade cloth or other materials. Sophisticated green-
house management now employs computer technology and
automation to achieve remarkable levels of microclimate
control (Figure 5.11).

Methods of Preventing Frost Damage

In more temperate regions of the world, especially at higher
elevations and latitudes, frost damage early or late in the
growing season may be a constant danger. Mulching and row
covers are important ways of providing some frost protec-
tion, but other means exist as well.

Raising soil moisture with irrigation when frost is
expected may help raise temperatures close to the ground
because evaporation of the moisture transfers heat from the
soil to the evaporated water vapor, which then surrounds the
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FIGURE 5.11 Precise microclimate control in a greenhouse.
Hot water circulating in tubing below germination trays maintains
warm soil temperatures for vegetable seedlings destined for early
season transplanting.

crop plants. The increased atmospheric moisture itself also
provides some protection for the plants.

In low-lying areas subject to cold air drainage at night,
farmers have long employed relatively simple means of
raising the temperature the few degrees necessary to avoid
frost damage. One technique is smudging, in which some
kind of fuel—such as diesel fuel, garbage, old tires, or plant
material—is burned to generate heat-trapping smoke or to
create enough air turbulence to keep cold air from settling
in depressions during a calm night. Recent concerns about
health hazards and air pollution have reduced the use of
smudging, however, and prompted farmers to use large fans
to keep the air moving in frost-prone areas. Obviously, such
techniques work only under certain conditions and when a
few degrees of temperature difference will matter.

TEMPERATURE AND SUSTAINABILITY

Designing and managing agroecosystems that are sustainable
with regard to the temperature factor involve two interrelated
challenges. The first challenge is to deal with the temperature
factor in ways that are not overly reliant on external inputs or
the use of fossil fuels, do not harm natural systems or dimin-
ish genetic diversity, and do not exacerbate inequality in the
social sphere. This aspect of sustainability puts limits on the
use of structures like shade houses, materials like plastic
sheeting, and devices like fans and shifts the focus to efforts
that provide microclimate modification as a feature of agro-
ecosystems’ basic design. In this latter category are agrofor-
estry systems that create a diversity of microclimates in their
interiors and work to moderate temperature extremes.
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The second challenge is to create production systems that
can withstand the rising temperatures, temperature extremes,
and unseasonal temperature anomalies that will increasingly
confront farmers over much of the world in the coming years.
The keywords in this effort are adaptation and resilience.
Adaptation involves an ability to change management strate-
gies, crop types, seasonal timing, and agroecosystem design
in response to changes and anticipated changes in the tem-
perature regime. Resilience comes from designing systems
that are inherently less vulnerable to temperature extremes
and variability, able to recover from damage, and diverse
enough to yield food no matter what kind of weather they are
subjected to.

Ultimately, these two challenges come together.
Agroecosystems that can survive climate change are also the
ones that do the least harm to the ecological foundations of
agriculture: they leverage diversity and natural processes and
they are designed and managed based on knowledge of the
environmental context—which includes very centrally the
factor of temperature.

FOOD FOR THOUGHT

1. Describe several examples of farmers being able
to grow crops in an area subject to temperature
extremes greater than the normal tolerance levels
for the particular crop species. What is the ecologi-
cal basis for success in such situations?

2. What are some examples of food crops you now
consume during a time of the year when tempera-
ture regimes in your local region would normally
not allow them to be grown?

3. How might climate change alter our patterns of food
production and consumption?

4. How is it possible to modify the microclimate to
extend the growing season for a crop? To allow
planting earlier in the season? To allow planting at a
higher elevation? To protect a crop from excessively
high temperatures?

INTERNET RESOURCES

Center for Climate and Energy Solutions
www.c2es.org

Global Climate Change Research Reporter
www.exploratorium.edu/climate

Intergovernmental Panel on Climate Change
www.ipcc.ch

NASA GISS Surface Temperature Analysis (GISTEMP)
data.giss.nasa.gov/gistemp

National Climatic Data Center (NOAA)
www.ncdc.noaa.gov

Western Regional Climate Center
www.wrcc.dri.edu
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6 Humidity and Rainfall

A place’s natural vegetation is usually a reliable indicator of
its rainfall regime. Deserts, with their sparse, slow-growing
vegetation, tell the observer that the local annual rainfall is
minimal. The lush vegetative growth of tropical and temper-
ate rainforests points to abundant rainfall through at least
most of the year. Rainfall amounts and vegetation have this
direct relationship because for most terrestrial ecosystems,
water is the most important limiting factor.

Water is also a primary limiting factor in agroecosystems.
Agriculture can be practiced only where there is adequate
rainfall or where it is possible to overcome, through irriga-
tion, the limits imposed by a dry climate. In this chapter we
discuss water in three successive contexts: as it exists in the
atmosphere, as it falls to earth in the form of precipitation
and is cycled back into the atmosphere, and as it affects agro-
ecosystems on the ground.

WATER IN THE ATMOSPHERE

Water can exist in the atmosphere in a gaseous form (as water
vapor) or in a liquid form (as droplets). At constant pres-
sure, the amount of water vapor that air can hold before it
becomes saturated and its water vapor begins to condense
and form droplets is dependent on temperature. As the tem-
perature of the air goes down, the amount of water that can
be held in vapor form goes down as well. Because of this
dependence on temperature, humidity—the amount of mois-
ture in the air—is usually measured in relative terms rather
than according to the absolute amount of moisture in the air.
Relative humidity is the ratio of the water vapor content of
the air to the amount of water vapor the air can hold at that
temperature. At a relative humidity of 50%, for example, the
air is holding 50% of the water vapor it could hold at that
temperature. When the relative humidity is 100%, the air is
saturated with water vapor, and water vapor begins to con-
dense to form mist, fog, and clouds.

Relative humidity can change as a result of either changes
in the absolute amount of water vapor or changes in tem-
perature. If the absolute amount of water vapor in the air is
high, small variations in temperature can greatly influence
relative humidity. A drop of a few degrees in temperature
in the evening or morning hours, for example, can push the
relative humidity to 100%. Once relative humidity reaches
100%, water vapor begins to condense into water droplets,
and shows up as dew. The temperature at which this conden-
sation begins to occur is called the dew point.

In natural systems, the interaction of temperature and
the air’s moisture content can be a very important factor in

determining the structure of an ecosystem. The redwood
forest community along the coast of California is a good
example. Cold ocean currents condense the moisture-laden
air over the ocean, forming fog. The occurrence of fog almost
every night during the dry summer months compensates for
the lack of rainfall and is believed to be the main reason red-
woods still exist where they do. Some studies estimate that
fog and dew add at least an extra 10% to the effective total of
rainfall for redwood regions.

For similar reasons, humidity can affect agroecosystems.
Crops grown in the redwood forest region, for example, may
benefit from the extra moisture that fog and dew provide;
farmers of crops such as Brussels sprouts, lettuce, and arti-
chokes use less water as a result.

The reader should keep in mind that water in the atmo-
sphere is only one aspect of a larger set of environmental
factors affecting plants—those involving the atmosphere as
a whole. Patterns of movement and change in the atmosphere
influence not only rainfall patterns but also wind and varia-
tions in temperature. Combined, atmospheric factors make
up climate (when we are referring to the annual average con-
ditions) and weather (when we are referring to the climatic
conditions at one moment in time).

PRECIPITATION

Although dew and fog can contribute significant quantities
of moisture to some regions, the primary (natural) source of
water for agroecosystems is precipitation, usually in the form
of rain or snow. Precipitation contributes moisture to the soil
directly, and in irrigated agroecosystems it does so indirectly
by being the ultimate source of most irrigation water.

HybprorocicaL CycLE

Precipitation is part of the hydrological cycle, a global pro-
cess moving water from the earth’s surface to the atmosphere
and back to the earth. A diagram of the hydrological cycle is
presented in Figure 6.1. The core of the hydrological cycle is
made up of the two basic physical processes of evaporation
and condensation. Evaporation occurs at the earth’s surface,
as water evaporates from soil, bodies of water, and other
wet surfaces. Evaporation of water from inside the bodies
of plants also occurs on the surface of leaves. This kind of
evaporation, called transpiration, is part of the mechanism
by which plants draw water from the soil into their roots (see
Chapter 3). Evaporation from all these sources is collectively
termed evapotranspiration.
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FIGURE 6.1 The hydrological cycle.

When the absolute amount of water vapor in the air is suf-
ficient to approach or exceed 100% relative humidity, con-
densation begins to occur. Small water droplets form and
aggregate to create clouds. Precipitation occurs when drop-
lets of water in clouds become heavy enough to fall. This
usually happens when the moisture-containing air rises (by
being forced up a mountain by winds or rising on currents
of warm air) and begins to cool. As the air cools, its ability
to hold moisture in vapor form or as very small cloud drop-
lets begins to decrease, resulting in more condensation and
aggregation of droplets. This cooling and condensing process
is called adiabatic cooling. The precipitation formed by adia-
batic cooling falls to earth, enters watersheds or the ocean,
and eventually returns to the atmosphere.

Typres oF RAINFALL

The precipitation part of the hydrological cycle is highly
variable. Masses of moisture-laden air are constantly being
moved over the earth’s surface by the complex movements
of the atmosphere. Rainfall (and other forms of precipitation)
occurs locally in different ways depending on latitude, sea-
son, temperature, topography, and the movement of the air
masses. In general, however, rainfall can be classified into
three types depending on the mechanism that produces the
adiabatic cooling of the moist air mass.

Convective Rainfall

Convective rainfall occurs when high levels of solar gain heat
the air close to the ground, causing it to rise rapidly, cool,
and condense the moisture it contains. Often the rising air
draws moisture-laden air in from some distant source, such
as a lake, gulf, or ocean. The rain associated with summer
thunder clouds is an example of convective rainfall. High
winds, and even tornadoes, can accompany these storms,
as can lightning and localized fires. In many regions, such
as the American Midwest, agroecosystems are dependent
on this type of rainfall, at least at certain times of the year.
Traditional Hopi agriculture in the southwest of the United
States is completely dependent on convective rainfall, with
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the torrent that often accompanies these storms being chan-
neled down washes from the mountains and then spread out
over planted fields at the mouths of the canyons.

Orographic Rainfall

Orographic rainfall occurs when a moisture-laden air mass
meets a mountain range that forces it up into the cooler
layers of the atmosphere. Such precipitation occurs on the
western flanks of California’s Sierra Nevada—as rain in the
foothills and as snow at the higher elevations. This precipi-
tation is an important replenisher of streams and aquifers,
which later become sources of irrigation water downstream
in drier locations. Agriculture in a region such as the Great
Central Valley of California would not be possible without
orographic precipitation in nearby mountains.

Cyclonic Rainfall

This type of rainfall is associated with areas of low atmo-
spheric pressure that form over the ocean. Warm, moisture-
laden air rises, creating a low-pressure area. As this air rises,
it cools, forms precipitation, and then falls back toward the
ocean surface where it can collect more moisture. In addi-
tion, the air currents of this self-perpetuating system begin to
revolve counterclockwise around the low-pressure area, and
the entire system begins to move. The revolving air currents
form the characteristic cyclonic storms and frontal systems
we can see on weather maps. When one of these cyclonic
systems moves ashore, the moisture-laden air masses may
be forced up against mountain masses, creating rainfall with
both orographic and cyclonic causes (Figure 6.2).

DESCRIBING RAINFALL PATTERNS

Each region of the earth has its characteristic patterns of
precipitation. The total amount of precipitation received in a

FIGURE 6.2 A cyclonic storm system over the eastern Pacific
as seen by the NOAA’s GOES West satellite on February 28,
2014. (Photo courtesy of NOAA.)
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typical year, its distribution throughout the year, the intensity
and duration of precipitation events, and the regularity and
predictability of the precipitation patterns are all important
determinants of the opportunities for, and constraints upon,

TABLE 6.1

Monthly and Seasonal Rainfall Totals in Inches at Cottonwood Canyon,

Cuyama Valley, Santa Barbara County, CA

Season Sep  Oct Nov Dec
1996-1997 0.0 2.3 2.12 431
1997-1998 0.2 0.1 3.65 4.93
1998-1999  1.43 0.18 0.87 0.93
1999-2000 0.0 0.0 0.9 0.04
2000-2001 0.0 1.06  0.02 0.17
20012002  0.5% 058 24 2.54
2002-2003 0.0 0.0 3.73 2.06
2003-2004 0.88> 045 044 1.88
2004-2005 0.0 425 0.06 4.32
2005-2006 0.0 1.25  0.09 224
20062007  1.0¢ 0.5 0.03 1.34
2007-2008  0.36 0.1 0.15 2.1

2008-2009 0.0 0.0 1.08 1.95
2009-2010  0.07 1.17  0.08 3.39
20102011  0.02 1.65 233 1093
20112012 0.34 0.7 2.10 0.11
2012-2013 0.3 0.0 0.65 0.94
Averages 0.3 0.84 122 2.6

Jan
5.6

6.75
0.23
1.91
5.32
0.08
2.28
0.42
7.06
3.84
0.11
7.67
0.03
5.65
0.53
0.0

2.75
2.95

Rainfall from June to August is usually negligible.

2 All from late July.
b All from late July/early August.
¢ All from July.

Feb Mar Apr May Total
0.37 0.0 0.0 0.0 14.7

12.66  3.76 1.78 1.82 35.65
34 2.29 085 0.0 10.18
299 485 2.6 0.18 13.46
505 5.6 235 0.0 19.52
0.8 0.87 0.03 0.2 8.2
1.64 23 0.95 1.2 14.16
1.98 2.90 0.1 0.0 9.05
225 230 0.66 0.75 21.65
0.56 6.21 5.06 040 19.65
1.83 1.35 031 0.0 6.47
2.08 0.1 0.0 0.15 12.71
3.95 1.52 047 0.58 9.58
425 054 1.85 034 17.34
3.04 647 0.33  0.68 25.98
1.65 3.05 225 0.0 10.2
0.0 0.78 0.0 0.0 5.42
2.85 2.64 1.13 0.37 14.94

agriculture in a particular region.

In the following, these facets of rainfall patterns are
described using rainfall data collected by the author in the

Cuyama Valley, CA. These data are shown in Table 6.1.

Average total annual rainfall. The total amount
of precipitation that falls in an area during an
average year is a good indicator of the moistness
of that area’s climate. From an ecological per-
spective, however, it is also important to know
how much variability there can be in this rainfall
amount from 1 year to the next. Extremes at either
end of the average can have significant negative
impact on an agricultural system, even if that
extreme only occurs rarely. Table 6.1 shows that
in the Cuyama Valley the annual total is highly
variable: during the 17-year data collection period
there were 8 drought years, 3 years of near-normal
precipitation, 4 wet years, and 2 excessively wet
years (associated with El Nifio patterns in the
Pacific Ocean).

Distribution and periodicity. This refers to how
rainfall is spread out through the year, both on

average and during a specific year. In many parts of
the world, rainfall is distributed in such a way as to
create predictable wet and dry periods; the Cuyama
Valley, where precipitation is largely confined to
the period from October to May, is a good example.
Within this overall climatic distribution pattern,
however, rainfall is often distributed differently
each year: if the data for the Cuyama Valley were
graphed, for example, the peaks and valleys for each
year would not correspond, and some years, such as
2004-2005, would show much more evenly distrib-
uted rainfall than others.

Intensity and duration. The absolute amount of
rainfall in a long time period such as a month or
even a day does not fully describe the ecological
relevance of the rainfall. How intense the rainfall
is, and for what length of time that rainfall occurs,
are important aspects. Two inches of rainfall in
less than an hour can have very different ecologi-
cal impacts than a 2 in. rain spread over 24 h. For
example, of the 12.66 in. of rainfall recorded during
February 1998 in the Cuyama Valley, over 8 in. fell
in one 3 h rainfall event, with associated excessive
runoff and flooding.

Availability. It is also important to know how much
of the rainfall becomes available as soil moisture.
Does it penetrate into the root zone? What were the
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weather conditions immediately following the rain-
fall event? What was the temperature and what were
the wind conditions? The dry year of 2011-2012
was accentuated by extremely hot temperatures in
June and July. The 2012-2013 year was extremely
difficult because rainfall occurred as 0.25-0.50 in.
events that did not soak into the root zone and evap-
orated from the surface.

* Predictability. Every region has a characteristic
degree of variability in its rainfall patterns. The
higher the variability, the less predictable the rain-
fall for any particular time period. The rainfall
data in Table 6.1 show that the Cuyama Valley has
fairly high variability, for example. Based on these
data, a farmer could not count on there being at
least 1 in. of rain in April, even though the 17-year
average for that month is 1.13 in. And even though
the annual average is about 15 in., in most of the
last 10 years rainfall totals were either much less or
much greater. Such extremes rather than the aver-
age are typical of what climate change seems to be
presenting.

Additional aspects of rainfall may be relevant from an agro-
ecological perspective as well. For example, it may be impor-
tant to know how much moisture was in the soil when rainfall
occurred, as well as the stage of crop development. In the Paso
Robles and Santa Maria regions of California, for example,
two storms with total rainfall of about 1.5 in. occurred dur-
ing the first 2 weeks of September in 1998. Since most grapes
were still on the vine at this time, the rains damaged the crop
(in most years, significant rainfall does not occur until early
November, after the grapes have been harvested). The lack
of any penetrating rainfall in the latter part of the 2012-2013
year, on the heels of a previous dry year, caused severe plant
stress and significant yield drops.

RAINFED AGROECOSYSTEMS

Agriculture in most of the world is carried out using natural
precipitation to meet the water needs of crops. These rain-
fed agroecosystems must adjust to the distribution, inten-
sity, and variability of the rainfall that is characteristic of the
local climate. The challenge is either to maintain a balance
between precipitation (P) and potential evapotranspiration,
(PET) by manipulating evapotranspiration or to somehow
work around a water deficit (P — PET < 0) or a water surplus
(P-PET > 0).

Several examples of how agroecosystems function within
the constraints of local rainfall regimes are presented in the
following, providing another way of examining the aspects of
sustainability inherent in farming approaches that work with
ecological conditions rather than striving for their alteration
or control. These examples were chosen to cover the range
from very wet to very dry rainfed agriculture. The aspects of
managing moisture once it gets into the soil will be described
in more detail in Chapter 9.
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AGROECOSYSTEMS ADAPTED TO A LONG WET SEASON

In very humid regions with extended rainfall, farmers are
concerned more with excess water than with water deficits.
Frequent and heavy rainfall creates problems of waterlogging,
root diseases, nutrient leaching, abundant weed growth, and
complications for most farming operations. Even wetland-
adapted crops such as rice or taro are difficult to manage in
regions with a long wet season. Conventional approaches to
excess precipitation most often look to some type of major
habitat modification such as drainage projects and flood con-
trol. An agroecological approach to an extended wet season,
in contrast, looks for ways to accommodate the system to the
excess moisture.

A very interesting and productive use of land that is
flooded for the entire wet season is seen in Tabasco, Mexico
(Gliessman 1992a). This region receives more than 3000 mm
of rainfall distributed over a long wet season that extends
from May until February of the next year. The staple local
crop of corn is planted on higher ground around wetlands
that are shallowly flooded during most of the year. In March,
however, the drop in rainfall permits the planting of another
corn crop. Low-lying areas dry out enough for the soil sur-
face to become exposed. Farmers follow the receding water
line with this special corn planting, known locally as the
March planting or marceiio.

During much of the year constant rainfall keeps the low
areas inundated to a depth that ranges from a few centimeters
to as much as a meter. The marsh vegetation that densely cov-
ers these areas during the wet season is felled quickly with
machetes as the water level recedes. A very dense, 10-20 cm
mat of organic matter is produced by this process. Seed is
planted into holes made with a pointed stick driven into the
mat. About a week after the sowing, fire is used to burn part
of the organic mat, as well as to kill back any weed seed-
lings or sprouts of the marsh plants. The burning must be
timed so as to burn only the dry leaves on top of the mat and
not the moist lower layers or the soil. The corn seed, planted
10-15 cm below the surface of the soil, is not harmed by
the fire. Local short-cycle varieties of corn (2—3 months from
planting to harvest) are most frequently used. The practice
of using seed from the previous harvest for the subsequent
planting favors the use of local varieties, rather than the pur-
chase of hybrid or “improved” seed produced at distant loca-
tions. The name of one corn variety—mejen, from a Maya
word meaning “precocious” or “early maturing”—shows the
link to the past that this system may have (Figure 6.3).

The corn grows very quickly in this system, and when
fire is not used excessively and flooding is allowed to occur
every year, weeding is usually not necessary. After about 2V2
months of growth the mature cornstalks are “doubled over”
just below the corn ear, facilitating final drying of the grain
for another 2—4 weeks before harvest. Yields of 4-5 tons/ha of
dry grain are common, with some yields reaching 10 tons/ha.
This is many times the average yield of 1-1.5 tons/ha for
mechanized production on lands that have been cleared and
drained in the same region. These greater yields are obtained
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FIGURE 6.3 The local variety of corn called mején close to
maturity 10 weeks following planting in Cardenas, Tabasco,
Mexico. This site is a wetland normally flooded for 8-9 months
out of the year.

at a fraction of the input costs and labor invested in mecha-
nized production systems (Amador 1980).

Following the harvest, all crop and noncrop residues end
up on the soil surface. This contributes to a key element in
the productivity of the system—maintenance of organic mat-
ter in the soil. Soil profiles demonstrate the presence of a
thick, organic-rich soil to a depth of 30-40 cm below the
surface. During the 9-month inundation, organic matter
produced by the marsh plants or left by the previous crop-
ping cycle is incorporated into the soil and conserved in the
anoxic conditions under water. In addition, nutrient minerals
that enter the system with surface drainage are captured by
the highly productive aquatic sector of the ecosystem. These
factors result in the formation of a soil that has organic matter
levels over 30%, total nitrogen as high as 3%, and high levels
of other important plant nutrients. The key element in the
management of this system, then, is the way in which inun-
dation during the wet season is taken advantage of. When
the system is drained artificially in an attempt to extend the
cropping season, the organic layer in the soil can be reduced
to 5 cm in less than 2 years, and yields drop dramatically.

AGROECOSYSTEMS ADAPTED TO ALTERNATING
WET-DRY SEASONS IN THE TROPICS

Many parts of the world have a monsoon-type climate in
which average annual rainfall is relatively high, but nearly all
the rain falls during a wet season of medium length. Farmers
in these areas have to deal with excess rainfall at one time,
and a lack of rainfall at another.
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FIGURE 6.4 A camellon (raised field) near Ixtauixtla,
Tlaxcala, Mexico. The field is planted with rotational strips of
alfalfa and intercropped corn and beans; alder trees mark the edge
of the canals dug to raise the field. The compost in the foreground
is used as a fertilizer.

A very interesting and productive agroecosystem in such
an alternating rainfall regime has been observed in the state
of Tlaxcala, Mexico (Wilken 1969; Gonzilez Jicome 1986;
Anaya et al. 1987; Crews and Gliessman 1991). In an area
known as the Puebla basin, a triangular floodplain of about
290 km? is formed where the Atoyac and Zahuapan rivers
meet in the southern part of the state. Average annual rain-
fall is about 700 mm. A large part of the basin floor has a
water table <3 ft below the surface during much of the year,
with soils that are poorly drained and swampy. In order to
make such land agriculturally productive, most present-day
agronomists would probably recommend draining the region
so that large-scale mechanized cropping practices could be
introduced. But the local, traditional cropping systems pro-
vide an alternative that makes use of the high water table and
rainfall distribution in the watershed (Figure 6.4).

Using a system that is prehispanic in origin, raised plat-
forms (locally called camellones) have been constructed
from soil excavated from their borders, creating a system of
platforms and canals (called zanjas). Individual platforms are
15-30 m wide, 2-3 m high, and 150-300 m long. A diverse
mixture of crops are grown on the platforms, including inter-
cropped maize, beans, and squash, vegetables, alfalfa, and
other annuals. Crop rotations with legumes such as alfalfa
or fava beans help maintain soil fertility, and the crop mix-
tures themselves help in weed control. Soil fertility is also
maintained with frequent applications of composted animal
manures and crop residues. Much of the feed for the animals
comes from alfalfa grown on the platforms, or from residues
of other crops that cannot be directly consumed by humans
(e.g., cornstalks). Supplemental feed for animals is derived
from the noncrop vegetation (i.e., weeds) that is selectively
removed from the crop area, or periodic harvests that are
made of the ruderals and natives that grow either along the
canals or directly in them as aquatic species. This latter
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source of feed can constitute a very significant component of
livestock diets during the dry season.

A very important aspect of this traditional agroecosys-
tem is the management of the complex set of canals. Besides
originally serving as a primary source of soil for raising the
platform surfaces, they also serve as a major reservoir of
water during the dry season. Organic matter accumulates in
the canals as aquatic plants die, leaves from trees along the
canal borders fall into the water, and even weeds from the
crop field are thrown into the canals. Soil from the surround-
ing hillsides and the platforms is also washed into the canals
by the heavy wet-season rains. Every 2-3 years the canals
are cleaned of the accumulated soil and muck, with the exca-
vated materials being applied as a nutrient-rich top dressing
on the platforms.

The canals thus play a very important role in the sustain-
ability of this agroecosystem. They function as a nutrient
“sink” for the farmer, and are managed in ways that per-
mit the capture of as much organic material as possible.
Supplemental irrigation water can be taken from them in
the dry season, and the plants rely greatly on moisture that
moves upward through the soil from the water table by
capillarity. The raised platforms provide suitable planting
surface even during the peak of the rains. Water levels in
the canals are controlled by an intricate system of intercon-
nected canals that eventually lead to the rivers of the basin,
but flow in the canals is very limited. Farmers often block
the flow of canals along their fields during the dry season in
order to maintain a higher water table, and even in the wet
season, water flow out of system is minimal. Only at times
of excessive rainfall do appreciable quantities of water
drain from the area. Rainfall is both an input and a tool
in the management of the system, and permits year-round

cropping.

AGROECOSYSTEMS ADAPTED TO SEASONAL RAINFALL

Outside of the wet tropics, a common rainfall regime is
one in which one or more wet seasons are interspersed
with relatively long dry seasons. In these areas, crops are
often planted at the beginning of the rainy season, grow
and develop while there is moisture in the soil, and become
ready to harvest at the end of the wet season or the begin-
ning of the dry season.

This kind of wet-season cropping takes many forms. In
much of the midwestern heartland of the United States, for
example, spring wheat, corn, and soybeans are planted in
the late spring and depend on convective summer rainfall
to develop. In Mediterranean climates around the world, the
mild, wet winters and dry summers are appropriate for grain
crops such as oats, barley, and rye grown in winter, with the
land being left fallow or grazed during the summer unless
irrigation can be provided.

A seasonally rainfed cropping system of considerable
importance is the Mesoamerican corn/bean/squash polycul-
ture system. Adapted to a wide range of rainfall intensities
and amounts, this intercropping system is found throughout
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much of Latin America (Pinchinat et al. 1976; Laing et al.
1984; Davis et al. 1986). These three crops are planted in
many different arrangements, sequences, and patterns, some-
times only two of them together, and at other times all three.
But regardless of the combination, it is the arrival of the rainy
season that determines planting.

If shifting cultivation practices are used, clearing and
burning takes place during the dry season. Sometimes farm-
ers wait to burn until after the first rains of the wet season
dampen the lower layers of the slash. Since these first rains
are most often interspersed with periods of sun, the upper
layer of the slash is dried enough between rains to carry a fire,
while the newly acquired moisture below prevents excessive
heat from reaching the soil. Crop seed is then planted into
a mulch made up of nutrient-rich ash and a protective layer
of unburned organic matter. This practice achieves the dual
goals of nutrient supply and soil erosion protection. Soil pro-
tection is important in many areas where this crop system is
used, since the early rains of the season occur most often as
intense, convective showers.

Once the rains begin, crop seeds germinate and develop
quickly, covering the soil and protecting it against the con-
tinued rains. The amount of time it takes for the crop to
mature (from 4 to 6 months) depends on the length of the
wet season.

In areas such as the wet lowlands of Tabasco, Mexico, two
corn crops can be planted because the wet season is longer
and characterized by a bimodal distribution, with one rain-
fall peak in June/July and another in September/October.
One crop is planted in May at the beginning of the wet
season, with fire being used to clear the slash, and the crop
(called milpa de arfio) being harvested in September. The
second crop (called fonalmil) is planted just following the
second rainfall peak in late October or November for har-
vest at the beginning of the dry season in late February. The
second crop depends greatly on the presence of residual soil
moisture extending into the dry season, and since the crop
is planted during the wet season, any slash on the surface at
planting is not burned. Different local varieties of corn are
used in each planting system.

DRrYLAND FARMING

In many parts of the world, rainfall during the cropping sea-
son does not meet the needs of the crop, either because the
area does not receive enough rainfall to offset moisture lost
through evapotranspiration, or because the cropping cycle
does not coincide with the wet season. The type of agricul-
ture developed in such climates—when irrigation is not an
option—is termed dryland agriculture or dry farming.
Dryland agriculture is defined as crop production with-
out irrigation in semiarid regions of the world where annual
rainfall is mostly between 250 and 500 mm. But total rainfall
is only one influence on dryland agriculture; annual and sea-
sonal variations in temperature and the type and distribution
of rainfall are key factors as well. The traditional agriculture
in most dryland regions is pastoral in nature, with cultivated
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crops limited to small areas farmed by hand tools or animal
power. Today, mechanization has added a new dimension to
dry farming, but the types of tillage, seeding management,
and harvest procedures remain much the same. In many
countries hand labor still plays a major role.

The most important aspects of dry farming are (1) the use
of some type of cultivation system that promotes the penetra-
tion of rainwater into the soil profile and its storage there,
and (2) the frequent use of summer fallows or rest seasons
to allow replenishment of water reserves depleted by crop-
ping. Other practices can be important as well. Cultivation of
the surface soil during the cropping cycle is used to control
potential water-using weeds and to create a “dust mulch” of
pulverized surface soil that reduces the proportion of large
pores, breaks capillary connections, and therefore reduces
evaporation (see Figures 6.5 and 6.6). Drought-resistant cul-
tivars are often planted to reduce moisture use. Altogether,
these practices allow a much higher proportion of the mois-
ture from rainfall to be channeled through the crop rather
than to pass from the soil to the atmosphere.

The most highly developed modern dryland agricul-
tural systems, at least in terms of intensive management
and technology, are in Australia, Canada, and the United
States. In all of these regions, grain crops are the primary
focus. In Australia, however, wheat in rotation with graz-
ing, especially for sheep and wool production, has led to
the development of unique systems where a grain crop is
grown alternately with pasture. Pasture actually allows for
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FIGURE 6.5 Dry-farmed tomatoes in Santa Cruz, CA. A cul-
tivated soil mulch keeps moisture close to the surface and controls
weeds during the rainless summer growing season.

the replenishment of moisture reserves necessary to produce
a grain crop.

A unique example of dry farming occurs in coastal central
California, where several vegetable crops are planted, either
from transplanted seedlings or direct seeding, at the begin-
ning of the dry Mediterranean summer in May. Rarely does
rainfall occur in summer in this climate, so these vegetable
crops must rely solely on the moisture reserves stored in the

CASE STUDY: DRY-FARMED GRAPES AND OLIVES AT

CONDOR’S HOPE RANCH, CUYAMA VALLEY, CA

Wine grapes and olives have been grown in the semiarid and arid regions around the Mediterranean Sea for several
millennia, and except for very recent historic time were most likely grown without irrigation during the dry time of the
year. Contemporary versions of this nonirrigated grape production system still exist today; in fact in some regions of
southern Europe, it is illegal to irrigate out of concern for the changes that might be wrought in the quality of the wine
produced. When immigrants from these regions came to California, they brought the culture of their dry farming sys-
tems with them, and many successful examples of the vineyards they planted are still producing in several well-known

wine-growing regions of the state.

One example of the dry farming of both grapes and olives can be found at Condor’s Hope Ranch in the Cuyama Valley
of northern Santa Barbara County, CA. In a geographic location that receives an average annual rainfall of 12—15 in., this
small family-owned and operated farm is considered to be on the margin for successful dry farming. But both grapes (first
planted in 1994) and olives (planted in the year 2000) have been successfully grown and yield wine and oil of excellent
quality. Despite the fact that some years have lower-than-average rainfall (see Table 6.1), the rain that does fall each winter
maintains enough moisture in the soil so that the plants can withstand even dry years with little or no dry-season irrigation.

When new grapes are planted, very light and frequent waterings are applied during the first year using an underground
drip system with a riser at each plant. During the second and third years, waterings are less frequent but of longer dura-
tion. This method trains the plants to keep going deeper for their water, helping them establish root systems that will be
able to tap the large belowground soil moisture reserve. After the third year, the grapes are not irrigated at all—unless
exceptionally dry conditions require it, and even then the water used (no more than 40 gal/plant) is very modest compared

with conventional systems.

But dry farming is more than just the absence or limitation of irrigation. Plants must be spaced sufficiently to allow
each plant to obtain the moisture it needs from the soil. On the cobbly alluvial sandy loam soil of the ranch, a 10 ft x 10 ft
spacing is used for grapes and 20 ft x 20 ft for olives. This means that the plants are much less dense than in conventional

plantings, leading to a much lower per-acre yield of fruit.
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Cultivation is the key process for moisture conservation. Soil cultivation is done as soon as the rains stop at the end of
the winter, and it is critical to do this while there is still moisture close to the surface and before evaporation causes much
loss. The first step is to mow the vetch/oat covercrop and any vine prunings on the ground. The next step is to disk with
a small conventional offset disk to incorporate the mowed organic matter. After letting the organic matter decompose
for about 2 weeks, a center split disk is used to break up the soil clods and pull soil back to the center of the rows away
from the plants where it was thrown by the first disking. (Interestingly, the few degrees of heat decomposition generates
during this time can provide a bit of protection from light late frosts.) The final and most important step in cultivation is
done with a harrow with three rows of implements: the first a set of spring sweeps, the second a row of spikes, and the
third a roller chopper (see Figure 6.6). This harrow leaves a dust mulch, a uniform 3—4 in. thick moisture-trapping layer
of dry soil. The word dust is really a misnomer, since a true dust is highly susceptible to wind erosion. Proper cultivation
leaves a dry layer of soil with good crumb structure that resists the wind. The moisture conserving capacity of the dry
layer comes from the breaking of capillarity of the water column in the soil at the contact between the dry layer on top
of the moist soil below. If more rain occurs and capillarity is reestablished, the harrow is pulled through the vineyard
again right after the rain. No weeding needs to be done during the growing season, since all weeds are removed by the
spring cultivation.

Because the soil cultivation for moisture management requires cross cultivation in both directions along the plant
rows, the grapes cannot be trained in the cordon style on wires between plants in a row. Instead, the grapes are “head
trained” and free standing (Figure 6.6).

With rainfall variability, there is also yield variability. In a wet year, about 2 tons of grapes to the acre can be
harvested. But in a very dry year, yields might only be a third of that. The quality of the wine produced from the
grapes, though, is enhanced by dry farming. Grapes are not diluted by excess moisture so that full fruit flavors come
forward. In dry years, grapes are smaller, leading to more contact between juice and skin during fermentation. And
with the variability in rainfall from year to year, each vintage is a unique expression of the relationship between dry
farming, rainfall, and the vineyard. Olive harvests seem to be much less impacted by dry years, since well-established
olive trees have a much deeper and more extensive root system, and are hence more drought tolerant. As a means of
compensating for lower and more variable yields, Condor’s Hope sells the wine and olive oil produced from its small
5-acre planting directly to consumers at farmers’ markets in Santa Cruz, CA, and through a wine club, where a fairer
price is obtained for both the farmer and the buyer. Through these direct transactions, the grower can share the story
of the dry farm system.

FIGURE 6.6 A special harrow used to create the dry-farm dust mulch. A uniform layer of dry soil on top of the moist soil below
breaks capillarity and reduces evaporative moisture loss.
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soil. Tomatoes seem to be a crop that is particularly well suited
to this system. Tomato seedlings are planted deeply into moist
soil in May, with no irrigation applied. Cultivation of the soil
surface maintains a weed-free dust mulch, and because the soil
surface is dry and no rain occurs during the growing season,
the plants are not staked or tied, and fungal disease is a minor
problem. Harvest begins in late August and continues until
the first rains of the new wet season, usually in late October or
early November. Tomatoes harvested from this system have a
reputation for more concentrated flavor (Figure 6.5).

The sustainability of dry farming systems must be
weighed against the potential loss of soil organic matter from
the upper soil levels with the dust mulch system, the danger
of soil erosion from wind and rain because of the low level of
soil cover, and the unpredictability of soil moisture availabil-
ity as a result of variable rainfall during the fallow period.
But as a way of farming in areas with low and unpredictable
rainfall, dry farming can be a low-external-input alternative.

WATER HARVESTING SYSTEMS IN ARID REGIONS

In warm regions of the world with arid climates (less than
250 mm annual precipitation), lack of rainfall is a severe lim-
iting factor for agriculture. In many such places, however,
rainfall does occur with some regularity in the form of short,
torrential showers, and it is possible to “harvest” this water
by collecting and concentrating rainfall runoff.

In the Negev desert of Israel, once-abandoned systems
of small catchment runoff farms have been reconstructed
and made to produce crop yields equivalent to those of irri-
gated farms in the same region (Evenari 1982). The farm unit
consists of catchment areas for rainfall on the slopes of the
watershed surrounding flattened drainage channels where
runoff is collected. Low rock walls channel rain runoff down
into the small floodplain of the channels. This system can
collect 20%—40% of the rainfall that occurs, and removing
loose rock from the soil surface on the hillsides can increase
runoff collection to as much as 60%. Small rock check dams
in the larger channels at the bottom of the slopes concen-
trate runoff to a depth sufficient to allow water to penetrate
to approximately 2 m into the soil, after which the soil dries
and leaves a crust relatively impervious to evaporative water
loss. As each check dam fills, it spills over into others below,
watering a complex system of floodplain farm plots. Crop
yields of grains such as barley and wheat, and fruits such as
almonds, apricots, and grapes, are quite respectable for such
an arid region. Rather than attempting to create large reser-
voirs of water that would mostly evaporate in such a climate
(and accumulate nutrient-rich sediments), both water and
nutrient-rich sediments are stored on-site in the water harvest
system (Figure 6.7).

A similar system still is used in the arid American
Southwest, where native American groups such as the Hopi
and Papago have been practicing a form of water harvesting
for many centuries. The flow from heavy convective rainfall
in the mountains during the summer is diverted over alluvial
fans as a shallow sheet of runoff, rather than being allowed
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FIGURE 6.7 Fruit and olive trees in the Negev Desert near
Avdat in Israel. Rainwater is harvested from the surrounding hill-
sides to provide soil moisture for the orchard.

to concentrate in a stream channel. This sheet of water then
“irrigates” annual crops of corn, beans, squash, and other
local crops. The upper watershed is not manipulated as in
the Negev system, but similar manipulation of runoff on the
floodplain below takes place. The goals of both agroeco-
systems are to work within the constraints and limits of the
natural rainfall regime.

GRAZING SYSTEMS

In regions where rainfall is both limited and highly unpre-
dictable, natural vegetation is made up of a mixture of water-
seeking, drought-resistant shrubs and perennial grasses, as
well as annual species that can germinate and complete their
life cycles in the short period that water is available. The
drought tolerance of the perennials is combined with the
drought avoidance of the annuals to form a system that can
produce biomass during most of the year. In many parts of
the world, this type of ecosystem is associated with exten-
sive populations of native grazing animals. When we con-
sider the ability of grazing animals to move in search of
adequate forage, such ecosystems reflect considerable adapt-
ability and diversity.

Many managed grazing systems take advantage of the
ability of pasture or range ecosystems to maintain production
of biomass in the face of low and highly variable rainfall. In
most cases, natural range is managed with specific stocking
rates and timing to adjust to the natural dynamics of plant
growth in response to rainfall. Animals are moved from one
part of a range to another during the year as forage avail-
ability shifts. In other cases, such range is improved with the
introduction of drought-tolerant forage species that are very
successful under drier conditions.

In a world in which increasing consumption of animal
products and ecologically inefficient and degrading meth-
ods of raising livestock represent some of the most seri-
ous threats to the integrity and long-term productivity of
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our food systems, many traditional and managed grazing
systems in low-rainfall regions stand as good examples of
sustainable animal-based food production. We will discuss
grazing systems in more detail in this context and others in
Chapter 19.

CorPING WITH INCREASED VARIABILITY OF PRECIPITATION

Since the beginning of agriculture thousands of years ago,
the managers of rainfed agroecosystems have had to cope
with the vagaries of precipitation. Sometimes the rains are
late, and sometimes they never come. Droughts can last years
and even decades. Occasionally too much rain falls during
a short period, flooding fields, damaging crops, and wash-
ing away the soil or making it unworkable. Climatologists
and atmospheric scientists are predicting that climate change
will almost certainly make these challenges even more dif-
ficult. Precipitation will become more variable and more
unpredictable in the coming decades. The extremes of pre-
cipitation—droughts and high-rainfall events—are likely to
become more frequent, and droughts will probably be deeper
and longer lasting.

In a world in which drought is more common and rain-
fall less predictable, it might seem that in the more arid
regions rainfed agroecosystems will be at greater risk than
those that have exploited other sources of water through
infrastructures of irrigation. This may be true on a short-
term basis, but over the long term rainfed agroecosystems
will prove more sustainable because their design rests on
the assumption that rainfall can be fickle and that agroeco-
systems must accommodate themselves to this reality rather
than the other way around. Many agroecosystems that are
dependent on irrigation, in contrast, may find that the water
they use is subject to increasing demand and competi-
tion from nonagricultural users while at the same time it
becomes increasingly scarce and costly. The source of much
of the world’s irrigation water is snow, and the total mass of
snow deposited in the world’s mountain ranges each winter
is predicted to shrink considerably in the coming decades.
Similarly, the water stored underground in deep aquifers
is generally being used much faster than it is replenished
through recharge, and rates of groundwater recharge will
in most areas of the world diminish over time as well. So,
while adapting to increased variability of precipitation will
be a challenge, the alternative—attempting to avoid the
problem temporarily through irrigation—will only make
matters worse in the long run.

LESSONS FROM SUSTAINABLE SYSTEMS

Much of present-day agricultural development has appro-
ached the lack or excess of rainfall intent upon eliminat-
ing or altering conditions to fit the needs of the cropping
systems being introduced. This usually involves high levels
of external inputs of energy or materials. Irrigated systems,
of course, are the preeminent example of this approach.
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As we will see in Chapter 9, the irrigation technologies that
have been deployed all over the world to compensate for
low rainfall and to increase production have a great many
ecological consequences, including soil erosion, sedimen-
tation, salinization, damage to watershed systems, and
depletion of aquifers. At the other end of the precipitation
spectrum, there are many examples of drainage projects—
some of them massive—that have also attempted to alter
existing ecological conditions and have achieved only
limited or mixed success when evaluated in terms of crop
productivity, economic viability, and social welfare (e.g.,
Candiani 2014).

What irrigated systems and drainage projects share in
common is unsustainability. The extreme and large-scale
manipulation of hydrological regimes entailed by both
approaches is damaging to natural systems and requires
both energy subsidies and large physical inputs. Moreover,
many irrigation systems depend on using groundwater faster
than it can be replenished, and some of the land “reclaimed”
through drainage is threatened by the rise in sea levels that
will occur through this century and beyond.

By examining the nature of humidity and rainfall as we
have done in this chapter, and by learning from the exam-
ples of agroecosystems that work with local rainfall condi-
tions rather than against them, we can better understand
how to produce food without putting additional pressure
on that most precious of natural resources—water. With
population growth, increases in civic and industrial water
consumption, reductions in mountain snowfall brought
about by climate change, and the increasing likelihood
of widespread and long-term drought in many parts of
the world, the availability of freshwater is likely to be the
premier challenge for human society in the decades ahead
(Kumar 2013). We can ill afford, therefore, to keep so much
of the world’s food production dependent on using enor-
mous quantities of water. We need to intensify the search
for ways to accommodate agriculture to variable, unpre-
dictable, and frequently limited rainfall. The examples of
rainfed agriculture presented in this chapter are an excel-
lent place to start.

FOOD FOR THOUGHT

1. What are some of the benefits and detrimental effects
of irrigation as a means of overcoming limiting rain-
fall, from the point of view of sustainable agriculture?

2. How are rainfall patterns affected by topography?
How has agriculture been adapted to the variation
in rainfall patterns caused by topographic variation?

3. What are some of the possible ecological roles of a
dry season for ecosystems?

4. What is the best way to prepare an agroecosystem
for the unpredictable nature of precipitation?

5. What are some ways that farming systems of the
future might adjust to the probable changes in rain-
fall patterns caused by global climate change?
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INTERNET RESOURCES

Climate Rainfall Data Center (CRDC) at Colorado State
University
rain.atmos.colostate.edu/CRDC

Global Change Data and Information System (GCDIS)
globalchange.gov
Comprehensive data sets on all aspects of global climate
change, including precipitation.

Global Water Partnership
www.gwpforum.org/servlet/PSP

The World’s Water: Information on the World’s Freshwater
Resources
www.worldwater.org

United States Geological Survey
bgs.usgs.gov/acidrain/
On-line data and reports on acid rain, atmospheric deposi-
tion, and precipitation chemistry.
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7 Wind

Wind is not always present as a factor of the environment, but
it is nevertheless capable of having very significant impacts
on agroecosystems. These impacts are a result of wind’s abil-
ity to (1) exert a physical force on the plant body, (2) transport
particles and materials—such as salt, pollen, soil, seeds, and
fungal spores—into and out of agroecosystems, and (3) mix
the atmosphere immediately surrounding plants, thus chang-
ing its composition, heat-dispersal properties, and effect on
plant physiology.

When all these types of effects are taken into consider-
ation, what may seem a relatively simple environmental fac-
tor becomes quite complex. Wind can simultaneously have
both positive and negative impacts, or be desirable in some
instances and undesirable in others. Wind is therefore a chal-
lenging factor to manage.

ATMOSPHERIC MOVEMENT

The earth’s atmosphere is constantly in motion, circulating in
ever-changing, complex, and locally variable patterns. This
circulation is responsible for moving air masses and driving
changes in weather. It is also responsible for creating the sur-
face air movement we experience as wind.

The most basic process driving the atmosphere’s move-
ment is the differential heating and cooling of the earth’s
surface. In the equatorial regions, intense heating of the sur-
face and the atmosphere just above it causes the air to expand
and rise high into the atmosphere, creating a zone of low
pressure. Cooler surface air further away from the equator
moves in to take the place of the rising air mass, while high
in the atmosphere the heated air moves poleward. In the polar
regions, the opposite occurs. Air at the colder poles cools
much more rapidly higher in the atmosphere, and descends
to the surface, creating a high-pressure zone and the move-
ment of surface air toward the equator.

As a result of the equatorial low-pressure zone and the
polar high-pressure zones, large cells of circulation are cre-
ated in each hemisphere, as shown in Figure 7.1. The flow
of air in the equatorial cells and the polar cells creates an
additional cell in the temperate region of each hemisphere.
As aresult, there is a zone of low pressure (rising air) at about
60°N latitude and 60°S latitude, and a zone of high pressure
(descending air) at about 30°N and 30°S.

The rotation of the earth alters the flow of these large-
scale circulation cells. Air currents are deflected to the right
of the pressure gradient north of the equator and to the left
in the south. This deflection is known as the Coriolis effect.
At the surface, the end result is winds that tend to blow from

the northeast and southwest in the Northern Hemisphere, and
from the southeast and northwest in the Southern Hemisphere.
These winds, typical of certain latitudinal bands, are known
as the prevailing winds. They are shown in Figure 7.2.

Although they describe overall, macro patterns of atmo-
spheric circulation at the surface, the prevailing winds are
subject to a great deal of local and seasonal modification.
This modification is the result of a number of factors, includ-
ing the presence of mountain masses on the continents and
the temperature gradients created by the differential heating
and cooling rates of land and water.

All these factors together result in the formation of large,
mobile high-pressure and low-pressure air masses that
greatly influence local wind patterns as they move. In the
Northern Hemisphere, air circulates around high-pressure
cells in a clockwise direction and around low-pressure cells
in a counterclockwise direction. In the Southern Hemisphere,
the directions are reversed. In both hemispheres, air flows
outward from areas of high pressure toward areas of low
pressure.

LOCAL WINDS

Winds are also generated by local conditions that have to
do with such factors as local topography and proximity to
bodies of water. In certain areas these winds are relatively
predictable.

In coastal areas in the summer, as well as around large
bodies of water such as lakes or reservoirs, daytime winds
(called sea or lake breezes) typically blow toward the land
because the nearby land mass heats up faster than the body
of water. The air above the land heats up, expands, and rises,
and then the cooler air over the ocean flows inland to take the
place of the rising air. At night the process can reverse as the
land mass cools more rapidly than the water, and winds begin
to move toward the water.

Slope winds are another form of local wind. In areas of
mountainous topography, as the land radiates heat back to the
atmosphere at night, the air close to the surface cools as well.
Since cooler air is heavier, it begins to flow downslope. Such
movement is very localized at first, but eventually winds
moving down single canyons can join in an entire valley sys-
tem to create a mountain wind. During the day, the opposite
effect can occur, and a valley wind forms as heating of the
valley floor causes warm air to rise upslope.

When large air masses are forced over a mountain range
and down onto a plain or valley below, the falling air mass
expands. As aresult, it heats up and its relative humidity falls.
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FIGURE 7.2 Pattern of prevailing winds.

This heating and drying process is called katabatic warm-
ing and is responsible for the familiar rain shadow effect.
Winds caused by katabatic warming occur commonly in
the winter along east-facing slopes of the Sierra Nevada and
Rocky Mountain systems when a cyclonic storm system
moves inland and pushes air ahead of itself, forcing the air
over these mountain ranges. As the air descends down the
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eastern or lee side of the mountains, it creates warm winds
known as chinooks that can be very gusty and cause rapid
melting of snow on the surface. Since the ground usually
stays frozen during these rather short-duration winds, plants
can suffer considerable damage from desiccation.

A similar kind of wind occurs occasionally during the
summer on the coastal slopes of southern California and cen-
tral Chile. When high-pressure cells form inland, the fall-
ing air associated with these cells is pushed over the coastal
range mountains and down to the coastal plains below. Called
sundowners or Santa Anas, these warm winds can come up
quickly at the end of the day, forcing temperatures to rise
10°C-15°C and relative humidity to plummet from near dew
point to less than 20%, all in just a few minutes. This is a
time of high fire danger, and crops can be damaged by the
dry, gusting winds. A similar phenomenon can occur on the
Isthmus of Tehuantepec in southern Mexico, where during
the dry-season months, high-pressure systems on the western
side of the country create hot and dry downslope winds on
the eastern side. Called southers or sures, these winds accen-
tuate the dryness of the dry-season months.

DIRECT EFFECTS OF WIND ON PLANTS

The physical effects of wind on organisms can be of consid-
erable ecological importance. This is especially true in areas
prone to more constant wind, such as flat plains, near the edge
of the ocean, or in high mountain areas. In general, as with
all factors of the environment, the magnitude of the wind’s
effect is dependent on its intensity, duration and timing.

DEsiccATION

Each stomatal opening in the leaf of a plant leads to an air
space in which gas exchange occurs at the surrounding cell
wall membranes. This air space is saturated with humid-
ity, and as long as the stomata are open, water vapor from
inside the leaf flows out. When there is no air movement, the
movement of saturated air outward from the stomata creates
a boundary layer of saturated air around the leaf’s surface.
Air movement removes this boundary layer, increases tran-
spiration, and increases overall water loss from the plant. The
rate of desiccation increases proportionately with wind speed
until a wind speed of about 10 km/h, where a maximum rate
of loss is reached.

Normal water loss from the plant can be readily replaced
by uptake from the roots and subsequent transport to the
leaves. But if the rate of desiccation exceeds replacement,
wilting can occur. Excessive wilting can seriously affect
normal leaf function, especially photosynthesis, leading to
slower growth of the entire plant and even death.

DWARFING

There is a direct correlation between wind and shortening of
plant stature. The plants in alpine and coastal dune ecosys-
tems are often short because of relatively constant high wind
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velocities. Crop plants that grow in areas with constant wind
normally have shorter stature than the same crops planted
in areas free of wind. Short stature is the result of constant
desiccation causing smaller cells and a more compact plant.
Where winds are more variable, and extensive periods of
calm alternate with periods of high wind, plants tend not to
be dwarfed.

DEFORMATION

When winds are both relatively constant and mostly from
the same direction, they can permanently alter the growth
form of plants. Windbreaks that show bent or deformed plant
development are good indicators of a constant prevailing
wind. Deformation can take many forms, from a permanent
lean away from the wind, to a flag shape or a prostrate habit.
Windborne ice is especially effective in contributing to the
deformation of vegetation.

PLANT DAMAGE AND UPROOTING

If excessive winds are relatively unusual events, and espe-
cially if they occur during heavy rain or snowfall, wind can
cause damage to standing plants. Leaves can be shredded
or removed, leaf surfaces can be abraded, branches can be
broken off the trunk, tops can be removed, and whole plants
can be uprooted. In areas where hurricanes, cyclones, or tor-
nadoes occur, even mature plants that have been growing
many years can suffer severe damage. Single tall trees left
following selective logging are very prone to wind fall once
they lose the protective environment of surrounding trees in
a forest. This kind of damage demonstrates the importance of
windbreaks (discussed later in this chapter).

In agroecosystems, wind damage occurs most frequently
in annual crops nearing maturity, when the plants are top
heavy with grain or fruit. This type of damage, where the
crop stand is flattened to the ground, is called lodging
(Figure 7.3). In fruit crops, such as apples or plums, wind can
both diminish pollination at the flowering stage and knock
fruits off the tree before picking can occur.

CHANGES IN THE COMPOSITION OF
AIR SURROUNDING PLANTS

Apart from desiccation and the physical alteration of plant
form, wind can also change the quality of air surrounding
plants. The air immediately around an organism is important
since it is through the atmospheric medium that gas exchange
and heat exchange can take place. The atmosphere directly
affects plants by providing the CO, used in photosynthesis
and the oxygen used for respiration.

Normal air is composed of 78% nitrogen, 21% oxygen,
and 0.03% CO,. (The remaining less than 1% is a mixture of
water vapor, dust, smoke, pollutants, and other gases.) In the
immediate atmosphere surrounding plants, however, levels
of oxygen and CO, vary considerably since plants produce
oxygen and take in CO,. During the day oxygen levels close
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FIGURE 7.3 Lodged corn knocked over by gusty, rain-laden
winds near Cardenas, Tabasco, Mexico.

to plants can rise dramatically, accompanied by a drop in
CO, as a result of photosynthetic uptake. Plant growth can
be slowed if the concentration of CO, goes too low, because
photosynthesis is limited. Air movement, however, acts to
mix the air around plants, disturbing the oxygen-rich bound-
ary layer around leaves and accelerating the diffusion of CO,
toward the stomata. In this way, wind can actually be benefi-
cial to plants.

OTHER EFFECTS OF WIND

Wind impacts individual plants directly, as detailed earlier.
But wind has agroecosystem-level effects as well because of
its ability to transport materials.

WIND EroOSION

In any region with low and variable rainfall (or the potential
for drought), occasional or frequent high-velocity winds, and
high evaporation losses from the soil surface, wind erosion
of soil can be a problem. Under such conditions, a loose, dry,
smooth, and finely granulated soil surface lacking or par-
tially lacking vegetative cover is easily eroded by wind.
Loss of soil by wind erosion involves two processes:
detachment of particles and transport of particles. Wind agi-
tates loose soil particles and eventually lifts and detaches
them from the soil aggregates they may have been part of.
These particles are then transported in different ways depend-
ing on their size and the velocity of the wind. Small soil par-
ticles that bounce across the surface, staying within 30 cm
of the surface, are transported by a process called saltation.
Under most conditions, saltation accounts for 50%-70% of
the wind movement of soil. The impact of saltating particles
makes larger particles roll and slide along the surface, creat-
ing soil creep, which accounts for 5%—25% of soil move-
ment. The most visible form of transport is when particles the
size of fine sand or smaller are moved parallel to the surface
and become airborne. Wind turbulence can carry clouds of
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these airborne particles several kilometers upward into the
atmosphere and hundreds of kilometers away to eventually
settle or be washed out of the air. Generally, such erosion is
about 15% of the total, but in some cases has been known to
surpass 40%.

When agriculture is practiced in regions of the world
where unprotected soil is subject to wind erosion, great
amounts of topsoil can be lost (Nordstrom and Hotta 2004;
Smith and Leys 2009). Desertification in the Sahel of Africa
was greatly intensified in the 1970s by wind erosion of the
soil caused by drought, overgrazing, and intensive cultivation
of soils on marginal lands. The giant clouds of windblown
soil and dust generated during the great “dust bowl” of the
1930s in the United States are still one of the most graphic
examples of the physical impact of wind on farming systems
through soil loss.

Soil removal from one place and its deposition in others
are dual sides to the wind erosion problem when it occurs.
Reduced soil productivity and crop performance are the
ultimate results unless appropriate precautions are taken
when agriculture is practiced in locations subject to wind
erosion.

TRANSPORT OF OCEAN SALT

At locations along seacoasts, the physical effect of wind can
be combined with the injurious chemical effect of salt depo-
sition. When waves break, bubbles and tiny droplets of salt
water are formed and lifted into the air; in the presence of
wind, they can be carried inland and the salt they contain
deposited on leaf surfaces. Windblown salt and salt spray can
burn the edges of leaves and even cause leaf drop (Figure 7.4).

Damage from wind-transported salt can occur many kilo-
meters inland from the coast, but the most damaging effects
of salt are seen close to the coastline. Wind storms without
rain cause the most salt damage.

FIGURE 7.4 A coastal shrub showing leaf burn and leaf drop
caused by wind-deposited ocean salt near Paraiso, Tabasco,
Mexico. Note the accumulated pruning effect at the left on the part
of the plant that is directly exposed to the wind.
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The transport and deposition of salt by wind can have a
major impact on the zonation of vegetation along the coast,
and requires that only salt-tolerant crops be planted in areas
subject to deposition. In some locations, natural topographic
features along the coast, such as sand dunes, block wind-
blown salt, allowing salt-sensitive crops to be planted on their
leeward side. Avocado trees, for example, were once planted
in such protected locations along the coast of California
from Santa Barbara to San Diego (but more recently such
protected areas have become much sought-after locations for
residential home construction). Windbreaks may also be used
to achieve the same effect.

TRANSPORT OF DISEASE AND PEST ORGANISMS

Wind serves as a means of transport for a range of organ-
isms that are pests or diseases in agroecosystems. Bacteria
and fungi depend on wind to transport spores from infected
plants to new hosts, and many insect pest species take
advantage of the wind to move long distances in the envi-
ronment. Several aphids, for example, have a winged stage
for dispersal and a wingless stage for development of sed-
entary pest populations on host plants. The wings of these
aphids do not serve for much more than holding the insects
aloft while the wind carries them where it may. Of course,
if the landing site is an uninfested host plant, a pest problem
can develop.

The females of many insect pests, such as the apple cod-
ling moth, release a sex pheromone and then depend on wind
dispersal of the chemical in order to attract males for mating.
The seeds of a large number of unwanted plants or weeds in
agroecosystems are dispersed by wind as well. Since small
propagules and even small organisms can be lifted hundreds
of meters into the air on wind currents and then transported
several hundred kilometers away, it is very difficult for farm-
ers to escape the constant “rain” of potential problems. We
will deal with the agroecological management of such dis-
persal problems in Chapter 17.

BeNEFICIAL EFFECTS OF WIND

Some of the most important beneficial effects of wind take
place at the microclimatic level. Internal to the agroeco-
system, especially in the canopies of cropping systems, air
movement is essential for mixing the atmosphere. Good
air circulation maintains optimal gradients of CO,, dis-
perses excess humidity, and can even increase active gas
exchange. Adequately mixed air lowers humidity levels at
the leaf surface, thereby reducing the potential for many
diseases. In warm climates, wind also has the important
effect of enhancing convective and evaporative cooling in
the direct sun.

Wind is also required for the production of grain crops
such as corn, oats, and wheat. These crop plants are wind
pollinated, and depend on wind to distribute pollen from the
male structures of plants to the seed-producing female struc-
tures of other plants.
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MODIFYING AND HARNESSING
WIND IN AGROECOSYSTEMS

An understanding of the impacts that wind can have on agro-
ecosystems, as well as the mechanisms of those impacts,
gives farmers the opportunity to develop means of both miti-
gating the negative effects and taking advantage of positive
effects. In addition, the energy of wind can be harnessed for
an array of uses in agriculture.

MEASURING WIND

Wind is usually measured with a device known as an ane-
mometer. Cup anemometers consist of three or four horizon-
tally rotating arms with small cups on the ends fixed to a
vertical shaft that activates a dial or recorder as it turns. Such
a device will record wind from any horizontal direction,
and based on the total revolutions measured, average wind
velocity over time can be determined. A fan anemometer
can record lower wind speeds more accurately, but has to be
pointed in the direction of the wind. Thermal anemometers,
which operate on the basis of the relation between ventilation
and heat transfer, are used for very low wind speeds that are
not recorded well with fan or cup systems. Other types of
equipment exist to record wind gusts and wind direction.

Measuring average wind speed and direction is only one
part of gaining an understanding of patterns of air movement
in an agroecosystem. It is also important to know how local
wind patterns are reduced to microclimatic patterns as wind
encounters barriers. The barriers can be individual plants,
natural topographic variation, or intentionally placed barri-
ers of some kind. Use of such barriers will depend on how
they effect the wind we are trying to modify or take advan-
tage of.

TecHNIQUES FOR MODIFYING WIND PATTERNS
AND MITIGATING WIND EFFECTS

There are many ways to manage the wind environment in
cropping systems. Some are as simple as orienting the plant-
ing of rows of a crop in such a way as to funnel a prevail-
ing wind through the crop; others are more dramatic, such as
planting windbreaks or shelterbelts, or using intercropping
systems that combine wind-sensitive crops with more toler-
ant ones.

Windbreaks

Windbreaks (also known as shelterbelts and hedgerows)
are structures—usually made up of trees—that modify
wind flow for the purpose of reducing soil erosion by wind,
increasing crop yields, protecting the farmstead and other
structures, or realizing any combination of these goals.
Windbreaks are not meant to stop the wind, but rather to
change its course and rate of flow. They are usually ori-
ented perpendicularly to the prevailing wind (if their goal
is modification of flow rate) or along the flow angle of the
wind (if their goal is redirection). When trees are used to
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FIGURE 7.5
adjacent apple orchard near Lincoln, New Zealand. This wind-
break is made up of willow trees (Salix sp.).

Windbreak for improving the microclimate of an

create permanent windbreaks in agroecosystems, the result
is a form of agroforestry (Figure 7.5).

Extensive research has been carried out on windbreak
technology and the role of such structures in cropping sys-
tems all over the world (Brandle and Hintz 1988; Brandle
et al. 2004; Stigter 2010; Zhao et al. 2013). Windbreaks
have been shown to dramatically alter wind flow patterns
and velocity, and as a result, to reduce many of the negative
impacts of wind described earlier while taking advantage of
some of the positive effects. Ultimately, crop plant and ani-
mal yields benefit (Figure 7.6).

The primary effect of a windbreak is reduction of wind
velocity. A good windbreak can reduce wind velocity as
much as 80% for a distance of up to 10 tree heights down-
wind from the windbreak, and often for a distance as long
as 2 tree heights to the windward side. The area in the lee
of the barrier is known as the “quiet zone”, a wedge-shaped
area of greatly reduced wind speed with moderate turbulence
and small eddies. Above the quiet zone and for a distance of
several tree heights more downwind, there is a “wake zone”
of large eddies, more turbulence, and less reduction in wind
speed (Figure 7.7).
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FIGURE 7.6
These windbreaks reduce evapotranspirational water loss for the
irrigated annual crops grown between them.

Windbreaks in the arid region near Eilat, Israel.

Since a windbreak creates an obstacle to the wind, flow is
actually deflected upward as it approaches the barrier. Near
the top of the windbreak, flow is compressed and acceler-
ated. Just downwind and behind the barrier, flow is reduced
to close to zero with a solid windbreak, and to intermediate
speeds with a porous barrier. There is a zone of strong veloc-
ity shear just above the top of the windbreak that widens and
follows the flowline as the air moves downwind, eventually
mixing with the air in the zone of turbulence until it returns
once again to its normal speed at as much as 20-30 heights
to the leeward.

The density and porosity of a windbreak have a signifi-
cant effect on the distance over which the windbreak can
alter wind flow. Denser barriers produce the largest veloc-
ity reductions directly to the leeward, but the largest wind
shear between the retarded air behind the windbreak and
the accelerated zone above. Denser barriers also create
more turbulence, since kinetic energy loss from the original
flow must be balanced by an increase in kinetic energy in
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the eddies. This leads to a quicker recovery of wind speed
behind the barrier, and therefore a reduced protected area.
A barrier with a porosity of 40% has been shown to reduce
wind speed effectively for a distance of 30 heights downwind
(Tibke 1988).

Besides reduction of soil erosion, the most tangible effect
of windbreaks is enhancement of the final yield of the crop.
Higher yield volume is the most obvious gain, but earlier har-
vest time and better harvest quality are important benefits
as well. Less stress in the lee of the barrier allows crops to
allocate more energy to vegetative or reproductive growth
and less to maintenance. Less physical damage occurs, tran-
spirational losses are minimized, and higher temperatures
and humidity contribute to better quantity and quality of
production.

In an extensive review of research on the benefits of wind-
breaks to field and forage crops around the world, Kort (1988)
found that most of these crops show better yields when grown
in fields with windbreaks, but that some benefit more than
others. A broad-leafed forage crop such as alfalfa, with a
high rate of transpirational water loss in the wind, appears to
benefit most from a windbreak, and short-cycle grains such
as spring wheat and oats benefit the least. Kort’s findings are
presented in Table 7.1.

In a review of the influence of windbreaks on vegetable
and specialty crops, Baldwin (1988) reports that there is
overwhelming evidence to support and illustrate the posi-
tive benefits of wind shelter. Yield increases range from 5%
to 50% for a variety of crops including beans, sugar beets,
tomatoes, potatoes, melons, tobacco, berries, cacao, cof-
fee, cotton, rubber, and okra. Most benefits occur within 10
heights on the leeward side, with maximum benefits seen
between 3 and 6 heights. Benefits are also seen within 0-3
heights to windward. An example of how the improved yield
caused by a windbreak varies with distance from the wind-
break is shown for soybeans in Figure 7.8. With this crop,
peak benefit was seen at 4 heights to the leeward; interest-
ingly, however, yields were reduced within a distance of

Impermeable windbreak
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FIGURE 7.7 Wind profiles of a barrier windbreak and filter windbreak. A filter (permeable) windbreak reduces windspeed more
effectively than a barrier (impermeable) windbreak and does so over a greater distance. (Adapted from McNaughton, K.G., Agri. Ecosyst.
Environ., 22/23, 17, 1988 and Guyot, G., Les effets aérodynamiques et microclimatiques des brise-vent et des amenagements régionaux,
in: W.S. Reifsnyder and T.O. Darnhofer (Eds.), Meteorology and Agroforestry, ICRAF, Nairobi, Kenya, 1989, pp. 485-520.)
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TABLE 7.1
Relative Impacts of Windbreaks on Yields of
Various Grain and Forage Crops

Yield Increase, in Percent, Relative

Crop to Fields without Barriers
Alfalfa 99
Millet 44
Clover 25
Barley 25
Rice 24
Winter wheat 23
Rye 19
Mustard 13
Corn 12
Flax 11
Spring wheat 8
Oats 3

Source: Kort, J., Agric. Ecosyst. Environ., 22/23, 165, 1988.

Field average

Yield (t/ha)

T05n 1h 2h 3h 4h 5h 6h 7h Sh 9k 10k
Distance from windbreak
(h = height of trees)

FIGURE 7.8 Influence of windbreak protection on soybean
yield at varying distances from the windbreak. (Data from
Baldwin, C.S. and E.F. Johnston, Windbreaks on the Farm, Report
#527, Publications of the Ontario Ministry of Agriculture and Food
Provision, Toronto, Ontario, Canada, 1984.)

1 height, presumably from either shading, root competition,
or allelopathy.

With vegetable and specialty crops, crop quality improve-
ment may be as important a benefit as increased yield. Crop
quality can be improved in a variety of ways, including an
increase in sugar content in crops such as sugar beets and
strawberries, reduced abrasion by windblown sand on crops
such as melons, and earlier ripening for most crops. Since
vegetable and specialty crops are usually highly susceptible
to wind damage and wind abrasion, improvements in crop
quality are easily converted into better economic return,
which adds to the gains from yield increases.

Windbreaks have also been shown to provide substan-
tial benefits in the production of orchard and vineyard
crops (Norton 1988). Year-round protection is critical to
the survival and proper development of trees and vines.
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Orchard microclimate modification in the form of a wind-
break can improve pollination and fruit set, in turn leading to
greater yields. Mechanical damage is also reduced, improv-
ing fruit quality and economic gain. Proper windbreak design
and management can also reduce evaporation, increase the
flexibility of the application of pest management materials,
and even assist in frost management. Wind-protected tem-
perate fruits such as plums, pears, and grapes show yield
increases from 10% to 37%, subtropical fruits such as kiwi,
oranges, and lemons show yield increases up to 30% (as well
as important gains in fruit quality), and tropical fruits such
as bananas show yield gains of at least 15%, primarily due to
a reduction in lodging of the mature stems.

Planting Techniques

An alternative to permanent windbreaks made up of trees or
shrubs is the planting of annuals within the field that work
to protect the main crop from wind. Corn (Zea mays), sun-
flowers (Helianthus annuus), and a range of grain crops such
as sorghum (Sorghum bicolor) and pearl millet (Pennisetum
americanum) are examples of annual plants used for this
purpose. Such annual barriers have certain advantages over
perennial woody shelterbelts in that they are easier, faster,
and cheaper to establish, and may allow more flexibility
in the farming operations. Like windbreaks, annual bar-
rier plants reduce windspeed, thus improving moisture and
temperature conditions for adjacent plants. They are usually
planted at the same time as the main crop, often as individual
rows interspersed in the main crop. Another technique is to
plant the barrier plants (often rye) as a fall covercrop and then
to reduce this crop to alternating strips in the spring by tilling
when the main crop is planted. Research has shown that bar-
rier porosity of 40%—-50% has the best impact on crop yields,
and that plants used to form the barrier need to be resistant
to lodging, spaced according to the needs of the associated
crop and the local wind conditions, and established early
enough to give the necessary protection. Because the plant-
ing of annual windbreaks is incorporated into the process of
planting the primary crop, this technique offers considerable
flexibility to the farmer. Minimal time is lost and minimal
space is occupied by the barrier.

Sunflowers are frequently used as annual wind barriers
to improve crop conditions for tomatoes, broccoli, lettuce,
and other annual crops in windy areas of the Salinas Valley
of California, and corn is often used to protect strawberry
crops from abrasion of the leaves, fruit damage, and reduc-
tion of the dispersal of pest mites in coastal areas of central
California. Yields of annual crops such as snap beans and
fresh market tomatoes have been shown to be improved by
as much as 30% with the use of such barriers (Bilbro and
Fryrear 1988).

Crop plants themselves can also be planted to make them
more resistant to lodging and other forms of wind dam-
age. For crops that are able to produce adventitious roots
on the lower stem, deeper planting can help anchor the
plant more firmly in the ground. Cruciferous crops such as
Brussels sprouts, cabbage, and broccoli benefit greatly when
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FIGURE 7.9 Soil mounding to reduce lodging in corn (a). Seeds are planted at the bottoms of furrows (b). After a period of growth (c),
the furrows are filled in with soil from between the rows (d). Soil continues to be mounded around the corn plants as they grow (e), creating
raised rows in which the corn is firmly anchored. The technique also has the advantages of collecting scarce rainfall for the seed (b) and
allowing removal and burial of weeds when the soil between the rows is moved (d, e).

transplanted seedlings are buried deeply enough to cover
most of the stem below the cotyledons, allowing the plant to
form more roots as it develops. Otherwise, the small seed-
ling with a few leaves can be whipped around like a kite on
a string if it is too windy, eventually breaking off at ground
level. In windy areas of Mexico, corn seed is often planted
deeply in the base of a furrow, so that as the plant develops,
soil can be built up around the base of the stem as a part of
cultivation for weed control. By the time the crop is almost
fully developed, the corn plants appear to be planted on the
top of the rows, and as a result of their stronger anchoring in
the soil are much more resistant to the lodging that can occur
when convective thunderstorms create high-velocity winds
(Figure 7.9).

Timing of Planting

Crop rotations can be used to adjust cropping systems to
wind patterns. Crops prone to wind damage can be planted
during less-windy seasons (assuming that other conditions
are adequate) and followed by wind-tolerant crops. If wind
erosion is more of an issue than wind damage to the crop,
it might be advisable not to open up an entire field to the
wind. Instead, a portion of the field can be planted earlier
to one crop, which can then serve as a barrier for strips of
crops planted at a later time. Another option for preven-
tion of wind erosion is to grow low-residue crops in pro-
tected areas and high-residue crops in more exposed areas
of the farm.

Genetic Varieties Resistant to Wind Effects

A useful way to prevent lodging in grain crops is to plant a
genetic stock that is shorter in stature than usual. Local farm-
ers on the Isthmus of Tehuantepec in southern Mexico, for
example, where wind occurs throughout the growing season,
have selected for corn with a short stature, thicker stem, and
well-developed root system. These local varieties are highly
resistant to lodging. One of these varieties, called tuxpan, was
used as the genetic stock for breeding with improved green
revolution varieties to develop shorter, lodging-resistant corn
with a higher seed load, as well as to develop varieties more
appropriate for harvesting by mechanized combines.

HARNESSING WIND

We have primarily discussed ways that a farmer can manipu-
late wind in order to take advantage of its positive effects or
to mitigate the negative impacts. But wind has other uses in
farming systems that help contribute to the larger goal of sus-
tainability. Harnessing the energy of wind can help reduce
external-input and nonrenewable energy use, especially the
burning of fossil fuels. This is becoming especially impor-
tant for small farm systems and farmers in the developing
world.

Many methods of harnessing or using the wind are quite
simple. For example, the wind can be used to clean seeds of
chaff and leaves (winnowing). The wind can also be used
for drying. Harvested bean plants can be hung in preparation
for thrashing, or fruit such as raisins or apricots can be laid
out to be dried by the wind. A light breeze aids considerably
in removing the boundary layer of moisture that can form
around the plant or plant product.

Finally, windmills have been used to harness wind power
for a large range of farming activities, from pumping water
to generating electricity for use in farming operations or the
farm homestead. Farms in isolated areas, especially in devel-
oping countries, where wind is a constant factor, are espe-
cially appropriate candidates for the use of wind power.

WIND AND SUSTAINABILITY

Wind is an important component of climate and weather all
over the world. It is also a factor that often has disruptive or
damaging impacts on agroecosystems. By learning how to
design agroecosystems so they are capable of withstanding
and even mitigating the negative aspects of wind, we take
steps toward sustainability. But the most important steps will
come with the development of design and management strat-
egies that accentuate the very positive role that air in motion
can play in agriculture. In some ways, these steps may
involve a return to the use of old technologies, such as wind-
breaks and hedgerows. Nevertheless, there is a critical need
to understand the ecological basis for using such practices
or strategies. Only then can we develop another measurable
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component of sustainability, and as a result, help establish
a more active role for windbreaks, wind turbines, and the
management of daily wind patterns in sustainable farming
systems.

FOOD FOR THOUGHT

1. In certain cases, an ecological factor may be limit-
ing in the absence of wind but not limiting when
wind is present. What are some examples?

2. The most common argument for not using (or even
removing) windbreaks and shelterbelts is that they
take up valuable crop production land. What are
the primary counterarguments for this “fencerow to
fencerow” farming mentality?

3. Wind is one of those factors that can simultaneously
have negative and positive effects. What are some
possible examples of this situation? How would you
manage the wind in these examples?

4. What are some of the primary barriers to the broader
use of the free and renewable source of energy con-
tained in wind?

INTERNET RESOURCES

Wind Erosion Research Unit of the US Department of
Agriculture
www.weru.ksu.edu

Union of Concerned Scientists: Wind Power and Agriculture
www.ucsusa.org/clean_energy/smart-energy-solutions/
increase-renewables/farming-the-wind-wind-power.html

Windbreaks Guide, Ohio Department of Natural Resources
www.dnr.state.oh.us/portals/18/landowner/pdf/wind
breaks_guide.pdf
An extensive, well-illustrated guide to windbreak planting
for Midwest farmers.
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8 Soil

The word soil, in its broadest sense, refers to that portion
of the earth’s crust where plants are anchored; this includes
everything from the deep soils of a river bottomland to a
crevice in a rock with a bit of dust and plant debris. More
specifically, the soil is that weathered superficial layer of the
earth that is mixed with living organisms and the products
of their metabolic activities and decay (Odum and Barrett
2005). Soil includes material derived from rocks, organic and
inorganic substances derived from living organisms, and the
air and water occupying the spaces between soil particles. As
a distinct ecological and geophysical zone, the soil is often
referred to as the pedosphere (pedon is the ancient Greek
word for soil or earth).

Soil is a complex, living, changing, and dynamic compo-
nent of the agroecosystem. It is subject to alteration, and can
either be degraded or wisely managed. In much of present-day
agriculture, with the availability of an array of mechanical
and chemical technologies for rapid soil modification, soil
is all too often viewed primarily as a growth medium,
something from which to extract a harvest. Farmers often
take the soil for granted, and pay little attention to the com-
plex ecological processes that take place below the surface.
The premise of this chapter, in contrast, is that a thorough
understanding of the ecology of the soil system is a key part
of comprehending the soil as an environmental factor affect-
ing crop plants, and therefore in designing and managing sus-
tainable agroecosystems.

As an ecosystem unto itself, soil is more complex than the
other factors of the environment we have considered so far.
This complexity requires that we step outside the boundar-
ies of the autecological perspective to understand the inter-
actions within the soil ecosystem and the ways in which
farming practices affect this system. In this sense the soil
is also far from being an abiotic factor like those we have
examined up to this point. It is very much alive, as we will
discuss in this chapter. Nevertheless, even as we consider all
the interacting components of the soil ecosystem, including
the biotic, we can still understand the soil as a totality, an
environmental factor much like wind or temperature that has
particular effects on crop plants and can be managed for the
benefit of the agroecosystem.

PROCESSES OF SOIL FORMATION
AND DEVELOPMENT
From an agricultural perspective, an “ideal” soil is made up

of 45% minerals, 5% organic matter, and 50% space, with the
space filled half with water and half with air. It is hard to find

anything that we can call a typical soil, however, since each
site or location has unique properties that ultimately deter-
mine the final outcome of the soil formation process.

Biological processes combine with physical and chemical
processes in each particular climatic region and location to
form soil. Once formed, soil changes and develops due to
these and other biological, physical, and chemical processes.
With variations in slope, climate, and type of vegetative
cover, many different soils can form in close juxtaposition
with one another, even though the parent material may be
fairly similar.

Natural processes of soil formation and development
take considerable time. For example, it is estimated that
only about 0.5-1.5 tons of topsoil/acre is formed annually in
areas of corn and wheat production in the central Midwest
region of the United States (Daily 1995). In contrast, about
4-5 tons of soil/acre is estimated to erode from convention-
ally farmed land in these areas (NRCS 2010). Although this
estimated rate of soil erosion in the US Midwest represents a
reduction from previous years—an estimated 7 tons/acre in
1982, for example—it still overwhelms the ability of natural
processes to compensate.

FORMATION OF REGOLITH

As a whole, the layer of unconsolidated material between
the soil surface and the solid bedrock of the earth below is
called the regolith. The most basic element of the regolith
is its mineral component, made up of soil particles formed
from the breakdown of the bedrock or parent material. At
any particular location, these soil particles may have been
derived from the bedrock below, or they may have been
transported from elsewhere. Where a soil’s mineral particles
have been formed in place from the bedrock below, the soil
is a residual soil. Where the mineral particles have been car-
ried from some other location by wind, water, gravity, or ice,
the soil is a transported soil.

Physical Weathering

The weathering of rock and rock minerals is the original
source of mineral soil particles, whether the particles remain
in a location or are moved elsewhere. The combined forces
of water, wind, temperature, and gravity slowly peel and
flake rock away, accompanied by the gradual decomposition
of the minerals themselves. Water can seep into cracks and
crevices in rock, and with heating and cooling causing alter-
nating swelling and contracting, rock begins to fragment.
In addition, the carbon dioxide contained in the water that
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seeps into cracks can form carbonic acid, pulling elements
such as calcium and magnesium from the minerals of the
rock and forming carbonates, and in the process weaken-
ing the crystalline structure of the rock and making it more
susceptible to further physical weathering. Finer particles
mix with larger particles, promoted by the physical move-
ment created by the combined forces of gravity, temperature
change, and alternating wetting and drying. Even the abra-
sive forces of rocks against each other during this movement
can form smaller particles. Eventually the unconsolidated
regolith takes form.

Depending on local conditions and geological history, the
regolith can be recently formed, lightly weathered, and made
up of mostly primary minerals, or it may have been subjected
to intensive weathering and be made up of more resistant
materials such as quartz.

Transport

As rock is broken down into smaller and looser materials, it
can remain in place and eventually form residual soils, but
a more likely fate is for it to be carried some distance and
deposited. The forces of wind, water movement, gravity, and
glacial ice movement can all transport weathered soil parti-
cles. Transported soils have different classifications depend-
ing on the manner in which their particles were transported.
Soil is called

* Colluvium where it has been transported by gravity;

e Alluvium where it has been transported by the
movement of water;

* Glacial soil where it has been transported by the
movement of glaciers;

* Eolian soil where it has been transported by wind.

CHEMICAL WEATHERING

Once physical weathering has produced regolith, chemical
weathering can work on the soil as well. Chemical weather-
ing includes natural chemical processes that aid in the break-
down of parent materials, the conversion of materials from
one form to another in the soil, and the movement of mate-
rials within the soil. Four different chemical processes are
of primary importance in soil formation and development:
hydration, hydrolysis, solution, and oxidation.

Hydration is the addition of water molecules to a min-
eral’s chemical structure. It is an important cause of crystal
swelling and fracturing. Hydrolysis occurs when various
cations of the original crystalline structure of silicate miner-
als are replaced by hydrogen ions, causing decomposition. In
regolith with low pH, the greater concentration of H+ accel-
erates hydrolysis. The release of organic acids as a by-product
of the metabolic activities of living organisms, or from the
decomposition of dead organic matter, can add to this pro-
cess as well. Solution occurs when parent materials with a
high concentration of easily soluble minerals (such as nitrates
or chlorides) go into solution in water. Limestone is partic-
ularly susceptible to solution in the presence of water high
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in carbonic acid; in extreme cases the solution of limestone
leads to the formation of limestone caves in areas of under-
ground water flow. Finally, oxidation is the conversion of
elements such as iron from their original reduced form into
an oxidized form in the presence of water or air. Softening
of the crystalline structure usually accompanies this process.

Once minerals are released from the consolidated parent
material, another chemical process that is of great importance
is the formation of secondary minerals, the most important
being clay minerals. Clay mineralogy is a very complex field
of study, but it is important to understand some basic aspects
of clay formation, since they have such dramatic impacts on
plant growth and development.

Clay minerals are very small particles in the soil, but they
affect everything from water retention to nutrient availability,
as will be discussed elsewhere. They are formed by complex
processes in which silicate minerals are chemically modified
and reorganized. Depending on the combination of climatic
conditions and parent material, the secondary minerals that
are formed are of two basic types: silicate clays that are pre-
dominantly made up of microscopic aluminum silicate plates
with different arrangements and the presence or absence of
other elements such as iron and magnesium; and hydroxide
clays that lack a definite crystalline structure and are made
up of hydrated iron and aluminum oxides in which many of
the silicon ions have been replaced.

Eventually, the clays found in any soil will be a mixture
of many subtypes of these two basic types of secondary clay
minerals, although one or a few subtypes may predominate.
When silicate clays dominate, there are abundant sites for
absorbing cations, giving the soil a relatively high produc-
tive potential. When hydroxide clays dominate—as in many
humid tropical regions—fewer cation sites are available,
making the soil more difficult to farm because of its poor
ability to exchange nutrient cations.

Organic matter, from either plant residues or the activities
of living organisms, has important impacts on all of these
chemical weathering processes of parent material and greatly
accelerates the formation of the regolith.

BioTic PROCESSES

Sooner or later, depending on the consistency of the regolith,
plants establish themselves on the weathered material. They
send roots down that draw nutrients from mineral matter,
store them for a while in plant matter, but eventually return
them to the soil surface. Deep roots further break down the
regolith, capture nutrients that have leached from the upper
surface, and add them to the soil surface in an organic form.
Plant residue then serves as an important source of energy
for the bacteria, fungi, earthworms, and other soil organisms
that establish in the area. Once these living components of
the soil become established, they play a primary role in con-
trolling and accelerating further soil development, and then
in regulating and carrying out the biological, chemical, and
physical processes that are of such importance in maintain-
ing soil fertility.
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Biologically mediated soil development occurs as the
living organisms in the soil break down plant residue and
other organic matter and slowly reduce it to simpler forms
and its most basic constituents. In the process of decomposi-
tion, freshly dead or excreted organic matter is broken down
by arthropods, earthworms, nematodes, protozoans, fungi,
and bacteria into ever smaller bits and simpler organic com-
pounds as it passes through several trophic levels in the soil
food web. Decomposed organic matter can then undergo the
process of humification, in which it is transformed by soil
microbes and other organisms into relatively stable organic
compounds that are collectively termed humus. Humus
plays a significant role in soil structure, nutrient availabil-
ity, and other soil characteristics, as we will see in the suc-
ceeding text. In the process of mineralization, humus and
other organic matter are broken down even further, mostly by
fungi and bacteria, into inorganic (or “mineral””) compounds
such as CO,, N,, salts, and H,O, some of which stays in the
soil and some of which enters the atmosphere.

Even though humus is relatively stable, it does have a
limited lifetime in the soil. Some of it is constantly being
mineralized, but new humus is also being continually
produced—as long as organic matter in some form is being
added to the soil. In healthy soils, an equilibrium point is
reached where the rate at which new humus forms is approxi-
mately equal to the rate at which it is removed from the soil
by mineralization.

SOIL HORIZONS

Over time, the localized chemical, physical, and biological
processes in the regolith lead to the development of observ-
able layers in the soil, called horizons. Together, the hori-
zons in a particular location give each soil a distinctive soil
profile. Each horizon of the soil profile has a distinct combi-
nation of characteristics.

SoiL PROFILE

In general terms, a soil profile is made up of four major hori-
zons: the organic, or O horizon, and three mineral horizons.
The O horizon lies at the soil surface; immediately below
it is the A horizon, where organic matter accumulates and
where soil particle structure can be granular, crumblike, or
platy. Under the A horizon is the B horizon, where materials
leached from the A horizon can accumulate in the form of
silicates, clay, iron, aluminum, or humus, and soil structure
can be blocky, prismatic, or columnar. Finally there is the
C horizon, made up of weathered parent material, derived
either from the local parent material below or from mate-
rial transported at some earlier time to that location. Some
material leached or deposited from the A and B horizons
can be found here, such as carbonates of calcium and mag-
nesium, especially in areas of low rainfall. Depending on
the depth of the upper four horizons, an R horizon made up
of consolidated bedrock may also be included as part of the
soil profile.
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Generalized soil profile.

Since the separations between each horizon are rarely dis-
tinct, these horizons described actually form a continuum in
the soil profile. A typical soil profile is presented in sche-
matic form in Figure 8.1. The depth, characteristics, and dif-
ferentiation of each horizon of each soil profile are the result
of the combined impacts of the properties of the soil material
(its color, organic matter content, and chemical and physical
traits), the type of vegetative cover, and the climate.

The processes that differentiate soil horizons function in
different ways depending on regional and local conditions.
These differences result in four basic types of soil develop-
ment, which are summarized in Table 8.1. The process of
calcification is most characteristic of areas of grassland vege-
tation in subhumid-to-arid and temperate-to-tropical climates
of the world. Podzolization is most characteristic of humid,
temperate areas of the world where forests have been the dom-
inant vegetative cover for a long time. Laterization takes place
on older and heavily weathered soils of the humid subtropical
and tropical forested regions of the world, and gleization is
most common on soils where water stays at or near the surface
for a good part of the year. But depending on localized con-
ditions of slope, drainage, vegetation, depth to bedrock, etc.,
combinations of these processes can be found. On the whole,
soil formation and development is a reciprocal process, where
soil affects the vegetation, and the vegetation affects the soil.

IMPORTANCE OF THE ORGANIC HORIZON

In natural ecosystems, the O horizon is the most biologically
active part of the profile and the most important ecologi-
cally. It plays a significant role in the life and distribution of
plants and animals, the maintenance of soil fertility, and in
many soil-development processes. Macro- and microorgan-
isms responsible for decomposition are most active in this
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TABLE 8.1
Four Types of Soil Development

Development Process ~ Moisture ~ Temperature Typical Vegetation
Gleization High Cold Tundra
Podzolization High Cool to warm  Needle-leaf forest,
deciduous forest
Laterization High Warm to hot Rainforest
Calcification Low Cool to hot Prairie, steppe, desert

Resulting Characteristics

Compact horizons; little biological activity

Light-colored A horizon; yellow-brown B horizon high in iron and
aluminum

Weathered to great depth; indistinct horizons; low in plant nutrients

Thick A horizon rich in calcium, nitrogen, and organic matter
(except in deserts)

layer and in the upper part of the A horizon. Significantly,
the O horizon is usually greatly reduced or even absent from
cultivated soils.

The combination of local climate and vegetation type con-
tributes to the conditions that promote activity in this layer;
yet at the same time, the quality of the layer has profound
influence on what kinds of organisms prosper. Bacteria, for
example, favor nearly neutral or slightly alkaline conditions,
whereas fungi favor more acid conditions. Soil-dwelling
mites and collembola are more important under acid condi-
tions, whereas earthworms and termites tend to predominate
at or above neutrality.

The complex process of soil particle aggregation, which
creates what is called the crumb structure of the soil, is
greatly influenced by humus formed in the O horizon. In
addition, many valuable soil fertility processes, discussed
later in this chapter, are related closely to the ecological char-
acteristics of this important layer.

SOIL CHARACTERISTICS

In order to develop and maintain a healthy soil system, as
well as make sound judgments about particular soil man-
agement strategies, it is important to understand some of
the most essential properties of soils as they affect crop
response.

TEXTURE

Soil texture is defined as the percentage, by weight, of the total
mineral soil that falls into various particle size classes. These
size classes are gravel, sand, silt, and clay (see Table 8.2).
Particles greater than 2.0 mm in diameter are classified as
gravel. Sand is easily visible by the naked eye, and feels gritty
when rubbed between the fingers. Its low surface-to-volume
ratio makes it porous to water and less able to adsorb and
hold nutrient cations. Silt, although finer than sand, still is
grainy in appearance and feel, but more actively holds water
and nutrient ions. Clay particles are impossible to see sepa-
rately with the naked eye, and look and feel like flour. Clay
particles are colloidal in that they can form a suspension in
water and are active sites for the adhesion of nutrient ions or
water molecules. As a result, clay controls the most important
soil properties, including plasticity and ion exchange between
soil particles and water in the soil. A soil very high in clay

TABLE 8.2
Soil Texture Classifications

Category Diameter Range® (mm)
Very coarse sand 2.00-1.00

Coarse sand 1.00-0.50
Medium sand 0.50-0.25

Fine sand 0.25-0.10

Very fine sand 0.10-0.05

Silt 0.05-0.002

Clay <0.002

2 According to the U.S. Department of Agriculture system.

content, however, can have problems with water drainage,
and when dry can exhibit cracking.

Most soils are a mixture of texture classes, and based on
the percentage of each class, soils are named as shown in
Figure 8.2. From an agricultural perspective, sand gives a
soil good drainage and contributes to ease of cultivation, but
a sandy soil also dries easily and loses nutrients to leaching.
Clay, at the other extreme, tends not to drain well and can
become easily compacted and difficult to work, yet is good at
holding soil moisture and nutrients.

What soil texture is best depends on the crops grown in it.
Potatoes, for example, do best in a sandy, well-drained soil,
which helps prevent rotting of the tubers and makes har-
vest easier. Paddy rice does best on heavy soils high in clay
content due to this crop’s particular adaptations to the wet
environment. A clay loam soil may be best overall in a drier
environment, whereas a sandy loam might be better in a wet
one. The addition of organic matter changes the relationships
of the particles in mixtures, as we will see below.

STRUCTURE

In addition to the aspects of texture described earlier, soils
possess a macrostructure formed by the ways individual
particles are held together in clusters of different shapes and
sizes called aggregates (see Figure 8.3). Soil aggregates tend
to become larger with increasing depth in the soil. Soil tex-
ture is one important determinant of structure, but structure
is usually more dependent on soil organic matter (SOM)
content, the plants growing in the soil, the presence of soil
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FIGURE 8.2 Soil textural names. The best type of soil is deter-
mined by the crop and local conditions; generally, however, soils
containing relatively equal amounts of clay, sand, and silt—called
loams—are best for agricultural purposes. (USDA diagram.)

organisms, and the soil’s chemical status. The structure of
the crumb or granular type is of the most benefit for agri-
culture, since good “crumb structure” improves soil porosity
and ease of tillage, which together are known as tilth. When
a lump of soil is crushed in the hand, and easily breaks into
the crumb or granular structure noted in Figure 8.3, good
crumb structure is present.

From an agroecological perspective, good crumb struc-
ture is of considerable significance. Soil particles that are

93

bound together resist wind and water erosion, especially
during any time of the year when vegetative cover is mini-
mal. Good structure also helps maintain low bulk density,
defined as the weight of solids per unit volume of soil. Soil
with a low bulk density has a higher percentage of pore space
(higher porosity), more aeration, better water percolation
(permeability), and more water storage capacity. Obviously,
such a soil is easier to till and allows plant roots to penetrate
more easily. Excessive cultivation accelerates breakdown of
SOM and increases the potential for compaction, causing
bulk density to go up and many of the advantages of good
crumb structure to be lost.

The formation of soil aggregates has essentially two com-
ponents: the attraction between individual soil particles, the
degree of which is very dependent on soil texture, and the
cementing of these attracted groups of particles by organic
matter. The first component cannot be very easily manipu-
lated by the farmer, at least in any practical manner, but the
second can be very much impacted by farming practices.
Thus good crumb structure can be maintained, degraded, or
improved.

For example, excessive tillage with heavy equipment
while the soil is too wet can lead to the formation of large
blocky clods of soil that can dry on the surface and later be
broken apart only with great difficulty. Compaction, or the
loss of pore spaces and a rise in bulk density, is an indica-
tion of the loss of crumb structure, and can be caused by the
weight of farm machinery, by the loss of organic matter from
excessive tillage, or by a combination of the two.

CoLor

Soil color plays its most important role in the identification
of soil types, but at the same time it can tell us much about
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FIGURE 8.3 Patterns of soil aggregation. (Modified from Brady, N.C. and R.R. Weil, The Nature and Properties of Soils, 11th edn.,

Prentice Hall, Upper Saddle River, NJ, 1996.)
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the history of a soil’s development and management. Dark-
colored soils are generally an indication of high organic mat-
ter content, especially in temperate regions. Red and yellow
soils generally indicate high levels of iron oxides, formed
under conditions of good aeration and drainage, but these
colors can also be derived directly from the parent mate-
rial. Gray or yellow-brown colors can be indicators of poor
drainage; these colors form when iron is reduced to a ferrous
form rather than oxidized to the ferric form in the presence of
abundant oxygen. Whitish light-colored soils often indicate
the presence of quartz, carbonates, or gypsum. Standardized
color charts are used to determine a soil’s color.

Hence, a soil’s color can be an indicator of certain kinds of
soil conditions that a farmer might want to look for or avoid,
depending on the kinds of crops or cropping systems that might
be used. More specific analysis of soil structure and chemistry
is necessary to complete the picture, but color is a good begin-
ning. In addition, soil color can influence the interaction of
the soil with other factors of the environment. For example, it
may be an advantage to have a lighter-colored, sandy soil on
the surface in some tropical farming systems in order to reflect
the sun’s rays and keep the soil cooler; conversely, a darker soil
surface in areas with cold winters will help the soil tempera-
ture rise earlier in the spring, dry the soil sooner, and permit
soil preparation for planting at an earlier date.

CAaTION EXCHANGE CAPACITY

Plants obtain the mineral nutrients described in Chapters 2
and 3 from the soil in the form of dissolved ions, whose solu-
bility is determined by their electrostatic attraction to mol-
ecules of water. Some important mineral nutrients, such as
potassium and calcium, are in the form of positively charged
ions; others, such as nitrate and phosphate, are in the form of
negatively charged ions. If these dissolved ions are not taken
up immediately through plant roots or fungi, they risk being
leached out of the soil solution.

Clay and humus particles, separately or in aggregates that
form platelike structures known as micelles, have negatively
charged surfaces that hold the smaller, more mobile positively
charged ions in the soil. The number of sites on the micelles
available for binding positively charged ions (cations) deter-
mines what is called soil cation exchange capacity (CEC),
which is measured in milliequivalents of cations per 100 g of
dry soil. The higher the CEC the better the soil’s ability to
hold and exchange cations, prevent leaching of nutrients, and
provide plants with adequate nutrition.

CEC varies from soil to soil, depending on the structure
of the clay/humus complex, the type of micelle present, and
the amount of organic matter incorporated into the soil.
Multisided polyhedrons form lattices that vary in their sites
of attraction and flexibility in relation to moisture content.
Cations cling to the negatively charged outer surfaces of the
micelles and humates with differing degrees of attraction.
The most tenacious cations—such as hydrogen ions added
by rain, positively charged acids from decomposing organic
matter, and acids given off by root metabolism—can displace
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other important nutrient cations such as K* or Ca?". Organic
matter in the form of humus is many times more effective
than clay in increasing CEC since it has a much more exten-
sive surface area-to-volume ratio (hence more adsorption
sites) and because it is colloidal in nature. Farming practices
that reduce SOM content can also reduce this important com-
ponent of soil fertility maintenance.

Negative ions that are important for plant growth and
development, such as nitrate, phosphate, and sulfate, are
more commonly adsorbed to clay micelles by means of ion
“bridges.” Under acid conditions these bridges form by asso-
ciation of additional hydrogen ions with functional groups
such as the hydroxyl group (OH). An important example is
the binding of nitrate (NO;~) with OH,* formed following
the dissociation of water molecules under acid conditions.
Because soil acidity influences electrical charge on micelle
surfaces and controls whether other ions are displaced from
soil micelles, it greatly affects the retention of ions in the soil
and the short-term availability of nutrients, both of which are
key components of soil fertility.

SoiL Acipity aAND PH

Any experienced gardener or farmer is aware of the impor-
tance of a soil’s pH, or acid-base balance. The typical pH
range of soils is between very acid (a pH of 3) and strongly
alkaline (a pH of 8). Any soil over a pH of 7 (neutral) is con-
sidered basic, and those less than pH 6.6 are considered acid.
Few plants, especially agricultural crops, grow well outside
the pH range of 5-8. Legumes are particularly sensitive to
low pH due to the impacts acid soils have on the microbial
symbiont in nitrogen fixation. Bacteria in general are nega-
tively impacted by low pH. Soil acidity is well known for its
effects on nutrient availability as well, but the effects are less
due to direct toxicity on the plant than they are to the plant’s
impaired ability to absorb specific nutrients at either very low
or very high pH. It becomes important, then, to find ways to
maintain soil pH in the optimal range.

Many soils increase in acidity through natural processes.
Soil acidification is a result of the loss of bases by leach-
ing of water moving downward through the soil profile, the
uptake of nutrient ions by plants and their removal through
harvest or grazing, and the production of organic acids by
plant roots and microorganisms. Soils that are poorly buff-
ered against these input or removal processes will tend to
increase in acidity.

SALINITY AND ALKALINITY

It is common for the soils of arid and semiarid regions of
the world to accumulate salts, in either a soluble or insolu-
ble form. Salts released by the weathering of parent mate-
rial, combined with those added in limited rainfall, are not
removed by leaching. In areas of low rainfall and high evapo-
ration rates, dissolved salts such as Na* and Cl- are common,
combined with others such as Ca?, Mg, K*, HCO;~, and
NO;. Irrigation can add even more salts to the soil, especially
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in areas with a high evaporation potential (see Chapter 9),
where added salts migrate to the surface of the soil by capil-
lary movement during evaporation. In addition, many inor-
ganic fertilizers, such as ammonium nitrate, can increase
salinity as well because they are in the form of salts.

Soils with a high concentration of neutral salt (e.g., NaCl or
NaSO,) are called saline. In cases where sodium is combined
with weak anions (such as HCO,"), alkaline soils develop,
which have a pH generally greater than 8.5. Soils with high
levels of neutral salts are a problem for plants due to osmotic
imbalances. Alkaline soils are a problem because of excess
OH- ions and difficulty in nutrient uptake and plant devel-
opment. In some regions, saline—alkaline conditions occur
when both forms of salt are present. Proper irrigation and
soil water management become a key part of dealing with
these conditions.

SOIL NUTRIENTS

Since plants obtain their nutrients from the soil, the supply of
nutrients in the soil becomes a major determinant of an agro-
ecosystem’s productivity. Many nutrient analysis methodolo-
gies have been developed for determining the levels of various
nutrients in the soil. When a particular nutrient is not present
in sufficient quantity, it is called a limiting nutrient and must
be added. Fertilization technologies have grown and evolved
to meet this need. It must be kept in mind, however, that the
presence of a nutrient does not necessarily mean it is avail-
able to plants. A variety of factors—including pH, CEC, and
soil texture—determine the actual availability of nutrients.

Because of the loss or export of nutrients out of the soil
due to harvest, leaching, or volatilization, fertilizers must
continually be added in large amounts to most agroecosys-
tems. But the cost of fertilizers as an input is increasing, and
leached fertilizer pollutes ground and surface water supplies;
therefore, an understanding of how nutrients can be cycled
more efficiently in agroecosystems becomes essential for
long-term sustainability.

As described in Chapter 2, the major plant nutrients are
carbon, nitrogen, oxygen, phosphorus, potassium, and sulfur.
Each of these nutrients is part of a different biogeochemi-
cal cycle and relates to management of soil in a unique way.
The management of carbon will be discussed below in terms
of organic matter; nitrogen in the soil will be included in a
discussion of mutualisms and the ecological role of nitrogen-
fixing bacteria and legumes in Chapter 17. Here, as an exam-
ple of an important soil nutrient, we will examine the nutrient
phosphorus. Because the efficient recycling of phosphorus
depends principally on what happens in the soil, it can teach
us a lot about sustainable nutrient management.

Unlike carbon and nitrogen, whose principal reservoirs
are in the atmosphere, the principal reservoir of phospho-
rus is in the soil. It occurs naturally in the environment as a
form of phosphate. Phosphates can occur in the soil solution
as inorganic phosphate ions (especially as PO3-) or as part
of dissolved organic compounds. But the primary source of
phosphate is the weathering of parent material; therefore, the
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input of phosphorus into the soil and the phosphorus cycle in
agroecosystems is limited by the relatively slow rate of this
geologic process.

Inorganic soluble phosphate ions are absorbed by plant
roots and incorporated into plant biomass. The phospho-
rus in this biomass can be sent along one of three different
pathways, depending on how the biomass is consumed. As
shown in Figure 8.4, consumption of plant biomass by pest
herbivores, by grazing animals, or by humans who harvest
the biomass comprises the three pathways. Phosphorus in
the first pathway is returned to the soil as excreta, where it
decomposes and enters the soil solution. Phosphorus in the
second pathway can be recycled in the same way, but if the
grazing animal goes to market, some phosphorus goes with
it. In the third pathway, there is little chance of the phospho-
rus returning to the soil from which it was extracted (except
in a few places such as parts of rural of China, where human
excreta is used as fertilizer).

Much of the phosphorus consumed by humans in the
form of plant biomass or the flesh of grazing animals is
essentially lost from the system. An example of what may
happen to phosphorus in the third (human consumption)
pathway may serve to illustrate the problem: phosphate is
mined from phosphate-rich marine deposits that have been
geologically uplifted and exposed in Florida, processed into
soluble fertilizer or crushed into rock powder, and shipped
to farms in Iowa where it is applied to the soil for the pro-
duction of soybeans. A part of the phosphorus, in the form
of phosphates, is taken up by the plant and sequestered in
the beans that are harvested and sent to California, where
they are turned into tofu. Following consumption of the
tofu, most of the liberated phosphate finds its way into local
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sewer systems, and eventually ends up returning to the sea
3000 miles from where it originated. Since the time nec-
essary to build up sufficient sediments of phosphate-rich
rock and to go through the geological process of uplifting
is very much beyond the realm of the human time frame,
and since the known easily available phosphate reserves are
quite limited, current practices of phosphate fertilizer man-
agement in many modern agroecosystems can be said to be
unsustainable.

For sustainable management of phosphorus to occur,
phosphate needs to pass quickly through the soil compo-
nent of the cycle and back to plants for it not to be fixed in
sediments or washed to sea. Ways must be found to better
keep phosphorus in an organic form, either in standing bio-
mass or in SOM, and to ensure that as soon as phosphorus is
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liberated from this organic form, it is quickly reabsorbed by
soil microorganisms or plant roots.

An additional component of sustainable management of
soil phosphorus has to do with the formation of insoluble
phosphorus compounds in the soil. Phosphates in the soil
solution often react chemically (especially with iron and alu-
minum) to form insoluble compounds, or become trapped in
clay micelles out of reach of most biological recovery. Low
pH in the soil exacerbates the problem of phosphate fixation
in an insoluble form. At the same time, however, these pro-
cesses provide a strong mechanism for retaining phosphorus
in the soils of the agroecosystem; phosphate fertilizers added
to the soil are retained almost completely. Some agricultural
soils in California show very high levels of total (though
not easily available) phosphorus after several decades of

SPECIAL TOPIC: WILL WE RUN OUT OF PHOSPHORUS?

The spectacular increases in global food production and agricultural yields that began after World War II are usually
credited to farmers’ rapid adoption of “Green Revolution” technologies such as pesticides, hybrid varieties, and inorganic
fertilizers. The fertilizer part of this story often singles out the nitrogen component, highlighting humankind’s newfound
ability to literally create out of thin air industrial quantities of what is generally the most limiting plant nutrient in soils

worldwide.

Phosphorus gets less attention, but in most respects this element is equally responsible for the food production boom
of the latter half of the twentieth century. Phosphorus is so critical to plant growth and generally limited enough in its
concentration in the soil that adding it to fields, along with fixed nitrogen, was an easy way of boosting productivity. And
once farming systems became enmeshed in the high-external-input regime and ended practices that recycled phosphorus,
it was necessary to continue adding phosphorus, along with fixed nitrogen, to maintain high levels of productivity. As
a result, much of agriculture worldwide is today absolutely dependent on their being relatively cheap, readily available

sources of phosphorus for making fertilizer.

For the time being, phosphorus is indeed abundant and relatively inexpensive. Global production stands at about
160 billion metric tons/year, and no production shortfalls are forecast despite expected increases in demand. However,
there is mounting concern about the longer-term future of phosphorus supplies. The core problem is that phosphorus is
very different from nitrogen. As discussed in this chapter, while nitrogen exists in an enormous atmospheric reservoir,
phosphorus exists only in mineral form. Phosphorus in any reasonably concentrated form can be obtained only by min-
ing deposits of rock phosphate that were formed over the course of millions of years. In this sense, phosphorus is not a
renewable resource. At some point in the future, humans will have used up the last adequately concentrated, accessible

deposits of phosphorus.

Much debate, discussion, and research have focused on when the supplies of phosphorus will begin to run short.
Despite all this attention, there is little agreement about the timing, with credible estimates running from before the
middle of this century to some 300 years from now. From the standpoint of sustainability, however, the debate about
“peak phosphorus” is beside the point and may only serve to divert attention away from a more fundamental issue: that
the global food system, of which phosphate mining and inorganic fertilizer production are major parts, is unsustainable
for a multitude of other reasons as well. If we hope to put food production on a sustainable footing, our reliance on mined
rock phosphate must end well before shortages of rock phosphate become an issue.

The alternative approach to phosphorus management—using practices that return phosphorus to the soil and increase
its available content in the soil by building up organic matter—is much more conducive to agroecosystem health and
carries with it a host of other benefits, as noted in this chapter. Returning the phosphorus contained in human and animal
excreta (and, to a lesser extent, in crop residue) to the soil has the added benefit of keeping phosphorus out of streams,
lakes, and estuaries, where it causes eutrophication. Reducing inputs of mined phosphorus also prevents accumulation of
cadmium (most rock phosphate contains some cadmium), reduces the consumption of fossil fuels required to extract, pro-
cess, and ship the mined phosphate, and reduces the risk inherent in relying on only six countries in the world (Morocco,
China, Algeria, Syria, South Africa, and Jordan) for the supply of an element critical for food production. Rather than
thinking that we can keep up business as usual for at least a few more decades because phosphorus reserves are still large,
we should be rethinking how we can begin managing this crucial nutrient more sensibly today.
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farming. So leakage of phosphorus from agroecosystems can
be quite small, but the unavailability of phosphorus from the
soil component of the system once it is fixed requires fur-
ther addition of available phosphorus in the form of fertilizer.
Of course, biological means of liberating this “stored” phos-
phorus might contribute better to sustainability. These means
have a lot to do with the management of SOM.

SOIL ORGANIC MATTER AND SOIL BIOTA

The texture of the soil, its vertical layering, its chemical and
physical characteristics, and its nutrient content are all of great
importance agriculturally. Ultimately, however, what matters
most about soil is its ability to function as a living part of the
agroecosystem as a whole. In this context, the word living is
used quite literally. Soil is a living part of the agroecosystem
when it contains and supports a diverse assortment of liv-
ing organisms. These organisms, collectively called the soil
biota, in turn depend on the organic matter in the soil as the
basis of their nutrition.

Soil biota and SOM are important agriculturally for two
main reasons. First, they are primary determinants of soil
fertility, causing beneficial changes in soil structure and
determining the availability of nutrients. Second, they are
more readily manipulable—subject to improvement through
management—than the inorganic components of the soil. If
the soil in a field is a clayey loam high in calcium, it will
likely always have those characteristics. But by properly
managing the SOM—and through that the soil biota—the
farmer can make the difference between a poor and fragile
soil and a fertile, robust soil.

NONLIVING SoiL ORGANIC MATTER

Soil organic matter is comprised of diverse, heterogeneous
components. It includes surface litter, dead roots, plant res-
idue in various stages of decomposition, microbial metabo-
lites, humic substances, and the excreta of animals living in
or passing over the soil. In natural ecosystems, the organic
matter content of the A horizon can range up to 15% or
20% or more, but in most soils it averages 1%—5%. In the
absence of human intervention, organic matter content of
the soil depends mostly on climate and vegetative cover;
generally, more organic matter is found under the condi-
tions of cool and moist climates. We also know that there
is a very close correlation between the amount of organic
matter in the soil and both carbon and nitrogen content.
A close estimate of SOM content can be obtained by mul-
tiplying either total carbon content by 2 or total nitrogen
content by 20.

During its life in the soil, organic matter plays many very
important roles, all of which are of importance to sustain-
able agriculture (see reviews by Magdoff and Weil 2004;
Uphoff et al. 2006; and Cheeke et al. 2012). Organic matter
builds, promotes, protects, and maintains the soil ecosys-
tem. As we have already discussed, SOM is a key compo-
nent of good soil structure, increases water and nutrient
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retention, and provides important mechanical protection of
the soil surface. Perhaps its most important function, how-
ever, is to serve as the food source—the base of the soil food
pyramid—for soil biota.

In contrast to the undisturbed soil of seminatural eco-
systems, intensively managed agricultural soil often has
very little organic matter. The tendency of the practices of
industrial agriculture to reduce SOM content over time may,
indeed, be considered one of its most harmful consequences.
Fortunately, it is possible to increase SOM—and even restore
to healthy levels the organic matter in depleted soils—
through a variety of practices.

SoiL Biota

The organisms that inhabit the soil range from the tiniest
cyanobacteria to relatively large invertebrates. Because size
is related to ecological role, members of the soil biota are
often categorized by size. The macrofauna are arthropods
like myriapods (centipedes and millipedes) and earthworms
large enough to be measured in centimeters. The mesofauna
are mostly tiny arthropods like collembola and mites that
are measured in millimeters. The microfauna are made up
of a wide variety of protozoans and nematodes measured
in micrometers. Finally, there are the microflora, a diverse
collection of bacteria and fungi, which obtain their nutrition
not by ingesting other organisms but instead by breaking the
chemical bonds in organic matter and harvesting the energy
that is released. Plant roots are also part of the soil biota, and
may be considered the soil’s “macroflora”.

The members of the soil biota—especially the
microflora—are poorly known. Only a small percentage
of the estimated millions of species have been described.
Although their total mass in the soil is small compared to
the mass of SOM, the number of individuals can be astound-
ing. In healthy agricultural soil, there are as many as one bil-
lion bacteria and thousands of protozoa inhabiting a gram of
soil—about a teaspoon. And if all the fungal hyphae in that
same gram of soil were arranged in a single long strand, it
would be several meters in length.

The many different organisms that make up the soil biota
interact in a complex food web. The microflora feed on plant
residues, obtaining energy by oxidizing the organic mol-
ecules that make up this once-living organic matter (which
is another way of saying they accomplish the process of
decomposition). The members of the microfauna feed on
these microflora species, and are in turn preyed upon by
the larger mesofauna. Some macrofauna are predators on
the mesofauna; others, like earthworms, eat plant residues.
Through the interactions in this food web, energy and matter
are cycled and transformed.

EcosysTtem SErRVICES PROVIDED BY SoIL
ORGANIC MATTER AND SoiL Biota

Together, soil-dwelling organisms and SOM are responsible
for much of what makes a soil fertile and able to support
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cropping systems that yield harvestable biomass year after
year without large quantities of external inputs.

* By breaking down plant and animal residue into
their most basic constituents, soil organisms are
key linkages in the earth’s biogeochemical cycles—
those involving phosphorus, nitrogen, potassium,
sulfur, carbon, and oxygen.

e In their own bodies and in the relatively stable
humic substances they create, soil microbes seques-
ter very large quantities of carbon.

* Plant debris and dead organisms contain large
amounts of plant nutrients, such as nitrogen, phos-
phorus, and sulfur, but these nutrients are unavail-
able to plants until they are released from organic
matter by the action of soil biota.

* As they feed on organic matter, soil microbes pro-
duce sticky, gumlike mucilages that hold together
soil particles and thus contribute to the tilth, or
crumb structure of the soil.

* Due to its colloidal nature, the humus produced by
soil microbes greatly increases the CEC of the soil.
Loosely bound to humic substances, nutrient ions
are resistant to leaching by rainfall or irrigation, but
nevertheless available to plant roots. Humus also
greatly increases the water holding capacity of soil.

* Many soil organisms directly promote plant
growth. One way they do this is by forming mutu-
alistic associations with plant roots and providing
the plants with nutrients (e.g., Rhizobium bacteria
fix atmospheric nitrogen and make it available to
plants, and mycorrhizae greatly increase nutrient
take-up by root hairs). Some soil microbes may
also release growth-promoting compounds into
the soil.

* When they have large amounts of SOM on which
to feed, some soil microbes can outcompete and
directly suppress plant pathogens.

* Soil microbes degrade organic pollutants—
including petroleum hydrocarbons, chlorinated
solvents, and pharmaceuticals—reducing or elimi-
nating their toxicity.

Clearly, it is in the interests of the farmer or agroecosystem
manager to maximize SOM and to enhance the health and
diversity of the soil biota. The next section discusses some of
the means by which this can be accomplished.

SOIL MANAGEMENT

In present-day farming systems, soil is treated as if it were
mainly a medium for holding the plant up. When soil is man-
aged for sustainable production and emphasis is placed on
the role of SOM and soil biota, however, the role of soil is
greatly expanded.

Many farmers feel that if a high yield is obtained from the
land, then this is evidence of a productive soil. However, if
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the perspective is agroecological and the goal is to maintain
and promote all of the soil-forming and soil-protecting pro-
cesses involving organic matter and soil biota, then a produc-
tive soil is not necessarily a fertile soil. The processes in the
soil that enable us to produce a crop take on greater impor-
tance in sustainable agriculture. Fertilizers can be added to
raise production, but only through an understanding of nutri-
ent cycles and soil ecological processes—especially SOM
and soil biota dynamics—can soil fertility be maintained or
restored.

Many farmers striving for sustainability have focused
their soil management on the goal of increasing or main-
taining the organic matter content of their soil. To the extent
that they consider the soil biota, they understand that keep-
ing SOM at relatively high levels is beneficial to soil organ-
isms. Increasing recognition of the importance of soil biota,
however, argues for inverting this approach: make enhance-
ment of the diversity, function, and abundance of the soil
biota the primary goal, and think of increasing the inputs
of organic matter as one of the primary means of realizing
this goal.

In addition to increasing organic matter inputs, two other
means of enhancing the soil biota have been shown to be
effective: reducing the intensity of tillage and diversifying
cropping systems (Stockdale and Watson 2012). All three
strategies, especially when used together, have the effect of
mitigating the potential negative impacts of agriculture on
both the soil biota and SOM.

INCREASING ORGANIC MATTER INPUTS

Once a soil is put under cultivation, the original organic mat-
ter levels begin to decline unless specific steps are taken to
maintain them. After an initial rapid decline, the decrease
slows. Several kinds of changes occur in the soil as a con-
sequence of the loss of organic matter. Crumb structure is
lost, bulk density begins to rise, soil porosity suffers, and—
because SOM is the basis of the soil food web—biological
activity declines. Soil compaction and the development of a
hardened soil layer at the average depth of cultivation, called
a plow pan, can become problems as well.

The extent to which organic content declines in soil under
cultivation is dependent on the crop and cropping practices.
Some examples follow.

In one study, the organic matter contents of the upper
25 cm of soil in two agroecosystems used for intensive vege-
table production in coastal central California were compared
with each other and to an unfarmed grassland control. One
system had been farmed for 25 years using organic farming
practices and the other for 40 years under conventional prac-
tices. The study showed that the organic matter content had
been reduced from 9.869 to 8.705 kg/m? in the organic sys-
tem and to 9.088 kg/m? in the conventional system (Waldon
1994). Even with the higher inputs of organic matter in the
form of composts and winter covercrops in the organic sys-
tem, intensive cultivation and cropping significantly reduced
SOM even more than in the conventional system.
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In another study, in which corn and soybean production
systems were compared side by side over a 30-year period
at the Rodale Institute in Kutztown, PA, it was shown that
organic management significantly improved important soil
health indicators, especially in comparison to synthetic
input-based conventional management. The soils of two dif-
ferent organic treatments had improved levels of SOM, more
active soil biota, better water retention, darker color, and
more stable soil aggregates, whereas the conventional soil
actually suffered a loss of SOM during the 30 years of study
(Rodale Institute 2012).

A study comparing soils after 75 years of organic and
conventional wheat production in eastern Washington found
that organic matter was not only maintained in the organic
system, but actually increased over time, while production
levels for the organic farmer were near equal to the conven-
tional (Reganold et al. 1987). We can see from these three
examples that crop type, input management, local environ-
ment, and cultivation practices all help determine the long-
term impacts of farming on SOM. Organic management per
se doesn’t necessarily lead to increases in SOM,; it is neces-
sary to set as a specific goal the enhancement of SOM and to
make management choices that help achieve this goal.

Since farming tends to deplete SOM, sources of new
organic matter must be continually added—at least enough
to replace that which is lost through harvest and decompo-
sition. If the agroecosystem were more similar to a natural
ecosystem, a diversity of plant species would be present in
addition to the crop or crops being grown for harvest. Many
agroforestry systems in tropical regions, for example (see
Chapter 18) have a large number of plants, many of them
noncrop species, whose primary role is biomass production
and the return of organic matter to the soil. While farmers
all over the world have much to learn from such systems,
most are forced by practical and environmental reasons to
manage systems that are significantly less diverse. They
must therefore find ways of adding organic matter to their
systems instead of counting on plants in the systems to do it
themselves.

There are a variety of sources of organic matter inputs;
some of the most common are discussed below. While the
total volume of organic matter added to (or returned to) the
soil is the primary consideration, another important factor is
the nature of the organic matter itself. Organic matter inputs
vary considerably in their carbon-to-nitrogen (C/N) ratios,
in their decomposability, in their effect on soil pH, and in
various other ways. Since different kinds of organic matter
inputs may have different impacts on the soil biota, it may be
advantageous to diversify the types of organic matter added
to a cropping system.

Crop Residue

An important source of organic matter is crop residue. Many
farmers are experimenting with better ways of returning to
the soil the parts of the crop that are not destined for human
or animal use. A major concern has been how to deal with
potential pest or disease organisms that residue may harbor
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FIGURE 8.5 Burning of crop residue in Taiwan. Burning is
a common method of removing crop residue. Although it returns
some nutrients to the soil and helps control pests and diseases,
burning can cause significant air pollution and prevents crop resi-
due from being incorporated into the soil as organic matter. When
crop residue is seen as a valuable and useful resource for maintain-
ing SOM, techniques for incorporating it into the soil can be devel-
oped as alternatives to burning.

and pass on to a subsequent crop. Proper timing of incorpo-
ration of the residue into the soil, rotating crops, and com-
posting the residue away from the field and then returning
the finished compost are possible ways of overcoming this
problem. Research on these and other management strate-
gies are helping transform crop residue from a problematic
by-product into a valuable part of SOM management (Unger
1994; Uphoff et al. 2006) (Figure 8.5).

Covercrops

Covercropping, where a plant cover is grown specifically to
produce plant matter for incorporation as a “green manure”
into the soil, is another important source of organic matter.
Covercrop plants are usually grown in rotation with a crop or
during a time of the year that the crop can’t be grown. When
legumes are used as covercrops, either alone or in combina-
tion with nonlegume species, the quality of the biomass can
be greatly improved. The resultant biomass can be incorpo-
rated into the soil, or left on the surface as a protective mulch
until it decomposes.

In a research done at the University of California (UC)
Santa Cruz (Gliessman 1987), a local variety of fava bean
called bellbean (Vicia faba) was grown as a covercrop in
combination with either cereal rye or barley during the win-
ter wet-season fallow period. It was shown that the total dry
matter produced in the grass/legume mixtures was almost
double that of the legume alone. After 3 years of covercrop
use, organic matter levels in soils under mixed covers
improved as much as 8.8%. Interestingly, soils under the
legume-only cover actually dropped slightly in organic mat-
ter content after 3 years, probably because the lower C/N
ratio of the incorporated organic matter caused more rapid
microbial breakdown.
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A more recent innovation in the covercropping approach is
the use of a living mulch, where a noncrop species is planted
between the rows of the crop during the cropping cycle.
Living mulches have become especially popular in vineyard,
orchard, and tree crop systems. Research has focused on
ways of minimizing negative interactions between covercrop
and crop species, especially living mulches in annual crops.
Studies are also finding that living mulches can provide and
conserve nitrogen for grain crops, reduce soil erosion, reduce
weed pressure, and increase SOM content (Hartwig and
Ammon 2002).

Manure

It is a long-standing practice, both in conventional and alter-
native farming systems, to add animal manures to the soil to
improve organic matter content. The application of animal
manure is an important tool for an integrated nutrient man-
agement strategy because applications can simultaneously
increase SOM and supply nutrients for crop growth (Seiter
and Horwath 2004; Organic Trade Association 2011). Dairies
and feedlot operations produce large amounts of animal
wastes that are converted to a useful resource when returned
to fields, but as we have already noted in Chapter 1, there are
many problems involved in containing, storing, transport-
ing, and applying such large quantities of animal manures.
Small, integrated farm operations can more easily use ani-
mal manures that accumulate in stables or pens for intensive
vegetable production or use on other crops (see Chapter 19).
The use of silkworm droppings in Chinese agriculture is yet
another example of the use of animal manures.

At any scale, the direct application of animal manures
can have many drawbacks, however. Smell and flies are often
associated with direct manure application. Nitrogen loss
through ammonification can be quite high. Runoff of nitrates
and other soluble materials can be a problem. And once fresh
manures are incorporated into the soil, there often is a wait-
ing period for decomposition and stabilization before planting
can take place. To avoid these problems, current organic cer-
tification standards in the United States require that fresh or
raw animal manures be composted under specific conditions
before they are applied (Organic Trade Association 2011)
(Figure 8.6).

Composts

Compost amendment of soil is an attractive way to add
organic matter for a variety of reasons. The particle size
distribution of compost favors uniform field application; the
ratio of carbon to nitrogen is optimal; compost is usually
free of weed seeds; and soil diseases are often suppressed by
compost addition (Chen et al. 2004; Hitchings 2009). Many
different sources of organic materials, from manures to agri-
cultural by-products to lawn clippings, are being converted
into useful soil amendments through the composting process.
Under controlled conditions, raw organic matter goes through
the first stages of decomposition and humification, so that
when it is added to the soil, it has stabilized considerably and
can contribute more effectively to the soil fertility-building
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FIGURE 8.6 Manure spreader used on a dairy farm near
Cody, Wyoming. Aged manure is returned to fields in which feed
is grown for the farm’s dairy cows.

TABLE 8.3
Organic Waste Materials Employed in the
Production of Compost

Agricultural By-Products Manures
Alfalfa leaf meal

Apple and grape pomace

Feedlot beef cattle manure
Dairy cattle manure
Blood meal Broiler chicken litter
Bone meal Laying chicken litter
Cottonseed meal Turkey litter
Feather meal Swine manure
Almond and walnut hulls Horse manure
Coffee pulp Sheep manure
Cacao pulp Goat manure
Soybean cakes

Rice hulls

Green garden and yard wastes

process. In this way, wastes—including materials that would
otherwise go to already bulging landfills—are being con-
verted into resources (Figure 8.7).

Vermicompost, or compost produced through the action
of worms, is also becoming a popular source of SOM, espe-
cially for smaller-scale farm and garden systems. Fresh, wet
organic matter, especially food waste, is consumed by worms
specifically known for their composting ability (red worms
such as FEisenia fetida are especially good), and systems
have been developed where a small household vermicom-
posting chamber can produce up to 25 kg of worm castings
a month. These castings are known for their high levels of
phosphate, nitrogen, and other nutrients, and also contain
polysaccharides that glue soil particles together and aid in
SOM development. Cuban researchers have recently devel-
oped farm-scale vermicomposting systems that are designed
to replace difficult-to-obtain imported fertilizers. Further
development of larger-scale systems could aid greatly in
improved soil management.
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FIGURE 8.7 Farm wastes being turned into compost on a
farm on the central coast of California. The breakdown of veg-
etative matter by microorganisms releases significant amounts of
energy in the form of heat.

Other Soil Amendments

A range of other types of organic soil amendments can be
used as well. Humates, kelp, fish meal, animal by-products,
mined guano, and others are on the market. Each one has
specific applications, advantages and disadvantages, and
optimal scales of use. Each organic matter source needs to
be examined for short-term crop response, but more impor-
tantly for possible long-term contributions to SOM develop-
ment and maintenance.

Sewage

A final source of organic matter—underutilized except in
a few parts of the world—is sewage. To complete nutrient
cycles, nutrients that leave the farm should ultimately come
back to the farm. If they can come back in an organic form,
then they will also add to the soil-building process.

Solid material removed from wastewater during treat-
ment, known as sewage sludge, has been spread on the land
for decades. As a percentage of dry weight, sewage sludge
can contain 6%—9% nitrogen, 3%—7% phosphorus, and up
to 1% potassium. It can be applied as dried cake or granules,
with a water content of 40%—70%, or as a liquid slurry that is
80%—-90% water. Sewage sludge is widely used on turf grass,
degraded range land, and even on the ground below fruit
trees. The liquid portion of treated sewage, known as efflu-
ent, has been applied to land for a long time in Europe and
selected sites in the United States. Some cities operate what
are called sewage farms where effluent is used to produce
crops, usually animal feeds and forages, that partially offset
the cost of disposal, while in other cases it is used for irrigat-
ing golf courses, highway landscaping, and even forests.

There is much to learn, however, about how to treat sew-
age so that pathogens are dealt with properly. Collection,
treatment, and transport all need to be examined with an eye
toward the goal of linking waste management with sustain-
able agriculture. The fact that many sewage systems around
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the world do not separate human from industrial wastes, con-
taminating the resultant sludge with toxic amounts of heavy
metals, complicates the process immensely.

Nevertheless, sewage will undoubtedly become a more
important resource in the future as a source of organic mat-
ter, nutrients, and water for crop production. Many small-
scale and traditional practices for turning sewage into a
useful resource can serve as an important basis for future
research on this important link to sustainability.

ReDUCING TILLAGE INTENSITY

The conventional wisdom in agriculture is that soil must be
cultivated to control weeds, incorporate organic matter, and
allow root growth. Despite its potential benefits, however,
cultivation can degrade soil structure, reduce organic mat-
ter content, disrupt soil biota, simplify the soil food web,
and cause the soil to lose some of the elements of produc-
tivity. For these reasons, paying attention to how the soil is
cultivated must be an integral part of managing soil biota
and SOM.

Many different patterns of soil tillage exist, but the main
pattern employed in conventional agriculture is a three-stage
process involving a deep plowing that turns the soil, a sec-
ondary tilling for preparation of a seed bed, and finally post-
planting cultivations (often combined with herbicide use) for
controlling weeds. Soil erosion, loss of good soil structure,
and nutrient leaching are well-known problems associated
with this pattern of tillage. Despite these problems, most
conventional farming systems, especially those producing
annual grains and vegetables, are dependent on extensive and
repeated tillage.

At the other extreme, there are many traditional farming
systems in which no tillage is used at all. In swidden agri-
culture, traditional farmers clear land using slash and burn
techniques and then poke the soil with a planting stick to sow
seeds. Such systems, which have the longest history of sus-
tained management, respect the need for a fallow period to
control weedy vegetation and to allow natural soil-building
processes to replace removed nutrients. Many agroforestry
systems, such as coffee or cacao under shade, depend on the
tree component of the system to provide soil cover and nutri-
ent cycling, and only receive occasional surface weeding.
Permanent pasture is rarely cultivated either.

Alternative tillage techniques, many of them borrowed
from traditional farming practices, have been developed for
and tested in conventional annual crop systems. These have
demonstrated that annual crop systems do not have to remain
dependent on extensive and repeated tillage and that reduced
tillage can help improve soil quality and fertility (El Titi
2002; Magdoff and Van Es 2009).

Using the technique of zero tillage, soil cultivation is lim-
ited to the actual seedbed and is done at the time of seed
planting. In some cases, special equipment is used that allows
planting directly into the crop residue left from the previous
crop. Other steps, such as fertilization and weed control, can
be completed at the same time as planting. Unfortunately,
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FIGURE 8.8 One of the custom-made tillers used for cultiva-
tion of the ridge-till systems on the Thompson Farm in Boone,
Iowa. The tiller is completing the first cultivation pass after plant-
ing of the corn crop, in which soil on the shoulders of the ridges is
cut away (killing weeds) and then pushed back. Dick Thompson
pioneered the ridge-till system in the 1980s, after recognizing that
even though conventional cultivation killed weeds, it also created
the ideal disturbed environment for their regrowth. Over the years,
thousands of farmers and researchers visited the Thompson Farm
to learn from the acknowledged “expert” on ridge-till systems.

many zero tillage systems have developed a great dependence
on herbicides, which may create other ecological problems.

In order to reduce or eliminate herbicide use, a number of
reduced-tillage systems have been developed. One in partic-
ular that has been quite successful for the production of corn,
soybean, and other crops is ridge tillage (see Figure 8.8).
After an initial plowing in which the planting beds, or ridges,
are formed, the only cultivation that occurs is focused on seed
planting, weed management, incorporation of organic matter
(crop residue, covercrops, manure) into the tilled surface soil,
and movement of surface soil from ridgetop to valley or vice
versa. The specially designed tillers used for the cultivation
never penetrate deeply into the soil. Some ridge-till systems
can go through many years of repeated planting without deep
tillage, and the reduced soil disturbance helps preserve SOM
and soil structure, enhancing the abundance and diversity of
the soil biota. Further, in many systems, herbicides can be
eliminated completely because every step in the process is
focused on minimizing opportunities for weed germination
and growth.

DiversiFYING CROPPING SYSTEMS

The diversity of the aboveground agroecosystem is directly
linked to the diversity of the belowground ecosystem. When
there are more types of crop plants, there is greater diver-
sity in leaf litter, plant exudates, and rooting patterns; this
diversity creates a greater number of habitats belowground,
and a wider range of environmental conditions, which pro-
mote greater species richness in the soil biota. Conversely,
the monocultures that characterize the industrial approach to
agriculture have been shown to greatly reduce the abundance
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and diversity of soil organisms. Thus, the farmer seeking to
enhance the health of the soil ecosystem would do well to
consider diversifying his or her operations spatially (through
polyculture, alley cropping, agroforestry, and other tech-
niques) and temporally (through rotations). As we will see in
Section 1V, cropping system diversification has a variety of
other benefits as well.

Agroecosystem diversity at a landscape level can also
benefit soil biota. Field margins, hedgerows, riparian corri-
dors, and patches of unfarmed land can serve as reservoirs
of soil biota diversity. When these reservoirs are present
on the landscape, it is more likely that species of soil biota
extinguished from farmed land can recolonize fields when
management practices are changed to make the fields more
congenial to the full range of soil organisms present in a par-
ticular region.

SUSTAINABLE SOIL MANAGEMENT

When soil is understood to be a living, dynamic system—
an ecosystem—management for sustainability becomes an
integrated, whole-system process. Focusing on the processes
that promote the maintenance of a healthy, dynamic, and pro-
ductive system becomes paramount. Fertility management is
based on our understanding of nutrient cycles, organic matter
content, and the abundance and diversity of the soil biota.
The application of our understanding of the ecological pro-
cesses that maintain the structure and function of the soil
ecosystem over time takes on the greatest importance. And
since the soil ecosystem is a complex, dynamic, and ever-
changing set of components and processes, our understand-
ing of this complexity must increase.

Good soil management is an important part of attaining
overall sustainability of agroecosystems. Many of the indica-
tors of sustainability discussed in Chapter 22 relate directly
to soil.

FOOD FOR THOUGHT

1. Organic matter is considered to be one of the most
important components of a healthy soil ecosystem,
but most agricultural activities (i.e., plowing, burn-
ing, cultivation, harvest) remove, reduce, or degrade
organic matter. What are some of the most practi-
cal ways of maintaining this valuable resource in
the soil?

2. What are the key factors that determine how long a
degraded soil will take to be restored to a condition
similar to its previous healthy condition?

. What is the difference between dirt and soil?

4. It has recently been proposed that we develop some
indicators of “soil health” in order to determine the
sustainability of different farming practices. What
indicators do you think should be used to evaluate
the health of the soil?

5. Why is it important for farmers to learn how to use
the concept of the soil ecosystem?
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INTERNET RESOURCES

Pedosphere.com
www.pedosphere.com
An online soil science magazine.

Natural Resources Conservation Service: Soil Quality
www.nrcs.usda.gov/wps/portal/nrcs/main/soils/health/
The Soil Quality portion of the NRCS Soils website, with
information about soil management practices, soil biol-
ogy, and soil quality assessment.

National Sustainable Agriculture Information Service: Soils
and Compost

attra.ncat.org/soils.html

Lists publications about soils and soil management.

US Department of Agriculture, Natural Resources
Conservation Service, Soils
www.nrcs.usda.gov/wps/portal/nrcs/site/soils/home/
The NRCS Soils website, providing extensive science-
based soil information, including soil surveys from across

the nation.

USDA Web Soil Survey
websoilsurvey.nrcs.usda.gov/app/
Very extensive and updated soil data and information for
most of the counties in the United States that can be used
for general farm, local, and wider area planning.
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Bardgett, R. D. and D. A. Wardle. 2010. Aboveground—Belowground
Linkages: Biotic Interactions, Ecosystem Processes and
Global Change. Oxford University Press (Oxford Series in
Ecology and Evolution): Oxford, U.K.

A synthetic volume that analyzes the interactions between
biotic communities aboveground and belowground, focusing
on their important roles in defining community structure and
ecosystem functioning, and their responses to climate change.
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9 Water in the Soil

Water is continually flowing through the body of a plant:
leaving the stomata via transpiration and entering through
the roots. For this reason, plants depend on having a certain
amount of water available to their roots in the soil. Without
adequate soil moisture, they quickly wilt and die. Thus main-
taining sufficient moisture in the rhizosphere—the part of
the soil infiltrated by plant roots—is a crucial part of agro-
ecosystem management.

Yet soil moisture management is not simply a matter
of there being adequate inputs of water into the soil from
precipitation or irrigation. Soil moisture is part of the ecol-
ogy of the soil and of the whole agroecosystem. Not only
is water availability and retention affected by a myriad of
factors, but water itself plays many roles. It carries soluble
nutrients, affects soil aeration and temperature, and impacts
soil biotic processes. Many members of the soil microfauna,
such as nematodes and protozoa, are essentially aquatic and
live within the thin film of water adhering to soil particles.
Further, plants themselves affect the distribution and avail-
ability of soil moisture. A farmer, therefore, must be aware
of how water acts in the soil, how water levels in the soil are
affected by weather conditions and cropping practices, how
inputs of water affect soil moisture, and what the water needs
of the crop are.

Rarely is the moisture availability of a soil exactly opti-
mum for a crop for a very long period of time. Water sup-
ply varies between deficiency and surplus from day to day
and throughout the season. The actual optimum is hard to
determine, since it is affected by a range of other factors,
and conditions are constantly changing. But we do know a lot
about the range of moisture conditions that promote the high-
est yields for most crops. The challenge is to manage water in
the soil in ways that keep conditions within this range.

MOVEMENT OF WATER IN THE SOIL

In natural ecosystems, water enters the system as rainfall or
snowmelt at the surface of the soil. In agroecosystems, water
enters from the same sources, as described in Chapter 6, or
is added as irrigation. Sustainable management of soil mois-
ture depends greatly on understanding the fate of this applied
water, with a goal of maximizing efficiency of water use by
the system.

INFILTRATION

For the water falling on or applied to the soil surface to
become available to plants, it must infiltrate into the soil.

Infiltration is by no means a given: water can be lost to sur-
face runoff or even evaporation if it cannot penetrate the soil
surface easily. Infiltration is affected by soil type, slope, veg-
etative cover, and characteristics of the precipitation itself.
Soils with greater porosity, such as sandy soils or those with
high organic matter content, are more open to the easy infil-
tration of water. Flat terrain is more apt to allow better infil-
tration than sloping ground, and a smooth slope loses more
water to runoff than one that is broken by microtopographic
variation caused by rocks, soil clumps, slight depressions,
or other obstructions on the surface. Vegetative cover, both
alive and as litter on the surface, greatly aids initial water
entry. In general, assuming optimal conditions, the greater
the intensity of rainfall, the greater the infiltration rate until
saturation is achieved. However, with excessively intense
rainfall, increased runoff will occur.

PERCOLATION

Once saturation of the upper layers of the soil occurs, gravi-
tational forces begin to pull the excess water more deeply
into the soil profile. This process, known as percolation, is
shown in Figure 9.1. The rate of percolation is determined by
soil structure, texture, and porosity. A soil with good crumb
structure and aggregate stability will allow water to move
freely between soil particles. Sandy textured soils have larger
pore spaces and less soil particle surface area to hold water
than more finely textured soils, and will therefore allow the
most rapid movement of water. A soil that is very high in
clay content may allow rapid percolation initially, but once
the clay micelles swell with water, they may close the pore
spaces and impede movement. Root channels and animal
burrows, especially those of earthworms, are important path-
ways for percolation, but soil texture and structure are proba-
bly of greater importance, especially in frequently cultivated
agroecosystems.

EVAPORATION

Once moisture enters the soil, it can be lost to the atmosphere
through evaporation. The rate of evaporation from the soil
surface depends on the moisture content and temperature of
the atmosphere above the surface, as well as the temperature
of the soil surface itself. Wind greatly accelerates the evapo-
ration process, especially at higher temperatures.

Even though evaporation occurs at the surface, it can
affect soil moisture deep into the soil profile. As evaporation
creates a water deficit at the soil surface, the attractive forces
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FIGURE 9.1 Movement of water in the soil of a cropping system. (a) Water infiltrates the surface after falling as precipitation.

(b) Gravitational water percolates downward, leaving the soil above moistened to field capacity with capillary water. At the same time,
evaporation and transpiration begin to remove water from the soil. (c) As gravitational water continues to percolate downward, the soil near
the surface begins to dry out. (d) When the gravitational water reaches the water table, most of the soil profile is moistened close to field
capacity. The exception is the upper layer of soil, which has dried out from evaporation. (e) Most of the soil above the capillary fringe, the
region kept moist by the water table, has dried out, and the soil once more nears the wilting point. (Adapted from Daubenmire, R.F., Plants

and Environment, 3rd edn., John Wiley & Sons, New York, 1974.)

between water molecules draw water from below through
capillary action. This process continues until the saturated
zone reaches too deep or the upper soil layer becomes so dry
that capillarity is broken. Any kind of mulch or soil surface
cover that slows the heat gain of the soil surface and presents
a barrier between the soil and the atmosphere will slow the
rate of evaporation.

TRANSPIRATION

As described in Chapter 3, plants lose water through the sto-
mata in the leaves as transpired moisture, creating a water
deficit in the plant that is balanced by uptake of water by
the plant roots. This biotic removal of water from the soil,
especially by roots that penetrate the soil layers below those
affected by evaporation, constitutes a major avenue of water
movement out of the soil ecosystem. If water is not added
to replace this loss, plants either have to go dormant or are
eliminated from the ecosystem.

HybprauLic REDISTRIBUTION

The same physical principles responsible for transpiration
allow some plants to move water through their root tissues
when their stomata are closed and thereby transport water
from one part of the rhizosphere to another. This special

ability is possessed by shrubs and trees with xylem pathways
that run from their shallow lateral roots to their deeper tap-
roots. When one part of the plant’s root system lies in an
area of very dry soil, water is drawn out of those roots by the
high water potential, exerting a force, or pressure potential,
analogous to that of transpirational pull. This pressure poten-
tial pulls water from roots located in wetter soil. The water
moves through the plant’s root system and exudes from the
roots in the drier soil, effectively moistening that soil. This
movement of water, called hydraulic (or hydrologic) redistri-
bution, occurs mostly at night, when the plant’s stomata are
closed and transpiration is not competing for the water in the
wetter parts of the rhizosphere.

In the form of hydraulic redistribution with greatest rel-
evance for agriculture, called hydraulic lifting, water is drawn
from the deep layers of the soil penetrated by the plant’s long
taproots and redistributed to the soil near the surface occupied
by the lateral roots. Although hydraulic lifting is not known to
occur in any of the annual plants from which humans derive
most of their food, it does have relevance for agroecosystems
(Liste and White 2008). In semiarid regions with alternating
wet—dry seasons, crop plants can be grown in association with
native trees or shrubs that exhibit hydraulic lifting. In such
systems, the moisture brought to the surface by the shrubs or
trees can greatly increase the yield of the crop plants or even
spell the difference between crop success and failure.
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SOIL MOISTURE AVAILABILITY

The attractive forces operating between water and individual
soil particles play a key role in determining how soil mois-
ture is retained, lost, and used by plants. Understanding these
forces means looking at the physical and chemical proper-
ties of the soil solution, the liquid phase of the soil and its
dissolved solutes that are separate from the soil particles
themselves.

The percentage of moisture available for plant use in a soil
has traditionally been determined by collecting a soil sample,
measuring its weight, drying the soil at 105°C for 24 h, and
then measuring its dry weight. The amount of moisture lost
during drying is divided by the sample dry weight, giving a
figure that is expressed as a percentage.

This procedure, however, is not adequate for measuring
the amount of water actually available to plants in the soil
because it does not take into account the important variable
of water adhesion to soil particles. As both clay and organic
matter content increase in a soil, water is attracted more
tightly to soil particles and becomes more difficult for roots
to take up. Lettuce may wilt, for example, in a clay soil with
15% moisture, whereas in a sandy soil, moisture may drop as
low as 6% before the crop will wilt.

Because water is held more tightly in some kinds of soil
compared to others, another measure besides just percent
moisture content is needed that better reflects the attractive
force between soil particles and moisture. This measure is
achieved by expressing soil moisture in energy terms. The
force of attraction of water molecules to soil particles, the soil
water potential, is expressed as bars of suction, where 1 bar
is equivalent to standard atmospheric pressure at sea level
(760 mm Hg or 1020 cm of water). This method provides a
means of measuring the availability of water in the soil solu-
tion and takes into account the varying forces of attraction
determined by soil particle size and organic matter content.

A number of special terms are used to describe water
moisture content and availability in terms of attractive
forces. These are defined in the following and illustrated in
Figure 9.2.

e Gravitational water is water that moves into,
through, and out of the soil under the influence of
gravity alone. Immediately following rain or irriga-
tion this water begins to move downward into the
soil, occupying all macropore spaces.

e Capillary water is the water that fills the micro-
pores of the soil and is held to particles with a force
between 0.3 and 31 bars of suction.

» Hygroscopic water is the water held most tightly to
soil particles, usually with more than 31 bars of suc-
tion. After soil has been oven-dried, the remaining
nonchemically bound water is hygroscopic water.

* Water of hydration is the water that is chemically
bound with the soil particles.

» Easily available water is the portion of the
water in the soil that is readily absorbed by plant
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FIGURE 9.2 Soil moisture in relation to force of attraction
to soil particles. Permanent wilting point is reached when easily
available water has been depleted. Field capacity is the amount of
water remaining after gravitational water has drained away.

roots—usually capillary water between 0.3 and
15 bars of suction.

* Field capacity is the moisture left in the soil after
the downward pull of gravity has drained the mac-
ropores of gravitational water, leaving the micro-
pores filled with capillary water held with at least
0.3 bars of suction to soil particles.

* Permanent wilting point is the moisture content of
the soil at which a plant wilts and does not recover
even when placed in a dark, humid environment.
Permanent wilting point usually occurs when all the
capillary water held at less than 15 bars of suction
has been removed from the soil.

Since every soil is a different mixture of particle sizes and is
variable in organic matter content, and because these char-
acteristics determine water retention ability, it is important
to determine the soil type as a part of developing a water
management plan. In most soils, optimum growth takes
place when soil moisture content is kept just below field
capacity. It is clear that the moisture needed for optimum
growth does not extend over the complete range of soil
moisture content.

PLANTS’ UPTAKE OF SOIL MOISTURE

While they are transpiring, plants must continually replace
the significant amount of water they lose through their sto-
mata. At any one time, however, only a small proportion of
available soil water is close enough to the root surfaces that
actually absorb the water. Two processes compensate for this
limitation. First, water is drawn passively through the soil to
root surfaces through capillary movement of water, and sec-
ond, plant roots actively grow into the soil toward areas with
sufficient moisture for uptake.
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CAPILLARY MOVEMENT OF WATER

As a plant takes in water through its roots to replace that
which it loses through transpiration, the soil moisture con-
tent of the area immediately surrounding the root is reduced.
This increases the energy of suction in that region, creating
a gradient of lower water potential that tends to draw mois-
ture in all directions from the surrounding soil. Typically,
most water is drawn from deeper in the soil profile, espe-
cially when the water table is close to the surface. Capillary
movement is due partly to the attraction of water molecules
to soil particle surfaces, and partly to the attraction of water
molecules to each other. The speed at which capillary move-
ment occurs depends on the intensity of the water deficit and
the type of soil. In most sandy soils, movement is fairly rapid
because the larger-sized particles hold water less tightly. In
soils with more clay, especially those with poor crumb struc-
ture, movement is much slower.

It has been shown that water can move only a few centi-
meters a day through capillary action. But due to the exten-
sive volume of soil occupied by most root systems, movement
of any greater distance is probably not needed. Plants can
obtain a large proportion of their water needs through capil-
lary movement even when transpiration rates are very high.
The increased suction pressure created in the immediate root
zone during the day is replaced by water movement through
the soil from areas of lower suction during the night. It is at
times when soil moisture content has been severely depleted
and plant growth has slowed that such movement is of great-
est significance. If inadequate moisture is present in the sur-
rounding soil, the plant reaches the permanent wilting point.

ExTENSION OF ROOTS INTO THE SoiL

Plants are continually extending roots into the soil, ensuring
that new sites of root contact with the soil are being estab-
lished. Roots, rootlets, and root hairs all combine to produce
an extensive network of soil-root interface. Despite continued
root penetration and the large volume of the root network,
however, the total amount of any particular soil volume that
is in contact with a plant’s roots at any one time is very small.
According to most estimates, less than 1% of the total soil
particle surface area within the volume of soil occupied by a
plant’s roots is actually in contact with root surfaces. This fact
underlines the importance of capillary movement of water and
the complementarity of water movement and root extension.

Most annual plants distribute most of their roots in the
upper 25-30 cm of the soil, and as a result, absorb most of
their water from that horizon. Many perennial plants, such
as grapes and fruit trees, have roots that extend much more
deeply and are able to pull moisture from deeper in the soil
profile. But even these plants probably rely heavily on water
that is absorbed by roots in the upper horizons when it is
available—the usual situation during the cropping cycle.
When water is not sufficient, even annual plants such as
squash and corn will rely on their deeper roots in an attempt
to replace transpirational losses.
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The relationship between soil moisture and plants’ water
needs is the result of a complex interaction between soil con-
ditions, rainfall or irrigation regimes, and the needs of the
crop. Farmers try to maintain a balance between these com-
ponents during the cropping season, but oftentimes events or
conditions occur that shift the balance toward an excess of
soil moisture or a deficiency.

EXCESS WATER IN THE SOIL

When excess water is present in an agroecosystem for an
extended period of time, or movement of excess water out
of the system is impeded, the condition known as waterlog-
ging can occur. High rainfall, poor irrigation management,
unfavorable topography, and poor surface drainage can bring
about waterlogging and associated changes in the soil ecosys-
tem. Waterlogged soils occur throughout the world, ranging
from riverbank sediments to marshes, swamps, and peat bogs.
Even well-drained soils can experience periods of waterlog-
ging if they are subject to seasonal flooding (Figure 9.3).

Waterlogging occurs frequently and broadly enough that
agricultural systems around the world have developed ways
of dealing with excess water. More recently, this has involved
the construction of costly draining and damming infrastruc-
tures. Simpler and traditional techniques, in contrast, have
the goal of working with the condition of excess water rather
than getting rid of it. In many wet areas of the world, for
example, rice is cultivated as a crop ideally suited to wetland
agriculture.

NEGATIVE EFFecTs OF Excess WATER

In a soil where air fills the pore spaces between soil par-
ticles, oxygen diffusion is rapid and there is rarely a defi-
ciency of O, for ecological process (i.e., root metabolism and
decomposer activity). But when the pores are filled or satu-
rated with water, the diffusion rate of O, is greatly reduced.

FIGURE 9.3 Corn damaged by waterlogging in Tabasco,
Mexico. Excess soil moisture creates conditions that can stunt or
even kill a crop.
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Oxygen movement in saturated soil can be one-thousandth or
less of what it is in well-aerated soil. Lack of O, can severely
limit the respiration of root cells, allow populations of anaer-
obic microorganisms to build up, and establish chemically
reducing conditions.

The depressed rates of gas exchange in waterlogged soils
also allow the buildup of CO, and other gases. CO, accumu-
lates wherever respiration is occurring, such as in the area
of the roots, displacing needed oxygen and limiting many
metabolic processes. Other gases begin to accumulate under
the same conditions; for example, methane and ethylene can
increase to toxic levels as a result of anaerobic breakdown
of organic matter. Phytotoxic water-soluble breakdown prod-
ucts of anaerobic organic matter decomposition also accumu-
late, a problem that has been noted even for rice production
systems (Chou 1990).

Under conditions of limited O, supply, many soil micro-
organisms make use of electron acceptors other than oxy-
gen for their respiratory oxidations. As a result, numerous
compounds are converted into a state of chemical reduction,
where oxygen is lost and hydrogen is gained. This in turn
leads to imbalance in the oxidation—reduction (redox) poten-
tial of the soil, measured as the electrical potential of the soil
to receive or supply electrons. Ferrous and manganous ions
(rather than ferric or manganic) build up to toxic levels under
reducing conditions.

Some anaerobic-tolerant microorganisms that can use
nitrate as an oxygen source for respiration cause denitrifi-
cation by liberating N, gas or toxic levels of nitrous oxide
(N,O). Ammonia, too, can build up after flooding, but this
is due more to the anaerobic breakdown of organic matter.
In addition, anaerobic activity reduces sulfates to phytotoxic
soluble sulfides, producing the familiar rotten-egg hydrogen
sulfide (H,S) smell.
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Each of the conditions described earlier can become lim-
iting for plant development, either alone or in some com-
bination. When a plant is weakened by these conditions it
becomes more susceptible to diseases, especially in the root
zone. The timing of flooding is also important. The suscepti-
bility of a crop to negative effects from excess soil water con-
ditions may depend on what stage of development the crop
is in when the waterlogging occurs. The data in Figure 9.4
illustrate how waterlogging can affect crop growth, develop-
ment, and yields in different ways depending on the timing
of the waterlogging.

DRAINAGE SYSTEMS

Drainage systems have long been employed to make wet-
land areas more conducive to agriculture and simply to make
cropping possible in the first place in areas with excess water
or frequent flooding. Drainage systems involve construct-
ing levees, canals, and ditch systems that either keep low-
lying areas from being flooded (after the removal of water
by pumping or evaporation) or permit the water table to be
lowered so that the soil ecosystem can be kept aerobic.

Drainage systems are known to have been used by Roman
and Chinese farmers more than 2000 years ago. Much
of the Yangtze River Valley of China, the lowlands of the
Netherlands, and the Delta region of California would not be
farmable without complex drainage systems. More recently,
stricter control of soil moisture has become possible with the
development of subsurface drainage systems employing per-
forated plastic pipe that can be laid with special trenching
machines.

But drainage systems are not without costs. Apart from
the economic costs of installation and maintenance, drain-
age systems have ecological costs. The removed water carries
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with it nutrients and sediments that are lost to the system and
must be replaced. In areas of variable rainfall, excess drain-
age can cause increased drought damage during a dry year.
In some regions with high evapotranspiration (ET) during the
growing season and where drains are used extensively, the
disposal of the drainage water itself can be a problem, espe-
cially when it carries pesticide residues and high salt loads
that can damage nearby natural ecosystems.

WETLAND-ADAPTED CROPS

Instead of treating flooding as a problem to be solved with
drainage systems or other infrastructures, it can be viewed as
an opportunity for growing crops with adaptations that allow
them to tolerate waterlogging. Rice (Oryza sativa) is prob-
ably the most well-known example of such a crop. Originally
an aquatic or swampland plant, rice has been cultivated as a
crop that flourishes in wet habitats. Its adaptations include
special air space tissue in the stems that allow air to diffuse
to the roots, roots that can grow under conditions of low
oxygen concentration, the ability to oxidize ferrous ions to
reddish-brown ferric hydroxide in the rhizosphere and thus
tolerate soils with high redox potential, and seeds that will
germinate underwater due to their low oxygen requirement.
Other crops are not completely wetland adapted, yet have
adaptations that allow them to tolerate periodic flooding.
Taro (Colocasia esculenta), for example, may be able to tol-
erate flooding because of its ability to store oxygen in the
swollen corm-like base of the leaves.

AGROECOSYSTEM-LEVEL ADAPTATION TO EXCESs SoiL WATER

When an agroecological focus is applied to coping with
excess water, an intermediate approach is often taken. Rather
than trying to eliminate the water or restricting production to
wet-adapted crops, topographic variation is created through
various means to form beds, platforms, or fields with soils
that lie above the water table or typical high water level.

In a traditional method employed in several regions around
the world, soil is dug to build up raised beds, and in the process
canals or ditches are formed (Figure 9.5). The canals serve
to drain away excess water and to catch and retain erosional
sediments and organic matter. In some cases, the canals also
make possible fish production. If the system is installed in
an area with an extended dry season, capillary movement of
water upward from the water table can be sufficient to main-
tain crops, or irrigation water can be drawn from the nearby
canal. Examples of such systems include the pond-dike
systems of the Pearl River Delta of southern China and the
canal-field systems of the Netherlands. Another example, the
camellone—zanja system of Tlaxcala, Mexico, was discussed
in some detail in Chapter 6 as an adaptation to a local regime
of wet-season flooding. Many of these agroecosystems have a
very long history of successful management.

Another strategy used to create farmable soil in wetlands
is to build up platforms in shallow lakebeds using rocks, soil,
and cribbing materials from nearby areas and mounding
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FIGURE 9.5 Constructing a raised-field farming system in
a wetland in Tabasco, Mexico. Soil dug from lateral ditches is
being layered with waste sugarcane fiber to create a raised planting
surface.

lakebed sediment and plant debris on top of these bases. An
example of this type of system is the chinampas developed
during the pre-Hispanic era in the shallow lakes of the Valley
of Mexico.

SOIL WATER DEFICIENCY

When the rate of moisture loss from a soil through ET is
greater than the input from rainfall or irrigation, plants begin
to suffer. Evaporation depletes the water supply in the upper
15-25 cm of the soil, and depending on the rooting charac-
teristics and transpiration rates of the plants in the soil, deple-
tion can extend to a greater depth as plants lose water to the
atmosphere through transpiration. As moisture is depleted
from the soil, soil temperatures near the surface begin to rise,
increasing even more the rate of evaporation. When the eas-
ily available water held to soil particles is depleted through
these processes, levels of soil moisture may decline to the
point where plants wilt temporarily during the day.

If temporary wilting consistently occurs, leaves begin to
yellow, and growth and development are generally retarded.
Leaves expand more slowly, are smaller, and age sooner.
Photosynthetic rates drop in a stressed leaf, and a larger
amount of assimilated photosynthate is stored in the plant
roots. From a crop production point of view, such responses
are negative since they result in a reduction in harvestable
product. Moreover, when soil moisture is low enough for
drought stress responses to occur repeatedly, crop failure
may be the eventual result.

From an ecological perspective, drought stress responses
may provide some adaptive advantage to the plant. For exam-
ple, the allocation of more carbon to the roots of a water-
stressed plant may promote more root growth, allowing the
plant to draw moisture from a broader area. Water stress may
force earlier flowering, fruiting, and seed formation, helping
to ensure the survival of the species. In some cases, farmers
can actually take advantage of such drought responses, as
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FIGURE 9.6 Dry-farmed olives in Andalucia, Spain. This
deep-rooted perennial crop is well suited to regions with limited
rainfall and difficult access to irrigation.

when water is withheld from cotton plants in late summer to
force defoliation and avoid the need for chemical defoliants
before harvest.

Many plants have specific structures or metabolic path-
ways that aid in survival under water-stressed conditions.
Farmers in an area subject to periodic water stress would do
well to look for crop species and varieties that demonstrate
some of these adaptive traits. Some examples of drought-
tolerant crops are certain cacti species, garbanzo beans,
sesame, nut crops such as pistachio, and certain deep-rooted
perennials such as olives and dates (Figure 9.6).
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ECOLOGY OF IRRIGATION

In natural ecosystems, vegetation is adapted to the soil mois-
ture regime set by climate and soil type. Agroecosystems, on
the other hand, often introduce plants with water needs that
exceed the ability of the natural ecosystem to supply those
needs. When this is the case, irrigation is used to provide
adequate soil moisture for crops.

Irrigation represents a major change in ecosystem function,
and generates its own particular ecological problems. At the
same time, water supply systems are costly in terms of both
money and energy. Their use must balance ecological and
economic costs if long-term sustainability is to be achieved.

Water harvesting, storage, and delivery systems can
have major impacts on surface and subterranean water flow.
Aquifers can be overdrafted, and the ecology of riverine,
riparian, and wetland ecosystems can be severely damaged.
Since maintaining healthy waterways and water supplies
is as important as maintaining profitable crop production,
the impacts of water supply systems on local and regional
hydrology must be taken into account (Postel 2010).

SALT BuiLbur

Nearly all irrigation waters contain salts that can damage
crops if allowed to accumulate. Since irrigation is used
primarily in areas with high ET potential, the deposition
of salts at the soil surface over time is inevitable. If uncon-
trolled, this buildup, called salinization, can reach levels
unfavorable for crop production, especially when the salts
contain toxic trace elements such as boron and selenium

CASE STUDY: INTERCROPPING WITH HYDRAULIC LIFT SHRUBS IN ARID WEST AFRICA

In parts of the Sahel region in Africa, where desertification and soil degradation threaten the ability of people to grow
enough food, many farmers successfully grow crops of peanuts or millet in association with two native shrubs, Guiera
senegalensis and Piliostigma reticulatum. These crops are generally more likely to survive drought periods during the
growing season of the semiarid Sahel than the same crops grown without the shrubs.

A group of scientists from universities and research institutions in Senegal, France, and the United States are undertak-
ing a multiyear, National Science Foundation—funded research project to determine what mechanisms and interactions are
responsible for the positive effects of this shrub intercropping. Initial research has confirmed that the shrubs do indeed help
the crop plants: optimized shrub—crop systems (in which the shrubs are at a higher density and are not managed through
the traditional practice of burning) in many cases show higher yields for peanuts and millet than nonshrub systems.

Further research has established that the soil in the vicinity of the shrubs remains higher in soil carbon content, microbial
diversity and activity, and moisture throughout the long 6- to 9-month dry season than soil outside of the shrub canopies.
There is also strong evidence that both G. senegalensis and P. reticulatum are able to transfer water from deeper soil layers
to the rhizosphere near the soil surface through the process of hydraulic lift (see Movement of Water in the Soil section).

Even though the amount of water that is hydraulically lifted is relatively small, the researchers hypothesize that it
is nevertheless important in assisting crop plants through periods of drought stress. But the evidence they’ve collected
indicates that the benefits that the crop plants receive from the hydraulically lifted water are not entirely direct—rather,
they are mediated by soil microorganisms. The microorganisms thrive in the moist environments surrounding shrub
roots—and not in the drier soil further away. The researchers hypothesize that these microorganisms produce plant-
growth-promoting and pathogen-suppressing compounds that benefit the crop plants. It is also possible that mycorrhizal
fungi present in the soil microbe community establish hyphal linkages between the roots of the shrubs and the roots of
the crop plants and help transfer both water and nutrients to the crops.



112

Agroecology: The Ecology of Sustainable Food Systems

The researchers are carrying out experiments and investigations to test their hypotheses and to obtain quantitative
measurements of water transfer, microbial biomass, production of plant-growth-promoting compounds, the shrubs’ con-
tribution to reduction of crop—plant drought stress, and other important factors. Their findings and data could provide
the basis for designing agroecosystems for the Sahel region that are resistant to drought, have reduced needs for external
inputs like pesticides and fertilizers, and help conserve soil and water resources. The scientifically validated principles
and practices developed for the Sahel might then be applied to the design of similar systems in other semiarid regions of
the world, helping to address food security and ecological challenges (Figure 9.7).

FIGURE 9.7 One of the research plots in the study, showing a crop of peanuts growing with Piliostigma shrubs 40 days after
sowing. The shrubs were cut at the ground surface the next day, and their leaves and stems cut up and spread over the soil. During the
dry season, when the crop is not growing, the shrubs are not coppiced; their root systems remain intact and functioning throughout

the cycle. (Photo courtesy of Nate Bogie.)

(Figure 9.8). Total salt content is measured as electrical con-
ductivity in mhos. For each 1.0 mmho/cm of applied irriga-
tion water, the salt content of the water increases by about
640 ppm. Careful monitoring of salt levels in irrigated soils,
along with analysis of the salt content of incoming irrigation
water, can help avoid excessive buildup.

Because of the inevitability of salt buildup in most irri-
gated systems, long-term sustainability is not possible with-
out adequate natural or artificial drainage that removes the
accumulated salts from the upper layers of the soil. Rainfall
is the primary natural leaching agent. In the absence of suf-
ficient rainfall, it is necessary to construct systems of drains,
ditches, and canals as described earlier. Excess irrigation
water is applied periodically to dissolve salts, and the salt-
laden water either leaches below the productive root zone or
is removed through surface drainage from the crop fields.

A natural consequence of farming in dry areas where ET
is high and irrigation water carries appreciable salt loads is
that the water leaving the agroecosystem will have a higher
salt concentration than the water applied. Care needs to be
taken, therefore, not to salinize the areas receiving the out-
flow, be they soils, the groundwater, or surface water systems.

EcorLocicaL CHANGES

The introduction of irrigation water into a farming region
during a normally dry part of the year may have profound
effects on natural ecological cycles and the life cycles of both
beneficial and pest organisms. Under natural conditions,
seasonal drought may have been a very important means
of reducing the buildup of pests and diseases, acting much
as frost or flooding does in other regions to disrupt the life
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FIGURE 9.8 Land damaged by salt buildup near Kesterson
in Central California. Irrigation water draining from surrounding
farmland and then evaporating has left toxic salts in the soil. (Photo
courtesy of Roberta Jaffe.)

cycles of these organisms. Loss of this natural control mech-
anism can have serious consequences in terms of outbreaks
and increased resistance to artificial control strategies.

Another type of change that may result from introduc-
ing irrigation into naturally dry areas is local or regional
climate change caused by the increased evaporation from
surface water storage areas or from farm fields where water
is applied. Elevated humidity in the atmosphere can be con-
nected to increased pest and disease problems, and might
also be associated with shifts in the distribution and quan-
tity of precipitation. The off-farm effects of irrigation must
be considered along with its on-farm effects when the larger
context of sustainability is applied.

OPTIMIZING USE OF THE WATER RESOURCE

Soil moisture is managed optimally in agroecosystems
designed to ensure that the primary route for water out of the
soil is through the crop. The focus for management, therefore,
is to reduce evaporation and increase the flow through tran-
spiration. Farming practices that encourage this differential
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water movement are important components of sustainability,
particularly as the availability of freshwater and its manage-
ment become two of the most critical issues facing humankind.

ErricieNncy oF WATER USE

The biomass produced by a plant with a given amount of
water can be used as a measure of the efficiency of the use
of water applied to an agroecosystem. When this efficiency
is expressed as dry matter produced per unit of water trans-
pired it is called transpiration (7)) efficiency, and when it is
calculated on the basis of dry matter produced per unit of
water lost through both evaporation from the soil surface and
transpiration, it is called ET efficiency.

Transpiration Efficiency

Plants vary in their relative T efficiencies, although actual
T efficiency depends on the conditions that exist where the
crop is growing. Data suggest that crops such as corn, sor-
ghum, and millet have relatively high T efficiencies, since
they use less water to produce 1 kg of dry matter. In contrast,
legumes such as alfalfa have low T efficiencies and depend
on high moisture inputs for each kg of dry matter produced.
Most cereal and vegetable crops are intermediate. Average T
efficiencies for a number of important crop plants are shown
in Figure 9.9.

It takes a large amount of water to bring a crop plant to
maturity. For example, a representative crop of corn contain-
ing 10,000 kg/ha of dry matter and having a transpiration
ratio of 350 would draw the equivalent of 35 cm of water per
hectare from the soil. This moisture must be in the soil at the
time the plants need it, or growth will suffer. Add evapora-
tion losses to this figure, and it can be seen how moisture
is often the most critical factor in production in moisture-
limited regions.

Research focusing on breeding for increasing the T effi-
ciency of crops has shown little success in significantly altering
the T efficiency ratio (Sinclair 2012). Without other conditions
being limiting, the amount of water needed to produce a unit
of dry matter of a crop species or variety in a given climate
is relatively constant. More intensive research is needed on

Clover Potatoes

FIGURE 9.9 Average T efficiencies of various crop plants. The averages were computed from data compiled by Lyon et al. (1952) from

various locations around the world.
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more diverse physiological variables such as photosynthetic
rates and limits to water flow inside the plant. But overall the
lack of success in altering 7T efficiency would suggest that we
need to continue focusing on managing environmental vari-
ables such as control of evaporation from the soil surface.

Evapotranspiration Efficiency

Since soil itself is quite variable, ET efficiency is also
extremely variable. However, by changing soil and crop man-
agement practices that affect evaporation from the soil, as
described in the following, desirable changes in ET efficiency
can be readily obtained. Ideally, the ratio of transpirational
water loss to evaporative water loss should be as high as pos-
sible. A higher T to E ratio indicates more movement of water
through the plant, and hence, a higher potential for produc-
tion of plant biomass per unit of water used. Sustainable water
management places greatest emphasis, then, on reducing E so
as to have more moisture for 7" and related plant growth and
development processes.

MANAGING EVAPOTRANSPIRATION

Since transpiration is a plant process that is subject to only
minor control if a plant is otherwise growing normally, it is
best to focus on reducing evaporative loss by managing the
way the plants are grown.

Crop Choice and Agroecosystem Design

The choice of plant species and the timing of cropping can
influence both T and ET efficiency. Choosing a crop with
less intensive water needs, such as corn or sorghum, in an
area with very high ET and limited water for irrigation is one
good strategy for soil moisture management. It may also be
useful to shift the growing of more water-intensive crops to a
cooler time of the year when moisture loss potential is lower.

Greater vegetative cover can reduce evaporation dramati-
cally. One way of gaining more cover is to use intercropping
techniques. A forest plantation, for example, shades the soil
surface, whereas an apple orchard with widely separated rows
of trees has much more evaporative soil surface exposed. But
an increase in plant cover (higher LAI) can also be a liability
in drier regions, since lower evaporation rates can be offset
by much higher transpiration rates, depleting soil moisture
reserves more rapidly.

Fallow Cropping

In moisture-limited parts of the world such as the Great
Plains of the United States and the southeastern wheat belt
of Australia, farmers sometimes alternate between cropping
1 year and fallow the next to conserve soil moisture. The
elimination of transpirational losses from a crop during the
fallow year allows soil moisture to be stored for the plant-
ing year. Stubble from the previous crop is usually left on
the soil surface during the fallow year to limit evaporative
losses, and then some kind of soil cultivation or herbicide
treatment is used during the fallow season to minimize tran-
spiration losses from weeds. Alternatively, a pasture crop
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FIGURE 9.10 Sheep-grazed fallow on an Australian wheat
farm. The sheep control moisture-using herbs and serve as a cash
crop during the fallow year. Soil moisture gained during the fallow
year combines with rainfall during the following cropping year to
permit a successful wheat harvest. Successive years of wheat pro-
duction with no fallow are impossible, except when there is unusu-
ally high rainfall. (Photo courtesy of David Dumaresq.)

is sown toward the end of the cropping year and left as a
grazed cover during the fallow year. Although low rainfall
during the fallow year can cause lower crop yields during the
cropping year, a crop planted following a year of fallow will
generally have a higher yield than if planted without fallow.
In fact, as long as sufficient rainfall for recharge is received
during the fallow year, there is much less risk of crop failure
if the crop season turns out to be a drought year (Figure 9.10).

Managing Surface Evaporation

Evaporation directly from the soil surface normally returns
to the atmosphere more than half the moisture gained from
precipitation. This degree of evaporative loss occurs not only
in dryland regions, but in irrigated arid and rainfed humid
regions as well. Depending on other factors, plant growth
may suffer as a result of the loss of moisture through surface
evaporation. Any practice that covers the soil will aid in the
reduction of evaporative losses.

Organic Mulches
A wide range of plant- and animal-derived materials can
be used to cover the surface of the soil as mulch in order to
reduce evaporation (and to reduce weed growth and transpi-
rational losses from the weeds). Commonly used materials
include sawdust, leaves, straw, composted agricultural wastes,
manure, and crop residues. Mulches provide a very effec-
tive barrier to moisture loss, and have special application in
intensive garden and small-farm systems, or with high-value
crops such as strawberries, blackberries, and some other fruit
crops. Mulches work best when the cropping system requires
only infrequent cultivation or relies mostly on hand weeding.
Mulching provides a viable option for soil water manage-
ment, but at the same time has many other beneficial effects.
It protects the soil from erosion, returns organic matter and
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FIGURE 9.11 Water hyacinth mulch between rows of chiles in
Tabasco, Mexico.

FIGURE 9.12 Redwood bark mulch on the tops of strawberry
beds near Aromas, CA.

nutrients to the soil, alters the surface reflectivity (albedo),
increases the boundary layer for gaseous diffusion, and
allows better infiltration of incoming rainfall. All of these
factors interact (Figures 9.11 and 9.12).

Artificial Mulches

A range of specially manufactured papers and plastics are
now available for use as mulches. Such materials can be eas-
ily spread out and firmly secured to the soil surface. When
these “mulches” are spread directly over planted beds, slits or
holes can be made for the crop plants. Moisture loss is greatly
reduced and crop yields very often are increased. Some plas-
tics provide a concentrated greenhouse effect as well, raising
soil temperatures several degrees. This is a very important
benefit for crops that are planted during the colder time of the
year, such as strawberries in coastal California (Figure 9.13).

Crop Residues and Reduced Tillage

By leaving a high percentage of the residue from the crop-
ping season on the surface of the soil, a protective barrier that

115

FIGURE 9.13 Plastic mulch on strawberry beds in coastal
California. The plastic is applied after the small strawberry plants
are transplanted, and then slits are cut in the plastic for the plants
to grow through.

lowers evaporation is created. The residue mulch protects the
boundary layer at the surface of the soil, and provides a bar-
rier against the capillary flow of water to the surface. The
lower temperatures created by the mulch barrier probably
help reduce evaporation as well.

Reduced-tillage and no-till techniques are often com-
bined by using crop residues as mulch. A major goal of most
reduced-tillage systems is to develop greater soil cover to
reduce evaporative losses from the surface. In no-till systems,
seeds are sown directly into the sod or under residues of the
previous crop with no plowing or disking, allowing the plant
material to remain as a barrier to evaporative loss. Stubble
mulching is a common practice in subhumid and semiarid
areas where enough biomass is produced by the previous
crop to provide sufficient soil cover. The residue is chopped
or mown and spread evenly over the surface, and then spe-
cial tillage implements that can penetrate the mulch are used
to plant the following crop. Despite their positive impact on
soil moisture, reduced-tillage systems have potential draw-
backs. These include increased dependence on herbicides
for weed management, buildup of soil pathogens from crop
residues, and the need for more complex and costly farming
equipment.

Soil Mulch

A natural soil mulch, also called a dust mulch, made from a
cultivated dry soil layer on the surface of the soil, can con-
serve moisture in regions with a distinct alternation between
the wet and dry season. This dry layer breaks the capillary
flow of water to the surface, and the process of its creation
eliminates weeds that might tap moisture below the dry layer
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and increase transpirational losses. These benefits, however,
must be weighed against potential negative impacts such as
increased costs for cultivation, a greater threat of soil erosion
from rain and wind, and the loss of organic matter from the
dry layer.

FUTURE RESEARCH

When sustainability is the primary goal, moisture in the
soil is managed so that it remains as close as possible to the
optimum required to maintain the best growth and develop-
ment of the crop. This means going beyond simply removing
water when it is in excess and adding it when it is deficient.
Sustainability requires an in-depth understanding of how
water functions in the soil and at the plant—soil interface.
Efficiency of uptake of water and its conversion to plant bio-
mass can be one indicator of agroecosystem sustainability.
Further development and testing of water management strate-
gies are needed, especially those that view water in the con-
text of the larger cycles and patterns that link the farm with
the surrounding environments from which water comes and
ultimately returns after passing through the farm.

FOOD FOR THOUGHT

1. In rainfall-deficient regions, the lack of soil mois-
ture for crop production can be dealt with in two
ways: (1) developing crops or cropping systems
that are adapted to the low levels of moisture or
(2) introducing irrigation to overcome the water
deficit. What are the advantages and disadvantages
of each approach?

2. What are some of the reasons that farmers must be
aware of the “downstream” effects of their use of
irrigation?

3. A period without rainfall long enough to create
moisture stress in the soil, or a period of waterlog-
ging long enough to create limiting conditions of
anaerobiosis in the soil ecosystem, can help control
pest populations and diseases in the soil that might
otherwise cause crop loss. When these natural
events are removed from a particular soil system,
what alternative pest and disease management strat-
egies could be employed?

4. How is competition for water between urban regions
and agroecosystems affecting natural ecosystems?
How might the water needs of all three be better
balanced? How will climate change affect the use of
water in your local area?

INTERNET RESOURCES

AQUASTAT
www.fao.org/nr/aquastat
AQUASTAT is the global water information system of
the United Nations’ Food and Agriculture Organization
(FAO).
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Global Water Policy Project
www.globalwaterpolicy.org

International Water Management Institute
www.iwmi.cgiar.org

The Nature Conservancy Rivers and Lakes Initiative
www.nature.org/ourinitiatives/habitats/riverslakes/threat
simpacts/rivers-and-lakes-promoting-sustainable-agricul
tural-practices.xml
The TNC’s site for programs linking the protection of
lakes and rivers with the maintenance of agricultural pro-
ductivity and sustainability.
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Fire is a major form of environmental change or distur-
bance. In natural ecosystems, it removes dominant plant
species, displaces animals, returns nutrients to the soil, and
burns accumulated litter on the forest floor. Nearly all the
vegetation of the earth has been influenced in some way by
fire. Periodic fires of varying frequencies and intensities are
thought to occur in most ecosystems, especially in regions
with pronounced dry seasons.

The most common fires are natural in origin, but anthro-
pogenic (human-induced) fires have a considerable history as
well. There are reports in the literature of charcoal deposits
in tropical rain forest areas dating back as far as 6000 BP,
many of which appear to be associated with human activity.
Before the development of early agricultural tools, fire may
have been the most important “tool” early humans had for
vegetation management.

Some natural vegetation types that have evolved in areas
where fire is relatively frequent are actually dependent on
fire for their long-term stability; these include certain prai-
rie, savanna, shrub, and forest types. The shrubby vegetation
of ecosystems with a Mediterranean climate (called chap-
arral, matorral, or caatinga) is probably the best-known
fire-dependent vegetation, often being described as a “fire
climax” community (Figure 10.1).

In early ecological research, fire was not studied much,
because it was seen only as a destructive force, and because
it was hard to observe its actual effects. More recently, how-
ever, detailed studies of fire in ecosystems such as California
chaparral have helped make fire an important topic of eco-
logical investigation. Today, fire is seen as an integral part of
many ecosystems, as witnessed by the rising use of controlled
or prescribed burns in the management of parks and nature
reserves. Fire plays very important roles in agroecosystems
as well: it is an important part of the practice of shifting cul-
tivation, and is used to manage crop residue, kill weeds, and
clear slash following logging.

FIRE IN NATURAL ECOSYSTEMS

A fire can occur in an ecosystem when three conditions are
met: an accumulation of sufficient fuel or organic matter, dry
weather, and a source of ignition. For millions of years, light-
ning was the primary source of ignition. It is still important
today, causing the fires responsible for more than 50% of the
acreage consumed by wildfires in the Western United States
(Pyne 2012). In very recent geologic time, humans have become
another important “source of ignition.” Humans have used fire
since the Paleolithic, as long as 500,000 years ago. Fire was

probably used first for the hunting or herding of animals, and
then evolved into a vegetation management tool. Burning may
have been used to provide better feed for animals, or even to
promote the presence of certain plants that served as food or
materials sources. Eventually, fire became a tool to prepare the
ground for planting, with evidence thus far showing that early
slash-and-burn agriculture began about 10,000 years ago.

From an ecological perspective there are primarily three
types of fires:

e Surface fire. This is the most common type of fire.
Fire temperatures are not too hot, with flames burn-
ing the trash, grass, or litter that has accumulated
on the surface of the soil. Such a fire can move
along under a forest canopy and not burn the trees.
Changes that occur in soil conditions during a sur-
face fire are usually short lived, although the under-
story vegetation can be greatly altered. Surface fires
can be used to either control or promote the growth
of weedy or invasive vegetation, depending on the
circumstances.

e Crown fire. This type of fire can be very damag-
ing for some types of vegetation, whereas it may be
an integral part of rejuvenating other types. During
crown fires, the canopy of the vegetation is con-
sumed, and usually the mature plant species are
killed. Crown fires are usually very fast moving and
often combine with a surface fire to burn everything
above the soil surface.

* Ground or subsoil fire. This type of fire is not
very frequent, but when it does occur, it can be very
destructive. It is characteristic of soils that are high
in organic matter, especially peat or muck soils.
Organic matter in the soil can be burned down to
the mineral soil layer. These are usually slow fires,
with more smoke than flame, that dry the soil as
they burn. Roots and seeds in the soil are killed,
and animal habitats are severely altered.

Any individual fire can combine aspects of all three fire
types. In general, the intensity of a fire is very closely related
to the frequency of fires in the area (Figure 10.2).

EFFECTS OF FIRE ON SOIL

Much of the ecological significance of fire revolves around
its effects on the soil. Fire has very noticeable impacts on a
range of abiotic and biotic components of the soil ecosystem,
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FIGURE 10.1 Chaparral fire in the Santa Ynez mountains
near Santa Barbara, CA. Periodic fires are part of the evolution-
ary history of chaparral; humans have only recently disrupted the
natural pattern of burning.

Agroecology: The Ecology of Sustainable Food Systems

and knowledge of these impacts is important in employing
fire as a tool for agroecosystem management. It must be
pointed out, however, that the effects of fire will vary widely
depending on the type and stage of development of the veg-
etation, the type of soil, the season of burning, the prevailing
weather conditions, the amount of time since the last fire, and
other conditions.

ABIOTIC FACTORS

When a fire occurs, the temperature of the surface layers of
the soil is raised. The actual heating rate and depth depends
on the amount of moisture in the soil and the type of fire.
Temperatures during a burn at the surface of the soil almost
always exceed 100°C and can reach as high as 720°C for
brief periods of time. Increases in temperature below the
surface are usually restricted to the upper 3—4 cm of soil,
where they rise 50°C-80°C above the temperature pres-
ent before the fire, usually for only a few minutes (Raison
1979). These temperatures are high enough to modify the
soil environment in ways that can be useful for agroecosys-
tem management.

(c)

FIGURE 10.2 The three types of fires. A slow-moving, cool surface fire (a) burns litter in the understory of summer deciduous forest
in northwestern Costa Rica. A fast-moving crown fire (b) in chaparral burned everything from the surface to the plant crowns near Santa
Barbara, CA. A subsurface fire (c), visible in the distance, burns in a swamp near Coatzacoalcos, Veracruz, Mexico.
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The complete burning of aboveground organic mat-
ter combusts most nitrogen and organic acid components,
returning inorganic cations to the soil (mainly K* and Ca?*)
which then have an alkalizing effect. The strength of this
effect depends on the intensity of the fire and the thorough-
ness of the combustion of plant biomass, but increases in soil
pH during the first several days following fire, especially
once the soil is moistened by precipitation, are commonly
3 or more pH units.

Following the fire, the blackened soil surface will tend to
have more solar gain; however, if the standing biomass was
considerable before the fire and burn temperatures were very
high, enough white ash may be present at the surface to actu-
ally have the opposite effect for a short period of time. The
higher albedo of the white surface will reflect solar energy
and limit soil heating.

The hot temperatures caused by fire can greatly reduce the
amount of organic matter in the upper layers of the soil. At a
temperature of 200°C-300°C for 20-30 min there is an 85%
reduction in organic matter, with an accompanying release of
CO,, a loss of nitrogen and sulfur in volatilized forms, and
the deposition of minerals.

After fire there is usually a reduction in soil moisture-
holding capacity, although with the removal of vegetative
cover, actual moisture availability in the soil can increase
because of reduced demand. Soil aggregate size is reduced,
bulk density goes up, and permeability and water infiltration
rates are reduced. Often there is also an increase in rainfall
runoff and nutrient leaching, and the possibility of greater
soil erosion until the soil is covered once again with vegeta-
tion. It is not uncommon just after a fire for the immediate
surface of the soil to actually be water repellent, but this con-
dition is usually overcome after some exposure to moisture.

Generally speaking, most of the abiotic effects listed
above are of a rather short-term nature. Regeneration of the
vegetation, coupled with replacement of soil organic matter,
leaching rainfall, and plant modification of the burned condi-
tions, rapidly begins the process of recovery. In the case of
severe fire intensity following excessive fire suppression and
abnormal fuel buildup, or in the case of a fire burning thick
organic layers of peat or muck that reaccumulate at a very
slow rate, abiotic conditions can be altered for longer periods
of time. Unnaturally frequent fires, usually human induced,
can also lead to more lasting change.

Biotic FACTORS

Obviously, any living plants or animals caught in the path
of a fire are in peril. Plants that are not adapted to fire are
easily killed, especially if the bark type does not protect
the living cambium. If the fire is hot enough and other con-
ditions are right, living plant matter can be killed, dried
out, and ignited very rapidly, reducing all aboveground
material to ash. Then, if the plants do not sprout from
belowground structures, recovery will only begin with the
germination of seeds. Seeds of some species of plants are
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FIGURE 10.3 Fire response by pines. Young lodgepole pines
reestablish following devastating crown fires that killed the parent
trees in Yellowstone, Wyoming.

killed by fire, whereas others are either stimulated by the
breaking of specific dormancy factors or by the creation
of soil conditions that favor germination and establishment
(Figure 10.3).

Repeated fire can retard the vegetation recovery process
to the point that another vegetation type, more tolerate of
fire, can establish dominance. The conversion of shrubland
to grassland is a good example of this process. On the other
hand, some vegetation types are in a sense kept healthy by
periodic fire, because the fire removes old and dying indi-
viduals, returns stored nutrients to the soil, and stimulates
renovation by new or younger individuals.

Many larger animals can avoid fire by moving away from
it, but even when they are killed by fire, their populations
in the burned area can recover through recolonization from
nearby unburned areas. Some animals actually seek out
recently burned areas because of the concentration of new
growth and forage for feed, or because the ash can aid in the
removal of parasites such as ticks and fleas.

Following a fire there is an immediate reduction in the
populations of nearly all soil-dwelling organisms, including
fungus, nitrifying bacteria, spiders, millipedes, and earth-
worms. Many die as a result of the high temperatures, but
some organisms are impacted by the changes in pH that fol-
low the fire or by the flush of certain nutrients into the soil
that comes from burned organic matter. After a fire, however,
there is fairly rapid recolonization, especially by bacteria that
are stimulated by the increase in pH.

On the whole, fire can have both negative and posi-
tive impacts on the environment, but regardless it must be
remembered that the intensity, duration, and frequency of
fires in natural ecosystems are incredibly variable. From
1 year to the next, conditions that favor fire are going to vary
tremendously. And when a fire does occur, its effects will
not be uniform. Some areas will be burned very thoroughly,
whereas a short distance away the same type of ecosystem
may be spared the impacts of fire completely.
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PLANT ADAPTATIONS TO FIRE

In any location where fire has a long evolutionary history,
most plants and at least a few of the animals have developed
adaptations to fire. It is interesting that the adaptations that
provide resistance to fire in plants are in many cases also
traits that enable the plants to deal with excess light or
drought stress.

Plants can be adapted to fire in three different ways.

1. Fire resistance. Plants with fire resistance have
traits that help prevent the living parts from being
burned in a fire. These traits include such charac-
teristics as thick bark, fire-resistant foliage, or a lit-
ter mat that will support frequent but less damaging
fires.

2. Fire tolerance. Fire-tolerant plants have traits that
allow the plant to survive being burned in a fire.
A common fire-tolerant trait is the ability to resprout
from the crown following a fire.

3. Fire dependence. Fire-dependent plants actually
require fire for reproduction or long-term survival.
Some fire-dependent plants have seeds that need fire
before they will germinate, or cones that will not
open unless exposed to fire. Other fire-dependent
plants will not flower until after a fire, or will
become senescent unless exposed to periodic fires.

FIRE IN AGROECOSYSTEMS

Fire has a long history of use in agriculture. But from an
agroecological perspective, there can be good fires and bad
fires, overuse or underuse of fire, and careful or careless use
of fire. The challenge is the appropriate application of the
knowledge of the ecological impacts of fire.

SHIFTING CULTIVATION

The agroecosystem with the longest history of fire use is
shifting cultivation, or slash-and-burn agriculture. Shifting
cultivation with the use of fire continues today to be the most
important form of subsistence agriculture in many parts of the
world. Although thought to be practiced primarily in the trop-
ics, fire-based shifting cultivation was used in early agricul-
ture even in Europe, where wheat and barley were grown on
a 10-25-year fallow cycle (Russell 1968). Although it might
seem quite simple to clear, burn, and plant, good shifting cul-
tivators have learned through experience that the timing of all
activities, especially the fire, makes the difference between
a sustainable system and a degrading system (Figure 10.4).
Shifting cultivation works when the system is allowed enough
time for natural successional processes to restore the soil fer-
tility lost through disturbance and crop harvest (Figure 10.5).

Immediately following a fire, nutrient mobility in the sys-
tem is quite high, often resulting in high leaching losses. This
accentuates the need for a fallow period in order to recover
the lost fertility. Crops in slash-and-burn systems need to
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FIGURE 10.4 Managing fire in a slash-and-burn agroecosys-
tem in Tabasco, Mexico. A small firebreak separates the fire from
future slash and nearby crops.

FIGURE 10.5 Pattern of shifting cultivation in the mountains
of Chiapas, Mexico. Fallow plots of various ages are clearly seen
next to plots being farmed. Farmers say that a 15-20-year fallow
period is required for the system to be sustainable over the long
term. Pressures to shorten this fallow period are many.

quickly pick up the nutrients added to the soil from ash, or
else leaching will remove them or invading noncrop plant
species will begin to capture them. Depending on soil types,
climatic regimes, and cropping practices, the rate of nutrient
loss varies considerably. But studies have shown that the loss
can be rapid and high, especially for nutrients such as cal-
cium, potassium, and magnesium (Nye and Greenland 1960;
Ewel et al. 1981; Jordan 1985). Repeated fires in short succes-
sion, as well as soil cultivation, can accelerate nutrient loss
even more (Sanchez 1976) (Figure 10.4).

Shifting cultivation systems are generally thought to be
able to sustain relatively low human population levels. In
well-managed shifting cultivation systems, most of the soil
carbon and nitrogen remains following a fire, the root mat
stays intact and alive, the soil surface is protected by some
form of biomass cover, and even soil mycorrhizae survive.
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As a result, nutrient loss and soil erosion are minimized,
and the system is sustainable. But many of these systems
have recently begun to move in an unsustainable direction,
because an array of social, economic, and cultural factors
create pressures that shorten the fallow period, remove
fallen timber for firewood, introduce inappropriate crops,
or overgraze animals, eventually promoting the invasion of
noxious weedy species or leading to a breakdown of the pro-
cesses that enhance the recovery of native species ground
cover. Overuse of fire is often one cause of the breakdown in
sustainability.

MODERN AGRICULTURAL SYSTEMS

In modern agricultural systems, fire plays many diverse roles.
The examples presented in the following represent different
levels of technology and have different levels of use depend-
ing on the agroecosystem type, part of the world, and cultures
involved. They can be used at any time during the cropping
cycle, from preplant to harvest, depending on the system and
the purpose. The biggest challenge in the use of fire overall is
to understand how to take advantage of the beneficial effects
of fire while avoiding or minimizing the negative ones. Skill,
experience, and knowledge are all required.

Land Clearing

In many parts of the world today, fire continues to be the
most accessible and affordable tool for clearing vegetation
and plant biomass from the soil surface prior to preparing
the land for planting, especially in present-day versions of
shifting cultivation. The use of fire for land clearing is par-
ticularly important in many forestry systems, where the large
slash load left after logging is burned to make replanting
easier, as well as to reduce the chance of a wildfire moving
through the dry slash and suppressing the establishment of
seeded or transplanted tree seedlings.

The amount of dry matter that needs to be cleared will
obviously have a great impact on the type and intensity of
the fire. As shown in Table 10.1, these amounts, called slash
loads, vary considerably depending on the system. Slash left
on the soil in tropical shifting cultivation systems can eas-
ily exceed 4 kg/m?, and if adequately dried and burned at
an appropriate time, will carry a hot, uniform fire that will
consume most all of the plant material except large-diameter
branches and trunks (Ewel et al. 1981). Even young second
growth produces 1-2 kg/m? of dry matter and can easily
carry a fire (Gliessman 1982).

Logging of older forest systems invariably leaves the for-
est littered with logs, tops, and branches, which can become
a fire hazard as they dry out. Such slash can also harbor pests
and be detrimental to the recovery of tree seedlings. On the
other hand, as the debris decomposes it improves soil struc-
ture and nutrient status while protecting the soil against ero-
sion. All of these factors need to be taken into account in
deciding if slash should be burned uniformly over the sur-
face, piled so that impacts of burning can be localized, or left
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TABLE 10.1
Slash Loads Available for Burning as a Part of Land
Clearing in a Range of Ecosystems

Slash Load
System Location (kg/m?) Source
Napier Tabasco, Mexico 1.63 Gliessman (1982)
grassland

Two-year Tabasco, Mexico 1.18 Gliessman (1982)

second growth

Eight-year Turrialba, Costa 3.85 Ewel et al. (1981)
second growth Rica

Mature tropical Jalisco, Mexico 1.18-1.35  Ellingson et al.
dry forest (2000)

Upland rice and ~ Central Japan 0.34 Koizumi et al.
barley (1992)

Upland rice Tabasco, Mexico 0.51 Gliessman (1982)

Paddy rice Central Valley, CA 0.7-0.9 Blank et al. (1993)

Douglas fir with ~ Oregon, United 0.986 Cromack et al.
red alder States (1999)
(9 years old)

Conifer forest Pacific Northwest, 0.5-3.0 Dell and Ward

United States (1971)
Annual pasture Central Coast, CA 0.2-0.3 Gliessman (1992b)

unburned as a mulch. In some traditional systems, when slash
is limited in supply (usually less than 0.5 kg/m?), it is piled,
burned, and the ash is scattered uniformly over the cleared
fields as a fertilizer (Figure 10.6).

A unique example of the use of fire for land clearing is
a system for renovating old cacao plantations in Tabasco,
Mexico that are no longer profitable. First, bananas are
planted in the understory. The next year, all overstory shade
trees and old cacao trees are cut, leaving a heavy slash load
of more than 5 kg/m? that covers the corms of the bananas.

FIGURE 10.6 Burned slash piles in Chiapas, Mexico. When
biomass production is limited by climate or short fallow, slash can
be piled for burning and the ash spread.
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Once adequately dried, the slash is burned. Immediately
after the fire, a traditional corn/bean/squash intercrop is
planted in the same way as in local shifting cultivation
systems, allowing for a harvest within 6 months after cut-
ting of the trees. While the annual crops are being planted
and cared for, sprouting bananas and new shoots from the
trunks of the leguminous shade trees are protected and
allowed to develop. After the annual crop has completed its
cycle, short-lived perennial crops such as yuca (cassava) or
papaya are planted. By the time these crops are harvested,
the bananas have formed a fairly continuous canopy, pro-
ducing bananas (or plantain) for local use or sale. By the
third year, the resprouted shade trees have also begun to
become part of the shade-producing canopy. At this point,
shade conditions at the soil surface have returned to the
reduced levels appropriate for the replanting of new cacao
seedlings. Bananas are harvested up to the time the new
cacao plants come into production (57 years after plant-
ing), at which point the renovation cycle is complete. Local
farmers claim that without the use of fire, it would be at
least 10 years before cacao could begin to be replanted on
such a site—a long time to wait for this valuable cash crop.
Research is needed to tell us exactly how fire benefits this
agroecosystem (Figure 10.7).

Nutrient Additions to the Soil

In many cropping systems in the world, the ash left after
burning crop residues, noncrop slash, and even wood for
cooking or heating is seen as a valuable nutrient source that
should be returned to the soil. Ash is quickly carried into
the soil with rainfall and the nutrients it contains are readily
available as part of the soil solution. The loss of nitrogen and
sulfur to volatilization during burning is more than offset by
a gain in all other nutrients and by an increase in their avail-
ability to plants. Ash has been shown to contain as much as
2.6% potassium, and appreciable amounts of phosphorus,
calcium, magnesium, and other mineral elements. Since ash
can amount to between 0.4 and 0.67 kg/m?, it has significant
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potential as a nutrient input to agroecosystems (Seubert et al.
1977; Ewel et al. 1981; Debano et al. 1998).

Of course, being so soluble, these nutrients can easily be
washed out of the system, so effective plant cover and good
root development should accompany the addition of nutri-
ents from ash. Timing of ash application is very important.
There must be active plant roots in the soil to rapidly take up
the highly soluble nutrients. And knowledge of rainfall pat-
terns is needed to avoid having heavy rains follow burning
or ash application, so that nutrients are not leached below
the root zone or washed off the surface. Research is needed
that determines which crop systems or combinations can best
take advantage of fire-released plant nutrients.

Crop Residue Management

Fire is often used as a tool for crop residue management.
One of its main benefits is to make nitrogen from the resi-
due more easily available to the following crop. When the
residue is very high in carbon as compared to nitrogen (C/N
25-100), the nitrogen in the residue can be immobilized by
incorporation into microbial biomass (and then more per-
manently into soil humus). Burning, however, makes the
nitrogen readily available for uptake by plants. Even though
most nitrogen is lost through volatilization during burn-
ing, the C-to-N ratio of the ash is lower relative to that of
unburned residue, making the nitrogen that remains more
readily available and reducing the need for external nitrogen
amendments.

Another benefit of residue burning is reduction in the
amount of tillage needed. Also, in many parts of the develop-
ing world, residue is burned not to eliminate the residue, but
as fuel for home heating or cooking. Sometimes the ash is
collected and returned to fields as a soil amendment.

Rice production is often associated with fire. In any part
of the world where rice is grown, the straw and stubble left
following harvest can amount to as much as 0.95-1.0 kg/m?.
Traditionally, this straw has been used as animal feed, fuel,
or construction material, or as raw material for compost.

FIGURE 10.7 Using fire to renovate old cacao plantations in Tabasco, Mexico. An annual crop of corn, beans, and squash (a) grows
through the ash left from burning old cacao plants (standing) and associated shade trees. A leguminous shade tree (b; Pithecellobium saman)
begins to recover following the fire. It will be pruned to one or two stems and eventually provide shade for new cacao plants.
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In many present-day rice systems, however, the increasing
need to get another crop into the ground as soon as possible
following the rice harvest has led to the use of fire to quickly
reduce the straw to ash. Burning does reduce stubble-borne
diseases and insects, and also reduces the potential of meth-
ane being produced during decay under flooded conditions
in amounts that might become toxic to some following crops.
But due to the perceived impact of the smoke on atmo-
spheric quality, regulations increasingly limit burning and
force farmers to deal with the reincorporation of the straw
into the soil, or to find alternative uses for harvested straw
(Kanokkanjana and Garivait 2013).

From the standpoint of sustainability, the many advan-
tages of residue burning must be weighed against disadvan-
tages that include loss of nutrients through volatilization or
leaching, air pollution, exposure of soil surface, and loss of
organic matter inputs to the soil. Because the drawbacks of
using fire are not insignificant given the ways in which the
agricultural context is changing, it is becoming increasingly
important to research alternatives to traditional uses of fire
for crop residue management; an example is using green-
manure covercrops that substitute for the traditional fallow
and fire for corn production in southern Mexico (Castillo-
Caamal et al. 2010).

Weed Management

Fire is used for weed management most effectively and prac-
tically when the weeds are either in the litter or soil as seed,
or shortly after the seeds have germinated. Seeds or seed-
lings in the litter are most likely to be killed by fire, since
litter at the surface burns at high temperatures and down to
the soil surface. For this reason, it is necessary to have some
kind of mulch cover or crop residue to carry the fire. Slash-
and-burn systems are very effective at destroying seed in the
litter and on the immediate soil surface.

A more recently developed practice for weed control has
been used in Europe for many years. A propane tank is con-
nected to a hose and a nozzle so that a flame can be moved
rapidly over the soil surface to destroy weed seedlings. Both
backpack- and tractor-mounted flame weeders are available.
Specially shaped nozzles and an assortment of deflectors
and shields protect any crop seedlings while desiccating the
weeds. Weed seedlings must be very small to be effectively
controlled with this technology, or the seedlings of the crop
must be at a stage of development that gives them greater
resistance than the weeds to the heat. Under some field con-
ditions, a crop such as corn in its first and second leaf stage
has a structure and moisture content that will keep it from
suffering damage while most surrounding weed seedlings
are killed. The necessary equipment can be expensive to
purchase and use, and depends greatly on the use of fossil
fuel, but in some very weed-prone crops like carrots and
onions, flame weeders are a very cost-effective means of
weed control.

But fire must be used on weeds with care. Perennial
weeds and those with fire-resistant roots, rhizomes,
crowns, or other structures that resist burning may actually
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be stimulated by fire. Bracken (Pteridium aquilinum), for
example, is a very aggressive plant that can act as a weed
in deforested or pasture areas, and is favored by fire in two
ways (Gliessman 1978d). Its deep underground rhizomes
permit it to survive fire, and there is some evidence that
removal of aboveground litter of bracken actually promotes
more vigorous regrowth of the fern. At the same time,
spores of the fern are favored by the soil conditions cre-
ated by fire and ash, allowing for initial establishment of
the fern where it didn’t occur before and the potential for its
aggressive vegetative growth from then on. In shifting cul-
tivation systems, where fire is used to help clear the fallow,
fire can begin to have negative effects if the fallow period
is too short. These effects can include leaching of nutrients
and invasion of fire-resistant weeds. In general, the use of
fire for weed control requires careful consideration of its
potential impacts, based on the unique characteristics of the
system.

Management of Arthropods

Fire is a very effective means of eliminating damaging
arthropods, such as insects and mites, from an agroecosys-
tem. Heat, smoke, and loss of habitat all combine to either
kill these organisms (as well as their eggs or larva) or drive
them from the system. In some natural ecosystems, fire
is probably as much a factor in the natural fluctuations of
arthropod populations as climatic factors or trophic interac-
tions. Fire suppression in forests may actually be upsetting
the natural equilibrium, allowing outbreaks of such common
pests as bark beetles, leaf miners, and lepidopterous leaf eat-
ers such as tent caterpillars. In some ecosystems, however,
fire may not impact arthropod populations. Joern (2005),
for example, found that different burn frequencies had no
effect on grasshopper species diversity or density in North
American tall grass prairies. In other studies, it has been
found that even though fire impacts arthropods, the effects
are short term—generally the arthropod community largely
recovers in just a few years (Pryke and Samways 2012).
Since the ecological characteristics of each arthropod taxa
are so different, much needs to be known about each species’
life history and adaptations to fire in order to understand
how fire may impact it.

In agroecosystems, especially with the growing popular-
ity of reduced- and no-till agriculture, fire has once again
begun to play a role in pest management. Many insect pests
can pass the time between cropping seasons in some part of
the plant left over from the previous season, either living or
dead, and burning these insect refuges can be an effective
way of controlling the pests. Bollworm problems in cotton,
for example, are dramatically reduced if all plant residue is
destroyed, and fire is one tool for achieving this end. Because
stemborers in grain crops overwinter in straw remaining in
the field after harvest, appropriate use of fire might aid in
their management.

Fire has proven to be effective in control of the hes-
sian fly in wheat production in the wheat belt of the United
States. The fly became a significant problem in the 1990s
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FIGURE 10.8 Using burned beetles to repel other beetles in Tabasco, Mexico. (a) The beetle pest botijon feeds on a bean plant. (b) The
beetles are put in jars and heated just enough to kill them. (c) The open jars are then placed in the soil around the bean planting.

after reduced-tillage management was mandated for wheat
in the mid-1980s. The overwintering pupae of the fly sur-
vived in the straw residue on the soil surface. Controlling the
fly with pesticides proved very difficult and expensive, but
burning the stubble in the fall was found to be very effective
(Whitworth 2011).

For ground-dwelling arthropod pests, fire that penetrates
the soil surface can be a useful method of pest manage-
ment. Burning mulch or crop residues, and artificial flam-
ing of the soil surface, are ways of introducing fire for this
purpose.

A traditional practice that used fire to protect a crop
from insect damage is known from Tabasco, Mexico. A
large coleopteran beetle has a reputation for being able to
invade a bean planting and defoliate the crop in a very short
period of time. The beetles invade in large numbers and
can be seen consuming the plant leaves in the early morn-
ing hours. Farmers report that an old practice was to come
into the infested field in the morning, collect enough of the
live beetles to place 25-50 of them in each of several fire-
resistant containers. At the end of the day, each container
was placed over a fire long enough to kill the insects but not
to burn them. Shortly thereafter, the open containers were
partly buried in the soil in the bean field, about 1 to every
400 m2. By the next morning, farmers report, there were no

signs of living or actively feeding beetles in the field. An
alarm pheromone released by the dying beetles is suspected
of alerting living beetles to danger so they leave the field,
but further research is needed. Farmers have stopped using
this practice since synthetic chemical pesticides have been
introduced (Figure 10.8).

Pathogen Management

Because of fire’s ability to elevate temperatures in the soil,
especially close to the surface, fire should be expected to
have a significant impact on plant pathogens living in the
soil, such as fungi, bacteria, and nematodes. It is important
to note, however, that the majority of soil biota is not patho-
genic, and in fact plays beneficial roles in agroecosystems
(see Chapter 8). Therefore, fire should only be used to man-
age specific disease problems or outbreaks.

Heat and desiccation probably have the greatest direct
impact on pathogenic organisms. The high temperatures
registered at the soil surface during a fire, and the penetra-
tion of heat down to several centimeters below the surface,
can kill large numbers of living pathogens and their inocu-
lum. In addition, the sudden increase in pH caused by the
wetting of ash deposited on the soil after a fire can have an
inhibitory affect on fungi since fungi prefer neutral to acid
conditions for optimal development. Many bacteria, on the
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other hand, are actually stimulated by the higher pH, so any
pathogenic bacteria present could become more of a prob-
lem after a fire.

The effect of burning aboveground plant material, espe-
cially crop residues, on potential plant pathogens is well doc-
umented. Since a well-managed fire can consume as much as
95% of the aboveground biomass and generate extreme heat,
it can kill most pathogens present in the biomass. This effect
of fire is the most common reason for burning crop residues,
as described earlier.

The bulk of the literature about the effect of fire in rela-
tion to plant disease management is from several decades
ago when the use of fire faced fewer prohibitions and people
were less concerned about air pollution. In a review pub-
lished in 1976, for example, Hardison found that fire could
effectively reduce inoculum of diseases of various forest
crops, fruits, ornamentals, cotton, potatoes, small grains,
and grasses, and forages (Hardison 1976). It is interesting
to note that the burning of grass fields, a practice that has
become very important in fields used to produce commer-
cial grass seed in the Pacific Northwest region of the United
States, was started originally for the purpose of disease con-
trol in the late 1940s.

With the growing popularity of reduced-tillage systems,
especially for grain crops, fire once again is being con-
sidered as a disease control strategy. In the development
of perennial grain crops (see Chapter 14), where intensive
cultivation is not possible due to the long-lived nature of
perennial grains, fire must be contemplated as a disease
management tool (Cox et al. 2004). Such fires occurred nat-
urally in the perennial prairie ecosystems once present in
most grain-growing regions, and as perennial grain systems
are developed, it will be important for us to understand these
natural fire regimes and the roles they played in the prairie
ecosystem.

Preparing a Crop for Harvest

Fire can be used to prepare a crop for harvest. A com-
mon example is the burning of sugarcane fields a few days
ahead of harvest of the canes. Cane cutters claim that fire is
important for removing the leaves from the stems, facilitat-
ing the cutting process when done by hand, making access
to the canes easier, and displacing bothersome animals
such as rats and snakes. But ease of harvest in such a sys-
tem has to be weighed against ecological impacts such as
loss of organic matter, volatilization of certain nutrients,
and nutrient leaching with heavy rainfall. For sugarcane
in particular, another possible negative impact of fire may
be to degrade the quality of the sugar extracted from over-
heated canes.

Another simple role for fire at harvest time is in the col-
lection of pine nuts. Cones of several pinyon pine species
are collected from trees before they open and disperse their
seeds (called nuts). Usually the cones are coated by dense
pitch. Fire is used to heat rocks that are then placed with
the cones, melting away the pitch and opening the cones to
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release the seed. Fire can also be used to heat an oven into
which the pitch-covered cones can be placed.

Pasture and Range Management

Despite the fact that in most grassland areas of the world,
natural fire is frequent and an important aspect of the envi-
ronment, the effective use of fire as a tool for managing graz-
ing systems is not really that common. When fire is used in
grazing systems, it is employed in the form of a controlled
fire known as a prescribed burn. A prescribed burn in a
grazing agroecosystem can play many roles. It can

e Burn off unpalatable growth from previous seasons
that is not eaten by most animals and that would
otherwise compete with more desirable species;

e Stimulate growth (in the form of fire-response
sprouting of perennial plants) during times of the
year when very little green growth would normally
be available;

e Destroy parasites such as ticks and fleas that can
carry stock disease;

e Control the spread of undesirable plants in pasture
or range;

e Remove the fire hazard of accumulated old browse
or grass;

e Establish fire breaks as a system of protection from
wildfire;

e Prepare a seedbed for natural or artificial seeding of
desired plant species;

e Stimulate some plants to produce seed;

e Encourage growth of native legumes for forage and
soil improvement;

* Promote more rapid nutrient cycling and uptake.

All of these potential effects of fire can play important roles
in determining the most appropriate regime of management
using fire.

The relative importance of each of the impacts of burning
varies with the type and intensity of grazing system, time
since the last fire, season of the year, and the stage of devel-
opment of the edible plants. In open grassland, for example,
there is little tendency for woody species to invade; there-
fore fire is employed to remove the accumulation of inedible
growth. In savanna regions, or areas where natural succes-
sion would favor shrub or tree vegetation, burning is of much
greater importance for suppressing some plants while estab-
lishing or maintaining the pasture components.

When fire is withheld from a grazing area that normally
burns with some regularity, grasses lose their dominance and
can be replaced by nonedible or poorly consumed shrubs or
tree species. For example, the rangeland in the Great Basin of
the Western United States converts to sagebrush (Artemisia
tridentata) with lack of fire, especially when combined with
excessive grazing pressure. The open savanna areas of the
parts of the southwest United States or northern Mexico,
where grasses grow between mesquite and juniper, become
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FIGURE 10.9 Chaparral species invading grassland, Santa
Barbara County, CA. Fire is needed to periodically repress the
shrubs and promote grass for grazing.

virtual forests of the tree species when fire is not incorpo-
rated into the management of the rangelands. In other areas,
where grassland borders shrub or tree vegetation, lack of
periodic fires can allow the gradual invasion of the grassland
by the more aggressive woody species. Annual grasslands in
the foothills of the coastal mountains of central and south-
ern California are encroached upon by allelopathic chapar-
ral shrubs when fire is withheld for more than a few years
(Muller 1974) (Figure 10.9).

FUTURE RESEARCH

Probably one of the oldest tools used in agriculture, fire is
still of considerable value in the present-day search for sus-
tainable farming practices. But being able to use fire to bene-
fit the system depends on having knowledge of the long-term
impacts that fire will have on different components of agro-
ecosystem structure and function. Research is needed that
goes beyond thinking of fire as a destructive factor in the
environment and helps us make use of its ability to release
nutrients from organic matter, quickly alter agroecosystem
structure, kill undesirable organisms, and emulate the distur-
bance regimes of natural systems.

FOOD FOR THOUGHT

1. What kind of knowledge and information is needed
to convince farmers to use fire as a tool for contrib-
uting to sustainability?

2. Smoke in the atmosphere is often considered wholly
undesirable, with new restrictions being placed on
smoke-generating activities every day. How would
we justify the use of fire in agriculture even though
smoke may be one of the by-products?
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3. Which do you consider to be of greater agroecologi-
cal significance in management—the abiotic effects
of fire or its biotic effects? Explain why.

4. Under what conditions might it be possible to effec-
tively use fire in diverse, mixed-crop, perennial-
species cropping systems?

INTERNET RESOURCES

The Association for Fire Ecology
www.fireecology.org
The Association for Fire Ecology (AFE) is an organiza-
tion of professionals dedicated to improving the knowl-
edge and use of fire in land management. They publish a
peer-reviewed journal, Fire Ecology.

Forests and Rangelands
www.forestsandrangelands.gov/strategy/overview.shtml
The Wildlife Fire Leadership Council is a US govern-
mental agency charged with developing a national strat-
egy for fire management that stops fire where needed, use
fire where allowable, and integrate human habitation with
natural resource management.

US Fish and Wildlife Service
www.fws.gov/fire/
An agency within the U.S. Fish and Wildlife Service
(USFWS) that is charged with setting policy and running
programs for fire management and control that benefit natu-
ral habitats and the plants and animals that depend on them.
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Section Il

A More Complete Autecological Perspective

In the preceding chapters, we’ve restricted our attention to
the ways in which individual factors of the environment
affect individual crop plants. Although these interactions are
the foundation of the autecological perspective, they do not
make up the entire picture.

First, the environment surrounding a crop plant includes
more than just physical factors like light, temperature, and
moisture; it also comprises other organisms, which, like
inadequate moisture or abundant sunlight, can inhibit or pro-
mote the crop plant’s growth or even kill it outright. Other
organisms as factors of the environment—that is, as biotic
factors—are explored in Chapter 11.

Second, crop plants aren’t affected by each factor of the
environment independently—the different factors, both

physical and biotic, interact with each other to create a
whole environment that is dynamic and complex and cannot
be reduced to its parts. Chapter 12 provides the basis for
understanding how crop plants are affected by an environ-
ment understood in this way—as a complex of interacting
factors.

Third, plants aren’t the only types of organisms in agro-
ecosystems—either as the sources of the biomass harvested
as food or as the biotic factors in the environment. Various
types of animals are raised for food, just as crop plants are,
and both animals and other nonplants are often biotic fac-
tors of great concern to agroecosystem managers. Chapter
13 introduces the autecological roles these nonplants—
collectively termed heterotrophs—play in agroecosystems.
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FIGURE S.3 Beetles feeding on corn leaves in Qaxaca, Mexico. Herbivory by insects can inflict considerable damage on crop plants.
Photo courtesy of Horatio Santiago and Rocio Albino.



’I Biotic Factors

Abiotic factors of the environment such as light, temperature,
and mineral nutrients are not the only constituents of the
environment that impact crop plants. Just as important are
biotic factors—that is, living organisms and the conditions
created and modified by them. An insect herbivore such as a
locust, for example, can have an enormous impact on a crop
plant, as can a neighboring plant that harbors nitrogen-fixing
bacteria in its root nodules or conserves the soil moisture by
shading the soil surface.

In Chapter 8, we discussed organisms in the environ-
ment (soil biota) that might affect crop plants. We did not,
however, treat these soil organisms as biotic factors; instead
we considered them among the multiple aspects of the soil
that combine to make soil a separate factor of the environ-
ment. Here in this chapter, we lay the groundwork for treat-
ing these living organisms as biotic factors in their own
right (although the primary focus will be on plants as biotic
factors).

In agroecosystems, the farmer is in a sense the organism
with the greatest impact on the environment in which crops
are grown. The farmer alters and adjusts conditions of the
physical as well as the biological environment to meet the
needs of the crop or crops. To do so sustainably, the farmer
must have an understanding of the biotic interactions of
the agroecosystem—how each member of the community
impacts the agricultural environment and alters conditions
for its neighbors.

To conceptualize biotic factors in ecological terms, we
must enter an area of overlap between autecology and syn-
ecology. Even though we begin from the perspective of the
individual organism confronting an environment made up
of various factors, we must deal with interactions between
organisms when the factors we are concerned with are biotic.
Despite their synecological origin, however, the concepts
developed in this chapter to describe these interactions can
be applied in an autecological way by considering interac-
tions in terms of their impact on each individual organism in
the agroecosystem.

There are two basic frameworks for conceptualizing the
interactions between organisms in a community or ecosys-
tem; each has its respective advantages. Traditionally in
ecology, interactions have been understood in terms of the
effects that two interacting organisms have on each other.
This framework is the basis for such foundational concepts
as competition and mutualism. In agroecology, however, it
is often more helpful to view interactions as deriving from
the impact that organisms have on their shared environ-
ment. Organisms remove substances from, alter, and even

add substances to the areas they occupy, in the process
changing the environmental conditions for themselves and
other organisms. Thus each biotic factor that an individual
organism faces can be understood as a modification of the
environment created by another organism. Both of these
frameworks, or perspectives, are explained in more detail in
the succeeding text.

ORGANISM-ORGANISM PERSPECTIVE

A broadly accepted system for classifying interactions
between organisms was developed by E. P. Odum (1971).
This system has many useful applications and has served
ecologists well in understanding the biotic environment.
Interactions between two organisms of different species are
seen as having either a negative effect (—), a positive effect
(+), or a neutral effect (0) for each member in the interac-
tion. For example, in the interaction classified as mutualism,
both organisms are impacted positively (+ +). The degree to
which the interaction is positive or negative for each organ-
ism depends on the level of interdependence and the level of
intensity of the interaction.

In this scheme, there is an important distinction between
situations in which both members of the mixture are pres-
ent together and the interaction is actually taking place, and
situations in which the two are separate, or together and not
interacting. In Table 11.1, the “not interacting” column shows
the results in this latter situation and gives an indication of
the degree of dependence or need for interaction that each
member may have developed over evolutionary time.

The interaction that has probably received the greatest
attention, especially in the design of industrial agroecosys-
tems, is competition (— —). Competition occurs in an environ-
ment where resources are in limited supply for both members
of the relationship. Even though one member of the mixture
may end up dominating the other, both do worse when they
are interacting in this way than if there had been no interac-
tion at all. The organisms interact by removing something
from the environment that they both need. Two crop varieties
of the same species, for example, are highly likely to compete
in a resource-limited environment such as a crop field with
low nitrogen levels in the soil.

When two organisms have become so dependent on
each other that they suffer when not in interaction, then it
can be said that the interaction is a mutualism (+ +). Both
organisms depend upon the way in which the other modi-
fies the environment for both. Some interactions between
legumes and Rhizobium bacteria, for example, are thought

131



132

TABLE 11.1

Types of Two-Species Interactions as Defined by Odum

Not
Interacting  Interacting

Interaction A B A B Nature of Interaction

Neutralism 0 0 0 0 Neither organism
affects the other

Competition - - 0 0 Both A and B affected
negatively

Mutualism + + - - Obligate interaction

Protocooperation + + 0 0 Not obligate

Commensalism + 0 - 0 A obligate commensal;
B host

Amensalism - 0 0 0 A harmed by presence
of B

Parasitism + — — 0 A parasite, B host

Predation + - - 0 A predator, B prey

+ organism growth increased
— organism growth decreased
0 organism growth not affected

to be mutualistic: neither organism does as well alone as
they do together.

When an interaction benefits both members, but neither is
negatively impacted in the absence of interaction, the inter-
action is termed protocooperation (+ +). Pollination can be
an example of such an interaction: when there are several
species of pollinating insects available and many species of
nectar-producing plants, one species of pollinator and one
species of plant benefit each other if they interact, but neither
is harmed if they don’t interact. Both mutualism and proto-
cooperation are considered examples of symbiosis, a term
formed from the Greek words for “living together™.

When one organism maintains or provides a condition
necessary for the welfare of another but does not affect its
own well-being by doing so, the interaction (+ 0) is termed
commensalism. The assisted organism suffers, though,
when the organism creating the needed conditions is not
present. A shade tree species in a cacao agroforestry system,
for example, creates the reduction in light intensity needed by
the obligate shade-loving cacao plants below, but the shade
tree does equally as well with the cacao present or not.

When one species negatively affects another, but is not
directly affected itself, then the interaction is termed an
amensalism (- 0). An example of an amensal interaction is
when a plant releases a chemical from its leaves in raindrip
that can negatively impact other plants around it, but which
does not impact the producer of the chemical. Such a process
is a form of allelopathy, which will be discussed below in
more detail. An example of this kind of amensalism is the
relationship between the black walnut (Juglans nigra) and
almost any plant that attempts to grow under the canopy of a
black walnut. Chemicals leached from the husks, leaves, and
root exudates of black walnut are toxic to most plants.
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In the two remaining types of interactions, one organ-
ism is negatively impacted by the actions of the other (+ —).
The perpetrator of the actions generally has an obligate rela-
tionship with the other, whereas the organism receiving the
brunt of the negative impacts does better if left alone (i.e.,
the relationship becomes — 0). In parasitism, one organism
(the parasite) feeds on another (the host), but the host is rarely
killed outright. The parasite may live together with the host
for a long period, with the host eventually surviving, but its
fitness is reduced. Some parasites, known as parasitoids,
cause the death of the host (e.g., parasitic wasps in the genus
Trichogramma); we take advantage of such interactions for
biological control in agroecosystems. Predation is a much
more direct interaction, where one organism actually kills
and consumes another. We depend greatly on predation by
certain beneficial organisms for the management of pests in
farming systems.

This classification scheme is very useful for distinguish-
ing the types of interactions that are observed in most natural
environments. But it focuses on the end result of each type of
interaction, rather than on the mechanisms involved as the
interaction takes place.

ORGANISM-ENVIRONMENT-ORGANISM
PERSPECTIVE

Each of the interactions described above can be understood
alternatively as the result of one organism modifying the
environment in a way that impacts the other organism in the
interaction. By focusing on how the environment mediates
the effects that organisms have on each other, it is possible to
understand the mechanisms through which the effects occur.
With knowledge of the mechanisms, the agroecosystem
manager is in a much better position to manipulate or take
advantage of the interactions.

When an organism modifies the environment in some way
that impacts another organism, that modification is termed
an interference. Interferences can be divided into two types:

e In a removal interference, one organism removes
something from the environment, reducing the
availability of that resource for other organisms.

e In an addition interference, one organism adds
something to the environment that can have a posi-
tive, negative, or neutral impact on other organisms.

Usually only one or the other of these interferences takes
place in a particular interaction, but they can occur together
in some interactions, as discussed in the following. When
conceptualized with this framework, an interaction between
two or more organisms is composed of an impact on the
environment (an addition or a removal) perpetrated by one
organism (and in some cases an additional impact created
by the other organism), followed by a response on the part of
both organisms to the resulting changes in the environment.
Note that the “environment” is not necessarily external to
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TABLE 11.2
Summary of Interference Interactions
Creator of Receiver(s) of Type and Identity of Location of Effect Effect
Interference (A) Interference (B) Interference Interference on A? on B2
Competition Roles Roles Removal of resources Shared habitat - -
interchangeable interchangeable
Parasitism Parasite Host Removal of nutrients Body of host + -
Herbivory Herbivore Consumee Removal of biomass Body of consumee;  + —or+
shared habitat
Epiphytism Host Epiphyte Addition of habitat surface ~ Body of host 0 +
Protocooperation ~ Roles Roles Addition of material or Shared habitat or +(0) +(0)
interchangeable interchangeable structure body of A/B
Mutualism Roles Roles Addition of material or Shared habitat or + (=) + (=)
interchangeable interchangeable structure body of A/B
Allelopathy Allelopathic plant ~ Potential habitat Addition of active Habitat of +or0 +,—0r0
associates compound organism A

2 Symbols in parenthesis refer to effect when the organisms are not interacting.

the interacting organisms—it can include the tissues or body
of either or both organisms. Types of removal and addition
interferences are described in greater detail in the succeed-
ing text and summarized in Table 11.2.

REMOVAL INTERFERENCES

When one organism removes something from the environ-
ment as part of its life activities or interaction with other
organisms, it can affect other organisms. This type of inter-
ference is generally negative for one or more members of the
interaction, but it can have positive effects as well. There are
several types of removal interferences in agroecosystems.

Competition

Only a shift of emphasis is needed to understand competi-
tion as a removal interference. Competition occurs when two
organisms are removing a resource from the environment—
such as light, nitrogen, or water—that is not abundant
enough to meet the needs of both. Many of the earlier
chapters in this book have described the conditions under
which resources may become limiting and thus set the stage
for competition.

Viewing competition as a removal interference provides an
alternative way of understanding what is commonly thought
of as competition for space. Under this framework, “space”
is seen as a complex mixture of resources that is impacted by
the removal effects of the organisms that occupy that space;
thus organisms are in competition over the resources of the
space, not the space itself.

Competition between individuals of the same species—
intraspecific competition—can be quite intense since the
needs of the interacting individuals are so similar. Mono-
culture agriculture has invested much energy in determin-
ing how densely crops can be planted without competition
between individual plants negatively affecting production.

Competition between individuals of different species,
called interspecific competition, can also be important
when levels of resources are not sufficient to meet the needs
of both. The mechanisms of the interaction involve either
removal of a resource or its direct protection or sequestration
by an organism (e.g., when an animal defends a territory and
its resources). In either case the resource is the primary focus
of the interaction.

Competition is a very important concept in ecology, but it
also has a history of controversy and discussion. On the one
hand, interspecific competition is a cornerstone of evolution-
ary ecology. Competition is considered the engine of natural
selection and a force with which all organisms must contend
in their struggle to survive and leave offspring. Interestingly,
however, ecologists also see that avoiding competition can
actually be advantageous for a species, and that doing so
has probably played a key role in the development of species
diversity.

Without actually studying the mechanisms of interference
that are involved in competition, and identifying the removal
process from the environment that leads to it, we can only
assume that competition occurs. Agroecosystem manage-
ment requires a more detailed determination of competitive
interactions; otherwise the farmer is left with no other option
but to overload the system with excess resources.

Parasitism
As described earlier, parasitism is an interaction in which two
organisms live together, with one (the parasite) deriving its
nourishment from the tissues of the other (the host) without
killing it. In interference terms, the environment from which
removal takes place is the body of the host. Parasites are
physiologically dependent on their hosts, live much shorter
lives, and have a high reproductive potential.

The relationship between mistletoe and various species
of trees is an example of this kind of removal interference.
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FIGURE 11.1
Costa Rica. The guava branch is so heavily infested by the parasite
that only the red-orange flowers of the mistletoe are visible.

Parasitic mistletoe on a guava tree, Monteverde,

The mistletoe plant actually penetrates and taps into the vas-
cular system of the host tree, drawing its water and nutri-
ents from the host. If the parasite becomes too abundant on
the host tree, the tree is stunted and often deformed, and
can become subject to debilitating attacks from other pests
(Figure 11.1). Farm and range animals are especially suscep-
tible to parasites; these include ticks that attach externally to
the host, screwworm flies that lay eggs in the flesh of the ani-
mal, and stomach parasites ranging from bacteria to worms.

Under natural conditions, parasitism probably represents
something of a compromise between the host and the par-
asite. They have evolved together over time, with the host
being tolerant of a constant low-grade infection, and the par-
asite depending on the continuity of the host’s life for its own
reproductive success. In agricultural situations, however—
especially the human-maintained conditions of concentrated
monocultures—heavy parasite loads become a serious form
of disease that puts the entire crop or herd at risk of develop-
ing secondary diseases and dying.

Herbivory
The interference relationship between an herbivore and the
plant it consumes—Ilike that of parasite and host—is a very
direct one, with plant tissue being the part of the environ-
ment that is removed. Beyond the scope of the individual
plant, however, herbivory is a removal interference in an even
broader sense in that biomass and its associated nutrients are
removed from the environment. The consumption of plant
material reduces the return of biomass to the soil, and if the
removal is too intense and takes place over an extended time
frame, it can lead to depletion of nutrients in the system.
From an agricultural perspective, herbivory can have
three types of negative impacts. First, herbivory removes
photosynthetic surface area that may be of importance in the
development of the crop plant. Second, if the plant part that
is consumed were going to return to the soil as crop residue,
herbivory is reducing this input to the system. Third, if the
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herbivory damages a part of the crop that is intended to be
harvested and sent to market, the product’s sale value may
be reduced.

The effects of herbivory, however, are not always nega-
tive. In some pasture or range situations, for example,
grazing can be beneficial to the productivity of the forage
species. Removal of excessive plant material can stimulate
the production of new biomass, or even allow certain plant
species that are suppressed by old or excessive plant cover
to germinate or become more predominant in the pasture
mixture. The evolutionary role of such removal interference
has been well documented for the Serengeti plains in Africa
(McNaughton 1985), where it has been shown that the high-
est productivity and species diversity of both plants and ani-
mals have developed under cyclical patterns of multispecies
grazing. Good range managers know that periodic rotational
grazing promotes the most production in pasture systems.

In natural systems as well, herbivory plays an important
role in removing excess biomass, directing energy flow, and
recycling nutrients. These processes have the potential for
playing important and positive roles in agroecosystems, but
humans have tended to view herbivory as wholly negative, a
constant challenge to be overcome. Further research needs to
be focused on how the pressure of this removal interference
can be directed away from the economically valuable parts
of the agroecosystem and concentrated in parts that stimulate
other components of the system in ways that contribute to
sustainability.

ADDITION INTERFERENCES

Many organisms in the course of their daily life processes
add something to the environment that impacts associated
organisms. These impacts can be negative, such as when the
addition causes a reduction in growth or development for the
associated organisms, or when it excludes them from the area
entirely. In other cases, the impact of the addition interference
can be positive for the associated organisms, as when they use
the added substance or material to improve their own standing
in the community, or when the exclusion of intolerant organ-
isms from the habitat allows them to occupy it. Ultimately,
associated organisms benefiting from the addition may
develop a dependence on the organism making the addition,
creating a relationship of coexistence or even of symbiosis.

Epiphytism
When one organism lives on the body of another without
drawing any nutrition from it, an addition interference is
occurring because the host is adding a physical structure to
the environment that is providing another organism with a
habitat. When the two organisms are plants and the habitat
is a trunk or stem, the perched plant is called an epiphyte;
when the habitat is a leaf, it is called an epiphyll. In Odum’s
terms, epiphytism is a form of commensalism.

Epiphytes and epiphylls do not obtain water or food from
the supporting plant, nor do they have connections to the
soil. Water is derived from precipitation, and nutrients from
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FIGURE 11.2 A plantation of the epiphytic vanilla orchid in
Tabasco, Mexico. The vanilla plants (V. fragrans) grow on the
shade tree Gliricidia sepium.

wind-borne particles, the decay of the supporting plant’s
bark, and minerals and organic compounds dissolved in
raindrip. Most epiphytic plants face frequent drought condi-
tions in their aerial environment, even in the moist habitats
where they are most common. Algae, lichens, mosses and a
few ferns are the most common epiphytes in cold and wet
environments; a wide variety of vascular plants have evolved
the epiphytic lifestyle in warm and wet climates, especially
ferns and species belonging to the families Bromeliaceae and
Orchidaceae. A large number of species in these two families
have taken on considerable economic importance in horticul-
ture and floriculture, and are raised on artificial perches in
greenhouses and lathhouses for commercial sale.

An epiphytic plant of considerable economic importance
in agriculture in several tropical countries is vanilla (Vanilla
fragrans). Vanilla produces long whitish aerial adventitious
roots at each leaf that adhere firmly appressed to the trunk or
branches of the host plant. Sometimes roots climb down the
trunk to the ground, but only ramify in the humus or mulch
layer. Capsule-like fruits up to 25 cm long (called beans in
the trade) form on the aerial stems, and are dependent on
hand pollination for successful formation in many parts of
the world into which the crop has been introduced from its
native Mesoamerica (Figure 11.2).

Symbioses

When two organisms make additions to the environment they
share so as to benefit each other, they form a symbiotic rela-
tionship. If the relationship is nonobligatory and nonessential
for the survival of either organism, the resulting relationship
is called protocooperation. An example of protocoopera-
tion is the relationship between the European honeybee (Apis
mellifera) and the plants it pollinates. The plant a bee visits
is adding pollen and nectar to the environment, serving to
attract the pollinator. The actual gathering of the nectar or
honey by the bee is a removal interference, but then the pol-
len is added back into the environment when the bee deposits
it onto the stigma of another flower—this is the point at which
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the positive effects of the interaction are realized. Honeybees
visit a wide range of plant species, most of which are visited
by other pollinators as well, making the relationship between
the honeybee and any particular plant species nonobliga-
tory. In many agricultural landscapes, however, the dramatic
reduction in biotic diversity that has accompanied the expan-
sion of monocultures, heavy use of pesticides, and fencerow-
to-fencerow farming has created an artificial dependence on
honey bees that are raised by beekeepers and transported in
hives to the crop fields during pollination time.

When the organisms benefiting each other through addi-
tion interferences become dependent on each other for opti-
mal performance and even survival, then the relationship is a
mutualism. A good example of mutualism is the relationship
between certain soil-dwelling fungi and their vascular-plant
associates. The fungi are made up of mycorrhizae, special
compound structures that can form connections with plant
roots. The mycorrhizae allow the root to provide sugars for
the fungus, and the fungus in return to provide water and
minerals to the plant. There are two types of mycorrhizae:
(@) ectotrophic, in which the fungal mycelium forms a dense
mantle covering the surface of the root, with many hyphae
that extend outward into the soil, and others that extend
inward and force themselves between the cells of the epider-
mis and cortex of the root (very common in the Pinaceae);
and (b) endotrophic, the most common type, in which there
is no surface mantle but instead some of the hyphae actually
inhabit the protoplasts of parenchymatous tissues and extend
outward into the soil (common in most flowering plant fami-
lies, especially important crop species such as corn, beans,
apples, and strawberries).

Another important example of a mutualism is the relation-
ship between legumes (plants in the Fabaceae family) and
Rhizobium bacteria. The bacteria enter the root tissue of a
legume plant, causing the tissue to form nodules in which
the bacteria live and reproduce. The nodules, formed from
root tissue, represent an addition interference on the part
of the legume plant. The legume also provides the bacte-
ria with sugars. The bacteria’s addition interference comes
in the form of fixed (useable) nitrogen, which the bacteria
produce from atmospheric nitrogen. The legume would be
greatly handicapped in its growth without the fixed nitrogen
provided by the bacteria, and the bacteria require the root
nodules for optimal growth and reproduction. The fixing of
nitrogen by Rhizobia is one of the most important means by
which nitrogen is moved from the vast atmospheric reservoir
into soil and biomass (Figure 11.3).

As we will see in later chapters, such beneficial mutu-
alisms, where two or more members of the relationship
interact through addition interference, are of major impor-
tance in the design and management of many intercropping
agroecosystems.

Allelopathy

A form of interference that has received considerable atten-
tion recently, especially in agriculture, is allelopathy
(Gliessman 2002a; Ren Sen et al. 2008; Cheema et al. 2013).
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FIGURE 11.3 Nodules on the roots of fava beans. The nodules
are inhabited by nitrogen-fixing Rhizobium bacteria in mutualistic
association with the legume.

Allelopathy is the production of a compound by a plant that
when released into the environment has an inhibitory or
stimulatory impact on other organisms. Allelopathic interac-
tions have been shown to occur in a wide variety of natural
ecosystems and agroecosystems.

Allelopathic compounds are natural products that may be
direct metabolites, by-products of other metabolic pathways,
or breakdown products of compounds or biomass. The com-
pounds are often toxic to the plant that produces them if they
are not stored in some nontoxic form or released before they
build up internally to toxic levels. In some cases, even when
the toxins are released from the plant, they may build up
in the immediate environment and become toxic to the plant
that produced them. Allelopathic compounds take many
forms, from water soluble to volatile, simple to complex, and
persistent to very short lived. The most common allelopathic
compounds fall into such chemical groups as tannins, pheno-
lic acids, terpenes, and alkaloids.

Allelopathic products are released from the plant in a vari-
ety of ways. They can be washed off of green leaves, leached
out of dry leaves, volatilized from the leaves, exuded from
roots, or released from shed plant material during decom-
position. Even flowers, fruits, and seeds can be sources of
allelopathic toxins. There are also cases in which products do
not become toxic until they have been altered once they are
in the environment, either by normal chemical degradation
or through decomposition by microorganisms.

In natural ecosystems, allelopathy may help explain some
important phenomena:

* The dominance of a single species or group of spe-
cies over others;

* Successional change and species replacement, or
the maintenance of a deflected stage in the succes-
sional process;

* Reduced ecosystem productivity;

* Unique patterning or distribution of plant species in
the environment.
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In agroecosystems, allelopathy may play important roles in
biological control, the design of intercropping systems, and
crop rotation management. Examples are presented in the
following and in more detail in later chapters.

CoMPARISON OF TYPES OF INTERFERENCE

Table 11.2 provides a brief summary of the most salient char-
acteristics of each type of interference. Study of this table may
reveal that the grouping of interferences into addition interfer-
ences and removal interferences does not exhaust they ways in
which interferences can be classified. Mutualism, for example,
shares with competition the property of involving symmetrical
roles; that is, the organism creating the interference is simulta-
neously the organism receiving the interference created by the
other interacting organism (note that this symmetry does not
necessarily extend to the results of the interaction). As another
example, parasitism and epiphytism both involve interferences
that act directly on one organism’s body rather than on the
external, physical environment. These observations suggest
that interferences may be grouped as either direct or indirect,
and as either symmetrical or asymmetrical. Allelopathy, for
example, is asymmetrical and indirect. Table 11.3 shows the
typology resulting from such a classification. Most forms of
interference occupy only one cell in the matrix, but protoco-
operation and mutualism can be either direct or indirect.

INTERFERENCES AT WORK IN AGROECOSYSTEMS

In most multiple-species interactions, plants are removing
and adding things to the environment simultaneously. It is
very difficult to separate removal and addition interactions,
much less show how they may interact in ways that determine
which species and how many individuals of each are able to
coexist in a specific habitat. Ultimately, the combination of
interference types is going to play an important role in deter-
mining the structure and function of the ecosystem.

It is easy to imagine how allelopathy and competition,
for example, can both play a part in a polyculture cropping
system. The members of the mixture are simultaneously
adding materials to and removing resources from the envi-
ronment, modifying the microclimatic conditions of that

TABLE 11.3
Types of Interference
Indirect (Occurs in

the Shared Habitat
of the Organisms)

Direct (Occurs in or
on the Body of One
or Both Organisms)

Symmetrical Protocooperation Competition
(both organisms Mutualism Protocooperation
create interference) Mutualism

Asymmetrical Herbivory Allelopathy
(interference created Parasitism
by one organism) Epiphytism
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environment at the same time, and interacting with each
other in ways that permit coexistence or favor mutualistic
interdependence. It is important, though, to understand the
mechanisms of each interaction, beginning with the impacts
of each species on the environment in which they all occur.
The ability of farmers to successfully manage complex crop
mixtures and rotations depends on the development of this
understanding.

ALLELOPATHIC MODIFICATION
OF THE ENVIRONMENT

Ecological research has placed the greatest emphasis on
competitive interactions. This has been especially true in
agronomy, where great efforts have been made to understand
what the conditions of the environment are that limit optimal
crop development, and what kinds of inputs or technologies
are needed to correct the situation when something that the
crop needs is missing or in short supply. Crop arrangements
and densities have been researched and developed to avoid
the effects of competition.

Allelopathy provides a different approach to applying
our knowledge of ecological interactions to agriculture. The
growing desire to replace synthetic chemical inputs to agro-
ecosystems with naturally produced materials has spurred
a burst in applied research on allelopathy, especially in
Europe, India, and China (see e.g., Ren Sen 2008; Leicach
et al. 2009). Allelopathy thus serves as an excellent example
of how a research focus on the mechanisms of interference—
particularly those based on plants adding compounds to the
environment that can impact other plants—can have impor-
tant applications in agroecology. Because allelopathy has
such potential importance in agroecological research and for
sustainability, the remainder of this chapter will be devoted
to exploring it in greater detail.

There are many possible allelopathic effects of weed and
crop species that need to be taken into account in agroecosys-
tem management. The production and release of phytotoxic
chemicals can originate from crops or weeds, and they can
play very important roles in crop selection, weed manage-
ment, crop rotations, the use of covercrops, and intercropping
design. Many examples of such interactions have appeared in
the international publication Allelopathy Journal.

Our purpose in this section is to gain more insight into the
actual mechanisms of allelopathic interactions. The implica-
tions and applications of these interactions will be more fully
explored in Chapter 14.

DEMONSTRATING ALLELOPATHY

In order for allelopathy to be fully implicated in an interfer-
ence interaction, the following steps must be followed.

1. Determine the presence of a potential allelopathic
compound in the suspected plant and plant part.
A screening system that employs some type of bio-
assay is a common procedure for doing this test
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(Leather and Einhellig 1986). A positive bioassay
can only be used to imply that there is a potentially
allelopathically active chemical present in the
plant.

2. Show that the compounds are released from the
donor plant.

3. Determine that the compounds accumulate or con-
centrate to toxic levels in the environment.

4. Show that uptake or absorption of the compounds
by the target organism takes place.

5. Demonstrate that inhibition (or stimulation) of the
target species takes place in the field.

6. Identify the chemical compounds and determine the
actual physiological basis for the response.

7. Finally, determine how the allelopathic compound
interacts with other factors in the environment so as
to either reduce or enhance its effect. (Rarely does
an allelopathic compound kill another organism
outright.)

Under ideal situations, all of these steps could be carried out
before attempting to manage allelopathy in an agroecosys-
tem setting. But most of the time, such intensity of research
is not possible, and farmers are faced with the need to make
decisions on their farms every day. Astute observation, cou-
pled with research results, can make allelopathy one more
tool for managing the farm environment for the benefit of
the crop.

ALLELOPATHIC EFFECTS OF WEEDS

Weeds are responsible for the loss of crop production all
over the world. The literature abounds with reports on the
“competitive effects” of weeds, but only relatively recently
has allelopathy been considered or even mentioned as one
of the mechanisms by which weeds impact crops, pas-
ture plants, or native species (Colvin and Gliessman 2011).
Whenever weeds and crops are in the same planting together,
many possible forms of interference are going to be work-
ing together or in sequence. The allelopathic potential of a
large number of weed species has been known or suspected
for some time (Putnam and Weston 1986), but more recent
research on the invasive weed Eurasian spotted knapweed
(C. maculosa) has provided a foundation for understanding
in some detail the mechanisms of release of the potentially
phytotoxic compounds into the environment by weeds, how
they are taken up by associated plant species, how inhibition
actually occurs, and how the negative impacts of the com-
pounds might be ameliorated (Bais et al. 2003).

Allelopathic chemicals released by weeds can directly
influence crop seed germination and emergence, crop growth
and development, and the health of associated crop symbionts
in the soil. Recent research on weed allelopathy has shown
that many weeds use multiple mechanisms to inhibit crop
growth and development, and such knowledge is an impor-
tant component in developing alternative weed management
strategies (Leicach et al. 2009).
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SPECIAL TOPIC: HISTORY OF THE STUDY OF ALLELOPATHY

The effects of allelopathy have been observed since the times of the Greeks and Romans, when Theophrastus suggested
that the “odors” of cabbage caused vine plants to “wilt and retreat” (Willis 1985). Japanese sources dating back to at least
the 1600s independently document what we now know to be allelopathic interactions, and such knowledge may have
developed earlier and independently in other areas.

In Europe, scientific observations of allelopathic plant interactions were not made until the seventeenth century, when
A. P. de Candolle published an influential work describing his observations of the excretion of droplets of some sort from
the roots of Lolium temulentum. De Candolle believed that plants used their roots as excretory organs and that these
excretions contained chemicals that stayed in the soil and affected subsequent plant growth. His theory fell out of favor,
however, when Justus von Liebig developed the theory of mineral nutrition, and the focus on plant interactions shifted
to nutrient depletion and competition.

It was not until the late nineteenth century that careful experiments in the United States and England scientifically
demonstrated that allelopathy was an important plant interaction. In England, certain grasses were found to negatively
impact the growth of nearby trees, and the research indicated that the effects could not have been due to soil nutrient
depletion. In fact, leachates of soil from pots planted with the grasses impacted the trees as much as the grass itself. In
the United States, Schreiner and his associates published a series of papers between 1907 and 1911 documenting the
“exhaustion” of soils planted continually in one crop and the extraction of the chemicals responsible for the exhaus-
tion. This was the first time researchers demonstrated the ability of plant chemicals to inhibit germination and seedling
growth of a plant species.

During the 1920s some important work focused on the black walnut. Cook documented the tree’s ability to inhibit
nearby plants, and Massey found that an extract of walnut bark in water caused tomato plants to wilt.

In 1937, the term allelopathy was coined by Molisch to describe any biochemical interaction between plants and
microorganisms, positive or negative. Soon afterward, studies by Benedict, Bonner and Galston, Evenari, and McCalla
and Duley again documented chemotrophic plant effects, and the term allelopathy came into common usage for the first
time (Willis 1985).

Muller introduced the concept of interference in 1969 as a way of explaining both competition and allelopathy in a
single theory. Ecologists began to realize that competitive or allelopathic effects may work in tandem in any given system,
and that allelopathic interactions can be particularly important in cropping systems (Rice 1984; Gliessman 2002a). More
recently, recognition of the importance of allelopathy in agriculture has led to research on ways phytotoxins can be involved
in such practices as weed control, covercropping, pest management, and even soil biofumigation (Muramoto et al. 2014).

The difficulty of demonstrating how allelopathy actually works in the field has kept ecologists from attributing a
significant role to chemical interference in overall vegetation process. But work by Bais et al. (2003) firmly placed alle-
lopathy back on center stage. These researchers meticulously documented the displacement of native plant species by
the Eurasian spotted knapweed (Centaurea maculosa) in the Western United States, and the role that allelopathy plays
in the process. They identified the phytotoxin that this economically destructive plant invader produces, showed how it
is released from the roots, and characterized the mechanisms that trigger the death of susceptible native plant neighbors.
Such research clearly demonstrates how allelopathy must be reckoned with in plant species interactions, both in natural
ecosystems and agroecosystems (Ren Sen et al. 2008).

Agroecology: The Ecology of Sustainable Food Systems

An example of an allelopathic weed is bitter grass
(Paspalum conjugatum), an aggressive weed in annual crop-
ping systems in Tabasco, Mexico. Figure 11.4 illustrates the
inhibitory effect of bitter grass when it is present in a corn
crop. As the dominance of the grass increases, the stunting
of the corn becomes more noticeable, reaching a point where
the corn is not even able to establish.

Water extracts made from the dry grass that has not yet
been leached by rains showed the ability to affect both ger-
mination and early growth of corn seed. Local farmers rec-
ognize the negative impacts of the grass on the soil, referring
to a heating effect that can cause the stunting or yellowing of
the crop. When researchers could find no temperature dif-
ferences in the field with thermometers, allelopathy became
suspect. Although the evidence is not sufficient to rule out

competitive interference from the grass, the inhibitory effect
exists even when farmers add recommended levels of chemi-
cal fertilizers to the crop and when rainfall is more than
sufficient.

In a study in California, two common weeds—Ilamb’s-
quarters (Chenopodium album) and redroot pigweed
(Amaranthus retroflexus)—were tested for allelopathic
potential against green beans (Phaseolus vulgaris). Both
weed species showed allelopathic potential in laboratory bio-
assays; in the field it was found that bean plants grown with
pigweed were stunted but had normal numbers of nodules
of symbiotic Rhizobium bacteria, and that beans grown with
lamb’s-quarters were both stunted and had greatly reduced
numbers of nodules (Espinosa 1984). These results indicate
that the chemicals released by the two different weeds were
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FIGURE 11.4 Allelopathic inhibition of corn by bitter grass (P. conjugatum), Tabasco, Mexico. Rain washes phytotoxins off of dead
and living parts of the grass, and additional compounds are exuded from the roots. (Data from Gliessman, S.R., Allelopathy in crop/weed
interactions in the humid tropics, in: A. Amador (ed.), Memoirs of Seminar Series of Ecology, Colegio Superior de Agricultura Tropical,

Cardenas, Tabasco, Mexico, 1979, pp. 1-8.)

impacting the crop plants in different ways, with one affect-
ing the growth of the beans directly and the other inhibiting
the activity of N-fixing bacteria. Since the farm field was irri-
gated, had recently been fertilized, and crop spacing ensured
that adequate light reached the beans, removal interference
was probably minimal.

A weed species that has been studied in great detail in
order to demonstrate its allelopathic mechanisms is quack-
grass (Agropyron repens). The following findings are
described in a review by Putnam and Weston (1986):

* Quackgrass inhibited several crop types (e.g., clo-
ver, alfalfa, and barley), and this inhibition could
not be explained by removal interference (i.e.,
competition).

e Laboratory and greenhouse bioassays demon-
strated the inhibitory potential of both quackgrass
foliage and quackgrass rhizomes, although foliage
residue was twice as toxic as rhizomatous material.
Water extracts and incorporated residues were both
phytotoxic.

e There is some evidence that greater inhibition is
observed in the presence of soil fungi.

e Decaying quackgrass residues were shown to
produce water-soluble inhibitors, explaining the
inhibition that has been observed when quackgrass
residues are a significant part of no-till systems.

* Inhibition of nodulation in legumes and reduction of
root hair formation in other plants are suspected as
being possible mechanisms of inhibition.

* Several compounds have been isolated and identified
from water extracts and decomposition products,

and include several phenolic acids, a glycoside, a
compound known as agropyrene, and a flavone tri-
cin and related compounds.

e Even when quackgrass is killed with herbicides, the
plant residues and toxins in the soil must be allowed
to degrade prior to successful establishment of the
succeeding crop.

The case of quackgrass demonstrates that allelopathic inter-
ference can be very important, but it also suggests that differ-
ent plant parts may play different roles, and that phytotoxic
compounds can enter the environment through different
mechanisms and have varying impacts on crops.

ALLELOPATHIC EFFecTs OF CROPS

Although much research has focused on the allelopathic
potential of weeds in agroecosystems, many crop plants have
been shown to release phytotoxins as well. Such mechanisms
of interaction have important possibilities for farmers look-
ing for alternative management practices.

Covercrops

Covercrops are usually grown during a fallow period in a
crop field in order to protect the soil from erosion, contribute
organic matter to the soil, improve soil conditions for water
penetration and retention, and “smother” weeds. Covercrops
of wheat, barley, oats, rye, grain sorghum, and Sudan grass
(Sorghum sudanense) have been used effectively to suppress
weeds, primarily annual broadleaf species. The weed sup-
pression ability of many of these and other covercrops is due
at least in part to allelopathy (Duke 2010).
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Because the phytotoxic compounds released by covercrops
typically break down relatively quickly in the environment,
they generally have little effect on the subsequent crop. The
compounds inhibit weeds during the time they are actively
produced by the covercrop plants, but after the plants die or
are killed through tillage, the compounds quickly degrade
(Mamolos and Kalburtji 2001).

The allelopathic potential of winter rye (Secale cereale)
has been particularly well studied (Barnes et al. 1986). Rye
produces considerable biomass early in the growing season,
and has found much success as a green manure crop in poor
soils. But it is most notable for its ability to suppress weed
growth while it is actively growing, as well as after rye resi-
dues are incorporated into the soil with tillage or left on the
soil surface after cutting. Allelopathic effects are even seen
from residues left on the soil after herbicide spraying has
killed the cover. Extensive chemical analysis has identified
two benzoxazolinones and associated breakdown products as
the probable phytotoxic agents.

The covercrop called velvet bean (Mucuna pruriens),
used extensively in rural Tabasco, Mexico, has been shown
to inhibit weeds through allelopathy. This annual vining
legume is planted into a corn crop near the end of the crop-
ping cycle. It covers the open space between the corn plants,
effectively suppressing weed growth, both before and after
harvest. The weed suppression is due in part to shading, but
release of allelopathic compounds is also at work. After the
velvet bean plants complete their life cycle, they are left dead
on the ground, covering the soil with a nitrogen-rich mulch
into which the next corn crop will be planted. Large areas
are managed in this manner without the use of fertilizers or
herbicides (Gliessman and Garcia-Espinosa 1982).

As more information is generated on the mechanisms
of phytotoxin release in covercrops, farmers will be better
able to optimize the use of covercrops for weed control by
maximizing the addition of the chemicals into the soil and
improving the timing of incorporation. Since covercrop spe-
cies will vary from region to region, an understanding is also
needed of how local climates affect the mechanism of release
of the toxins into the environment where they can impact
weeds. Proper species selection and management will vary
accordingly.

Organic Mulches Derived from Crops

Plant materials and crop residues can be brought to the field
and spread over the soil, serving as organic mulch. Waste
plant material from farm fields or the processing of farm
products is particularly useful for this purpose. Such materi-
als were already discussed for their value as soil amendments
(Chapter 8), but an important benefit of many mulches that
often gets overlooked is their potential for allelopathic weed
control.

Like the phytotoxins produced by covercrops, the biologi-
cally active compounds found in organic mulches degrade
relatively quickly, as a rule. However, breakdown rates do
differ. For this reason, the timing of mulch application, as
well as the amount and age of the mulch, must be carefully

Agroecology: The Ecology of Sustainable Food Systems

FIGURE 11.5 Cacao pod hulls used as an allelopathic mulch,
Tabasco, Mexico. The dark cacao hulls, seen between rows of zuc-
chini, suppress weed growth.

considered so as to maximize weed inhibition and limit the
effect on crops.

An excellent example of an allelopathically active mulch is
dried and crushed cacao pods, obtained in the cocoa produc-
tion process after the seeds and pulp have been removed from
the pods. Spread over the surface of the soil or between estab-
lished crop plants, the crushed pods leach tannic substances
that can inhibit the germination and establishment of weeds.
Laboratory bioassays of water extracts of the pod material
show considerable allelopathic potential. Other types of crop
and processing residue with allelopathic potential include
coffee chaff from the dried beans, almond hulls, rice hulls,
apple pomace, and grape skins and seeds (Figure 11.5).

Crop Inhibition of Weeds

When a crop plant itself is able to inhibit weeds through alle-
lopathy, farmers have a very important tool to add to their
tool box. Several crops are known to be effective in suppress-
ing weeds that grow near them (Ren Sen et al. 2008). The
list includes beets (Beta vulgaris), lupine (Lupinus sp.), corn,
wheat, oats, peas, rice, buckwheat (Fagopyrum esculentum),
millet (Panicum sp.), barley, rye, and cucumber (Cucumis
sativa). Allelopathy can be implicated in all cases, but
research needs to thoroughly determine the role phytotoxins
play in relation to other forms of interference. In some cases,
the inhibition appears to occur from substances released by
the living crop plants, but in others it appears that the effect is
left over from decomposition products of crop residues incor-
porated into the soil at the end of the crop cycle. Care has
to be taken to keep these inhibitory effects on weeds from
affecting the crops that follow. Mixtures of these crops might
express even greater allelopathic activity through comple-
mentary combining of phytotoxins.

Squash has been shown to be an especially effective alle-
lopathic crop (Fujiyoshi et al. 2007). Rain leaches inhibitors
out of the large, horizontally arranged leaves, and once in
the soil, these compounds can suppress weeds. The shade
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TABLE 11.4

Initial Root Elongation of the Germinating Seeds of
Two Weeds and Two Crops in Laboratory Bioassays of
Squash Leaf Extracts

2.5% Squash
Leaf Extract®

5.0% Squash

Distilled Water Leaf Extract®

Target Species Control? (%) (%) (%)
Avena fatua 100 61.0 40.1
Brassica kaber 100 48.2 30.7
Raphanus sativus 100 112.1 57.1
Hordeum vulgare 100 122.0 57.8

Source: Data from Gliessman, S.R., Allelopathic effects of crops on
weeds, unpublished manuscript, University of California, Santa
Cruz, CA, 1988.
2 Root elongation after 72 h at 25°C in distilled water defined as 100%
growth.
b Air-dried intact squash leaves were soaked in distilled water for 2 h and
the resulting solution filtered and used to irrigate seeds. Concentration
based on ratio of grams of squash leaf to grams of water.

that the leaves cast probably enhances the effect, combin-
ing a removal interference with an addition interference.
Bioassays show the allelopathic potential of water extracts
of intact leaves on a range of species, with weeds often being
inhibited to a greater extent than crop plants (see Table 11.4).
When squash is added to an intercropped agroecosystem
such as corn and beans, it takes on the important role of weed
suppressor for the entire mixture.

Other research has shown that older varieties of some
crops, especially the varieties most closely related to wild
stock, show the greatest allelopathic potential (Batish et al.
2001; Shen et al. 2008). Crop breeding may have selected
against allelopathic potential in exchange for higher crop
yields. Screening for allelopathic types in germplasm collec-
tions of crops could lead to incorporation of greater allelo-
pathic potential in current crop types through conventional
crop breeding or the use of more recently developed genetic
engineering technologies.

Considering the problems associated with currently used
weed control strategies—possible environmental pollution,
groundwater contamination, increased cost of developing
and testing new herbicides, increased herbicide resistance by
weeds, and the difficulties of registering new herbicides—
allelopathic potential in crops will become a more attractive
alternative. Connecting the plant’s allelopathic potential with
an understanding of the fate and activity of the phytotoxic
compounds once they leave the plant will make these alterna-
tives most useful.

GROWTH STIMULATION

The emphasis in the foregoing discussion has been primar-
ily on the inhibitory or negative impacts of chemicals added
to the environment by plants. There are, however, limited
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reports of plants releasing compounds into the environment
that have stimulatory effects on other plants around them.
Such stimulatory addition interferences can be classified as
allelopathy as well, since the term was originally coined to
include them along with inhibitory effects.

In some cases, low concentrations of otherwise inhibitory
chemicals may actually have a stimulatory effect. Bioassays
for allelopathic potential often show increased root elonga-
tion in newly germinated seeds when plant extracts are at low
concentrations. In other cases, plants produce compounds
with wholly stimulatory effects. For example, an older study
(Gajic and Nikocevic 1973) found that a weed known as corn
cockle (Agrostemma githago) had an appreciable stimulatory
effect on wheat yields when grown in mixed stands as com-
pared to wheat grown alone. A stimulatory substance isolated
from corn cockle was named agrostemmin, and when applied
separately to wheat fields was shown to increase wheat yields
in both fertilized and unfertilized areas. Rice (1984) reports
on work where chopped alfalfa added to soil stimulated the
growth of tobacco, cucumber, and lettuce, and a substance
known as triacontanol was identified as the stimulant. Even
some substances isolated from weeds have stimulatory
effects at certain concentrations. Researchers are challenged
to demonstrate ways that some of these effects can be prac-
tically incorporated into cropping system management, but
the potential certainly exists once the full mechanisms of the
interference are worked out.

IMPORTANCE OF INTERACTIONS
AMONG ORGANISMS

Organisms can have positive and negative influence on each
other depending on the nature of their interactions. These
interactions have dynamic and potentially important impacts
on the environment of agroecosystems. This chapter proposes
a model for the study and understanding of such interactions
that focuses on the mechanisms through which one organism
adds to or removes from its immediate environment some
resource or material that can have consequences for the other
organisms living there.

As we will see in Section IV, finding effective ways of
harnessing and managing the interactions among organisms
is at the very heart of developing more sustainable practices
in agriculture. The autecological perspectives on these inter-
actions developed in this chapter will be a necessary basis for
exploring their action and management at the level of crop
populations, crop communities, whole agroecosystems, and
the landscape in Chapters 14 through 21.

FOOD FOR THOUGHT

1. Describe a situation where an organism appears to
be competing for a specific space in the environ-
ment but actually is competing for limited or poten-
tially limiting resources in that space.

2. Why is the organism—environment—organism
model for understanding the mechanisms of biotic



142

interactions of such great potential importance for
designing sustainable agroecosystems?

3. Describe a situation that you have seen in which
allelopathy plays an important role in the develop-
ment of an alternative strategy for weed manage-
ment in an agroecosystem.

4. How do you differentiate between the influence of
an abiotic factor on an organism and the influence
of another organism on that organism?

5. What are some of the ways of avoiding competition
in a crop ecosystem?

INTERNET RESOURCES

Allelopathy Journal
www.allelopathyjournal.org
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2 The Environmental Complex

The previous chapters have examined the separate influ-
ences of individual environmental factors on the crop plant.
The chapters in Section I looked at the abiotic factors of the
environment—Ilight, temperature, precipitation, wind, soil,
soil moisture, and fire—and then Chapter 11 added other
organisms to the suite of factors we must be aware of when
considering the effect of the environment on crop plants.
Although it is important to understand the impact that each
of these factors has by itself, rarely does any factor operate
alone or in a consistent manner on the organism. Moreover,
all of the factors that have been discussed as separate com-
ponents of the environment also interact with and affect
each other. Therefore, the environment in which an individ-
ual organism occurs needs to be understood as a dynamic,
ever-changing composite of all the interacting environmen-
tal factors—that is, as an environmental complex.

When all of the factors that confront a crop plant are con-
sidered together, it is possible to examine characteristics of
the environment that emerge only from the interaction of
these factors. These characteristics—which include com-
plexity, heterogeneity, and dynamic change—are the main
topics of this chapter. Their examination in terms of their
impact on the crop plant represents an important step in ana-
lyzing agroecosystems autecologically.

THE ENVIRONMENT AS A COMPLEX
OF FACTORS

The environment in which a plant grows can be defined as
the sum of all external forces and factors, both biotic and
abiotic, that affect the growth, structure, and reproduction of
that plant. In agroecosystems, it is vital to understand which
factors in this environment—due to their condition or level
at the time—might be limiting a plant, and to know what
levels of certain factors are necessary for optimum perfor-
mance. Agroecosystem design and management are based
largely on such information. The foundations of this under-
standing have been presented in the earlier chapters of this
book. Individual factors have been explored, and many agri-
cultural options for their management have been reviewed.
Since the environment is a complex of all of these factors,
it becomes just as important to understand how each factor
affects or is affected by others, singly or in complex combi-
nations that vary in time and place. It is the complex inter-
actions of factors that make up the total environment of the
crop organism.

FACTORING THE ENVIRONMENT

The concept of an environmental complex is presented sche-
matically in Figure 12.1. Although lines representing con-
nections have not been drawn, the figure is intended to show
that interactions occur between factors themselves, as well
as between each factor and the crop organism. The compo-
nent factors of the environment discussed in the previous
chapters are all included, as well as several others. Since it
is impossible to divide the entire environment neatly into
components, or to include every possible factor, the factors
shown in Figure 12.1 involve some simplification and over-
lap. Furthermore, each of the factors is not of equal impor-
tance at any particular time. For this reason, time is not listed
as an independent factor, but should instead be considered as
the background context within which the entire complex of
factors is changing.

Because of the complexity of the environment, it is clear
that its factors can combine to affect organisms in the envi-
ronment in addition to doing so independently. Factors can
work together simultaneously and synergistically to affect
an organism, or they can make their effects felt through a
cascade of changes in other factors. An example of such fac-
tor interaction is the lush weed growth on the north-facing
side of the furrow illustrated in Figure 4.4. In this particu-
lar microclimatic site, lower temperatures, higher mois-
ture, higher biological activity, and possibly higher nutrient
availability were simultaneously associated with the small
amount of shading that occurred, and this combination of
factors effectively altered the conditions for plant growth.
As another example, an allelopathic compound released
from the roots of a crop can interact with shading, moisture
stress, herbivory, susceptibility to disease, and other factors
to either enhance or reduce the effectiveness of the phyto-
toxic compound in limiting weed growth in a cropping sys-
tem. Because of such interactions, it is often a challenge to
predict the consequences of any single modification of the
agroecosystem.

One of the weaknesses of the conventional agronomic
approach to managing agroecosystems is that it ignores fac-
tor interactions and environmental complexity. The needs of
the crop are considered in terms of isolated, individual fac-
tors, and then each factor is managed separately to achieve
maximum yield. Agroecological management, in contrast,
begins with the farm system as a whole and designs interven-
tions according to how they will impact the whole system,
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FIGURE 12.1 Representation of the environmental complex.
The environment of an individual crop plant is made up of many
interacting factors. Although the environment’s level of complex-
ity is high, most of the factors that make it up can be managed.
Recognizing factor interactions and the overall complexity of
the environment is the first step toward sustainable management.
(Adapted from Billings, W.D., Quart. Rev. Biol., 27, 251, 1952.)

not just crop yield. Interventions may be intended to modify
single factors, but the potential impact on other factors is
always considered as well.

COMPLEXITY OF INTERACTION

The way in which a complex of factors interacts to impact
a plant can be illustrated by seed germination and the safe
site concept of Harper (1977). We know from ecophysiolog-
ical studies that an individual seed germinates in response
to a precise set of conditions it encounters in its immedi-
ate environment. The locality at the scale of the seed that
provides these conditions has been termed the “safe site.”
A safe site provides the exact requirements of an individual
seed for the breaking of dormancy, and for the processes
of germination to take place. In addition, there must be
freedom from hazards such as diseases, herbivory, or toxic
substances. The conditions of the safe site must endure
until the seedling becomes independent of the original seed
reserves. The requirements of the seed during this time
change, and so the limits of what constitutes a safe site must
also change.

Figure 12.2 describes some of the environmental fac-
tors that influence the germination of a seed and make up
the “safe site.” Factors immediately surrounding the seed
are what influence the seed most directly. Factors around
the outside perimeter of the diagram are factors and
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variables that influence the effect, degree, or presence of
the direct factors.

HETEROGENEITY OF THE ENVIRONMENT

The environment of any individual plant varies not only
in space but also in time. The intensity of each factor in
Figure 12.1 shows variation from place to place through time,
with an average for each factor setting the parameters of the
habitat within which each plant is adapted. When variation in
a factor exceeds the limits of tolerance of a plant, the effects
can be very damaging. Farming systems that take this varia-
tion into account are much more likely to have a positive out-
come for the farmer.

SpPATIAL HETEROGENEITY

The habitat in which a plant occurs is the space charac-
terized by particular combinations of factor intensities that
vary both horizontally and vertically. Even in a field planted
to a single variety of grain crop, for example, each plant
will encounter slightly different conditions because of spa-
tial variation in factors such as soil, moisture, temperature,
and nutrient levels. The amount of variation in these factors
will depend upon the extent to which the farmer tries to
create uniformity in that field with equipment, irrigation,
fertilizers, or other inputs. Regardless of these attempts,
however, there will be slight variation in topography, expo-
sure, soil cover, and so on that will create microenviron-
mental differences across the space of the field. Very small
variations in microhabitat, in turn, can bring about shifts in
Crop response.

In a wet tropical lowland environment, for example,
where soils are poorly drained and rainfall is high, slight
topographic variation can make a big difference in soil mois-
ture and drainage. In such an area, the lower-lying areas of a
field may be subject to much more waterlogging than the rest
of the field, and crop plants growing there may experience
arrested root development and poorer performance, as illus-
trated in Figure 9.3. Some farmers in the region of Tabasco,
Mexico, where the photograph in Figure 9.3 was taken, plant
waterlogging-tolerant crops, such as rice or local varieties
of taro (Colocasia spp. or Xanthosoma spp.), in the lower-
lying areas of their farms as a way of making a better match
between crop requirements and field conditions. Finding
ways to take advantage of the spatial heterogeneity of condi-
tions by adjusting crop types and arrangements is often more
ecologically efficient than trying to enforce homogeneity or
ignore heterogeneity.

In multiple cropping systems, variation in the vertical
dimension must also be taken into account because one crop
or canopy layer will generally create strata of varying con-
ditions for other crops or canopy layers. This is especially
true if a new crop is being planted into an already estab-
lished canopy, such as into an agroforestry or tree-dominated
home garden agroecosystem. To complicate matters even



The Environmental Complex

History of the seed

The age of the seed and the
conditions it has been
exposed to (such as abrasion)
are important determinants
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History of the plot

The prior history of the field,
including crops grown, soil
treatments, frequency of
disturbance, etc. will all have
impacts on the factors that

of how other factors will

influence germination Light

Seed depth

Conditions change with
soil depth; for each type cover.

Some seeds require light to
germinate, and others are inhibited.
by light. The amount of light
received by the seed is determined
by its history and by its depth and
the character of the soil surface

directly influence
germination

Precipitation

Precipitation or irrigation
preceding seed germination is

of plant, there is an ideal
depth at which conditions
are most conductive to
germination.

Temperature

Each species of plant has
slightly different temperature
optima for germination, and
the temperature of the soil
varies with depth, moisture,
topography, and other factors.
Light and temperature are
closely related.

Soil cover

Organic matter on the soil
surface alters water

the primary factor influencing
soil moisture. The effect of
precipitation is modified by soil
type, wind, fire, soil surface
cover, and temperature.

Biotic factors

A wide range of organisms,
from viruses to mammals,
can have varying impacts on
seed germination. Their
presence in the soil changes
depending on the site, its
history, the soil, and
cropping patterns.

Wind

Wind can influence seed

movement, soil temperature,
light availability, and the
potential for disease. Toxins
can be released from
decomposing plant residues.

Soil moisture

Germination only occurs after the
seed has imbibed sufficient water.
Soil texture, structure, color, and
microrelief will all impact moisture:

germination by altering soil
temperature and soil
moisture, and also by
changing the structure of the
soil surface cover.

availability, as will irrigation or

rain, temperature, and wind.

Fire

If it occurs, fire may alter soil
moisture, soil quality, the
ability of the soil to absorb
solar energy, and the
structure of the soil surface
cover. Fire may also have the
direct effect of killing seeds.

Soil

Soil type affects seed
germination by controlling how
moisture is added and retained
in the soil, and by creating a
chemical environment that may
enhance or retard germination
processes.

FIGURE 12.2 Environmental factors affecting seed germination. Factors immediately surrounding the seed affect it most directly;
factors in the outer perimeter mostly affect the intensity, level, and presence of the direct factors. The importance of each factor will vary

depending on the species of the seed.

more, a large mature plant member of such a system is occu-
pying a range of microhabitats simultaneously. Which por-
tion of the habitat and combination of microenvironmental
conditions are affecting the organism the most?

Because of the difficulty involved in creating absolutely
uniform conditions in farm fields, especially in resource-
limited or small-scale traditional agroecosystems, farmers
often plant multiple species or a variety of crop mixtures,
with the idea that a diverse combination of crops with a
range of adaptations will do better in a variable environment
(Vandermeer 1992). It is a real challenge in experimental
agronomic studies to adequately take such variability into
account. High-standard deviations don’t necessarily mean
that something was wrong with the research methodology. It
may just mean that the sample area was extremely variable!

DyNamMic CHANGE

Since the combination of factors in any environment is con-
stantly changing through time, a farmer must also take into
account temporal heterogeneity. Changes take place hourly,
daily, seasonally, yearly, and even as part of longer-term cli-
matic shifts. Some of this change is cumulative and some
of it is cyclic. For any particular factor, there is a need to
be aware of how rapidly its intensity can change over time,
and how the changes can affect a particular crop organism,
based on its length of exposure and its limits of tolerance.
At the same time, each crop organism, as it goes through its
life cycle, will undergo shifts both in the way it responds
to different factor intensities and in its tolerance for those
intensities.
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A crop plant, for example, experiences a continually
changing environment as it progresses through its life cycle.
If a factor or combination of factors reaches some critical
level at the same time the plant reaches some particularly
sensitive stage in its life cycle, suppression of further devel-
opment can occur and result in a crop failure. Germination,
initial seedling growth, flowering, and fruiting are the stages
during which extreme or unusual variation in environmental
factors is most likely to impact crop performance. As was
seen in Figure 9.4, for example, a period of waterlogging dur-
ing the growth of cowpeas had a negative effect on yield, but
the nature and extent of this effect depended on when the
waterlogging occurred.

Because of dynamic change, interventions in the field
often need to be carefully timed. For example, a farmer want-
ing to use a propane-fired burner (described in Chapter 10)
to kill weed seedlings is limited to a small window of time
in the early stages of development of the crop. If the crop is
too small and delicate, flaming can kill the crop seedlings
along with the weed seedlings. If the crop is too tall, it might
be difficult to avoid damaging the plants with the flaming
apparatus itself. The effective window for using flame weed-
ers might be as short as 4 or 5 days in delicate crops such
as carrots or onions, both of which have little ability to deal
with interference from weeds on their own.

INTERACTION OF ENVIRONMENTAL FACTORS

Each of the many factors that make up the environmen-
tal complex has the potential to interact with other factors
and thereby modify, accentuate, or mitigate their affects on
organisms. The interaction of factors can have both positive
and negative consequences in agroecosystems.

COMPENSATING FACTORS

When one factor overcomes or eliminates the impact of
another, then it is referred to as a compensating factor. When
a crop is growing under conditions that would otherwise be
limiting for its successful growth or development, one or
more factors may be compensating for the limiting factor.

The effect of a compensating factor is commonly seen in
fertilization trials, when a particular soil nutrient (e.g., nitro-
gen) is limiting as determined by the plant response. Reduced
growth and lower yields are signs of the deficiency. But rather
than simply adding more of the deficient nutrient, it is some-
times possible to alter some other factor of the environment
that renders more of the “limited” nutrient available to plants.
In the case of nitrogen deficiency, it may be that poor soil
drainage is restricting nitrogen uptake by roots, so that once
soil drainage is improved, the lack of nitrogen uptake is com-
pensated for.

Another case of compensation for a limiting factor occurs
when a farmer counters the negative impact of a leaf-eating
herbivore by stimulating more luxurious or rapid growth of
the affected crop through an intervention such as adding
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compost to the soil or applying a foliar fertilizer. The added
biomass can allow the crop to carry the herbivore load and
still produce a successful harvest. The added plant growth
compensates for herbivory.

In coastal regions where fog is common during the dry
summer season (e.g., the Mediterranean maritime region of
coastal California), the fog can compensate for the lack of
rainfall. This occurs through the reduction in transpirational
water loss, and the lower evaporative stress due to less direct
sunlight and lower temperatures. The leafy vegetable crops
common in the lower Salinas and Pajaro Valleys of California
could probably not be grown profitably during the middle of
the summer without such compensation, because these crops
are subject to considerable water loss through transpiration
on hot days.

MuttiprLicity of FACTORS

When several factors are closely related, it may be par-
ticularly difficult to separate the effect of one factor from
another. The factors can act as a functional unit, either simul-
taneously or in a chainlike manner. One factor influences or
accentuates another, which then affects a third; but in terms
of crop response, where one factor stops and another takes
over is impossible to determine. The factors of temperature,
light, and soil moisture often function in such a closely inter-
related manner. For a corn crop in an open field, for example,
increasing light levels during the morning increase tempera-
ture, and the higher temperature increases evaporation of
water from the soil while transpiration also increases. Thus
the intensity of each factor varies simultaneously with every
change in the intensity of solar radiation, and the relative
effect of each factor on the crop is practically inseparable
from the multiplicity of effects they have together. As the
climate warms and dries in many areas of the world, the par-
ticular forms of interaction among these three factors will be
of increasing concern.

FACTOR PREDISPOSITION

A particular environmental factor may cause a crop response
that renders the crop more susceptible to damage by another
factor. In such cases, the first factor is said to predispose
the plant to the effects of the second factor. Low light levels
caused by shading, for example, can predispose a plant to
fungal attack. The lower light levels usually mean higher
relative humidity for the plant and cause it to develop thin-
ner, larger leaves that then may be more susceptible to attack
by a pathogenic fungus that occurs more commonly when
excess moisture is present in the environment. Similarly,
research has shown that some crop plants are more suscep-
tible to herbivore damage when they have been given large
amounts of nitrogenous fertilizer. The plant tissue is predis-
posed to the herbivory due to its higher nitrogen content—
apparently the nitrogen serves as an attractant for the pest
(Chen et al. 2008).
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MANAGING COMPLEXITY

Sustainable agroecosystem management will require an
understanding not only of how individual factors affect crop
organisms but also of how all factors interact to form the
environmental complex. Part of this understanding comes
from knowing how factors interact with, compensate for,
enhance, and even counteract each other. Another part
comes from knowing the extent of variability present on the
farm, from field to field and within each field. Conditions
vary from one season to another, as well as from 1 year to the
next. From climate to soils, from abiotic to biotic factors, and
from plants to animals, factors interact and vary in dynamic
and ever-changing patterns. An important component of sus-
tainability is knowing not only the extent and form of factor
interaction, but also the range of variability in interactions
that can occur over time. Adapting the agroecosystem as
much as possible to take advantage of complexity and vari-
ability where appropriate, and to compensate for both when
not, is in many ways the challenge that will be addressed in
the following chapters.

FOOD FOR THOUGHT

1. What factors may have impacted seed before a
farmer buys it for planting? How may these influ-
ences affect the performance of the seed once it is
planted?

2. What are some ways that a farmer can manage an
agroecosystem in a highly variable environment
other than trying to control or homogenize the con-
ditions that create the heterogeneity?

3. What are some of the disadvantages for a farmer
who chooses to deal with or adapt to (rather than
overcome) spatial and temporal heterogeneity in the
agroecosystem?

4. What are some ways that a farmer can successfully
compensate for a limiting factor by altering or man-
aging one or several other factors, and thus contrib-
ute to the sustainability of a farming system?
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INTERNET RESOURCES

Ecophysiology Research Group in the Faculty of Agriculture

at Dalhousie University
www.dal.ca/faculty/agriculture/research/centres-and-
labs/ecophysiology-research-group.html
A good example of a research group with a focus on
understanding the growth and the developmental, physi-
ological, and metabolic responses of plants as individual
organisms and in their communities.

Plant Ecophysiology Research Group at the University of
Groningen
www.rug.nl/research/plant-ecophysiology/
This group’s research focuses on the analysis of plant
responses from the molecular level up to the level of the
intact plant, allowing a fully integrated understanding of
the plant—environment interaction.

RECOMMENDED READING

Daubenmire, R. FE. 1974. Plants and Environment, 3rd edn. John
Wiley & Sons: New York.
The book that established the foundation for an agroecologi-
cal approach to plant—environment relationships.

Forman, R. T. T. and M. Gordon. 1986. Landscape Ecology. John
Wiley & Sons: New York.
Essential reading in understanding the relationships between
plant distribution and the temporal and spatial complexity of
the physical landscape.

Harper, J. L. 1977. Population Biology of Plants. Academic Press:
London, U.K.
The key reference for understanding the foundations for mod-
ern plant population biology, with many references to agricul-
tural systems.

Larcher, W. 2003. Physiological Plant Ecology, 4th edn. Springer:
New York.
A very complete text of ecophysiology, covering plant adapta-
tion to the factors of the environmental complex.

Schmidt-Nielsen, K. 1997. Animal Physiology: Adaptations and
Environment, Sth edn. Cambridge University Press: New York.
An important review of the physiological ecology of animals
in the environment.






3 Heterotrophic Organisms

So far we’ve discussed agroecosystems as if they are based
entirely on the growth of plants. Although plants are indeed
the foundation for growing our food, we can’t ignore the fact
that animals—and other non-photosynthesizing organisms,
like insects and fungi and some protists—are both abso-
lutely essential elements of agroecosystems and factors that
must be taken into account in managing these systems. In
Chapter 2 we defined these organisms as heterotrophs, or all
organisms that meet their nutritive and energetic needs by
consuming other organisms.

Various types of heterotrophs were discussed as biotic
factors of the environment in Chapter 11. In this context, we
looked at the interactions between heterotrophs and other
organisms, and our interest was in categorizing these interac-
tions and distinguishing them by type, rather than in examin-
ing the heterotrophs themselves. In this chapter, we shift our
frame of reference to the heterotrophic organisms, looking at
these organisms directly rather than as special kinds of biotic
factors. This results in two related but distinct discussions.
In Heterotrophs as Factors Affecting Crop Plants, we focus
on heterotrophs as factors of the environment but give atten-
tion to the organisms involved and the particular effects they
have on crop plants. In Animals as Resources in Agricultural
Production, we discuss animals as organisms from which
humans derive food and which, like crop plants, confront an
environment made up of separate factors.

HETEROTROPHS AS FACTORS
AFFECTING CROP PLANTS

As described in Chapter 2, heterotrophic organisms play
important roles in ecosystem structure and function. In their
roles as consumers, either as primary consumers of plants or
secondary consumers of other animals or animal products, they
are essential elements in energy flow, nutrient cycling, and the
regulation of the numbers of other organisms, especially plants.
As primary consumers they are herbivores, parasites, or polli-
nators of plants. As secondary consumers they are parasites or
predators of other animals. Because they fill all these many and
varied roles in ecosystems and agroecosystems, heterotrophs
have a variety of opportunities for presenting themselves as fac-
tors of the environment in relation to individual crop plants.

HerBIVORY BY INSECTS AND OTHER INVERTEBRATES

As discussed in Chapter 11, herbivory is a removal
interference that represents a very direct impact on a plant,

with plant tissue being removed by the consuming organism.
The niche of herbivore has been exploited by nearly every
group of terrestrial animals over evolutionary time, but in
terms of numbers of species, insects have gone the furthest
in taking advantage of plants as a ready food source. Of the
more than one million insect species known, about 26% are
phytophagous (plant eating). With their capacity for con-
verting plant biomass to animal energy, the impact of these
insects on food webs and food chains is quite dramatic (Price
1997; Vandermeer 2011). Several other invertebrate groups,
such as mollusks (snails and slugs), are also herbivores, but
since insects are the most important group in most agroeco-
systems, we will focus on them here.

Herbivorous insects have many specialized ways of find-
ing, choosing, ingesting, and consuming plant matter. They
have chemical, visual, and other ways of distinguishing
between toxic and non-toxic plants, as well as between more
or less nutritious material. Many insects have specialized
mouth parts or digestive systems adapted for dealing with
specific plant parts, species, or vegetation types. Some her-
bivorous insects are very specialized in what they consume,
whereas others are considered generalists and consume a
broad spectrum of plant matter. It is a pretty good bet that if
there is plant matter present, some insect herbivore will be
able to eat it!

Plants have the disadvantage in that they are unable to
avoid being eaten by moving. To make up for being seden-
tary, plants have evolved a remarkable array of anti-herbivory
strategies, from toxic compounds to protective structures
such as spines and thorns. Many plants produce compounds
that are distasteful or repellent, such as the terpenes of many
of the mint family or the cyanogenic compounds of many of
the Brassicaceae.

Crop plants, especially when they are planted in mono-
cultures, face a formidable challenge from insects since
eating plant biomass is what insects have evolved to do.
Whatever the method that an insect herbivore uses to find its
plant-based meal, the chemical and visual cues sent out by
a large monoculture are very detectable or visible. Once the
herbivore finds the crop, the r-selected colonization traits
that will be described in Chapter 14 kick into play, and the
insect quickly becomes a damaging crop pest. Because the
defense compounds that plants have co-evolved as protec-
tion from herbivory have often been bred out of crop plants
as a part of the domestication process, it is no surprise that
insect herbivory is one of the greatest challenges facing
agriculture.
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FIGURE 13.1
a legume. The consumption of plant biomass by the herbivore can
have major impact on the future success of the plant.

A lepidopteran larvae feeding on the flowers of

HerBIVORY BY GRAZING AND NON-GRAZING VERTEBRATES

From an agroecological perspective, we can divide herbivo-
rous vertebrates into two groups: wild animals and domes-
tic animals. Both groups have in common the fact that plant
matter is the foundation of their diets, although specific plant
species or parts consumed, digestion systems used, and
dietary preferences vary immensely. The difference between
an algal-feeding fish and a seed-eating bird is a good exam-
ple. Wild vertebrates will be discussed first.

In an agroecosystem setting, wild vertebrates that enter
into farming areas and consume crops are mostly considered
to be pests. These include many species of birds, a number
of rodents, and several larger types of mammals. Birds tend
to eat mostly seeds or fruits, which in natural ecosystems is
often beneficial to plants because it disperses the seeds or
prepares them for germination. But when this feeding behav-
ior is focused on a crop, damage can be quite extensive. The
efforts of viticulturalists in California to protect ripe grapes
from bird foraging can be seen in everything from automatic
sound makers and reflectors to netting. Flocks of parakeets
(Aratinga spp.) can quickly decimate rice crops in southern
Mexico by consuming large amounts of grain just before
harvest. Browsing black-tailed deer (Odocoileus hemio-
nus) can cause significant damage to a range of crops, from
tomatoes to grapes to Christmas trees. In any situation where
natural ecosystems and agroecosystems form an integrated
landscape, herbivory from wild animals is always a concern.
Appropriate strategies for separating the crops from the ani-
mals must be taken (Figure 13.2).

Herbivorous animals that become food for humans, or
supply us with other products, are a different story. These
animals as elements of agricultural production will be
covered in more detail in the second part of this chapter.
Here we will focus on the actual impacts of their herbivory
on plants.

FIGURE 13.2 An example of mixed pest heterotroph manage-
ment in a Vineyard in Cuyama Valley, CA. Birds are kept away
by the hanging predator eye balloons, the reflecting mylar tape seen
on the plant in the foreground, and random bird distress calls from
a solar powered system housed in the box center right. Rodent con-
trol is aided greatly by the barn owls nesting in the box seen behind
the call system box, and rabbit damage on young vines is avoided
by plastic grow tubes. The entire vineyard is fenced to keep out
deer, rabbits, and the occasional cow or horse that belongs to the
neighbors.

Before domestication, grazing and browsing animals
obtained their plant food from natural ecosystems.
As domestication took place, animals came to depend on
humans to provide for their food needs. This led to the devel-
opment of various pasture-based systems that will be dis-
cussed in more detail in Chapter 19. People learned how to
either manage animals for improved pasture performance or
to plant grasses or legumes that provided the foundation for
proper animal nutrition.

Pasture and range managers believe that grazing by live-
stock is good for plants. It removes accumulated biomass
and stimulates new growth. Plant matter moves through the
animal and is deposited on the soil as nutrient-rich manure.
Interestingly, animals will selectively graze a pasture, remov-
ing the higher quality forage first and then come back to sec-
ondary forages later. Such selective grazing has impact on
the species composition of pasture. Farmers have developed
management plans that favor certain species of plants over
others, depending on grazing pressure, animal nutritional
needs, and local environmental conditions. Basically, how-
ever, herbivory determines the species composition and man-
agement strategies for range or pasture systems.

PArASITISM AND MuTUALISM BY FUNGI

Heterotrophic fungi are important components of any eco-
system, and in agroecosystems they can play very impor-
tant roles. Rather than eat or ingest their food, fungi instead
absorb nutrients from the environment around them. Many
fungi do this by secreting powerful hydrolytic enzymes into
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their surroundings that break down complex molecules into
smaller organic compounds that the fungi can absorb and use.
Other fungi produce enzymes that allow for the penetration
of plant cell walls, enabling the fungi to absorb nutrients from
the cells. Since the different enzymes produced by the vari-
ous fungal species are so diverse, fungi as a group can digest
compounds from a wide range of organic materials, living
and dead. Further, fungi are very good at gaining access to
these materials because of their incredibly extensive root-like
hyphae, which form an interwoven mass called a mycelium.
Combined, enzymes and hyphae make fungi remarkably
efficient at water and nutrient absorption. Although the role
of fungi in digesting and absorbing nutrients from dead or
decaying plant matter is of considerable ecological impor-
tance, our focus for the purpose of this chapter is on their
role as heterotrophic consumers and their effects on plants.
Fungi affect plants in two primary ways: as parasites and as
mutualistic partners.

Fungi that are parasitic on plants absorb nutrients from the
cells of living plants. About 30% of the more than 100,000
known fungal species make their living as parasites, most of
which are disease-causing (or pathogenic) to plants (Figure
13.3). Between 10% and 50% of the world’s fruit harvest is
lost annually to fungal diseases, and grain crops can suffer
major damage each year. Once infected, plants do not develop
correctly, forming deformed or stunted parts. In addition, the
compounds produced by the fungi—such as the aflotoxins
produced by the ascomycete Aspergillus when it parasitizes
peanuts or grain—can be toxic to humans.

Fungi that form mutualisms with plants, on the other
hand, create benefits for both organisms. This symbiotic
relationship was presented as an important biotic interaction
affecting plants in Chapter 12; the importance of these mutu-
alisms in the design and management of crop communities
will be described in detail in Chapter 16.

(’n‘. ™\ V7 1%
A T e
1y, -

vt

FIGURE 13.3 Rice blast fungus (Magnaporthe oryzae) heav-
ily affecting rice in Tabasco, Mexico. The fungus penetrates the
leaves, causing small lesions that can quickly coalesce and kill the
leaf and severely reduce grain yields. The affected areas appear
darker in this photo (in life, they are reddish).
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As described earlier, the hyphae of some fungi form a
dense mycelial mat around the outside of the root (ectophytic
mycorrhizae) and form a close relationship with the plant by
penetrating the intercellular spaces of the plant roots where
water and nutrient exchange can occur. Other fungi actu-
ally penetrate the cells of the plant tissue, then send their
hyphae (endophytic mycorrhizae) through the intercellu-
lar spaces into the soil around the root. In both cases, the
very extensive and fine network of hyphae, knitted together
to form mycelia, provides benefit for the plant by expand-
ing its capacity to absorb water and nutrients. In addition,
the enzymes produced by the fungi can be antagonistic to
other heterotrophic organisms in the soil ecosystem, such
as pathogenic bacteria, nematodes, and other fungi, provid-
ing the plant partner protection from these pathogens. In
exchange for this service, the fungus receives sugars pro-
duced by the photosynthetic activity of the plant, and both
organisms prosper (Figure 13.4).

Most plants also have mutualistic fungi that live on the
leaf surfaces of plants or just inside the leaf tissue without
causing harm. Some of those that live inside the leaf, such as
those of some grasses, make the plant matter toxic to herbi-
vores and, in some cases, can increase the plant’s tolerance
to drought, heat, or even heavy metals. The case of cacao
(Theobroma cacao) is a good example; seedlings inoculated
with endophytic fungi show much lower disease levels than
non-inoculated seedlings (Arnold et al. 2010).

FIGURE 13.4 Experimental inoculation with spores of mycor-
rhizal fungi to enhance root colonization for strawberries. After
a soil has been managed with industrial inputs and practices for a
long time, beneficial organisms may have to be intentionally intro-
duced as part of the restoration of ecological processes.
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PoLLINATION

As described in Chapter 11, heterotrophs play an impor-
tant role in angiosperm pollination. This relationship often
takes the form of a protocooperation, where multiple ani-
mal pollinators can visit many different species of plants,
and a single plant species has no specific dependence on
one pollinator. On the other hand, some pollination inter-
actions have co-evolved to the point that a single pollina-
tor species and a single plant become co-dependent, or
form what is called an obligate mutualism. The plant has
become completely dependent on the pollinator and vice
versa (Figure 13.5). Some tropical orchids have evolved the
ability to synthesize a compound that mimics exactly the
sex pheromone of the female of a species of bee, enabling
the plant to attract the male to the flower even though the
pheromone is produced in micro quantities. Orchid flower
morphology has also often co-evolved to take on the shape
of a female bee’s reproductive structures and to position the
pollen sac in such a way that when the male bee enters the
flower, thinking it is his female counterpart, the pollen sac
is attached to the bee and carried to another flower where
another structure is ready to receive and remove it from the
male. This “lock and key” arrangement reflects the degree
to which herbivores’ need for plant food can influence plant
morphology and evolution.

Approximately 80% of angiosperm species are pollinated
by animals, and of these, most are pollinated by insects.
Bees, in turn, are the most important insect pollinators,
especially for many agricultural crops (Figure 13.6). There
is great concern in North America and Europe about the cur-
rent decline in honeybee populations, which is attributed to
the phenomenon known as the “colony collapse disorder.” In
California, more than 1.6 million domesticated bee colonies
are needed to effectively pollinate the massive almond crop
during a narrow few-week window of flowering in the spring.
Due to a dieback of 40%—-50% of commercial colonies in

FIGURE 13.5 A bee caught in the flower of the stream orchid
(Epipactis gigantea) in Wyman Canyon, CA. The orchid mimics
the female bee with both its floral arrangement and the release of
attractive pheromones.
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FIGURE 13.6 Wild stingless-bee hives in the Yucatan, Mexico.
Local people have a long tradition of raising these bees in sections
of hollow tree trunks. These bees are also very important pollina-
tors of local crops such as squash and chiles.

the few months just before flowering in the spring of 2013,
almond growers had to mount an immense effort to bring in
bee colonies from all over the country in order to complete
pollination. If the dieback continues, there will not be enough
colonies to pollinate what has become the major export crop
for California (Grossman 2013). Since wild bees do not occur
in large enough numbers to pollinate such a large area in
such a short time, domesticated colonies are the key to suc-
cess. Other crops that co-evolved with honeybees in the Old
World—such as cucumbers, melons, mustards, apples, and
onions—are in a similar situation.

Butterflies, moths, and flies, among other insects, are also
important flower pollinators, but their significance in this
regard is overshadowed by their more prominent role—in
their larval forms—as herbivorous pests. Some birds and
bats are pollinators as well, but again their role in agricul-
ture is rather limited. Hummingbirds are known to polli-
nate blueberries. Bats pollinate a range of plants, especially
those that are night blooming—such as the epiphytic cactus
that produces the newly popular “dragon fruit.” Bats are
also important pollinators of bananas, mangoes, dates, figs,
peaches, cashews, guava, avocados, and agaves (upon which
we depend for tequila and mezcal).

PReDATION AND PARASITISM OF HERBIVORES

Agroecosystems (particularly those under ecological man-
agement) also contain a relatively diverse assemblage of het-
erotrophs that don’t impact crop plants directly, but which
play an important role regulating the population levels of
potential crop pests. These include both insects that para-
sitize herbivorous insects (such as Trichogramma wasps)
and animals in a wide range of taxonomic groups that are
predators on crop pests. Included in the latter category are
predaceous insects, birds, bats, certain terrestrial mammals,
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and even reptiles and amphibians. Their role in natural or
biological control is well known, and alternative farming sys-
tems like organic agriculture depend highly on the presence
and effective activity of these organisms. The importance of
these beneficial organisms will be discussed as elements of
agroecosystems in Chapter 17.

EcoLocicAL RoLEs IN THE SoiL

As discussed in some detail in Chapter 8, the below-ground
environment of an agroecosystem is teeming with a diverse
assortment of organisms, many of which are heterotrophic.
Many of these organisms, such as protists, predatory nema-
todes, many invertebrates, and even some fungi play impor-
tant roles in the control of plant-consuming soil organisms
(such as herbivorous nematodes) or as antagonists against
disease-causing bacteria and fungi. Their presence is
important in establishing and maintaining a balanced
“pathosystem” in the soil (Garcia-Espinosa 2010). The
mycorrhizal fungi discussed earlier, which form mutualistic
relationships with plant roots, can provide a living barrier to
disease organisms in addition to improving the uptake effi-
ciency of water and nutrients by the roots. Earthworms con-
sume pathogenic fungal spores and bacteria as they graze
through the soil, in addition to improving soil structure and
adding organic matter in the form of their excrement. By
playing their many and diverse roles in the soil, heterotro-
phic organisms help constitute the below-ground ecosystem
that is such a fundamental aspect of the soil, which, when
considered as a whole, is a primary factor of the environ-
ment in which crop plants grow.

ANIMALS AS RESOURCES IN
AGRICULTURAL PRODUCTION

Animals are obviously not restricted to the roles of her-
bivorous pests, parasites, pollinators, and predators in crop
production systems. A large variety of domesticated (and
semi-domesticated) animals also produce products that are of
importance to their human managers (Figure 13.7). Similar
to a crop plant, each type of heterotrophic animal that is an
important source of products for human use and consump-
tion has its particular set of adaptations and characteristics
that determine where it grows best and under what conditions
it is most successful in agricultural production.

Domesticated animals raised for food or fiber are depen-
dent on plants for their nutrition, either directly or indi-
rectly. This nutritional need can be met in a variety of ways,
ranging from feeding them crop plants to allowing them
to graze on lightly managed, unplanted pasture. Because
of this dependence on plants, animals cannot be “grown”
directly in the way that plants can. Plants are always part of
the process, even if the plant food is grown off-farm, con-
sists of unplanted, untilled pasture or natural vegetation, or
passes first through an herbivorous intermediate (as is the
case, e.g., when chickens eat insects that have fed on crop
plants).
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FIGURE 13.7 A small-scale goat production system, Mani,
Yucatan, Mexico. Mostly local and renewable resources are used
to produce a valuable source of protein.

With this broader perspective, agroecologists must focus
their attention on helping farmers ensure that not only does
the dependence of animals on plants for their nutrition take
place in a balanced manner, but that all other environmental
factors that impact animal life and production are within the
limits of tolerance that were reviewed for plants in the previ-
ous chapters. Temperature, light, water, soil, and other fac-
tors must match the needs of the animals as well as those of
the plants that feed them.

PHysioLoGY AND GROWTH OF ANIMALS

Heterotrophic organisms are different from plants in many
ways. Rather than capturing energy through photosynthe-
sis, absorbing mineral nutrients from the soil, and taking in
carbon from the air, heterotrophs must ingest their food and
obtain their energy from already-existing organic matter, all
of which has ultimately been produced by plants or other
animals. Apart from obtaining food and energy from other
organisms, animals are also much more self-regulating than
plants. They are relatively homeostatic in that they are able to
regulate their internal conditions, such as temperature or pH.
When we think of larger animals, we think of the structures
they possess that maintain this homeostasis, such as lungs,
a circulatory system, a digestive system, a central nervous
system, and outer coverings such as hair or feathers. And of
course a key element of what makes many (but not all) hetero-
trophic organisms successful is that they are mobile. Whereas
an established plant is restricted to the location where its roots
are anchored, most animals can move to seek food and shelter
and optimal conditions for growth and development, and they
can avoid or flee detrimental conditions or danger.

The basic introduction to the processes of food consump-
tion, growth, and development that follows is intended to pro-
vide a background for understanding how better to integrate
animals into sustainable food systems. For more depth and
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detail, we encourage the reader to consult a basic biology or
animal physiology text.

Production of Animal Biomass

Just as plants partition carbon from photosynthesis into dif-
ferent plant parts, heterotrophic animals distribute, accu-
mulate, and store carbon from the plant food they consume
in tissue, organs, bones, fat, and other parts such as hair or
feathers. And like plants, animals also need other elements to
produce the tissues that make up their bodies, as well as the
substances (such as hormones and enzymes) that allow their
bodies to function. These other elements include nitrogen,
sulfur, oxygen, and a few others needed in relatively small
amounts. Animals must obtain all of these elements from the
food they ingest.

Before production of animal biomass can occur, the food
that is consumed must pass through several stages of pro-
cessing in order to break it down into its simpler molecular
components. These components, which include fatty acids,
amino acids, and simple sugars, can then be reassembled to
produce the more complex molecules, and ultimately the tis-
sues, that make up the animal’s body. The energy for this
reassembly process—and the animal’s other physiological
activities—comes from the further breakdown and oxidation
of some of the organic matter the animal consumes.

The processing of food begins with ingestion, or the act of
eating or feeding. This occurs in a variety of ways, directly
related to the ecological niche the animal has evolved to fill.
Some heterotrophs are substrate feeders, living in or on their
food source. Other heterotrophs are fluid feeders, sucking
nutrient-rich fluids from a living host. Ticks on cattle are a
good example of a fluid-feeding animal that preys on other
animals, and aphids are a good example of a fluid feeder
that feeds on plants. Most animals, though, are bulk feeders.
They eat relatively large pieces of food by biting or tearing,
and then moving the pieces into a digestive system with spe-
cialized compartments for processing. Most of the animals
involved in livestock production systems have this kind of
feeding system, and are primarily plant feeders.

Once food has been ingested, it is passed through an
extracellular digestion system (a system that is continu-
ous with the environment outside the animal’s body) that
performs the functions of breaking down food into smaller
parts, absorbing the food, and eliminating any undigested
or unused matter. Each of these functions occurs in a spe-
cific compartment designed for the purpose. In vertebrates
these different compartments are specialized segments of a
tube that extends from the mouth to the anus known as the
alimentary canal.

Ingested organic matter must be broken down into mol-
ecules small enough for the body to absorb. This occurs
through both mechanical and chemical digestion. Chemical
digestion must happen because animals cannot directly use
the protein, carbohydrates, nucleic acids, fats, or phospholip-
ids that come in their food. As noted earlier, breaking larger
molecules down through enzymatic hydrolysis produces
the smaller component parts needed to assemble the larger
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molecules that the animal needs, as well as the simple sugars
that provide energy for metabolic activity.

Some mechanical digestion usually takes place in the
mouth during the process of chewing, and this is accompa-
nied by some chemical digestion as well. Saliva in the mouth
contains the enzyme amylase, which hydrolyzes starch into
smaller polysaccharides. Mechanical digestion is important
for breaking the food into smaller pieces so that later chemi-
cal digestion will have more surface area to act upon.

Further mechanical digestion, as well as the bulk of
chemical digestion, takes place in the stomach. The muscular
walls of the stomach churn the food inside, and it releases
both strong acids and enzymes to break apart the ingested
organic matter into its constituents. The stomach empties
partially digested food into the small intestine, where fur-
ther digestion occurs and the next stage in the process—
absorption of the smaller molecules like amino acids and
simple sugars—begins.

Many animals used in agricultural production have spe-
cialized stomachs or additional organs that aid in mechanical
and chemical digestion, breaking down hard-to-digest food
before it enters the small intestine. Birds such as chickens,
ducks, and turkeys pass food from the mouth to a crop where
food can be stored while eating, and then into a stomach with
two parts: a “true” stomach responsible primarily for chemi-
cal digestion and a gizzard that accomplishes both chemi-
cal and mechanical digestion. Animals known as ruminants
(e.g., cattle, goats, and sheep) have stomachs with four cham-
bers where mutualistic microorganisms enzymatically digest
plant matter. A cow can regurgitate and re-chew some of the
ingested grass it eats, breaking down the plant fibers further
and making them more available for microbial action. A
ruminant gets many of its nutrients by digesting the mutualis-
tic organisms themselves that are mixed with the regurgitated
grass but which reproduce rapidly enough to replace any that
are lost.

Whatever the configuration of an animal’s stomach, the
food it processes passes next into the small intestine. In mam-
mals, the first short segment of the small intestine is called
the duodenum. It is here that the mixture from the stomach
is mixed with digestive juices from the pancreas, liver, and
gallbladder. Most enzymatic hydrolysis occurs in the small
intestine, along with a major portion of the absorption of
nutrients. Nutrients are absorbed through the feathery linings
of the interior intestinal wall and enter the microscopic blood
vessels, or capillaries, that are at the core of the lining, for
transport to the rest of the metabolic system. The capillar-
ies and vessels that carry nutrient-rich blood away from the
lining all converge into a blood vessel that leads to the liver,
then to the heart, and finally to the other tissues and organs.
The liver provides two main functions: first, it regulates the
distribution of nutrients to the rest of the body. The nutrient
balance in the blood leaving the liver can be very different
from that which entered. And second, the liver removes toxic
substances before the blood circulates more widely.

The alimentary canal ends in the large intestine, which
includes the colon, cecum, and rectum. The small intestine
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connects to the large intestine at a fork that goes one way to
the colon—and then to the rectum and the anus for elimina-
tion of the final wastes of the digestive system—and the other
way to the cecum. In animals that eat large amounts of plant
matter, the cecum is important for fermenting ingested mate-
rial so that it can be fully digested. The size of the cecum var-
ies from animal to animal; in humans it is a vestigial organ
called the appendix. The major function of the colon is to
recover water that entered the alimentary canal and served
as the solvent for the digestive juices. On the average, almost
90% of the fluid secreted into the digestive system is reab-
sorbed in the small intestine and colon.

In most herbivorous mammals, both the small intestine
and the cecum are much more developed than they are in
humans, and are usually occupied by mutualistic microor-
ganisms that produce enzymes that help digest plant material,
especially cellulose, into simple sugars and other compounds
the animal can use. Horses, for example, have an extended
cecum with such bacteria. In rabbits and some rodents, mutu-
alistic bacteria live in both the cecum and the large intestine,
but since most nutrients are absorbed in the small intestine,
these animals will re-ingest feces the first time it is elimi-
nated so that re-digestion can absorb the available nutrients
that were created through bacterial activity after the food
passed through the small intestine.

Nutritional Needs of Animals

As discussed earlier, animals must extract both nutrients and
energy from the food they consume. An adequate diet must
therefore contain three essential substances: (1) matter with
large amounts of energy stored in its chemical bonds that can
be harnessed to power cellular processes, (2) matter that con-
tains the basic organic building blocks for macromolecules
and tissues, and (3) substances that the animal cannot synthe-
size from smaller parts (Figure 13.8).

FIGURE 13.8 Cattle grazing on a diverse assortment of
native and non-native plants growing in unplanted pasture,
Huimanguillo, Tabasco, Mexico. As herbivorous ruminants, cat-
tle are well adapted to grazing on such vegetation, which provides
them with all the nutrients they require.
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All of an animal’s activities, from cellular processes to
movement of the whole animal, depend on adequate sources
of chemical energy in the diet. This energy is used to produce
ATP, which powers processes from growth and development
to moving and keeping warm. This continuous need for ATP
is met by ingesting and digesting food made up of carbohy-
drates, protein, and lipids, any of which can be broken down
to produce ATP.

As discussed in Chapter 2, there is ecological signifi-
cance in the fact that heterotrophs (or consumers) must meet
their energy and biomass-building needs entirely through
the ingestion of organic matter created by other organisms.
Since so much of the energy in the plant material consumed
by animals is used for basic metabolism and maintenance,
the overall efficiency of the conversion of plant biomass to
animal biomass is quite low. At the most, about 10% of the
energy stored in plant matter from photosynthesis is con-
verted to animal biomass (see Figure 2.2). Conversion of the
biomass of herbivorous animals to the biomass of carnivores
is similarly inefficient. The consequences of this energy
“loss” between trophic levels, and hence the energy footprint
it creates, will be discussed in Chapter 19.

In addition to energy-containing compounds, an herbi-
vore’s diet must also contain all of the raw materials needed
for biosynthesis. Two types of organic precursors are needed
in large amounts to assemble the complex molecules an ani-
mal needs to grow, maintain itself, and reproduce: a source
of organic carbon (such as sugar or carbohydrate) and a
source of organic nitrogen (such as protein). These materials
are the major building blocks for the great variety of organic
molecules that make up animal biomass. Other elements
are needed in smaller amounts: sulfur for the assembly of
some amino acids, phosphorus for the production of nucleic
acids, iron for making hemoglobin, and iodine for thyroid
hormones.

All animals have limits to the kinds of macromolecules
they can synthesize from organic carbon and nitrogen and
other elements. For example, animals can only synthesize
about half of the 20 amino acids that they need to make pro-
tein. The amino acids that animals cannot synthesize must
be obtained from food; these are called the essential amino
acids. Most animals require eight amino acids in their diet for
proper nutrition. The protein in the food products produced
by animals, such as meat, cheese, and eggs, contains all of
the essential amino acids, and is therefore called “complete”
protein. Plant protein usually lacks several of the essential
amino acids and is therefore called “incomplete” protein. For
example, corn is deficient in tryptophan and lysine, and beans
are deficient in methionine. (Putting the two together is a way
for an animal on a vegetarian diet to obtain all of the essential
amino acids.)

Another class of organic molecule that animals are unable
to synthesize is fatty acids. For this reason they are also clas-
sified as essential. Linoleic acid is a good example of a fatty
acid that humans and other animals cannot make, but which
is supplied by the seeds, grains, and vegetables that are part of
a balanced diet. Vitamins are another important category of
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organic molecule that cannot be synthesized. Each vitamin,
be it water soluble or fat soluble, has a different but impor-
tant role, ranging from functioning as a coenzyme in various
metabolic processes to allowing blood to clot. Animals vary
in their need for vitamins in their diets, however, because
there is variation in their synthetic abilities. For example,
most animals can synthesize vitamin C, but it is an essential
nutrient for humans, guinea pigs, and some birds, because
these animals are unable to make it in their bodies.

Finally, animals require certain minerals—such as
sodium and potassium—that are needed not for synthesis of
macromolecules, but for their role in osmotic balance and the
transmission of nerve impulses.

All of these essential nutrients—along with the water
that functions as the essential solvent and without which life
could not exist—form the foundation for developing proper
diets for the animals upon which agriculture has come to
depend.

Key VARIATIONS AMONG ANIMALS USED FOR
ProbucTtioN oF Foob AND FIBER

As can be seen from the foregoing discussion, the domesti-
cated animals that humans use for production of food and
fiber have widely varying physiological makeups. Based on
the evolution and adaptation it underwent prior to domesti-
cation, each type of animal has a particular type of diges-
tive system adapted to the eating of a particular kind of diet.
Domestication and selective breeding have not greatly altered
these fundamental physiological and anatomical aspects of
the animals we use for production of meat, milk, eggs, fiber,
and other products.

The “natural” diets of domesticated animals matter a great
deal when it comes to using these animals for food and fiber
production in agroecosystems. Just as agroecosystem man-
agers need to take into account crop plants’ different ranges
of tolerance for various environmental conditions and their
different nutritional needs, so too do they need to consider
how animals’ basic physiologies fit them to certain roles in
production systems.

Ruminants such as cattle, sheep, and goats, with their
multi-chambered stomachs and ability to harness bacterial
enzymes in digestion, have the remarkable ability to digest
the complex carbohydrate cellulose. They are adapted to
grazing or browsing, both of which involve eating large vol-
umes of plant matter composed largely of cellulose, which
humans cannot digest. In this regard, ruminants perform
a vital function from the human standpoint: they convert
undigestible, non-nutritive biomass into biomass (meat and
milk) that is not only edible, but also extraordinarily high in
protein.

In industrial agriculture, however, this highly useful
attribute of ruminant physiology is ignored in favor of
a single-minded focus on the efficient production of the
final product. In the confined animal feeding operations
(CAFOs) discussed in Chapter 1, cattle are no longer fed
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plant matter that resembles what they ate naturally or even
in improved pasture systems. Feed high in energy and pro-
tein, made up of corn grain and soybeans, takes the place of
grass and legumes. This has several negative consequences
including digestive disorders in the animals, high emissions
of methane, and accumulation of large volumes of urine
and manure. Further, the crop systems used to produce this
feed are most often large-scale monocultures, with all of
the problems of scale and ecological impacts that go along
with them. The link between animal production and crop
production is extremely close, but as we will see, an agro-
ecological approach would be to return to integrated farm-
ing systems that better mix crops and animals in systems
where both create a sustainable interdependence. Such sys-
tems will be discussed in Chapter 19.

Two of the domesticated animals most widely used for
food—pigs and chickens—are omnivores. These animals
are able to consume leaves, stems, fruit, and seeds, yet can
take advantage of animal-based foods as the opportunity
presents itself. This breadth of diet can have many advan-
tages in agroecosystems. Pigs, for example, can be pasture-
raised on diverse plantings of grasses and legumes, yet while
they are grazing they are also rooting in the soil for insects,
earthworms, and the occasional rodent they might encoun-
ter. Pigs can also be raised in forests, where they do very
well eating leaves, fungus, grubs, roots, nuts, earthworms,
and fruit. With similarly broad diets and foraging ability but
less impactful digging behavior, chickens can be success-
fully integrated into a variety of small-scale agroecosystems,
eating plant pests, leaving nitrogen- and phosphorus-rich
manure, and providing either eggs or meat or both. They are
used in this way, for example, in the home garden systems
described in Chapter 18.

As they have for cattle, however, modern-day CAFOs for
hogs have shifted the animals entirely to a plant-based diet,
with issues and problems similar to those described for cat-
tle. Chickens and turkeys are also raised in industrial-scale
confinement systems on diets primarily made up of corn and
soybean grain. Although selective breeding has produced
poultry breeds able to withstand grain-based diets without ill
effect, raising the birds in confinement systems ignores the
ecological benefits of their omnivory.

Various other animals are used in agroecosystems, not
just for their ability to produce food but also because of the
important ecological roles they play. Fish, for example, have
been used in traditional rice-paddy systems in Asia for mil-
lennia. They are harvested for food, but also play important
roles in controlling pests and cycling nutrients. Even insects
are integrated into agroecosystems to produce useful prod-
ucts and serve important functions—honeybees and silk-
worms are two good examples. We will look more closely
at the ecology of integrated plant—animal agroecosystems in
Chapter 19.

Table 13.1 summarizes some of the attributes of domesti-
cated animals that should be considered in the design of sus-
tainable animal production and integrated agroecosystems.
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Natural Diet Products
Grazer: grass and other forbs Meat, milk, leather
Grazer/intermediate: grass, twigs, leaves Meat, milk, wool
Browser/intermediate: leaves and stems Meat, milk
of plants
Roots, fruits, leaves, nuts (acorns), Meat, leather

earthworms, grubs, fungus, etc.
Leaves, seeds, insects, fruit, earthworms,  Meat, eggs

TABLE 13.1

Physiological Attributes of Animals Used in Agroecosystems

Animal Trophic Role Digestive System

Cattle Herbivore Ruminants; 4-chambered

Sheep Herbivore stomachs; can digest

Goats Herbivore cellulose

Pigs (hogs)  Omnivore Simple stomach

Chickens, Omnivore Crop and gizzard in
turkeys addition to stomach

Fish Varies with species ~ Varies

Bees Primary consumer Digestive chambers or guts

Silkworms Herbivore Digestive chamber

slugs, etc.
Varies; many eat algae or detritus Meat, meal
Nectar and pollen Honey, pollen, propolis
Mulberry leaves Silk

FOOD FOR THOUGHT

1. What are the agroecological differences between
protein obtained from plant sources and protein
from animal sources?

2. Today there is a lot of interest in producing beef on
pasture grass, rather than in feedlots. Describe some
of the benefits gained from doing this.

3. How can we design agroecosystems so that obligate
mutualisms between heterotrophs and their plant
partners can play an important role in food system
sustainability?

4. How might one design an agroecosystem that would
make it possible to raise wild animals for human
consumption?

INTERNET RESOURCES

Honey Bees and Colony Collapse Disorder
www.ars.usda.gov/news/docs.htm?docid=15572
The US Department of Agriculture’s website for informa-
tion, data, and research on the honeybee colony collapse
disorder, with annual reports of colony losses and research
on possible explanations for the problem.
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Section IV

System-Level Interactions

With a grounding in the autecological knowledge developed
in Sections II and III, we can now expand our perspective to
the synecological level—the study of how groups of organ-
isms interact in the cropping environment. This whole-system
perspective stresses the need for understanding the emergent
qualities of populations, communities, and ecosystems and
how these qualities are put to use in designing and managing
sustainable agroecosystems.

Chapters 14 and 15 begin at the population level, explor-
ing the population ecology of mixtures of species in the
crop environment and the management of genetic resources.
Chapter 16 examines species interactions at the community
level, explaining the benefits of complexity and the role of

cooperation and mutualisms in sustainable agriculture.
Chapters 17 and 18 cover a range of important ecological
phenomena—including diversity, resilience, disturbance,
and succession—that function at the ecosystem level, show-
ing how these emergent qualities of whole systems are key
aspects of agroecosystem design and management. Chapter
19 adds animals into the agroecosystem picture, looking at
how livestock and other animals can play important eco-
logical roles in sustainable food production. To conclude our
exploration of system-level interactions, Chapter 20 exam-
ines whole-system function from the standpoint of energy
use and flow and then Chapter 21 looks at how the core prin-
ciple of diversity can be extended to agricultural landscapes.
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FIGURE S.4 A diverse cropping community in Tabasco, Mexico, including cassava, papaya, pineapple, taro, bananas, and achiote.
These crop plants interact in complex ways with each other, with other organisms, and with the physical environment.
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In agronomy and industrial agriculture, the center of atten-
tion is the population of organisms—whether crop plants
or livestock—from which the product will be extracted.
A farmer attempts to maximize the performance of this
population by managing the various factors of the environ-
mental complex. When sustainability of the entire agroeco-
system becomes the primary concern, however, this narrow
focus on the needs of one usually genetically homogenous
population becomes wholly inadequate. The agroecosystem
must be viewed as a collection of interacting populations of
many kinds of organisms, including noncrop species, ani-
mals, and microorganisms.

Consideration of the agroecosystem as a collection of
interacting populations involves several levels of study. First,
we require the conceptual tools necessary to understand
and compare how each population goes about surviving and
reproducing itself in the environment of the agroecosys-
tem. These tools and their application are the subject of this
chapter. Second, we need to look at the genetic basis of crop
populations and how the manipulation of this genetic poten-
tial by humans has affected crop plants’ adaptability and
range of tolerance. We will turn our attention to this topic in
Chapter 15. Finally, we need to consider the community and
ecosystem-level processes of interacting populations, which
will be explored in Chapters 16 through 19.

PRINCIPLES OF POPULATION ECOLOGY
AND PLANT DEMOGRAPHY

The single-species population has long been the main sub-
ject of agronomic research. Crop breeders adjust the genetic
potential of crop populations, and production specialists
develop management technologies that get the most out
of that potential. This has led to a type of crop ecologist
skilled at adjusting one factor of the system at a time or
developing technologies that solve single problems, such as
controlling a particular pest with a specific pesticide. But
since the agroecosystem is made up of complex interactions
between many populations of organisms, an agroecologi-
cal approach requires a broader analysis. Studies of interac-
tions between populations at the same trophic level must be
carried out at the same time studies are going on that focus
on the interactions between populations at different trophic
levels. Integrated pest management, for example, requires
a simultaneous analysis of the population ecology of each
member of the specific crop—pest—natural enemy complex,
as well as other populations of organisms with which the
entire complex interacts. Ultimately, we must consider this

complex of populations as the entire crop community, a
level of ecological analysis we will turn to in Chapter 16.
But first, several basic principles of population ecology that
help us understand the dynamics of each population will be
discussed.

PoruLATiION GROWTH

Ecologists view population growth as the net result of birth
rates, death rates, and the movement of individuals into and
out of a particular population. Population growth is thus
described by the formula

r=(N+D)—(M+E)

where r is the intrinsic rate of population increase in a popu-
lation over time, taking into account natality (N), immigra-
tion (), mortality (M), and emigration (E). Any population
changes over time are described by

d—P =rP

dt
where P is the population under study over a specific time (f)
period. If resources do not become limiting, and negative inter-
actions between members of the population do not reach some
critical level as the population increases, a population would
increase exponentially. Since this very simple equation does
not take into account the effect of abiotic and biotic factors
of the environment on a population, nor the limits to growth
that an environment can impose on a population, the following
equation was developed to better model what happens in the
real world:

dP=rP(K_P) =rP(1—P)
dt K K

The rate of growth of the population is unaffected by inter-
ference when P approaches 0, and slows when P approaches
K (the population size at the carrying capacity of the envi-
ronment). This equation describes a logistic, sigmoidal, or
S-shaped growth curve, as shown in Figure 14.1. The level-
ing off of the curve indicates that problems are eventually
encountered in allocating resources to an expanding popula-
tion. This curve could apply to a weed species in a crop field
or a particular pest organism on the crop. Population increase
is slow at first, begins to accelerate until it reaches a maxi-
mum rate of increase, and then slows as density increases.
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FIGURE 14.1 The population growth curve. This graph shows
the theoretical rate of increase of a population over time. In this
case, carrying capacity (K) is reached at a population size of 500.

When the carrying capacity of the environment is reached,
the curve levels off, and in many cases, will begin to drop if
impact on the environment has created conditions that affect
the entire population.

In natural ecosystems, complex feedback mechanisms can
slow population increase before carrying capacity is reached,
buffering the species against population crashes. Sometimes
these mechanisms are directly determined by the number
of individuals already present—in which case they are den-
sity dependent. An example is competition for a limited
resource. In other cases, the mechanism is due more to some
external factor of the environment, such as a frost or flood,
and is therefore density independent. In cropping systems,
humans have devised different interventions and technolo-
gies that allow a crop population to increase in number or
develop beyond the normal carrying capacity of that envi-
ronment. Usually these interventions are associated with
intensive habitat modification or inputs, and can include the
control or elimination of other species (both plant and ani-
mal) and the use of fertilizers and irrigation.

CoLONIZATION OF NEW AREAS

The study of population growth is concerned mainly with
the potential of a population to increase in size over time.
It is incomplete, however, without attention being paid to
the potential of a population to increase in area—that is, to
colonize new habitats. The process of colonizing new areas is
especially important to the agroecologist, who is concerned
with how organisms besides crop plants—both beneficial
and not—invade a field and establish populations there.

Stages of Colonization

The manner in which a weed or animal pest colonizes a
field is related to its life cycle. The initial invasion is accom-
plished as part of the species’ reproduction and dispersal
process; the establishment of the population is dependent on
the requirements of its seeds and seedlings or eggs and juve-
niles; whether the population remains in the area over time
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is a function of how it grows, matures, and reproduces. Each
of the stages in a species’ life history offers specific oppor-
tunities for intervention on the part of the farmer—either to
encourage the colonization of a desired species or to restrict
that of an unwanted one. In the succeeding text, the coloni-
zation process is divided into four stages, based on the life
stages of the colonizing organisms: dispersal, establishment,
growth, and reproduction. For the sake of clarity, these stages
are discussed mostly in terms of plants.

Dispersal

The dispersion of organisms is an important phenomenon in
natural ecosystems, and has some interesting applications to
agroecology. Dispersal allows progeny to “escape” the vicinity
of the mother organism, lessening the potential for intraspe-
cific interference from an overpopulation of ecologically very
similar siblings. It also allows a species to reach new habitats.

In agriculture, dispersal is important because of the
continual disturbance of fields. This disturbance—whether
wholesale in the case of conventional tillage or piecemeal
in the case of perennial/annual polycultures such as those
in tropical home gardens—continually creates new habitats
available for colonization. Although many organisms main-
tain resident populations in a field despite their disturbance
and manipulation, many noncrop organisms—including
beneficial and detrimental weeds, insects, other animals, dis-
eases, and microorganisms—all arrive in the field through
dispersal. In this context, ecological barriers to dispersal take
on important significance. Barriers may be as simple as a
weedy border around a field, or a border made up of a differ-
ent crop plant. In general, a more in-depth understanding of
the mechanisms of the dispersal of noncrop organisms, and
how they are affected by barriers, can become important in
the design and management of the agroecosystem.

How plants and animals get from one place to another
during the dispersal stages of their life cycles depends on the
mechanisms they each have for dispersing themselves. These
mechanisms are quite variable, but most often involve wind,
animals, water, or gravity. Research on the long-distance dis-
persal of plants and animals has given us much insight into
what these mechanisms are and how they work.

One of the foundational works on dispersal is Carlquist’s
(1965) Island Life. He reviews the natural history of islands
of the world, discussing how animals and plants reach islands
that either have had a physical connection to an adjacent
mainland colonizing source or that have never had such
a link. Similarly, Van der Pijl’s (1972) classic work on the
Principles of Dispersal in Higher Plants goes into great
detail on the incredible diversity of mechanisms that aid
seeds in moving from one place to another. These mecha-
nisms can move an organism only a short distance, or great
distances across amazing barriers of ocean or desert. They
can also get a weed seed to a new field.

An important aspect of dispersal mechanisms is how
many of them seem to provide a selective advantage for “get-
ting away” from the source of reproduction. This is illus-
trated by field studies done on the distribution of seedlings
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FIGURE 14.2 Distribution of seedlings and saplings of Gavilan schizolobium on a westerly strip transect away from the mother
tree, Rincon de Osa, Costa Rica. (Data from Ewert, D. and Gliessman, S., Regeneration under a tree in the tropical wet forest, Osa
Peninsula, Field problem report, Tropical Biology Course Book, Organization for Tropical Studies, 1972, pp. 306-310.)

around “mother trees” in the forests of Costa Rica. As shown
in Figure 14.2, most of the newly germinated seeds and very
young seedlings were concentrated close to the tree, but the
older saplings (with potential for becoming adult, reproduc-
tive individuals) were found at a greater distance. Some intra-
specific mechanism (e.g., competition, allelopathy) seems to
eliminate seedlings from near the tree, and does not function
at a greater distance. It is interesting to consider why there is
advantage in establishing at some distance from the parent,
especially in relation to resource availability, potential com-
petition, and susceptibility to predation or disease.

Plant seeds are incorporated into the soil soon after they
fall onto the soil surface, with the largest numbers found in
the upper layers of soil. The population of each species of
seed combines with others to form the seed bank. In crop-
ping systems, the analysis of the weed seed bank can tell us a
great deal about the prior history of management of a site and
the potential problems that weeds may pose; this information
can be important for designing appropriate management.

Since most crop organisms are dependent on humans for
dispersal, their adaptations for dispersal have become irrel-
evant for the most part. Indeed, most crop species have lost
the dispersal mechanisms they had as wild species. Their
seeds have become too large or lost appendages that once
facilitated dispersal, or their inflorescences no longer scatter
seed. The loss of dispersal adaptations is seen particularly in
annual crops, whose seed or grain is the portion of the crop
that is harvested.

Establishment

There really is no bare area on the earth that propagules of
plants and animals cannot get to. The incredible diversity
of dispersal mechanisms mentioned earlier makes sure of
that. But once a propagule arrives at a new location, it most
certainly can have problems getting established. Restricting
our attention to plants, a dispersing seed cannot determine
where it will land, so it is the condition of the site that
determines if the propagule can establish. Seeds fall into

a very heterogeneous environment, and only a fraction of
the sites encountered will meet the needs of the seed. Only
those microsites that fulfill the needs of the seed—the “safe
sites’—can support germination and establishment (see
Chapter 12). The greater the number of a species’ seeds that
land in safe sites, the greater the chance of that species estab-
lishing a viable population in the new habitat.

The seedling stage is generally known to be the most sensi-
tive period in the life cycle of the plant, and is therefore a criti-
cal stage in the establishment of a new population. This is true
for crop species, weeds, and plants in natural ecosystems. A
dormant seed can tolerate very difficult environmental condi-
tions, but once it germinates, the newly emerged seedling must
grow or die. Any one of the many extremes of environmental
conditions the seedling might face can eliminate it, including
drought, frost, herbivory, and cultivation. Human intervention
can help ensure the successful and uniform establishment of
crop seedlings, but the variability of the environmental com-
plex still makes this the most sensitive phase for most crop
plant populations. Early juvenile stages of most animals show
the same sensitivity to environmental stress.

Growth and Maturation

Once a seedling has successfully established, its main “goal”
is continued growth. The environment in which a seedling is
located and its genetic potential, combine to determine just
how quickly it will grow. In natural ecosystems, environmen-
tal factors such as drought or competition for light generally
limit the growth process at some phase of plants’ develop-
ment. If these factors become too extreme, individuals in the
population will die.

Plants generally grow fastest, as measured by net biomass
accumulated over time, in the early stages of growth. Their
rate of growth slows as maturation begins—more energy is
allocated to maintenance and the production of reproductive
organs than to the production of new plant tissue. Growth may
also slow if the resources available for each member of the
population become limiting.
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The time period from germination to maturity can range
from a matter of days for some annuals to several decades for
some perennials. A species that matures quickly will colo-
nize a new area differently than a species that matures slowly,
and each will present different challenges for management.

Reproduction

Once the original colonizing individuals have reached matu-
rity, they can reproduce. The extent to which they are suc-
cessful determines whether the new population will remain
in the area, how it will grow, and how it will affect popula-
tions of other species over the long run. Reproduction can
take place asexually through vegetative reproduction or sexu-
ally through the production of seeds. Some species depend
on the rapid early growth of 