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PREFACE

his book defies easy categorization. Is it
a gardening book? An ecology text for
teachers and students? A visionary testa-
ment? A manual for hard core eco-
designers and back-to-the-landers? A manifesto
for the next two centuries of agroforestry research
and breeding work? It is all these and more. I know
all too well the benefits and drawbacks of wide
skills and interests, broad knowledge, and integra-
tive, cross-discipline thinking. While such attrib-
utes can be exciting, illuminating, holistic, and even
healing, pulling it all together and trying to take it
somewhere useful can get maddening at times.

When Eric and I began this journey in 1997, we
thought we would put together a relatively brief
explication of forest gardening in a North American
context for the “educated suburban gardener.” He
would do the Plant Species Matrix and related
appendices, and I would write the prose. While that
division of labor remained basically intact, I found it
impossible to write the 150-page manual I origi-
nally envisioned. As any author knows, there is
often a great paradox in the craft of writing: at the
same time that the writer is in complete control of
the environment he creates with the written word,
every writing project has a life of its own, which the
author ignores at his peril.

Every time I sat to compose chapter 3 (now
chapters 3, 4, 5, and 6 of volume 1) I found myself
stuck. I couldn’t do the subject justice in a short
span. I didn’t want to regurgitate permaculture
cofounder Bill Mollison, as so many others have—
had I done that I would not have been able to live
with myself. I needed to go back to ground in sci-
entific ecology to see what people had learned since
I was in college and first got involved with perma-
culture in the late 1970s. Despite the value and
genius embedded within permaculture, to which I

XV

owe great debt, I wanted even more solid footing
for an integration of vision, ecology, design, and
practice the likes of which I have strived for all my
life, and which I felt the world still lacked. So, Eric
had to listen over the phone to a thousand pages of
manuscript in the ensuing effort. It has been a gru-
eling seven years, and the most difficult thing I
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ideas, and our work on these books has been made
so much stronger because of our collaboration.
Thanks to Dave for his strong friendship, and for
his drive and determination.

Thanks to my family for their belief in me. Their
support was essential at every stage of writing.
Thanks especially to my mother for assisting me
through several “crunch” phases of writing, as she
has since elementary school, and to my father for
teaching me his love of plants and gardening in the
forest.
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Ficure o.1. Inside Robert Hart’s forest garden in Shropshire, England, the oldest known temperate-climate forest

garden in the world. Though planted too densely, it evokes forest character while producing large amounts of food
with minimal maintenance. Photo by Dave Jacke.



Introduction:
An Invitation to Adventure

Come among the unsown grasses bearing richly, the oaks heavy

with acorns, the sweet roots in unplowed earth . . .

—Ursura K. LEGuIN, dfways Coming Home

icture yourself in a forest where almost

everything around you is food. Mature and

maturing fruit and nut trees form an open

canopy. If you look carefully, you can see
fruits swelling on many branches—pears, apples,
persimmons, pecans, and chestnuts. Shrubs fill the
gaps in the canopy. They bear raspberries, blueber-
ries, currants, hazelnuts, and other lesser-known
fruits, flowers, and nuts at different times of the
year. Assorted native wildflowers, wild edibles,
herbs, and perennial vegetables thickly cover the
ground. You use many of these plants for food or
medicine. Some attract beneficial insects, birds, and
butterflies. Others act as soil builders or simply
help keep out weeds. Here and there vines climb on
trees, shrubs, or arbors with fruit hanging through
the foliage—hardy kiwis, grapes, and passionflower
fruits. In sunnier glades large stands of Jerusalem
artichokes grow together with groundnut vines.
These plants support one another as they store
energy in their roots for later harvest and winter
storage. Their bright yellow and deep violet flowers
enjoy the radiant warmth from the sky.

WHAT IS AN EDIBLE
FOREST GARDEN?

An edible forest garden is a perennial polyculture of
multipurpose plants. Most plants regrow every year

without replanting: perennials. Many species grow
together: a polyculture. Each plant contributes to
the success of the whole by fulfilling many func-
tions: multipurpose. In other words, a forest garden
is an edible ecosystem, a consciously designed com-
munity of mutually beneficial plants and animals
intended for human food production. Edible forest
gardens provide more than just a variety of foods.
The seven Fs apply here: food, fuel, fiber, fodder,
fertilizer, and “farmaceuticals,” as well as fun. A
beautiful, lush environment can be a conscious
focus of your garden design, or a side benefit you
enjoy (see figure 0.1).

Forest gardens mimic forest ecosystems, those
natural perennial polycultures once found through-
out the world’s humid climates. In much of North
America, your garden would soon start reverting to
forest if you were to stop tilling and weeding it.
Annual and perennial weeds would first colonize
the bare soil. Shrubs would soon shade out the
weeds. Then, sun-loving pioneer trees would move
in and a forest would be born. Eventually, even these
pioneers would succumb te longer-lived, more
shade-tolerant species. It can take many decades for
this process, called succession, to result in a mature
forest.

We humans work hard to hold back succession—
mowing, weeding, plowing, and spraying. If the
successional process were the wind, we would be
constantly motoring against it. Why not put up a
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sail and glide along with the land’s natural tendency
to become forest? Edible forest gardening is about
expanding the horizons of our food gardening
across the full range of the successional sequence,
from field to forest, and everything in between.

Besides the food and other products, you should
design your forest garden for self-renewing, self-
fertilizing self-maintenance. For a self-renewing
garden, plant mainly perennials and self-sowing
annuals. Allow a healthy soil community to develop
by mulching and leaving the soil undisturbed. Build
soil fertility with plants that fix nitrogen, amass soil
minerals, act as mulch sources, or a blend of these.
Reduce or eliminate your pest control work by pro-
viding food and shelter for insectivorous birds and
predatory and parasitic insects. Fragrant plants,
such as onions, may confuse insect pests and slow
their march toward your crops. In fact, you can
reduce pest and disease problems simply by mixing
things up, rather than planting in blocks of the
same species! All these things, and more, reduce the
amount of maintenance your garden needs and
increase its yields. When we mimic how nature
works and design well, we can reduce the work of
sustaining ourselves to mulching, some pruning,
occasional weeding, and minimal pest and disease
management (depending on the crops you grow).
Oh, and then there’s the harvesting!

Essentially, edible forest gardening is the art and
science of putting plants together in woodlandlike
patterns that forge mutually beneficial relation-
ships, creating a garden ecosystem that is more
than the sum of its parts. You can grow fruits, nuts,
vegetables, herbs, mushrooms, other useful plants,
and animals in a way that mimics natural ecosys-
tems. You can create a beautiful, diverse, high-yield
garden that is largely self-maintained.

GARDENING LIKE THE FOREST VS.
GARDENING IN THE FOREST

Edible forest gardening is not necessarily gardening
in the forest. It is gardening /ike the forest. You
don’t need to have an existing woodland if you want
to forest garden, though you can certainly work
with one. Forest gardeners use the forest-as a design
metaphor, a model of structure and function, while
adapting the design to focus on meeting human
needs in a small space. We learn how forests work
and then participate in the creation of an ecosystem
in our backyards that can teach us things about
ecology and ourselves while we eat our way through
it. Gardening /ie a forest is what this book is all
about.

Gardening i the forest is different. We can
transform an existing piece of woodland into an
edible forest garden, and this book will explain
how, but there are many other ways to garden in the
forest. These include the restoration of natural
woodlands, ecological forestry, and the creation of
primarily aesthetic woodland gardens. The latter
forms of gardening in the forest are nof what this
book is about. If you want to garden iz the forest in
any of those ways, see the resources listed in the
appendix. If you want to grow food in a garden /e
a forest, read on.

WHERE CAN YOU GROW
A FOREST GARDEN?

Forest gardens are viable in small urban yards and
large parks, on suburban lots, or in a corner of a
rural farm. We have seen examples ranging from a
2-acre (0.8 ha) rural research garden, to a jungle of
food plants on a quarter-acre lot, to a heavily
planted 30-by-50-foot (9 by 15 m) embankment
behind an urban housing project. Smaller versions
are definitely possible; the same principles and
ideas still apply, though it might stretch the word
forest rather far. Despite the name forest garden, it 1s
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best if your site has good sun. Of course, if your
land is shady and wooded, this book has plenty of
ideas and information you can use.

You can most easily grow forest gardens where
forest, especially deciduous forest, is the native
vegetation. This means a climate with ample rain-
fall during the growing season and relatively mild
winters. This book focuses on the lands now and
formerly covered by the eastern deciduous forest
between USDA plant hardiness zones 4 and 7,

with some overlap into zones 3 and 8 (see figure

0.2). However, the information presented applies
to all of Earth’s moist temperate habitats, and

TOh (-~
‘( N < '.; 2 NI

.Q‘\_ \\9

beyond. Eric researched plants from similar cli-
mates the world over for inclusion in the “Top
100” species (see appendix 1) and the Plant Species
Matrix (in volume 2’s appendices). The principles
of ecology still apply in other locales. Those of you
in drier climates, such as the prairies and the desert
Southwest, can grow forest gardens too, if you pro-
vide irrigation and wind protection. You should,
however, look to your native habitats as models for
sustainable agriculture. Those of you in the north,
say, plant hardiness zone 3 and colder, have more
limited species options, but you can still play the
game.

Fieure o.2. While this book focuses on the geographic range outlined in black above, the vision and ecology discussed here apply
in many regions. We also discuss species that offer the best opportunities for human uses and ecosystem function in humid, tem-
perate climates anywhere. This geographic range of focus runs from the Atlantic coast to the prairies, and from plant hardiness
zones 4 through 7, with some overlap into zones 3 and 8. Map courtesy of the U.S. Department of Agriculure
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THE GARDEN OF EDEN: IT SOUNDS
GREAT, BUT IS IT PRACTICAL?

We like to think of edible forest gardening as recre-
ating the Garden of Eden. The introduction’s first
paragraph makes it sound like it is. Is such an abun-
dant, low-maintenance food garden really possible?
Let’s take a few lessons from history.

The notion of edible forest gardening is ancient
in many ways but relatively new to modern
Western culture, especially in North America. The
peoples of tropical Africa, Asia, and Latin
America have a long tradition of multistoried agri-
culture. Their farms and gardens often integrate
trees, shrubs, livestock, and herbaceous crops in
various ways—a set of strategies called agro-
forestry. Fodder trees in pastures provide wind-
breaks, livestock forage, and shade. Some of these
trees also improve the soil by fixing nitrogen from
the air and putting it into the soil. Alley cropping
systems combine rows of nitrogen-fixing and
food-producing trees with strips of annual crops
like corn and potatoes. Multistoried “food forest”
systems used in many tropical regions mimic the
rain forest, growing crops such as coconut, oil
palms, bananas, coffee, pineapples, and ginger. The
Javanese have grown village- and home-scale
forest gardens since at least the tenth century.
These compose 15 to 50 percent of village crop-
lands." Obviously, forest gardens work in tropical
climates, and have for a long time. Similar systems
existed in cooler climates hundreds of years ago.
We'll discuss the forest-management practices of
North American Indians in chapter 1, but Western
culture also has an agroforestry heritage.

An intensive land-use system called coppice
forestry was used throughout Britain and continental
Europe beginning at least in the Middle Ages. Many
trees can sprout from the stump and regrow vigor-
ously after being cut down. These stump sprouts,
called coppice, can provide fuel, fiber, fodder, or
mulch, depending on the species (figure 0.3). In
medieval Europe, coppice plots produced logs, poles,

saplings, and brush for use in crafts, industry, and
building construction. Cut on seven- to twenty-five-
year rotations, they offered excellent habitat for wild
game, as well as for wild edible and medicinal plants
essential to the medieval diet. Coppicing dramatically
prolongs a tree’s life, so coppice stumps can produce
material for generations. British researchers have

Coppice

stool

Coppice stool below
above ground ground

Shredded Tree

Pollard

Frcure o.3. Coppice management of woody plants formed the
foundation of medieval European land use and economics.
How we manage these eternally springing species depends on
their biology and uses. Plants with adventitious buds under
their bark can be coppiced (top), pollarded (bottom), or
stubbed (center right) aboveground by cutting growth back to
the trunk. Coppicing leaves a short stool or stump for
resprouting. Pollarding off a high stump or bolling keeps new
growth out of reach of large livestock until it is needed for
fodder. Mid-sized stubs are for shorter animals. Some species
form suckers from underground roots or rhizomes, allowing
cutting at ground level (center). Shredding involves pruning
resprouting branches off a tall specimen (bottom right). The
lustration shows each technique just before cutting, just after
cutting, and one year after cutting. Adapted from Rackham, 1993.
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proven that several continuously coppiced stumps,
known as stools, are five hundred to eight hundred
years old, two to three times a tree’s normal life span.?
Talk about sustainability! Unfortunately, coppice
forestry systems almost disappeared during the
Industrial Revolution, but they are experiencing a
budding revival, at least in Britain.

The record certainly shows that forest-garden-
like systems have been viable and practical in tem-
perate climates. Isn’t it possible for us to do far
better now if we put our hearts and minds to it? A
small but growing number of people in the cold cli-
mates of the world have been developing these
ideas for the current era.

J. Russell Smith’s seminal 1950 work Tree Crops: A
Permanent Agriculture first sparked renewed interest
in the potential of agroforestry throughout the
world. However, tropical countries and large-scale
tree-crop systems received most of the resulting
research attention. Bill Mollison and David
Holmgren also studied tropical and subtropical
ecosystems, along with arid lands. As cofounders of
the permaculture concept in late 1970s Australia,’
they gathered ideas for designing “permanent agri-
cultures” using ecological principles and dispersed
them to virtually every continent. Tree crops and
agroforestry systems were a large part of permacul-
ture’s initial toolbox. Permaculture practices now
extend beyond agriculture into all aspects of human
culture and range from regional to household scales.
Unfortunately, permaculture’s subtropical origins
and the overwhelming need for these ideas in lower
latitudes has led most permaculture literature to
focus outside of temperate climates, at least until
recently.

Robert Hart pioneered temperate agroforestry at
a home scale with his inspirational 1991 book Forest
Gardening.* Hart’s insights arose from his tropical
agroforestry work,” his Gandhian beliefs, and his
experiments on a tiny smallholding in Shropshire,
England, where he started his garden in 1981. That
makes it the oldest known temperate-climate forest
garden in the world (see our case study on. page

110). His forest garden was a beautiful testament to
his vision. Unfortunately, last we knew it was in
legal limbo after his death in March 2000.
Permaculture designer and teacher Patrick
Whitefield followed Hart’s book with his more
practical How to Make a Forest Garden,® a solid book

F1GURE 0.4. Forest gardens can grow and produce even at
7,000 feet (2,100 m) in the Rocky Mountains. This path,
winding among apple trees at Central Rocky Mountain
Permaculture Institute, Basalt, Colorado, USA, is bordered by
numerous plants offering ecological functions and human
uses. These include borage (Borago officinalis), a self-sowing
annual with edible lavender flowers and greens that provides

beneficial insect habitat, nectar for pollinators, and medicinal
uses; nitrogen fixers such as the yellow-flowered groundcover
bird’s-foot trefoil (Lotus corniculatus) and the shrubby Siberian
pea shrub (Caragana arborescens) with its drying pods full of
seeds edible by humans and chickens; garlic and perennial
onions; and the perennial, edible-tubered sunflower Jerusalem
artichoke (Helianthus tuberosus). Photo by Dave jacke.
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with a British focus. These two books, combined
with numerous works on permaculture, sparked
widespread planting of forest gardens in Britain.
These gardens and books all demonstrate the
potential of edible forest gardens, if not the actual
benefits.

Forest gardens have spread more slowly in North
"America. Fewer people have heard of the idea, so
examples are farther between—but they do exist.
Forest gardeners have achieved at least moderate
success in maritime Washington State; at 7,000 feet
(2,100 m) in the cold, dry Colorado Rockies (figure
0.4); in the hot, humid city of Greensboro, North
Carolina; and in chilly southern New Hampshire.

AN INVITATION TO ADVENTURE

We have yet to work out many practical considera-
tions for this “new idea” of forest gardening, espe-
cially in North America. British forest-garden
plants and experiences may not translate well to
this continent. Many of our native plants have good
forest-gardening potential, but we have tested few
of them. Strong evidence supports the forest
garden idea, yet this information lies scattered
across many different references on farming, gar-
dening, agroforestry, and ecology. We have seen
good on-the-ground examples on two continents.
We have also created enough of these gardens and
grown enough of the species to know they can
work. Still, we believe the practice can work better
than anyone has yet achieved. Successful forest gar-
dens stand within reach of many people throughout
the temperate world—as long as they can find clear
thinking, accurate knowledge, and solid informa-
tion on the ecology of useful plants. But there is
still much to learn, and this is where you come 1n.
You hold in your hands the first manual spelling
out key concepts of forest ecology and how to apply
them to a North American forest garden. Our
intent is to provide you with a comprehensive guide
to forest garden theory and practice; give a signifi-

cant push to the state of the art; and get as many
people as possible involved in experimenting with
this idea. The purpose of Edible Forest Gardens is to
offer you the inspiration, information, and tools you
need to successfully grow your own forest garden.

The book comes in two volumes, covering the
vision, ecological theory, design, and practice of
forest gardening. Volume 1 has two parts, and part
1, “Vision,” includes two chapters. Chapter 1 looks
at the ecological and cultural context for forest gar-
dening, focusing on eastern North America.
Chapter 2 lays out a vision of forest gardening’s
potential for reintegrating ourselves into the nat-
ural world, and goals for edible forest garden
design arising from that vision. Four chapters in
part 2, “Ecology,” explore the ecology of the forest
and the forest garden. They build solid theoretical
foundations from which to derive guidelines for
forest garden design and management. When we
create edible forest gardens, we consciously create
both visible and invisible structures to fulfill the
goals discussed in the vision. Throughout these
first two parts of the book, you will find boxes and
feature articles that go into greater depth on par-
ticular topics of interest. In addition, three case
studies scattered through the text provide concrete
examples of forest gardens we visited in our
research travels.

Volume 1 concludes with three appendices. The
first describes forest gardening’s “Top 100” species
to whet your appetite for the nitty-gritty and give
you a sense of forest gardening’s food-production
potential. Plant hardiness zone maps for North
America and Europe follow this, as well as a list of
publications and organizations that can help you
learn more about forest ecology and forest gar-
dening. The glossary, bibliography, and index
should also assist you in using volume 1 effectively.

Volume 2 is essentially a forest gardener’s “tool
kit” and constitutes part 3 of this work. It contains
seven chapters explaining how to design, plant, and
manage your forest garden. These chapters place all
the implications of the ecological analysis in part 2
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into a gardening and garden-design context. The
second volume also includes five appendices that
offer detailed information and resources to help
you map your site, select and find plants, and create
beneficial animal habitat. This first volume some-
times refers to various parts of volume 2 because we
want you to understand how the theory explored
here guides the practical aspects of forest gardening
discussed there.

Please note that though this work comes in two
volumes, we have tried to make each volume able to
stand alone. However, for optimal understanding
and application of the ideas and practices pre-
sented, we strongly recommend that you read both
volumes. Like the elements that compose an
ecosystem, these two volumes are separate but
interrelated and function most. effectively when
used in tandem.

So we invite you to join in a lifetime of quiet
adventure. Ecological systems at their essence

1. Reijntjes et al., 1992, page 38.

2. Rackham, 1993.

operate on simple principles yet have endlessly fas-
cinating intricacies. Many tasty and useful plants
stand ready for use in forest gardens. Many more
exist with great potential for selection and develop-
ment. We know much about the basics of edible
forest garden design and management, but there is
still much more to learn. It seems we have many
lifetimes’ worth of creative interest and fulfilling
enjoyment ahead.

We seck to learn—from our own fields, thickets,
forests, and wetlands—the ways in which living
things have adapted to our climate and land. We
want to mimic these habitats with productive garden
ecosystems. The goal is to create mutually beneficial
communities of multipurpose plants for our own
sustenance, and thereby to include ourselves in the
natural world. We seek to recreate the Garden of
Eden, and, as Bill Mollison and David Holmgren
say, “Why not?”

3. Permaculture One (Mollison and Holmgren, 1978) and
Permaculture Two (Mollison, 1979), the first books on per-
maculture, are no longer in print, but they have been suc-
ceeded by Introduction to Permaculture (Mollison and Slay,
1991) and Permaculture: A Designer’s Manual (Mollison,
1988, now with several newer editions), both from Tagari
Publications (Tyalgum, Australia.)

4. Hart, 1991.
5. Douglas and Hart, 1984.
6. Whitefield, 1996.






PART ONE

Vision

The ultimate goal of farming is not the growing of crops, but the cul-
tivation and perfection of human beings.

—Masanosu Fukuoka, The One-Straw Revolution

We cannot solve the significant problems we face at the same level of
thinking we were at when we created them.

—ALBERT EINSTEIN

ow we garden reflects our worldview. When we see the world

as a collection of independent and isolated elements, it is diffi-

cult, if not impossible, for us to grasp the interconnectedness of

natural systems. How could we then garden ecologically, or live
and act responsibly in an interdependent world?

Western culture, for all its benefits, has created immense problems for
the forests of North America, for the people living in the lands once occu-
pied by them, and for anyone who wants healthy food to eat in the
twenty-first century. We can solve these problems only with significantly
different ways of thinking. The ultimate goal of forest gardening is not
only the growing of crops, but also the cultivation and perfection of new
ways of seeing, of thinking, and of acting in the world.
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The Forest and the Trees

We all have the forest in our blood.

—RosErT A. DE J. HART

n 1964, two scientists cut down a red maple
tree in a North Carolina forest. They had with
them a bottle containing a solution of radioac-
tive calcium and phosphorus, two important
plant nutrients. The two researchers placed the
bottle so the solution would soak into the fresh
stump but could not get directly into the sur-
rounding soil, water, or air. Eight days later, 43 per-
cent of all species within 22 feet (7 m) of the
stump—almost twenty different tree, shrub, vine,
and herb species—showed radioactivity in their
leaves.! What might explain this observation?

The scientists believed that strands of fungi in the
soil connected the plants to one another. They were
right. Certain kinds of soil-dwelling fungi actually
grow into the roots of plants, sometimes right into
the cells of the roots. These fungi trade sugars made
by the plants for nutrients and water brought to the
roots by the fungi. This ecological deal making is a
special cooperative relationship called a mycorrhiza
(Literally “fungus root,” figure 1.1). Some mycorrhizal
fungi have specific plant hosts. Others associate with
a variety of plant species. Researchers have shown
that mycorrhizas dramatically increase plant health
and survival. They also link forest plants through
their underground network of fungal threads.

Root grafting is another way plants connect.
Roots from different plants often meet one another
as they roam the soil. In the mid-1960s, two other

IX

Ficure r.x. When fungi and plants form a mutualistic rela-

tionship we call them a mycorrhiza (literally “fungus root”).
Mycorrhizas link forest plants together in a mutual support
network that effectively makes the root mass of the forest a
single functional unit. Mycorrhizas play critical roles in devel-
oping and maintaining ecosystem health, and the vast
majority of plants form them. Psoto by Dr. Elaine Ingham, Soil Foodwet,

Ine., wsed with permission.
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scientists found that more than 160 tree species can
form root grafts with other plants of the same
species when their roots meet. About one-fifth of
those can form root grafts with other species in the
same genus—white birch with yellow birch, for
example. Some of these grafts can even occur
between different genera—such as between birch
and maple, or birch and elm.? The evidence shows
that root-grafted plants form a mutual aid network.
They share nutrients, water, and even hormones.
The benefits? Sharing hormones can help ensure
cross-pollination between trees by synchronizing
the trees’ flowering time, for example.

These two observations should radically change
our view of forests, and forest gardens. As the first
two scientists concluded, “It would seem logical to
regard the root mass of the forest . . . as a single
functional unit” creating “a ‘mutual benefit society’

. . in which minerals and other mobile materials
are exchanged between roots.” Imagine the eastern
deciduous forest before European colonization:
perhaps a single functional root mass from southern
Canada to the Gulf Coast, and from the Atlantic to
the prairies!

THE PRIMEVAL FOREST:
A REMEMBRANCE

Now imagine this: You are walking through the
primeval forest of eastern North America on a
warm spring day, years before European settlers
began cutting it down. Sunlight filters through
leafless branches. The canopy arches far overhead.
Trees of all ages surround you. In some cases, these
beings tower to heights of over 100 feet (30 m),
with ages of three hundred or more years. Trees 1
to 2 feet (30 to 60 cm) in diameter abound; mature
by our standards, they are still young for this forest.
Saplings and small trees wait in the shade for a
chance to grow, or reach for the sun where one of
the ancients has crashed down, dead from old age
or storm.

The different kinds of trees amaze you. Craggy old
oaks are dying back or broken in places. The ground
under the straight-trunked hickories is littered with
the remains of last year’s nuts. Massive maples hover
protectively over their many progeny: few of these
thickly sown maple seedlings and saplings will sur-
vive to maturity. You see spreading butternuts, tow-
ering hemlocks, huge white pines, and
chestnuts—chestnuts, those glorious trees whose
presence is felt everywhere, whose nuts are the most
important food for many of the forest inhabitants.

Small trees adapted to live their whole lives in the
shade fill the space under the canopy: hop horn-
beam with its flaky bark; clumps of ironwood with
its smooth, muscled, bluish gray stems; and stands
of witch hazel, still wearing the remnants of their
small yellow fall flowers. Shade-tolerant trees such
as beech and hemlock patiently wait for another
gap to form near them so they can spurt another
step closer to the canopy before the gap closes.
Here and there you find clumps of shrubs, occa-
sionally thick stands of them, all beginning to
flower and leaf out before the trees take the sun-
light away. The ground has an undulating, rough,
hummocky appearance. This stems from the
lifting, and then decay, of big root masses when
trees fall. As a result, up to fourteen different wild-
flowers grow in every square yard of forest floor.*
Each of these species has adapted to slightly dif-
ferent soil, light, and moisture conditions created
by this “pit and mound” terrain.

It turns out that many of the herbaceous plants
you see are even older than the aged trees scattered
about. What looks like a colony of many plants is
actually one living organism with numerous stems,
many hundreds of years old. Each of these wild-
flowers comes to prominence and maturity at dif-
ferent times throughout the growing season. They
make the best of the sun and space while they can,
then make room for later bloomers. As you look
closer, you see mushrooms popping up here and
there. These are the only visible sign of the complex
web of life below the ground that makes this system
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Ficure 1.2a. Contrary to popular belief, old-growth forest contains trees of varied sizes, species, and ages arranged at varying den-
sities depending on site quality and successional history. Disturbance by natural forces and indigenous peoples also add to this nat-

ural variation. This figure shows a location in Petersham, Massachusetts before European colonization. Figures 1.2b and 1.2¢ show

the same location in later years. Photo of the Harvard Forest Dioramas by John Green, used by permission of Fisher Museum, Harvard Forest, Petersham, Massachusetts.

function. The earth is soft and spongy. You grab
some topsoil out of the leaf litter. You find worms,
insects, salamanders, and roots of all kinds in the
moist and musty leaf mold.

You keep walking. You become aware of the
incredible variety in the structure of the woods. In
some places, huge old-growth trees shelter thin
shrub and herb layers in the dimness. Most people
imagine the primeval forest like this: a dark forest
of big trees. However, patches of many kinds sur-
round these dark woods—open clumps of bigger
trees, dense stands of younger trees, big areas with
trees of many ages, and glades at large openings in
the canopy. Curiously, there are occasional pure
patches of white pine. This is unusual because

white pine is sun loving. A large area would need to
have been completely cleared at some point for a
patch like this to grow. There are large, light-filled
savannas of old oaks, butternuts, and hickories—
well spaced so they have rounded crowns and their
canopies cover less than half the ground—with
shrubs, grasses, and wildflowers growing in the sun
between them. Wet soils grow thickets, often with
white cedar, red maple, and other wet-tolerant trees
emerging from the brush. In a few places, large
meadows open before you, full of grasses and wild-
flowers. Occasionally, some fields appear to be
returning to forest. Here, young white pines in
abundance, shrubs, and sapling trees are overtaking
the grasses and flowers that share the space.
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You come upon a recently burned savanna, the
ground blackened and charred. The air is warmer
here in the spring light. You look up—and the but-
ternut trees are in full bloom! Why has this place
been burned? You realize that the forest floor has
been relatively open and passable, not thick with
brush, wherever you have gone, except in the
swampy thickets you have avoided. Could fire be

the reason?

GARDENING THE FOREST

Recent studies indicate that the “wild, untamed
landscape” we imagine the earliest colonists found
was, at minimum, strongly human influenced. In
fact, the primeval forest was probably a managed
ecosystem.” Some authors go even further. They sug-
gest that the eastern forest “was, and is (except in its
remotest parts) a cultural phenomenon,” even
before European colonization.® The native peoples
had widespread influence on their habitat besides
the direct impacts of their farming. They managed
the forest to increase and diversify their food supply,
and to improve their living conditions in general.

Researchers have increased their estimates of the
precontact North American population from 1 mil-
lion to between 9.8 and 12.25 million. They think
the majority of these people lived in the eastern
forests, mainly in the Mid-Atlantic region and the
South. “In 1492, parts of the eastern seaboard had
population densities in excess of those of the closely
settled parts of Western Europe.” Clearly, popula-
tions at such densities will have major influence on
the landscape.

Many of these peoples used “swidden” (also
known as “slash-and-burn”) techniques to clear
forest patches and grow corn, beans, squash, and
other crops. After a few years of cultivation
exhausted the soil, they would let the clearings
revert to forest to rebuild its fertility. Sometimes
they returned to clear and replant after a ten- to
twenty-year fallow cycle. If not, fast-growing

white pine could become dominant in these areas,
creating the almost-pure stands mentioned earlier.
Some studies estimate that slash-and-burn man-
agement would have affected between 22 and 28
million acres (9 to 11 million ha) of land at any one
time. That’s nearly 20 percent of the total land area
currently farmed in the easternmost thirty-one
states of the United States.® We should not over-
look the importance of these cultivated crops in
the native diet, or their effects on the forest.
However, researchers have most frequently ignored
native agroforestry practices, and we know the
least about them.

Native agroforestry yielded a whole host of prod-
ucts from trees and their plant and animal associ-
ates with relatively low labor requirements.
Temperate deciduous forests are, or were, the home
of “a range of species second only to the tropical
rain forest” in their diversity.” The first white set-
tlers were astonished by the abundance of fish,
game birds, large mammals, and “wild” foods found
here, at least during the growing season. American
Indians used much of this diversity in their diets on
a seasonal basis. How was this abundance gener-
ated and maintained, particularly in the face of the
population densities we now know existed?

Research shows that fire was a major management
tool of the native peoples of North America.” Some
reports suggest that New England Indians burned
groves of butternuts and hickories in the spring on a
three-year rotation to blacken the ground and
increase air temperatures at flowering time." This
increased the number of pollinated flowers, pro-
ducing more nuts. The savannas and prairies the
colonists found in the midst of the forest were prob-
ably also intentionally created with fire. “One school
of thought . . . suggests that most of the prairie open-
ings and even large anomalous areas like the
Kentucky Blue Grass country [were] a consequence
of Indian burning.”” These openings provided great
habitat for vital native foods, including nuts and
acorns produced by savanna trees, not to mention
blueberries, raspberries, filberts, and large game. Fire
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also reduced the prevalence of human and plant dis-
eases and pests. It reduced the amount of brush clut-
tering the forest floor, improving the ability of
hunters to catch their prey. Fire also created more
patches and “edge” habitat, which produces abun-
dant deer browse, and therefore more deer for har-
vest. In fact, many of the game species most
frequently used by the Indians prefer habitats that
are dependent on or enhanced by fire. These facts
appear to be true across North America. In
California, for example, we now know that the
highly productive oak woodlands found by colonial
settlers degrade without careful burning. They there-
fore lose productivity, diversity, wildlife value, beauty,
and usefulness to humans.” These oak groves were
the primary source of staple crops for the California
Indians, who ate acorns in abundance.

Much more acreage was probably under agro-
forestry management using fire than was affected
by swidden agriculture. Then again, the two areas
probably overlapped, with fallow clearings pro-
viding berries, hazelnuts, useful herbs, and wild
game habitat, among other things. It is easy to
imagine the difficulty the colonists would have had
even seeing this form of agriculture, given their cul-
tural mind-set. But, agriculture it was.

Clearly, this continent’s aboriginal peoples
strongly influenced the ecology of their homes.
They deliberately altered the ecosystem to provide
more tree crops and other “wild” crops, to make
hunting easier and game more plentiful, and to
eliminate pests and diseases. They created varied
habitats for themselves and other forest dwellers.
They caused the land to produce abundant and
diverse foodstuffs, medicines, fibers, fuel, and
animal food—everything they needed to survive. In
essence, the native North Americans were gar-
dening on a grand scale. They were participants and
“guiders of change” in their ecosystem. Their
“garden” was beautiful, productive, and sustainable
over the Jong haul.

FOREST REMNANTS

These images of a healthy forest and its human
inhabitants contrast starkly with current reality. We
have fragmented and divided the “single, functional
root mass  of eastern North America with our
roads, our fields, our dwellings, and our places of
manufacture, commerce, and leisure. In some
places, only remnants remain. We have transformed
a wooded landscape into the urban landscape and
suburban yards of the country we all know.

The precolonial forest was a mosaic of many dif-
ferent patches. Yet it had a lot of “forest interior”
habitat. It changed slowly and had only periodic,
mostly small-scale disturbances. Even the indige-
nous people’s influence, larger than previously
thought, preserved the forest as the dominant
ecosystem. The most radical change within the
eastern deciduous forest, and most other forests the
world over, is this: rather than humans living in a
forested context, forest remnants stand as stressed
and disconnected islands within a human cultural
context. Today’s forests consist mostly of second- or
third-growth stands. These smaller, generally less
healthy trees grow in degraded soil and plant com-
munities. The fragments contain diminished bio-
logical diversity. They cannot as easily absorb and
hold rainfall or perform other essential ecological
functions. Atmospheric changes due to human
impacts also threaten forest health.™

Between the 1600s and the 1800s, settlers cut
about 80 percent of the forest east of the Appalachian
Mountains. They turned this land into fields, pas-
tures, villages, and cities. In the 1800s, the wave of
deforestation moved west across the Appalachian
Mountains into the Ohio and Mississippi River val-
leys. The East then began undergoing succession, a
process in which plant communities successively
change from field back to mature forest. However, it
takes centuries for forests to recover from intense
deforestation through natural succession. Even the
“large” tracts of forest that now exist are mere shreds
of the former fabric. Most areas were farmed at one
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F1GurE 1.28. Forest clearing by European settlers eventually resulted in 80 to 90 percent of precolonial forests being cut. Pasture

management and cultivation largely destroyed the seed banks of native flora. This is the same location as that shown in figures

1.2a and 1.2c. Photo of the Harvard Forest Dioramas by fohn Green, used by permission of Fisher Museum, Harvard Forest, Petersham, Massachusetts.

time. Cultivation, planting of pasture species, and
grazing destroyed whatever seed banks of native plant
species the soil once held. Herbaceous diversity is
therefore low in most second-growth forests. In addi-
tion, some biologists estimate that to have real
wilderness, contiguous undisturbed habitat (with no
roads, fields, and so on) must amount to more than 1
million acres (400,000 ha). Otherwise there isn't
enough forest interior habitat to support the species
required. No such dreas of unfragmented forest
remain in the eastern United States.

Fragmentation increases forest edge, in a pattern
different from native agroforestry. The contrasts are
greater, and the edges more abrupt. The openings
are larger, and the remaining forest smaller. All this
results in more sunlight, drier conditions, stronger

winds, and different animal, insect, and plant pop-
ulations. Frequent major disturbances discourage
species adapted to less disturbance and shadier and
moister conditions—generally natives. They favor
disturbance-adapted opportunist species, mostly
nonnatives (see page 18). For instance, sometimes
plant communities will now shift from forest or
preforest conditions to a community dominated by
vines, such as Oriental bittersweet (Celastris orbicu-
latus) or kudzu (Pueraria lobata). These vigorously
expansive and highly dispersive vines thrive in edge
environments and forest remnants and can shade
out trees, young or old.

Loss of forest cover also alters the local and
regional climate, increasing temperature and mois-
ture extremes in the landscape. Forests significantly
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FiGure 1.2¢. After farmland abandonment in the 1800s, successional development began once again. In many parts of the eastern

forest, white pine (Pinus strobus) spread rapidly due to its light, wind-dispersed seed and sun-loving niche. This was then cut in

the early 1900s, allowing hardwood trees to take over. Despite the relatively rapid reestablishment of native forest trees, the herba-

ceous flora has not yet fully recovered from colonial clearing. This is the same location as that shown in figures 1.2a and 1.2b. Photo

of the Harvard Forest Dioramas by John Green, used by permission of Fisher Museum, Harvard Forest, Petersham, Massachusetts.

moderate winter temperatures and winds and
reduce summer temperatures. Forests store water in
the soil and in their biomass, or living matter. They
release large amounts of water into the atmosphere,
thereby increasing rain and dewfall downwind.
Forests thus moderate both flood and drought.
They help sustain “base flow” in streams and rivers.
The great deforestation of the nineteenth century
caused many streams and springs to dry up and dis-
appear from the face of the land.

In addition, more edge habitat favors animals
such as deer. Ecologists call deer a “keystone
species,” because their population can determine
the species composition and vegetation architecture «

of the plant communities within which the deer
live. Many suburban areas now support deer popu-
lations as high as ten times that of rural forests.
High deer populations do major damage to farms,
gardens, and landscape plantings. Worse, in some
cases these beautiful animals “have literally browsed
away the next generation of the forest by con-
suming all the seedlings of many trees, shrubs, and

»15

herbaceous species.”” Squirrels share a similar
story, except that they eat the seeds of many trees.
High squirrel populations may thereby reduce or
prevent forest regeneration.

Another probable keystone species that most

people know nothing about is now absent from
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Feature Article t:

Natives and Exotics: Definitions and Questions

In this book, we will use the words native, exotic,
nonnative, and gpportunist many times. It is appro-
priate, therefore, that we define these words as best
we can.

For the purposes of this book, a native species is
‘one that established itself on the North American
continent before European contact. We may also call
these species precolonial. An exotic or nonnative
species is therefore one that arrived in North
America since European contact. For practical rea-
sons, the latter definition includes species that
arrived as imported species (intentionally brought by
humans) and as immigrants (arriving “naturally”
under their own steam or through accidental intro-
duction). We will use the term opportunist to denote
plants that tend to:

+ disperse quickly and widely using agents such
as wind- or animal-borne seed (dispersive
plants);

* vigorously expand in size or area covered
through vegetative propagation (expansive
plants); or

+ combine the above two traits.

Plants that persist strongly in the face of our
attempts to eradicate them (persistent plants) can
also cause us problems, especially when combined
with opportunism. However, persistence is not nec-
essarily an indicator of opportunism. Opportunist
species may be either native or exotic, but the
opportunists of most concern these days are those
that people call “invasive exotics.”

If you think about it, you will doubtless realize
that these definitions of native and exotic leave much
to be desired. They define as “native” a plant that
arrived on a bird’s back and established itself the
week before Columbus landed. Meanwhile, one that

arrived the same way the week after would be
“exotic.” They classify as “native” plants grown by
American Indians, such as corn, squash, or other
crops, when they actually originated in Central
America. They also define horses as nonnative here,
even though the horse, and the camel, originally
evolved in North America. Luckily for both these
species, they migrated to other continents before
becoming extinct here. These definitions also beg
the question whether five hundred years from now
we might reasonably consider speciés we now call
exotic to be native, or whether exotics will always be
exotics, no matter how long evolutionary history
goes on from here. The fact is that species disperse
into'new habitats all the time, even across large
expanses of ocean. They also naturalize and inte-
grate into new ecological communities all the time,
and they do so at different rates depending on the
characteristics of the species, the environment, and

the ecosystem’s other inhabitants.

Clearly, for these and other reasons, the terms
native, exotic, and nonnative have scientific and prac-
tical problems that make their value and meaning
doubtful. Nonetheless, they are in widespread use.
They acknowledge a key event in North America’s
geological and ecological history: the “invasion” and
dominance of European colonists, cultures, and
plant and animal species. Whether these words and
their definitions blind us or lead us to greater under-
standing is, we currently believe, open to question.
We need a scientifically functional definition of
nativeness, not an arbitrary one with questionable
usefulness. Unfortunately, this is well beyond the
scope of this book, if it is possible at all.

We use the word gpportunist rather than invasive
for a number of reasons. The most important is that
the word invasive assigns to plants alone a set of
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behaviors that clearly can arise on/y from the inter-
action between plants and their environment. The
word opportunist, however, directs some attention to
the role played by the context in which the plant
finds itself. Opportunist also removes the uncon-
scious sense of threat from the discussion; if you
look in the dictionary, you will see that invasion

at least implies aggression, attack, injury, and
encroachment. Such insinuations muddy the waters
of inquiry into what is really going on. They confuse
unspoken human values with biological phenomena.
We cannot credit these behaviors to plants: they are
projections of human consciousness. This is why we
use the terms dispersive and expansive to describe the
behaviors of plants: they are more accurate and more
useful, and they are free of bias and insinuation.

We raise these issues because of exploding concern
over native plant conservation and the rise of “inva-
sive exotic” species. We share these concerns.
However, just before publication, we read a series of
books (see page 156) that raise serious questions
about the paradigm now used to describe and define
native, exotic, and invasive plants. We cannot resolve
the questions raised before publication of this work.
Consequently, we have settled on the definitions
above and dropped the word invasive from general
use until further notice. We discuss some of these
questions later, after clarifying some key ecological
concepts (see feature articles 3 and 5, pages 156 and
282). In the meantime, know that when we say
“opportunist” we are talking about at least some of
the same plants that others call “invasive,” and recog-
nize the words native, exotic, and nonnative as red
flags for an area of our learning, and of ecology, that
is ripe with opportunities for deeper knowledge. And
stay tuned! Not only are ecosystems dynamic and
ever changing, but so is our understanding of them.

North America. Before European colonization, the
passenger pigeon (Ectopistes migraforius) popula-
tion reached perhaps three to five billion birds—25
to 40 percent of the bird population of the United
States.” They traveled in flocks so huge that early
European explorers wrote that their passing over-
head would darken the sky for hours—even days,
according to John James Audubon. When they
found an area with abundant food, these flocks
would select a roosting area in a forest stand and
leave droppings on the forest floor that reached
several inches in thickness in short order."” Imagine
the nutrient value such deposits represented! Even
if a flock had roosted in a given spot once every ten
or twenty or fifty years, the effects on forest health
and productivity would have been enormous, com-
pletely altering soil ecology and fertility over the
long run. Some authors believe that the decimation
of the passenger pigeon population could account
for much of the general decline in forest health
throughout eastern North America. It stands to
reason that increased susceptibility of various tree
species to insects and diseases could result at least
partly from poorer tree nutrition caused by the
extinction of this species.

Of course, decreasing air quality probably also
plays a major role in reducing forest health. Too
much ozone in the lower levels of the atmosphere
resulting from pollution damages plants and plant
communities, particularly in the Southeast. Not
enough ozone in the upper atmosphere resulting
from chlorinated hydrocarbon releases degrades
forest health, as well as human health, by causing
higher ultraviolet radiation from the sun. Acid rain
has negative impacts on soil and plant health. Few
of us realize, though, that the nitrogen compounds
(“NOy”) that help cause acid rain also enrich soil
nitrogen levels to as much as three times the normal
amount. This reduces the lignin content, and there-
fore the strength, of woody plant tissues. It increases
their susceptibility to diseases and insects. It ampli-
fies the ability of fast-growing opportunist species
to survive and reproduce compared to slow-growing
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Box r.1: Shifting the Burden to the Intervenor

The burden of maintenance and ongoing functional integrity
shifts to those who intervene in self-regulating systems.

This principle applies to any system, be it agri-
cultural, ecological, physiological, psychological,
or social. An “intervenor” stands outside an
existing system and doesn’t respect or understand
how the system works. The intervenor therefore
interferes in the system’s healthy functioning,
sometimes unknowingly or for fun or profit, but
often in an attempt to “fix” perceived problems.
The unintended consequences of this interven-
tion throw the system out of balance, disrupt
essential functions, and increase the system’s
reliance on intervention to maintain balance. The
intervenor then bears the burden of maintaining
the system’s integrity. If the intervenor does not
take on this responsibility, the system degener-
ates. Even if the intervenor does take on the
responsibility, the system’s ability to maintain
itself may s#// degenerate. The interventions
required to maintain balance thus often become
increasingly intensive. The illusion of separation
and lack of understanding cause increased work,
reduced richness, and the loss of natural capital.
A good example of shifting the burden is the
use of pesticides in agriculture. A farmer per-
ceives a pest problem and intervenes in the
system by spraying chemicals. This kills not
only the “target” pest but also other insects and

species. Research also shows that excessive soil
nitrogen increases the succulence of vegetation. This
increases deer populations, further contributing to
the deer problems discussed earlier.

The combination of these and other issues has led
Leslie Jones Sauer, in her book The Once and Future
Forest, to state that “the forest of five centuries past
is largely gone, and the recoverability of its remnants
.. Despite the

1s, in fact, very much in question. .
M b

microbes in the soil and vegetation. The ability
of the system. to maintain balance and control
on its own then decreases. So another pest
problem crops up, the farmer sprays again, and
the cycle continues. For a time things seem
better. In reality they get worse and worse.
More pesticides, and stronger ones, become
necessary over time. If the farmer stops spraying,
the pests will increase out of control, and he or
she will lose the crop, so addiction has set in. It
takes time, effort, and understanding to rebuild
a self-maintaining system. However, it takes
much more effort to keep intervening over the
long run.

Our interventions in the forests of eastern
North America occurred for different reasons,
but the results are the same. Disrupted ecological
function has reduced the ecosystem’s ability to
maintain itself. In this case, however, we have not
taken on the burden of caring for the community.
The resulting declines in natural capital have
been enormous. By gardening responsibly, each in
our own yards, we can rebuild healthy ecological
systems in our neighborhoods. By designing and
creating forest gardens that mimic forest ecosys-
tems, we can learn how to rebuild and reinhabit

a self-maintaining landscape.

remarkable resilience of nature and the repeated
seeming recovery of the landscape, the forest is
losing its ability to replenish itself.” As the species
that intervened in these ecosystems, we humans
now carry the burden of responsibility to maintain
and restore the ecosystem that sustains us (see box
1.1). Whether we proactively pick up that responsi-
bility and carry it out faithfully will decide the

course of history and evolution for many species for
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many generations to come. Unfortunately, we seem
not to be doing this in the places where we now live,
work, and garden. In fact, quite the opposite is true.

SUBURBAN ECOLOGY

Human-created landscapes now dominate large
areas of the planet, particularly in the industrialized
nations. Despite that fact, little serious ecological
study has taken place in the world’s suburban
ecosystems.”® Even in these days of relatively strong
environmental concern, we design these landscapes
with a completely different set of goals in mind
than ecological health and food production. All of
the issues discussed concerning forest remnants
apply to suburban woodlands. But what of the cul-
tural landscape? What kind of ecosystem have we
created there?

Imagine the typical suburban scene. Each home
has its separate lot, whether big or small. The homes
usually sit far from the street. The street is often the
only space owned in common by the community.
Surrounded by other homes, the residences are sep-
arated from commercial and manufacturing “zones.”
The property lines and streets are laid out such that
the only, or the safest, way to get to work or school
or to meet basic needs is via gasoline-powered
transport. This results in a much greater need to
pave over the land. Unburned hydrocarbons and
other air pollutants from auto exhaust fall back to
the earth and lead to “oiling” of urban and suburban
soils, making them more resistant to rainfall absorp-
tion, among other things.**

Rain falls and runs off roofs, pavement, com-
pacted lawns, and “oiled” soils. It flows into gutters
and street sewers, then into streams and rivers, with
little making its way into the groundwater. Water is
pumped in from across town, with a large propor-
tion of it used for irrigation (30 to 60 percent of
urban water)* and for flushing toilets (40 percent of
average residential use). Sewage is pumped out to
somewhere else, the nutrients dumped into streams

or rivers after partial treatment. Sometimes the
sewage is partially treated and the nutrients flow
into groundwater via septic systems. Leaves are
raked up and burned, landfilled, or piled away from
the soil and plant roots that need them. Fertilizer is
produced far away, shipped to the area, and pur-
chased before application to the soil. Consumer
goods are manufactured outside the region, shipped
in, and purchased. Garbage (and recyclables) are
placed on the street and taken “away.”

Small woodland islands are surrounded by roads,
cars, and buildings, or trees are scattered, often with
only lawn beneath them (“woodlawns”). The
houses are surrounded by landscapes full of plants
mostly from distant places with little or no evolu-
tionary history in their current locale. Many offer
little food or shelter for beneficial insect popula-
tions or birds, among other things. Insecticides,
herbicides, and so on, whether “organic” or “chem-
ical,” are produced far away and shipped in for pur-
chase. Garden plants are propagated outside the
region and shipped in. Most plants are “ornamen-
tals,” “weeds,” or unattended escapees, almost all

inedible. Food is produced elsewhere and shipped
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FIGURE 1.3. As the human population grows and people move
out of the cities, suburban development is fragmenting the
second- and third-growth forests that have grown since the
previous century. This land use tends to introduce exotic
species, increase the amount of edge, and otherwise alter the
overall landscape mosaic. It also gives each family access to a
small piece of land with which to grow food, experiment with
forest gardening, and attempt to restore healthy ecosystem
function. Prozo by Dave facke.
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in. When people have food gardens, they usually
are tucked out of sight, out of mind, and out of
view of the neighbors. They rely on external inputs
of energy, nutrients, insect and disease controls, and
water and are based primarily on annual plants. For
some reason, growing food is considered unsightly,
unseemly, possibly antisocial, and in some towns
and cities, illegal!

The tremendous infrastructure we have built in
our cities and towns reflects a culture and horticul-
ture of separation and isolation. Disconnection is a
major theme of suburban life. Forest remnants are
disconnected from each other. Both native and
exotic plants are disconnected from their prior eco-
logical context. People are disconnected from land.
Residences are disconnected from work, commerce,
and school. Television and the automobile discon-
nect people from each other. Culture is disconnected
from agriculture. As we cut down and bulldozed the
ecological communities that were here before us, we
designed and built a human ecosystem that also mil-
itates against human community.

To create and maintain an ecosystem like this,
homogeneity and standardization, that is, mono-
cultures, are required. The gardens we find tend to
be similar in species composition, no matter what
the site conditions: “across a continent of breath-
taking biological diversity, we have planted two or
three dozen plants.” The plants in the well-kept
lawns and landscapes are mostly genetically iden-
tical hybrids and cultivars, many sterile and not
self-reproducing. Lot sizes are similar, even if
ground conditions are not. The people in the
houses tend to be of one class and ethnic group.
The same foods are eaten everywhere across huge
climate, landform, vegetation, and other landscape
variations. We try to prevent dynamic change in
our environment, so the monoculture extends even
into the dimension of time. Finally, and probably
most importantly, we apply the monoculture mind-
set to the uses or functions of things. We see and
design systems in which each element has only one
perceived relationship to the world around it, usu-

ally a single purpose for human profit, need, com-
fort, or convenience.

The scale and degree of monoculture and of the
disconnections between design elements in sub-
urban ecosystems is awe inspiring, and highly
unnatural. While this may /Jook like an orderly
system to us, it is in fact an extremely disordered
system from an ecological perspective.” Even if our
gardens ook like a forest, they probably don’t func-
tion like a forest. Natural systems tend to be more
diverse, more dynamic, and more variable. They
must be if they are to survive and thrive. Materials,
nutrients, and water in human systems tend to flow
in linear fashion. In ecosystems things flow in
cycles and circles. Every living and nonliving thing
has a whole universe of functions in the natural
world: trees function as soil holders, wildlife
homes, air cleaners, rainmakers, organic matter
sources, nutrient cyclers, soil porosity improvers,
microclimate moderators, and thousands of other
things, not just as lumbermakers or shadegivers.
The disorder we continue to create requires
absolutely huge amounts of energy and work to
maintain. It also creates tremendous amounts of
pollution and waste. Just the nutrients wasted in
the system described above are amazing, not to
mention the energy, the water, the labor, the intel-
ligence, the lives, and so on. All this because we
simply fail to see each part of the ecosystem as multi-
functional, interconnected, dynamic—and worthy
of respect.

Our biggest mistake is that we see ourselves as
separate from the natural world. We then project
that sense of separation onto every other living and
nonliving thing with which we interact.

GARDENING IN THE
INDUSTRIAL IMAGE

The farms upon which we all depend for food rely
almost exclusively on crops requiring intensive
inputs of seed, fertilizer, energy, and equipment.
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These inputs all come from distant parts of the
planet. Our food is shipped back and forth across
the globe at high ecological cost. Almost always
there is bare soil in the farm fields, and bare soil is
damaged soil. These fields usually contain just one
plant species at worst, at best ten or twenty. All or
virtually all of these are annual plants, and almost
all of them are genetically identical hybrids pro-
duced far away and “engineered” to require inputs
of industrial energy, chemicals, tools, and tech-
niques. Ecologically, the toll of modern agriculture
includes:

* lost topsoil (some say topsoil is the largest U.S.
export by weight);

« Jost genetic diversity in seed crops;

* depleted water resources;

* chemical contamination (of water, soils, food,
workers, and wildlife);

* increasingly pesticide-resistant “pests” and
“weeds”;

« and ten or more calories of energy expended for

every calorie of food produced.”

The same orderly disorder, disconnected thinking,
and monoculture mind-set pervades modern
industrial agriculture and creates work, waste, and
pollution.

Most home food gardens are miniature versions
of large-scale farms, with large inputs of energy,
labor, and materials. More people are composting
now than were two decades ago. This is an improve-
ment, but it still doesn’t change most of the basic
picture. If our far-flung industrial system crashed
down around us, most gardeners would be left in the
lurch without fertilizers, pesticides (organic or
chemical), pumped water, and, most importantly,
seeds. In addition, look at the structure of our
gardens. Have you ever seen a natural temperate-
climate ecosystem where everything was laid out in
straight rows? Where everything was an annual
plant, or even where annuals made up more than 20
percent of the plant community? Where vertical

space was used sparingly, if at all> Large areas of a
single species occupying a space in nature are very
uncommon, and when found such a space rarely
excludes all other species.

This is not to say that straight rows, for example,
are necessarily bad. The point is to look at the
assumptions behind the choices we make. We must
look at the question of how we design our landscapes
and grow our food from an ecological perspective.
Home food gardening is an important means for
reconnecting people to land. Unfortunately, the way
we grow food most often further reflects the same
design principles we have used, with devastating
effect, in replacing the forests with suburbs, and in
our large-scale agriculture system. These modern
landscapes are all a direct result of the same linear,
monoculture mind-set, a mind-set that flies in the
face of ecological realities.

LESSONS LEARNED

What can we learn from all of the foregoing? Our
first glimpse of fungi and plants working together
points to our first lesson: the amazing interconnec-
tion inherent in healthy ecosystems. Cooperation
between organisms 1s an essential aspect of how
ecosystems work. The extent of that cooperation is
much wider than most of us knew. Reverence and
respect are natural responses to the awesome inter-
connections we now know to be present in nature.

Next, we find that most of our images of “old
growth” forest were wrong. These forests were
composed not only of large, old trees. They
included mixed-age woods of all kinds and
patches of different plant communities, including
savannas and meadows. They were not homoge-
neous. The primeval forest was also dynamic,
fluid, and changing, influenced heavily by human
actions. In fact, native peoples were a keystone
species in the primeval forest. Their behaviors cre-
ated the forest as they knew it in significant ways,
and vice versa. The humans and the forest were
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coevolving, mutually supporting participants in
each other’s lives.

When we contrast this participatory involvement
with the way our culture has influenced the forest,
we see total opposites. They cocreated interdepend-
ence, dynamically stable abundance, and functional
diversity; we have created fragmentation, imbal-
anced excesses, and simple variety. We are still a
keystone species in the forests of North America.
Our actions and inactions are primary determi-
nants of ecosystem health and evolution. When we
look at how we have structured our own communi-
ties, we see the same disconnection we have created
in the forest taken to an extreme. Hence, we have
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15. Sauer and Andropogon Assoc., 1998, page 35.

the attendant problems of waste, work, and pollu-
tion. The root of these design patterns lies in our
monocultural way of seeing and thinking of things
in space, in time, and in terms of function.

As Einstein said, we cannot solve these significant
problems at the same level of thinking we were at
when we created them. We must move beyond the
monoculture mind-set, the world of separation. We
must move into a world of participatory involve-
ment and cocreative evolution with our ecosystem.
We have to see both the forest and the trees. We all
have the forest in our blood. We must begin to think
like, act like, and garden like the forest.

16. Dept. of Vertebrate Zoology, National Museum of Natural
History. 2001. The Passenger Pigeon. http://www.si.edu/
resource/fag/nmnh/passpig.htm (accessed Setember 2,
2004).

17. Audubon, 1827-1838.

18. The name for this principle and its general definition came
from Senge et al., 1994, page 139.
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20. One good treatise on the topic: McDonnell and Pickett,
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25. Soule and Piper, 1992, chapter 1. This is only one of many
books cataloging the ecological crises of modern agriculture,
but it's a good one. Other sources cite twenty calories of
energy used per calorie of food.
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A thing is right when it tends to preserve the integrity, stability, and

beauty of the biotic community. It is wrong when it tends otherwise.

—AvLpo Leororp, 4 Sand County Almanac

By mimicking a natural vegetation structure, farmers can copy a

whole package of patterns and processes that have developed and

worked in an ecological or evolutionary time frame. With this struc-

tural approach, a multitude of beneficial processes can be incorpo-

rated into agroecosystems.

—JuprTH SOULE AND JON PIPER, Farming in Nature’s Image

he ultimate goals of forest gardening are

the growing of an abundant diversity of

tasty, nutritious, and healthy foods and the

cultivation and perfection of ecological
ways of seeing, thinking, being, and acting in the
world. The more we perfect these new ways of
being, the better we will become at growing food in
this new way. Ecology is the basis of edible forest
garden design. Mimicry of forest structure and
function is the essential strategy. What do these
things mean?

This chapter’s purpose is to explore in more
detail the vision and purpose of edible forest gar-
dening, both philosophically and practically. To do
so, we will look at ecology in general, and mimicry
in particular. We will outline the advantages and
limitations of mimicry as a strategy, especially in
terms of mimicking forests. What might such an
approach look like? What does it require of us?
What are we trying to achieve by doing it? What
do we need to achieve to make it work? In this
chapter, we will clarify our purposes, spell out our
objectives, and review some images of what forest
gardens might look like in different contexts. Then,
in part 2, we can go on to examine the specifics of
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what we can adapt from the structure and function
of forests for our own purposes.

STUDY OF THE HOUSEHOLD:
ECOLOGY DEFINED

People who analyze dreams often say. that any
house in a dream represents the self. In this spirit,
let’s define ecology from its Greek root words oikos,
meaning “household,” and /ogia, meaning “study
of.” Ecology studies the world of nature that is our
household. It studies how we and other organisms
make our homes in the world. It also studies the
households of our bodies and how they relate to the
world around us: what we eat, what we need, what
we give back, and how we do these things.
Technically speaking, ecology is “a branch of sci-
ence concerned with the interrelationship of organ-
isms and their environments” or “the totality or
pattern of relations between an organism and its
environment.”” The first definition concerns the
field of study itself. The second concerns the realm
of the reality “in the field,” and how a particular
organism makes its way in the world. In this book,
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we will draw from the branch of science called

ecology to understand the pattern of relationships

that make up the forest, so we can create a similar
pattern of relationships called a forest garden. If
ecology is the basis of design, then what is the basis
of ecological systems? The chapters that follow
cover this topic, but we will summarize some key
ideas here.

The first idea is that every organism on the earth
is intimately and irrevocably connected to every
other and to the nonliving elements of the planet.
We unite with our environment to form communi-
ties and ecosystems, whether we know it or not. We
cannot escape this reality any more than we can run
from our feet. We can pretend our feet aren't there,
but that does not alter the reality.” Species interre-
late in varied ways, with varying degrees of inti-
macy and interaction. Later in the book we will
discuss some of these relationships, and how to
design the forest garden to make use of these inter-
actions.

The second essential idea is that the structure of
ecosystems gives them stability and resilience.
These structures both cause and result from the
way the system works. Many ecosystem structures
remain invisible to us because they arise from the
relationships between species, and between species
and their environment. Not all are a physical struc-
ture we can see. We'll see it when we believe it, or
rather, when we understand it. Once we see it, we
can work with it.

The third key idea is that ecosystems change dis-
continuously and are complex beyond our under-
standing. Evolution occurs over long time scales
(hundreds to thousands to millions of years), but
ecosystems also change over the shorter frame of
“ecological time.” Each kind of change influences
the other. Neither of these necessarily occurs at a
constant rate. Discontinuous change means that
periods of stability may be followed by major trans-
formations in short order at any scale in time or
space. In addition, the number of relationships
among ecosystem elements is staggering, and

beyond our rational capacities to comprehend. We
cannot understand ecosystems simply by breaking
things down into their constituent parts and seeing
how they work. Though analysis is an important
and useful process, we must use additional tools to
look at how the pieces relate to each other, and we
must always bow to the awesome mystery of which
we are a part. Therefore, we are participants in an
ever-varying dance with an enigmatic partner.
Sometimes we take the lead; sometimes we follow
nature’s lead. This dance can be harmonious and
fun, if we follow certain guidelines. It can also turn
into a riot. But we have to figure out the guidelines
ourselves—our partner will only give us a few hints
and respond to our moves. What kinds of hints do
we have to go on?

Given the vast complexity of interconnection and
the invisibility of many of the key structures of eco-
logical systems; given the evolutionary timescales it
takes for systems to generate these stabilizing
structures; and given the short timescales in which
we can act to make a difference in our own lives, it
makes sense for us not to try to reinvent the wheel.
Hence the idea of mimicry, an age-old strategy
used by species across the globe for various reasons.

TALES OF MIMICRY

What is mimicry? Let’s look at a couple of exam-
ples of mimicry in natural and human-manipulated
ecosystems. Then we’ll explore its advantages and
limitations.

MonNarRCH AND VICEROY

The monarch butterfly (Danaus plexipus) is a beau-
tiful orange-and-black native American butterfly
of wide renown. Monarch caterpillars feed exclu-

sively on plants of the milkweed genus (Asclepias

spp.)- The thick, milky sap of milkweeds contains
highly toxic chemicals that defend the plants
against generalist herbivores—plant-eaters that
feast on pretty much whatever they can find.
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Monarchs have evolved with the milkweeds so that
the caterpillars can eat the poison, survive it, store
it, and become toxic themselves: they turn the
plant’s defense to their own advantage. After
achieving this feat, it becomes advantageous to
have a bright, distinctive -appearance. That way,
birds, being visual predators, can identify the nasty-
tasting monarch by its “warning coloration” and
avoid attacking it. And so it evolved.

The viceroy butterfly (Limenitis archippus) is
another beautiful orange-and-black native American
butterfly. It is less common and a little smaller than
the monarch. It has a slightly different pattern on its
wings but is otherwise similar in coloration. The
viceroy does not feed on milkweed and is not poi-
sonous to its flying predators. However, natural
selection has favored buttertlies that look similar to
the monarch, because this decreases their chances of
being eaten by birds. Having lived for millennia in
the same regions, the viceroy has evolved to imitate
the monarch’s coloration. It looks the same, so it
gains some of the same advantage the monarchs
have. What we can learn from this?

First, exact duplication of the monarch is not nec-
essary to achieve the advantage sought. Sufficiency
is the only test. Second, the mimic has its own pur-
poses, which are different from those of the model,
though similar. A key question then becomes how
much mimicry, and of what kind, is enough to gain
the desired advantages. Third, there are limits to
mimicry. If the viceroy were to become too suc-
cessful and too abundant, both the monarch and the
viceroy would lose the protection offered by the
monarch’s warning coloration, and the system
would evolve in some other direction.

The forest is our monarch. To design a forest
garden, we must first know what a forest is and how
it operates. Then we can gain its advantages
without taking on qualities not suited to our pur-
poses. We must therefore get clear on our purposes.
We must also keep sight of the fact that we must
keep the natural forests we have healthy. Their

abundance is essential to ours. We cannot replace

forest ecosystems and their functions with our lim-
ited capacities and different purposes. Neither can
we expect our forest gardens to thrive without
healthy forest around. Our garden ecologies need
species from nearby natural areas if they are to
maintain balance. We also need our models close at
hand, so we can study and learn from them.

Our forest gardens are the viceroy. Based on our
research and experience, Eric and I believe that we
humans can design gardens that produce abundant
food while maintaining the ecological benefits that
natural systems confer. Qur approach is to mimic
the structure of the forest, for “when the whole
structure is imitated, certain emergent properties
that are expressed only at the ecosystem level can
appear in agroecosystems.” A case study from the
tropics demonstrates this.

MimicxkinG FOrResT SuccEssion

When you cut down any forest, especially tropical
forests, the soil’s nutrients become more mobile.
They rapidly become available during decomposi-
tion, wash away in the rain, and burn away in the
sun. Intact ecosystems, on the other hand, tend to
maintain their fertility over long periods, unless dis-
turbed. While individual plants may be able to
absorb and store nutrients, they cannot conserva-
tively cycle them through the ecosystem on their
own; the processes that exhibit the property of fer-
tility maintenance emerge from the whole ecosystem
(see “The Anatomy of Self-Renewing Fertility” in
chapter 5 for details). Can a mimic of a natural suc-
cessional community develop the emergent property
of self-renewing fertility like the model?

To answer this question, a team of scientists
clear-cut a tropical forest. They then measured the
root mass of five different treatment plots of the
resulting successions. The five treatments included:

* a control plot, where they prevented any
regeneration;

* a natural succession, where they just let the
forest grow back;
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« an enriched succession, where they added seed
stock to the natural successional sequence, but
took no plants away;

* a maize and cassava crop treatment, where they
grew each species in monoculture;

* and, of most interest to us, an imifation of the

natural succession created by the researchers.

“The imitation of succession was an attempt to
build an ecosystem that resembled the natural sec-
ondary growth of the area structurally and func-
tionally, but using different species. In this study,
the investigators replaced, as the plants appeared on
the site, the naturally occurring species with mor-
phologically similar ones (that is, annual for annual,
herbaceous perennial for herbaceous perennial, tree
for tree, vine for vine) not native to the site.” The
control plot allowed them to compare the rates of
nutrient loss and root growth for the full range of
treatments.

This study showed that “the species-rich [natural]
successional vegetation was effective in maintaining
soil fertility.” The mimic worked comparably, espe-
cially with regard to holding soil nutrients. “In gen-
eral, the imitation of successional vegetation had the
same structural and functional attributes as the
diverse, naturally occurring successional vegetation.
After four years, fine root surface area, which is crit-
ical to site restoration after disturbance, was very
similar between the native and the successional
mimic. . . . The successional vegetation and the imi-
tation of succession had no species in common, yet
they did not differ with respect to their impact on soil
fertility.”™ The enriched succession performed better
than any other treatment, retaining more nutrients
and producing more root mass. Meanwhile, the corn
and cassava monocultures and the barren control plot
did the worst.

This work supports the idea that we can create
working mimics of naturally occurring forest suc-
cessions that exhibit similar properties, at an
ecosystem level, as their models. Granted, this
study focused primarily on soil fertility and root

mass, and we intend to meet a more robust list of
goals. However, we propose mimicry far more
sophisticated than the relatively simple replace-
ment of “annual for annual, herbaceous perennial
for herbaceous perennial, tree for tree, and vine for
vine.” We suggest choosing plants that will perform
specific functions within the mimic ecosystem to
gain specific advantages. We also suggest mim-
icking specific structures at an ecosystem level to
gain specific advantages. What are some of these
advantages?

THE ADVANTAGES OF
FOREST MIMICRY

To understand what we can gain from forest mim-
icry, let us compare some characteristics of “natural”
ecosystems and modern agriculture using the
Nature-Agriculture Continuum (see figure 2.1).°

Agriculture Nature
| |
[ [

High —————Fragility — —— low

Low — Resilience ——— High

Low ——————Species & Genetic Diversity — High

Low Degree of Functional Interconnection High

High ——————Rate of Nutrient Flux —— low

Fertilizers— Nutrient Source(s) Local, Recycled

Solar/Fossil Fuels Energy Source(s) —————— Solar

High ————— Amount of Management Required—— Low/None

High — Amount of Waste/Pollution Low/None

High ———————Amount of Food Produced —————— Low

Ficurk 2.1. The Nature-Agriculture Continuum shows the
characteristics of natural ecosystems and conventional agri-
cultural ecosystems at the two ends of the spectrum.
Agriculture’s only redeeming characteristic is that it produces
large amounts of food. Natural systems, on the other hand,
have numerous desirable qualities but produce relatively less
food. Organic agriculture attempts to move agriculture
toward the “nature” end of the continuum, maintaining high
food yields while reducing negative characteristics. Forest gar-
dening starts at nature’s end and attempts to increase yields
while maintaining all of nature’s desirable qualities. Adapted fiom
Soule and Piper, 1992, page 122,
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Box 2.1: The Principle of Functional Interconnection

The purpose of a functional and self-regulating design is to place elements or components
in such a way that each serves the needs, and accepts the products, of other elements.”

Wild ecosystems contain webs of cooperation
and interdependence that help generate the
emergent system properties of stability, resilience,
and harmony. Such healthy systems create no
waste and generate no pollution because the
inherent by-products of every living thing
become food for some other living thing. They
take no outside work to maintain because the
networked system of elements regulates fluctua-
tions in the ecosystem and its populations.

Our goal in forest garden design is to generate
such self-maintaining, networked ecosystems. If
the. members of the garden ecosystem meet one
another’s needs and use one another’s products,
then we don’t have to meet those needs or deal

THE NATURE-AGRICULTURE CONTINUUM

Modern agriculture lacks resilience and displays
fragility: it will not regenerate itself if disturbed
(without effort on our part), and it is easily dis-
turbed by drought, excess rainfall, insect population
explosions, or, for that matter, a loss of fossil fuels.
The monocultural lack of diversity militates against
the system’s ability to generate functional intercon-
nection (see box 2.1), where different parts of the
living system interact in a mutually supportive way.
Nutrients move through current farm ecosystems at
a high rate: “our modern agricultural practices break
open nutrient cycles so that farmers must intervene
and supply lost nutrients to prevent agroecosystems
from running down.” We supply these nutrients
with fertilizers. Farms therefore require fossil fuels
to keep running, in addition to solar energy. They
also require much work, not only on the farm, but
also to mine resources in distant parts of the world
and get them to the fields. Vast amounts of waste

with those products, unless we want to. This is
how we reduce our workload and place the
maintenance and regulation of the system back
into the system’s own hands. In contrast, when
the elements in our garden do not meet one
another’s needs, we must meet those needs our-
selves, creating extra work for us. When these
elements aren’t using one another’s products,
those unused products become waste or pollu-
tion.® Applying the principle of functional inter-
connection shifts these burdens back to the
garden, turns the burdens into benefits, and
takes us out of the role of intervenor. We will
discuss these ideas in more detail in part 2 of

this volume and also in volume 2.

and pollution result. The saving grace is that
modern agriculture produces a lot of food per
acre—as long as fossil fuels remain available.
Natural ecosystems, particularly forests, show less
fragility and more resilience than agricultural sys-
tems. They tend to develop high species and genetic
diversity and a high degree of functional intercon-
nection as they mature. Nutrients cycle and move
more slowly through the system, at least in mature
ecosystems. Only the sun powers natural ecosys-
tems, with no input from fossil energy sources,
except perhaps dead biomass. Natural systems
require little or no management. They create little or
no waste or pollution. We hope to gain all these
advantages by mimicking forest ecosystems. The
problem is that natural ecosystems—at least the dis-
turbed ecosystems we now have—tend to produce
relatively small amounts of human food per acre.
Conventional agriculture forms the conceptual
basis for organic farming. In response to the draw-
backs of industrial agriculture, organic farming
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attempts to move closer to nature on the con-
tinuum. Organic farmers apply selected natural
processes to their work. Using composting, crop
rotations, nitrogen-fixing plants, intercropping, bio-
logical pest control, and so on, organic agriculture
begins to recreate nutrient cycles, functional inter-
connection, and species diversity without losing the
high food yields. However, many drawbacks of
modern agriculture persist in organic farming and
gardening. The worst include dependence on fossil
fuels and high maintenance requirements.’® Organic
farming does not mimic the structure of natural sys-
tems, only selected functions. Hence, many of the
functions inherent in those structures are not avail-
able to organic farmers without humans doing the
work somehow. Clearly, organic agriculture is still
pretty close to the “agriculture” side of the con-
tinuum, but it is moving toward the “nature” side.

The American Indians based their agriculture on
natural systems. Early settlers wrote in their journals
about how hard it was to tell that food was growing
in the Indians’ cultivated fields. The complex mix of
crops looked like a tangled mess to European eyes.
The Indians’ agroforestry systems—woodlands
managed for increased food production and
improved wild game habitat—were so integrated
into their environment that we can barely call their
work “agriculture.” Few if any colonists recognized
it as such. Therefore, the natives’ strategy of “gar-
dening the forest” was clearly way over on the
“nature” side of the continuum. Though their sus-
tainable form of land management exhibited the
characteristics of natural systems described above, it
produced only enough food for an estimated
100,000 people to live in all of New England,”
compared to the millions who live there now.

We can creatively adapt from natural systems
models. We can also go further than the Native
Americans did. We can invent a wide range of forest
gardens, from wild or semiwild foraging gardens to
completely domesticated gardens that still behave
like natural ecosystems. We have plant resources
from around the world available to us. We have

more tools. We have greater knowledge of breeding
techniques, soil fertility, and so on. Edible forest
gardens can therefore cover a wide range of the
Nature-Agriculture Continuum, always favoring
the natural end of the spectrum since they arise
from natural models. Mimicking the forest should
confer upon our gardens the qualities of low
fragility, high resilience, diversity, functional inter-
connection, recycling and conservation of nutrients,
solar economy, low management requirements, and
minimal or no waste or pollution. The big question
that remains, however, is whether we can create
forest gardens that have these desirable characteris-
tics and produce more food. How productive can a
forest garden be? We don't really know. The idea is
so new to the modern, nontropical world that we

* have found no published data documenting the pro-

ductivity of temperate-climate perennial polycul-
tures like forest gardens. Although we know of no
studies, we do have some indicators.

Forest PrODUCTIVITY

Plant photosynthesis turns solar energy into chem-
ical energy in the form of complex carbohydrates.
Ecologists call the total amount of sunlj\ght captured
by plants gross primary production, because plants
function as the primary producers of any ecosystem.
The energetic “costs of production” and “costs of
living” are deducted from the total captured. The
energy “profit” left over after paying these costs is
called net primary production (NPP). It represents
how much solar energy the plants transform into
living matter, or biomass. Those of us who eat for a
living know biomass in one form or another as
“food.” So the more sunlight plants turn into bio-
mass, the more food is available to support all the
nongreen species in the ecosystem, including us.
The estimated NPP of plant communities
around the world varies tremendously (figure 2.2).
The essential, intuitively obvious fact is that the
better the growing conditions, the higher the NPP
of the ecosystem. Deserts, limited by severe lack of
water, and tundra, limited by severe cold and short
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Ecosystem Type

F1GURE 2.2. The net primary pro-
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e

ductivity (NPP) of different
ecosystems on planet Earth. The
numbers after the bars represent
the amount of solar energy con-
verted to biomass in thousands of
calories per square meter per year
(keal/m?2/yr). Notice that agricul-
tural land captures only half
the energy of temperate forest,
and less than savanna. Wood-
land and shrubland here refers to
communities limited by aridity
to such open habitats, not the

midsuccession stage in humid,

0
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temperate climates. Adapted from
Kormondy, 1976; data from Whittaker, 1970.

growing seasons, have very low productivity.
Tropical rain forests, with plentiful water and con-
sistent warm temperatures, have the highest pro-
ductivity. Even most of the moderately productive
ecosystems—from temperate grasslands to conifer
forests—have some form of limitation, climatic or
biological, on their NPP. The thing to notice,
though, is that agricultural land nets around 3 mil-
lion calories per square meter per year, while tem-
perate forests net twice as much energy.

Even a brief look at figure 2.2 demonstrates that
temperate forests are among the most productive
ecosystems in the world. Agricultural land cannot
share that distinction. This is especially true
because the net energy production of agricultural
land turns negative (that is, more energy goes in
than comes out) when we include the energy cost
of fossil fuels in the equation. Yet the yie/d of agri-
cultural land is high in terms of food. Just think: if
we can get even half the percentage of useful
energy—or yield—out of temperate forest ecosys-
tems as we get out of farmland, we will get the
same yield in calories per acre. Alternatively, we
can keep our energy inputs low and get lower
yields, but higher net production—more yield per
amount of energy expended. Clearly, each forest
gardener will make different choices about how
much energy to put into his or her forest garden,

and how much he or she will get out. However, we
contend that the amount of intelligence invested
in the design and management of the forest
garden has more effect on yield and net produc-
tion than many other factors. Chapter 4 further
discusses the fate of energy in forest ecosystems.

COOPERATION AND ADDITIVE
YieLps 1N PoLYCULTURES

We must make another shift in our thinking to see
the value of forest gardening. We must change our
concept of yield.

Let’s say you grow raspberries in full sun as well as
in partial shade under nearby fruit or nut trees. Your
yield of raspberries per square foot will be higher in
full sun. However, in the forest garden, we need to
evaluate the yield of the whole system, rather than
the yield of only one part of the system. In the forest
garden, you may harvest raspberries, apples, pecans,
hazelnuts, and various vegetables and herbs, for
example. You may also “harvest” labor-saving
“yields” like weed control, beneficial insect attrac-
tion, and soil fertility improvement from the garden
community. This diversity of yields is fundamental
to the forest garden idea. We must consider this
when comparing forest gardening to other ways of
growing food. Diverse yields in time and character
offer “crop insurance” (rarely will the whole system



32 PART ONE: VISION

fail even if one crop does). They also offer a steadier
supply of food and other products throughout the
year. Most importantly, diverse crops can result in
higher net yields from the agricultural system. This
is called additive yielding or overyielding.

The “three sisters” system used by the Iroquois
exemplifies additive yielding. Professor Jane Mt.
Pleasant of Cornell University studied these polycul-
tures of corn, pole beans, and squash. She found that
three-sisters plots grown in the Iroquois way yielded
about 25 to 40 bushels of corn per acre (360 to 570
I/ha). This compares poorly to the 100-bushels-per-
acre (1,400 Vha) average for modern New York State
farmers. Then she added the value of the beans and
squash from the same plots. The total yield of the
three-sisters system was 4.02 million calories per
acre (9.93 million calories/ha), compared to mono-
culture corn’s yield of 3.44 million calories per acre
(8.50 million calories/ha). That’s 17 percent higher,
and a more balanced diet, we might add! In addition,
the three-sisters crop had multiple benefits. The
beans fixed atmospheric nitrogen to help feed the
corn, or at least to reduce their competition with it.
The squash, with its broad leaves, acted as a weed-
limiting, soil- and water-conserving cover crop
between the cornstalks. In a 1993 study, Mt.
Pleasant adapted the three-sisters system to modern
equipment. She found that per-acre corn yields were
the same as yields of monoculture-cropped corn on
the same soils, so there is a possibility of even greater
additive yielding with current technology.?

The trick in creating additive yielding is finding
plants that can live together without competing or
that actually cooperate with each other. Competition
lowers the yield of the system, while cooperation can
result in additive yields like those we seek in our
forest gardens. We will discuss cooperation and
competition more fully in chapter 4.

The inherent advantages of natural ecosystems
and forests in particular are clear: they generate
emergent properties including resilience, diversity,
interdependence, nutrient conservation, low mainte-
nance, and lack of pollution. The productivity of

temperate forest ecosystems, on the whole, cannot be
discounted. All we have to do is find ways of using
enough of the energy forests capture to make the
effort worth our while without losing the ecosystem
advantages outlined by the continuum concept. The
key to maintaining the ecosystem advantages is to
mimic the structure of forests. The key to making
the natural productivity of forests available to us is to
find a diversity of yields, including the cutting of
labor and other costs, from the ecosystem. These two
goals are mutually compatible and reinforcing.

THE LIMITATIONS OF
FOREST MIMICS

The biggest limitation to forest gardening at this
time is the relative lack of sufficient field trials
demonstrating how to make it reach its full poten-
tial in different regions. The existing demonstra-
tions show that forest gardens can work, and that
they can probably work better than anyone has yet
achieved. Hence, this book focuses on offering
theory to back up and guide your practice. We hope
you will join us in exploring and sharing what we
learn with other practitioners.

Also, as stated earlier, we should not consider
replacing natural forests with forest mimics. We
need natural forests to help fill the gaps in our
designs, to supply species, and to act as our models.
We need them to express their own intrinsic value
and purpose in a way we can never mimic Or
replace. To think we can supplant natural forests
with artificial ones is a recipe for disaster—both for
us and for all the other species that live in the
forest. How we interact responsibly with natural
forests to maintain, restore, and enhance them is a
topic for discussion elsewhere.

Finally, we do not expect forest gardening to
replace regular gardening or the foods we know and
love. Just how far we can take forest gardening in
supplying food for ourselves is not yet determined.
Many of the foods we eat and enjoy come from sun-



loving plants not bred to produce well in semi-shady
or shady environments. Even the Native Americans
grew annual crops in concert with their agroforestry
systems. Forest gardening is another option for
growing food and other products for human use. It is
an option that can teach us things that may change
the way we garden, the way we live, and the way we
view ourselves in relation to our world. It’s fun, too!
Rediscovering and “improving” the plants that thrive
in such environments remains one of our major tasks.
There is also something oxymoronic about the
notion of forest gardens. We all know intuitively that
a forest covers a large area. Contrast this with the
word garden. It connotes something small—smaller
than a farm even, which is usually still smaller than
a forest, at least in New England. Whether or not
the million-acre figure is truly the minimum viable
size for a healthy forest, certainly
the minimum viable size of

a forest is much larger
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than anything we would call a garden. Even large
forest gardens will be too small to support healthy,
genetically stable, reproducing populations of many
plants and animals as a true forest should. Our gar-
dens will rely on us, and on nearby natural areas, for
some of those functions. Also, forest gardens will
tend to have a lot more “edge” than will a healthy,
mature forest, with little or no true interior habitat.
Neither of these things is necessarily bad. In fact, the
increased light from the edges should help increase
the productivity of the forest garden (see chapter 3
for more on the “edge effect”).

This brings us to another oxymoron about forest
gardens. It turns out that the successional stage with
the highest NPP is not the forest. The most produc-
tive stage is intermediate succession, before the tree
canopy totally closes in, when trees, shrubs, herbs,
and vines all live together (we'll discuss this further
in chapter 6; see figure 2.3). If you want to design
your forest garden for highest yield, technically
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Ficure 2.3. Midsuccession enwronments—from oldfield mosaics such as this through stages dominated by sun-loving pioneer

trees—have higher net primary productivity than mature forests. Luckily, most of our developed woody crops, including apples,

pears, peaches, apricots, cherries, persimmons, raspberries, hazelnuts, walnuts, and so on, are adapted to such habitats,
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speaking, you will likely design and manage to
maintain a preforest stage of succession. You can still
create a “foresty” forest garden if you want. That
might be beneficial for some crops, such as nut
trees. But if what we design and plant isn't even
going to be a forest, then why call it a forest garden?

Again, we are using the forest as a metaphor and a
model. We intend to mimic natural plant communi-
ties in our agriculture. Forest gardens are most appro-
priate in regions where forests naturally grow. Some
forest gardens will be in the forest. Some will not.
Some will look like forests, some will look like shrub
and small tree communities, and others will look like
gardens. Some will be big; some will be small. What
will tie them all together is the principles that

underlie their design and management. They will
embody the structure and function of forests at one
stage of succession or another, and they should
exhibit those qualities discussed in the Nature-
Agriculture Continuum section: resilience, diversity,
functional interconnection, self-maintenance, self-
renewing fertility, solar economics, and food produc-
tion. How might all this look in practical terms?

SPANNING THE GAMUT:
IMAGES OF FOREST GARDENS

Forest gardens can come in a multitude of sizes,
shapes, and habitats, from rural to urban, from open

FIGURE 2.4. An existing forest interior such as this has decent forest gardening potential. One should proceed carefully, however.

We suggest using only native species if possible, especially if no opportunist plants are already in evidence. Also check out the uses

and functions of all the existing species before you thin or clear, and watch for rare or endangered species.
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shrubland or woodland to dense forest. Let’s explore
some of the possible permutations so you can have
some pictures in your mind’s eye as you learn the
ecology that lies behind all of them. We intend what
follows to be suggestive rather than prescriptive or
comprehensive. Chapter 2 in volume 2 offers many
more patterns and images for your forest garden.

ForesT GAarRDENS IN THE WoODS

If you already have woodland on your property
(figure 2.4), you should first carefully inventory it.
Then you can respectfully add to and subtract from
the existing plant community to make your forest
garden. If you choose minimal change in the

existing woods, the main task might be the under-

planting of perennial vegetables and medicinals
such as edible violets (Viola spp.), ginseng (Panax
quinquefolia), ramps (Allium tricoccum), giant chick-
weed (Stellaria pubera), and the like. Going a little
further, you could thin the existing woods of under-
story plants that are less useful and add useful
shrubs and shade-tolerant trees (figure 2.5), as well
as woodland perennials. You could also create
canopy openings and plant a successional sequence
that will refill the gaps with useful species from the
bottom up (figure 2.6). Such planting schemes can
vary from wild, essentially unmanaged plantings, to
semiwild, partially managed plantings, to highly
maintained gardens-in-the-woods. It all depends
on your goals, site preparation, species selection,

FiGURE 2.5. You can create a forest garden in existing woods by selectively thinning the current vegetation, then planting useful
and functional woody and herbaceous understory plants. These could include edibles such as ostrich fern (Matteuccia
struthiopteris), ramps (Allium tricoccum), and giant Solomon'’s seal (Polygonatum biflorum var. commutatum) or medicinals like gin-
seng (Panax quinguefolia). Woody plants that fruit at least a little in partial shade are currants (Ribes spp.), pawpaw (Asimina
triloba), redbud (Cercis canadensis), and Oregon grape (Makonia aguifolium).
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F1GURE 2.6. A forest gap garden is another option in existing woods. Here, you cut a gap or clearing in the forest and replant with

a range of plants, including species you hope will grow into the canopy such as northern pecan (hardy selections of Carya illi-
notnensis), persimmon (Diospyros virginiana), or mulberry (Morus spp.). The understory plantings can be sun-loving or partial-

shade-tolerant species grown until the shade gets too deep or shade-tolerant edibles planted for the long haul.

and existing vegetation. An understanding of gap
dynamics in mature forest succession will help you
manage some such systems (see “Gap Dynamics” in
chapter 6). In such cases, we strongly urge using
primarily, if not only, native species to support and
restore native ecosystem integrity—if natives will
meet your design goals. See the discussion of
natives and exotics in feature article 3 (page 156)
for more information.

Woobn’s-EpGE ForesT GARDENS

An abrupt line usually marks the edge between
forest and field in cultivated landscapes (figure 2.7).
In this case, woods with tall trees stop right at the

edge of a mown or cultivated area, with little or no
transitional vegetation. In most natural landscapes,
broad transition areas typify the edges between dras-
tically different habitats such as field and forest.
These “edge zones” usually contain myriad micro-
climates in a small space, which creates highly pro-
ductive and highly diverse ecosystems. We can use
such edges to advantage by planting both in the
woods and in the field to create broad areas of tran-
sition with diverse useful species (figure 2.8).

“INSTANT SuccessioN” FOrREST (GARDENS

When presented with an open field or lawn in
which to plant your edible forest garden, you can
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F1cure 2.7. The wood’s edges typical of our cultivated envi-

ronment are abrupt, dropping from forest canopy straight to
Fe pasture, meadow, or lawn. This provides little opportunity for
diversity and productivity. ’

-
e v e
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Ficure 2.8. Creating a wood’s-edge forest garden blends the
woods with the grassland, offering habitat for small trees,
shrubs of various sizes, and herbs adapted to both shade and
sun. Such edges are more interesting, productive, and beau-
tiful than abrupt wood’s edges.

Fruit tree
or dwarf nut

SN AN Lﬁ%}

Planted shade-tolerant —— Sheet mulch
woodland herbs Sun-loving trees, tall shrubs artichokes

Partial-shade-tolerant herbs, small shrubs Full-sun fruits, nuts, herbs
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design the garden as an “instant succession.”” In an
instant succession, you plant all the species for each
stage of the garden’s successional development—
from perennial herbs, to shrubs and herbs, to young
trees, to “climax forest”—all at once. You then let
the forest garden grow on its own, Wwith a little
guidance here and there to keep it headed in the
right direction. Of course, to get the spacing right
you must design backward in time step-by-step
toward the present from the climax stage, or what
we call the “successional horizon.” You can then fit
all the shorter-lived, sun-loving plants for the ear-
lier stages around the longer-lived plants for the
later stages as shown in figures 2.9 through 2.12.

Such-a dense planting should need minimal main-
tenance for many years. Just make sure you plant
enough groundcovers and sun-loving plants.for the
first years and put all the plants, especially longer-
lived ones, at reasonable spacings.

Instant successions require a large initial invest-
ment of time, money, and information. They also
need a lot more hands-on research to determine
how they work best, but they are fun and inter-
esting, too. If you have a large space to convert to
forest garden, then you must be ambitious to under-
take this all-at-once strategy. See “Microforest
Gardens and Nuclei That Merge” on page 42 for a
different way to fill a large space with forest garden.
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FIGURE 2.9. An open field or lawn is the perfect site for an
instant succession. This large site slopes from north to south
and.is exposed to the north and west. A neighbor’s fence and
hedge bound the northeastern edge.
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Slope down

Open fields

Apricot
Asian pear
Blackberry
Chinese chestnut
Dwarf bush cherry
False indigo
Hazelnut
Jostaberry
Korean nut pine
10 Kaki persimmon
Frcurk 2.10. To design an instant succession you must begin 11 Northern bayberry

at the end: the “horizon habitat.” This helps you place the g g::z;ersey tea

future canopy trees with proper spacing and end up with the 14 Pea shrub

50 100 feet *

WoOoONOU b WwWwN =

habitat conditions you want. This plan expresses what you 15 Raspberry
16 Red mulberry

might expect in twenty-five years or more. The layout of a 17 Ssemidwarf apple

series of runoff infiltration swales, a windbreak of Korean nut 18 Semidwarf European pear
. . . 19 Smooth alder

pines, and the spacing of the main trees are the key factors 20 Swiss stone pine

determining the planting pattern. The smaller trees between

the crop trees are nitrogen-fixing species.
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Property line

North

Slope down

1 Asian pear
2 Blackberry
3 Chinese chestnut
4 Dwarf bush cherry
5 Dwarf apple
6 Dwarf apricot
7 Dwarf peach
8 Dwarf pear
9 False indigo
10 Hazelnut
11 Jostaberry
12 Korean nut pine
0 10 20 30 50 100 feet 13 Kaki persimmon
14 Northern bayberry
15 New Jersey tea
16 Pea shrub
\ 17 Red mulberry
18 Raspberry
19 Semidwarf European pear
. . . 20 Smooth alder
F1GURE 2.11. After designing the horizon hab1tat‘, work back- 21 Swiss stone pine
ward in time step-by-step toward the present. This plan shows
the forest garden at about fifteen years, with midsuccession
well underway. Short-lived and easily transplanted species
grow between the enlarging future canopy in spaces previously
planted in cover crops. The planting includes nitrogen-fixers
for soil improvement as well as intermediate-stage crops. The
Korean nut pines are beginning to shade out the faster-

growing soil-improving alder windbreak that served initially.
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Mulched
1 Asian pear 12 Korean nut pine
2 Blackberry 13 Kaki persimmon
3 Chinese chestnut 14 Lowbush blueberry
4 Dwarf bush cherry 15 Northern bayberry
5 Dwarf apple 16 New Jersey tea
6 Dwarf apricot 17 Pea shrub
7 Dwarf peach 18 Red mulberry
8 Dwarf pear 19 Raspberry
9 False indigo 20 Semidwarf European pear
10 Hazelnut 21 Smooth alder
100 feet 11 Jostaberry 22 Swiss stone pine
‘ Rotating Permanent  Young trees,
cover cover crops, mulched and
crops wildflowers with flowers
Ficure 2.12. The last stage of instant succession design shows l l
all the trees planted for the mid- and late-succession habitats,
as well as the crops and soil~-improving species for early suc- v
cession. Herbaceous species function initially as permanent &
cover on swales as well as cover crops in tillable areas for soil Swale
improvement. As tree roots grow the tilled area will shrink and /
permanent cover will spread. As main trees grow, shorter-
Rotating

lived crops can be transplanted into cover-cropped soils far- cover crops

ther away or sirnply allowed to fade as conditions change. {tilled)
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ReLay PLANTINGS

Another option for establishing your forest garden
is to plant sun-loving, early-succession species at
first, and then let them grow and mature. As con-
ditions change, you can plant more shade- and
stress-tolerant species in the garden or replace
functional, fertility-building plants with more
useful crops. We call this style of succession relay
planting because it is like a relay race, with the first
set of plants “passing the baton” to the next set as
the site becomes shadier or more fertile. This
method is especially useful when the site has been
highly disturbed by heavy equipment-or otherwise
approximates “primary succession’ conditions (see
chapter 6). In this case, the land needs much tender
loving care to be at its most productive, and condi-
tions must change drastically before some forest
garden species will grow well.

SusureaN LanpscarE Mimics

Urban and suburban dwellers with aesthetic con-
cerns can still create a forest garden, even in their
front yards (figure 2.13). In this situation, the aes-
thetic goals will influence the garden design more
than in other circumstances, so make your plant
selections with this criterion in mind. Many edible
and otherwise useful plants are quite beautiful. The
forest garden can fit into a range of aesthetic styles
from formal to informal, and edible plants can
work as screening or ground covers and can fit into
a variety of color and texture schemes.

MicrorOREST GARDENS AND
Nucrel THAaAT MERGE

If you have a tiny urban yard, or even a rooftop, you
can still plant a forest garden. It might stretch the
word forest to the breaking point, but you can apply
the same design principles to a small space. You can
use as few as two or three semidwarf trees and asso-
ciated plants that fill a 30-foot (9 m) circle (figure
2.14). You could make such a minigarden almost
any shape.

For larger spaces, you can use a pattern such as
that in figure 2.14 to create forest garden nuclei
that quickly achieve self-maintenance. Then you
can grow them outward by propagating and
dividing plants so they eventually merge (figure
2.15). You can propagate many forest garden plants
by layering. This entails burying branches of the
plant so that the middle of the branch is below-
ground and the end sticks out of the soil while the
base is still attached to the mother plant.
Eventually the belowground section of the branch
will grow roots. You can then cut off the new plant
and move it elsewhere, or leave it there to expand
your planting. Other species spread by under-
ground runners, and you can let this natural process
occur to expand your forest garden nucleus.
Practices like these mimic the overall development
pattern of many plant communities during succes-
sion, and they can be great ways to grow your own
nursery stock. They also reduce up-front labor and
investment compared to instant successions. In
addition, you can adapt your scheme to the realities
of which plants you like and which plants do well

on your particular site as the system grows.

LARGE-ScALE ForEsT GARDEN

We have seen forest gardens ranging from 30 feet
by 50 feet (9 by 15 m) to over 2 acres (0.8 ha). Once
you get over about one-half acre (2,000 sq. m) in
size, broad-scale establishment techniques come in
handy. At the Agroforestry Research Trust in
Devon, England, Martin Crawford has established
a research and demonstration forest garden that
illustrates some of these techniques.

Given that Martin was working all alone on this
large-scale project, he figured it would take him ten
years or so to fully plant the understory. Since he
was going to propagate his own understory planting
stock to save money, what he planted would depend
on what he had available. He also figured that he
would learn more about the best planting combina-
tions for shrubs and herbs as he went through that
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F1GUrE 2.13. Forest gardens can serve perfectly well as ornamental gardens. When it is carefully
designed, you can have your landscape and eat it too. This garden at Copia in Napa, California,
includes a prune plum tree (Prunus domestica), a currant bush (Ribes sp.), borage (Borago officinalis),
bronze fennel (Foeniculum vulgare), perennial kale (Brassica oleracea), and a ground cover of sweet
woodruff (Galium odoratum) with a few coral bells (Heuchera sp.) mixed in. Photo by Jonathon Bates.
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F1cure 2.14. You can apply forest garden concepts at virtually
any scale. A “microforest garden” can be as small as a single
semidwarf fruit tree and its required rooting zone. Here multi-
purpose plants abound in an attempt to meet as many
ecosystem and human needs as possible in a 30-foot (9 m)
circle. The suggested species shown are listed in table 2.1.
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TABLE 2.1. Species list for the microforest garden shown in
figure 2.14. Abbreviations for species shown on the plan appear
in the first column. Abbreviations after the species names
denote ecological functions and human uses as follows:
APC=aromatic pest confuser; CUL=culinary; DA=dynamic accu-
mulator; EF=edible fruit; EG=edible greens; ER=edible roots;
ES=edible shoots; GC=groundcover; GN=generalist nectary;
IS=invertebrate shelter; MED=medicinal; N2=nitrogen fixer;
SN=specialist nectary; T=tea.

1. Paths, between Stones:
chamomile DA, GC, MED, SN, T
pussytoes GC, SN
thymes CUL, GC, GN, MED, T
white clover DA, GC, GN, IS, N2, T
white tansy yarrow GG, IS, MED, SN

2. Primary Trees and Shrubs:

DBC  dwarf bush cherry (Prunus x jacquemontii Joy, Jan, or Joel} EF

1B jostaberry EF

NJT New Jersey tea GN, N2

PPS  pygmy pea shrub N2

SDP  semidwarf pear, with multiple varieties grafted onto one root-
stock for cross-pollination EF

3. Under Pear Tree:
e Edible Greens Understory:
chickweed DA, EG, GC, GN
miner's lettuce £G, GC
ramps APC, EG, ER, spring ephemeral
sorrels {Oxalis, Oxyria, and Rumex spp.) EG, GC, MED
spring beauty EG, ER, GN, spring ephemeral
strawberry saxifrage EG, GC, SN
violets DA, EG, GC, GN, edible flowers
* Fertility/Insectary Understory:
comfrey, large-flowered DA, GC, GN, IS, MED
Mahala mat GC, GN, N2
mountain avens GC, N2, T
pussytoes GC, SN
white clover DA, GC, GN, IS, N2, T

4. Herbaceous Perennials in Borders:

ASP  asparagus ES, GN, MED

AST  aster, New England IS, SN

CHIC  chicory DA, EG, GN, IS, MED, T

CHIV. chives APC, CUL, DA, EG, ER, GN, MED

DAZ  daisy, English EG, GC, IS, MED, SN

DAN  dandelion, thick-leaved DA, EG, GN, IS, MED, T
GCH  garlic chives APC, CUL, DA, EG, ER, GN, MED
GKH  good King Henry EG, MED

GSS  giant Solomon’s seal EG, ER, MED

LB lemon balm APC,'CUL, DA, GC, GN, MED, T
LOV  lovage CUL, EG, IS, MED, SN

MM musk mallow EG, GN, IS, MED

SCZ  scorzonera EG, ER, IS, SN

SK skirret ER, IS, SN

STR  strawberries DA, EF, GC, GN, MED, T

SWC  sweet cicely CUL, EG, ER, IS, SN, T

5. Runners to Fill In around Herbs:
Any listed under “Edible Green Understory"” or “Paths Between
Stones” above, plus bellflower, Dalmation EG, GC, GN

Rhizomatous
shrubs

\}JZ encouraged

to expand

Herbaceous
perennials

divided and
transplanted

Layered shrubs
transplanted

Layered shrubs
and cuttings

Ground cover
polyculture
"sod” plugs

Scion wood

- 2

1
Divided  Rhizomatous shrubs ~ Ground cover ,uai.q
perennials expand into space polyculture gy

F1GURE 2.15. You can use a pattern such as the microforest
garden in figure 2.14 to develop “nuclei that merge.” Choosing
plants that grow rapidly and divide or otherwise propagate
easily can allow you to get one nucleus established in self-
maintenance mode and then expand to other nuclei with the
extra plants the system produces. This saves money, though it
takes longer to get the whole system established.
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process. Therefore, Martin planned the planting
pattern only for his canopy trees ahead of time.

Martin first planted about 250 trees from about
150 species for the canopy, leaving young trees
standing in a grassy field. Each tree had a mulch
zone of 6 feet by 6 feet (2 m by 2 m) to reduce grass
competition. Then, Martin killed the grass in a strip
along the garden’s edge 8-feet (2.5 m) wide by
mulching for a year with heavy, black, woven poly-
ethylene sheeting. The next year he moved the black
poly to the neighboring 8-foot strip (2.5 m) and laid
down coarse chipped bark mulch 1 inch (3 cm) deep
on the bare area. Afterward, he heavily planted the
killed and mulched zone with vigorous, mostly rhi-
zomatous ground-cover plants (figure 2.16). He
chose these species primarily to fill the ground plane
with vegetation other than grass, but many had
multiple functions. Each year he continued this
process, planting about 6,500 square feet (600 sq.
m) per year. In the meantime, Martin put in his
shrub crops across the 2 acres. He planted these in
clusters under the trees and within the already con-
verted ground layer using the sheet-mulch tech-
nique (see volume 2, chapter 6).

These strategies enabled Martin quickly to con-
vert a large field to forest garden completely by him-
self. The sun-loving and semi-shade-tolerant
herbaceous understory species improve the soil and
attract beneficial insects. These plants also provide
products for consumption, sale, and research pur-
poses. As the trees cast deeper shade, Martin will
convert the ground layer to more shade-tolerant
plants using relay plantings. The result is a large
forest garden with an increasingly diverse, dense
ground layer and growing canopy and shrub layers
over a few short years (figures 2.17 and 2.18).

GOALS OF FOREST GARDENING

The above images of different forest gardens lead us
to ponder the underlying goals forest gardeners
might have in common. Of course, each person will

have different aims for his or her forest garden. At
the same time, we must be clear about the goals
most will share and those that are fundamental to
the forest garden idea. Here are six to keep in mind.

Grow an abundant diversity of tasty, nutritious food
and other useful products. Despite Masanobu
Fukuoka’s assertion that the ultimate goal of
farming is the cultivation of human beings, food
production is the acid test of forest gardening. We
want to maximize the yield for the energy
expended. We want to grow crops diverse in their
time of growth, harvest, and maintenance, diverse in
which spaces they use in the garden, and diverse in
their character. We urge you to design your forest
garden around foods you like, foods that give you
joy and fulfillment and that nurture a healthy body.
However, we also urge you to try new foods.
Expand the range of tastes you find acceptable.
Experiment with ways of cooking and eating plants
that will grow well in your forest garden, but which
you have not yet eaten. Putting too much emphasis
on the new and different can lead to disappoint-
ment, but sticking with the same old stuff will not
move the yardstick ahead as much.

The biggest risk relative to this goal is that we
will throw the baby out with the bathwater. As we
have said, edible forest gardening is a new idea for
modern North America. We have much to learn
and to prove “on the ground,” despite the successes
we have seen. Please learn from our mistakes, and
the mistakes of others, as we present them. That
way, you can make newer and better mistakes while
failing less significantly.

Create a stable, resilient garden ecosystem, driven by solar
energy, that largely maintains and renews itself. The
word stability can have a wide range of meanings in
ecology.* Stability in this case, and throughout this
book, means constancy of function, as well as inertia
and persistence, or in other words, longstanding
functioning and resistance to loss of function. We
want our gardens to produce useful yields over a long
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F1GURE 2.x6. When working on a large scale, special tactics

may be necessary. Martin Crawford planted his 2-acre (0.8 ha)
site in Devon, England, with all his intended trees and shrubs
in one go. He then used black woven polyethylene to kill
8-foot (2.5 m) strips of grass before planting with vigorous
ground covers and soil improvers. In this way he got his trees
going and then methodically planted the ground layer while
propagating the herbaceous materials he needed to save
money. In the background you can see part of the 2-acre field
Martin began converting to forest garden in 1994. The cur-
rent year’s herbaceous plantings are left of the strip mulch,
shown near the end of the growing season. Photo by Dave Jacke.

period, maintain and renew themselves, and meet the
other goals we set for them. Resilience is the ability
of a system under stress to return to its previous state
after the stress is removed.”” So, we would like our
gardens to bounce back in yields and ecosystem func-
tioning if they become stressed. The forest is what
bounces back after we stop stressing the landscape in
most of the humid temperate world. Perennials are
usually more resilient than annuals. Generalists are

F1GURE 2.x7. Stepping back a bit, one can see the far end of
Martin’s forest garden as it looked in 1997. One section of the
garden has already been strip-mulched and planted, and the
black poly is doing its thing on the next section. Pkots by Martin
Crawford.

F1GURE 2.18. The same area of Martin’s garden is transformed

only four years later, in 2001. The trees are growing more rap-
idly now because thie herbaceous plants are improving soil
conditions rapidly, pest problems are minimal, and mainte-
nance has decreased. Photo by Martin Crawford.

more resilient than specialists. Using these compo-
nents helps our gardens achieve resilience.

But what does se/f~maintenance mean? We should
distinguish here between self-maintenance (which
includes self-regulation) and self-management.
Maintenance is the grunt labor of running an
ecosystem: getting nutrients where they’re needed
when they’re needed, supplying water, harvesting
crops, planting plants, and so on. When we propose
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a “largely self-maintaining” ecosystem, we mean
that many or most of these tasks are in the hands of
the system itself. For example, we don’t have to
worry about providing the nutrients and water; the
system does these tasks itself. It’s like teaching your
children to brush their own teeth, comb their own
hair, and tie their own shoes. Clearly, we will need
to harvest the crops, since the system won't do that
for us. We propose a goal of /argely self-maintained
gardens because we feel that goal is achievable.

Self-regulation is somewhat more involved than
self-maintenance. It is akin to our children learning
to regulate their own behavior—not to shout in
quiet restaurants, not to whine, but instead to say
what they need, ask and thank, and eat well. In the
garden, this involves regulating the behavior of pop-
ulations and keeping things in balance: keeping
pests and diseases under control, preventing weeds
from taking over and diminishing community
diversity, and so on. Largely self-regulating forest
gardens are also achievable in this sense. Because
weeding and pest control are typical maintenance
activities in most gardens, we lump them in with
self-maintenance.

Self-management is a completely different ball-
game. Management involves envisioning the future
and marshalling the forces required to get there. In
the forest-gardening context, that means guiding
the succession and evolution of the garden, and per-
haps breeding new plant varieties to enhance system
performance and productivity. This is more like our
children deciding what they want to be when they
grow up, deciding which job to take, choosing
whether to go to college or which college to go to,
and figuring out how to achieve these things. Self-
managing forest gardens are a great ideal. However,
we humans have limited experience with the
dynamics of growing species polycultures that have
yet to be tested, much less invented. Hence, we feel
that self-management is a less realistic goal at this
time, though it is something toward which we
should strive. In the meantime, we’ll stick with rea-
sonable, achievable goals.

The term Jow maintenance is often bandied about
these days in the landscaping field, though often
there are few clear indications of what it means.
Self-maintenance goes beyond low maintenance.
The functional interconnection inherent in forest
gardening means that the garden takes more care of
itself because each garden element provides some
useful function to support the whole system. In the
case of forest gardening, the intent is to reduce the
amount of human labor and energy spent on yearly
soil preparation and fertility maintenance, planting,
thinning, weeding, mowing, and insect and disease
control. This is possible because either the plants
and animals within the garden do not need such
care or other plants or animals supply those needs.
At least, this is the ideal.

Regular forest garden tasks will likely include
cutting back selected plants, encouraging others,
mulching, harvesting, and paying attention.
Supposedly, Robert Hart’s tool kit for managing
his forest garden in England consisted of only five
tools: a wheelbarrow, a bucket for carrying har-
vested produce, a'sickle, a pair of pruning shears,
and a bag of mulch. In addition, depending on the
crops grown, some specialized pest management
may be needed. On a yearly basis, you may need to
prune or cut back one plant or another to keep
things in balance and to do minimal propagating or
planting. At some point, you may decide to become
a force of nature and create gaps in the canopy, fol-
lowed by replanting, to renew or redirect succes-
sional sequences as the forest garden matures.
“Largely self-maintaining” means that there is still
gardener involvement in these tasks, but the pri-
mary roles of humans are as observers, designers,
and guiders of change. However, complete self-
maintenance is likely to remain a holy grail in forest
gardening for the most part. With conscious design
and good management, we can certainly greatly
reduce the amount of work we must do to keep the
system running. Complete elimination of work is
not what we are claiming here!

Self-renewal is a key piece of the self-maintenance
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game. Using perennials starts the process in more
than one way: perennials not only renew themselves
yearly without effort on our part, they also capture
and recycle nutrients leaching from the soil more
effectively than annuals (see chapter 5). Excess veg-
etation is easily cut back and used as fertilizing
mulch. It is simple to propagate many perennials to
increase the garden’s size or fill gaps made by occa-
sional forces of nature, and a good mix of plants is
likely to fill any such gaps by themselves. All of these
characteristics make it much easier to keep a forest
garden from requiring outside inputs of fossil energy
or nutrient sources, except perhaps in the establish-
ment phase. Ongoing care and “coevolution” of the
forest garden is discussed in more detail in chapter 7
of volume 2.

Designing the garden to generate functional
interconnection is a means to the above ends.
Minimizing competition and maximizing coopera-.
tion includes selecting plants that fill particular
niches and functions in the garden and then placing
them appropriately.

Protect and restore ecosystem health. Aldo Leopold
once said that ecosystem health is “the capacity of
the land for self-renewal.”® Edible forest gardens
can protect and restore the health of the ecosystem
in myriad ways. These include:

» stabilizing and increasing habitat for endan-
gered wildlife, beneficial insects, and plants in
urban, suburban, and rural landscapes;

* improving ecosystem processes such as rain-
water infiltration, air and runoft purification,
nutrient conservation, soil conservation and
development, and biomass storage;

+ reducing the impact of landscaping activities by
reducing resource use, reducing toxic chemical
use, and minimizing the abundance of oppor-
tunistic species; and

+ providing locally grown foods, medicines, and
other products that reduce the impact of global
industrial agriculture.

Embody beauty, elegance, and spirit in the landscape.
Some of the most beautiful plant communities on
the earth are mature forests and fields undergoing
succession (oldfields). Robert Hart’s forest garden,
though seemingly disorganized, felt captivating,
mysterious, and larger than it really was. Oldfield
successions express palpable dynamism in slow
motion. The varied, usually colorful vegetation pat-
terns often result in a connected series of outdoor
“rooms” one can explore and inhabit. These aes-
thetic environments differ from what most people
have or want in their front yard. No matter: once
you have tasted the spirit of natural regeneration
embodied in these communities, you will never
forget them. Perhaps you will realize that you
already have a forest garden outside your door. Even
if this kind of beauty does not captivate you, you can
still adapt the forest garden idea to more formal aes-
thetic sensibilities.

Improve economic sustarnability. Growing your own
food and medicinal plants reduces the expense of
buying these items. Forest gardening promises to
lower the cost of gardening over the long run, so
that the cost of homegrown food should be lower.
Forest gardening usually requires a large initial
investment of time and materials, depending on
how you start your garden, and this can cost
money. Once a garden is established, however, the
expenses should drop substantially. Better nutri-
tion, moderate exercise, and the garden atmos-
phere of beauty and ease will promote better
health. You can also design forest gardens con-
ducive to creating viable small businesses that can
help improve the family bottom line.

Cultivate a new paradigm for human participation in
the ecology of cultural and natural landscapes. Last, but
certainly not least, we come to Fukuoka’s ideal: the
cultivation and perfection of human beings. Since
the way we garden manifests our worldview, it
stands to reason that gardening in a new way will
reflect and stimulate changes in that worldview. Are
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humans separate from or part of nature? How can
or should we interact with our environment to meet
our needs and respect the integrity and inherent
value of our planet-mates? How do we cooperate?
What is our role in the ecosystem? What is sacred,
and what is not? How do we embody that sacred-
ness in our everyday interactions with the world?
All of these questions, and more, have bearing on
our relationship to the edible forest garden. The
edible forest garden also has things to say about
each of these questions, if we will only look, listen,
think, feel, and heed the signs.

REVISION—THE GARDEN OF EDEN?

That last forest gardening goal urges us to step back
and look at the bigger picture. How might forest
gardening help us reenvision and revise our world,
our worldview, and our sense of ourselves?

SusurBAN ForesT EcoLocy oF THE FUTURE

Imagine that you live in a typical suburb in the late
twenty-first century. You and your neighbors all
across town have turned your back, front, or side
yards into forest gardens of various sorts. Fruits and
nuts swell on trees everywhere. Berry bushes lean
over fences. You can walk down the sidewalk and
nibble along the way. Various green, red, blue,
brown, and multicolored foods grow along your
path—you even know all their names and how to
use them. Flowers bloom all over the place. The
scent-filled air buzzes with insects on their
appointed rounds. The whole landscape has trans-
formed into an edible paradise. Some of the earliest
forest gardens have now been growing for over fifty
years, and those who study them are learning much
about designed ecosystems and their development.

Some people created low-key, low-effort, but still
productive and beautiful forest gardens. Most of
these provide diverse yields, in terms of kinds of
products, when the products are harvested, and
what part of the forest garden they come from.

However, different gardeners focus on different
purposes. One focuses on berry production,
another on different kinds of nuts. Others prefer
perennial vegetables and shade-tolerant medicinal
plants. Many like their regular “graze through the
garden” evening walk after work. For everyone,
though, it’s about living in a place of beauty and
reconnecting with nature and with their true self.
Other people intensively design and manage their
gardens. They gain higher yields of food, herbal
medicinals, and other products. Some useful plant
or another fills every niche in these gardens: These
gardeners spend much of their time harvesting, pro-
cessing, and giving away or selling the products of
their labors, not weeding and planting. In some
cases, different people manage and use the same
garden for different purposes: one for food, one for
bees and honey, one for medicinal plants, one for
dye plants. Some of these forest gardens approach
farm scale as they grow and link with other gardens.
New cottage industries have sprung up based on
cooperative small-scale production, processing, and
marketing using locally grown products. However,
the links being built go well beyond economic ties.
As more people put in forest gardens, restored
useful and ecologically appropriate species to their
yards, -and made the soil healthier, a number of
interesting things happened ecologically. First,
more birds began reinhabiting the human-made
landscape, as did more insect life. As ecosystem
balance began to reemerge with our help, the
amphibians and reptiles came back too. Then
people noticed they had fewer pest imbalances in
their landscapes, and pesticides became even less
necessary than they were before. As the soils
improved, the plants got healthier, and less runoff
flowed into street sewers. People needed less fertil-
izer and irrigation as time went on. The health of
the streams, lakes, ponds, and rivers improved as
fewer nutrients washed into them from what had
previously been mostly compacted lawns receiving
strong doses of fertilizer. The fishing got better.
Previously isolated forest fragments linked to
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each other as home gardens came into ecological
balance and spread through town. People’s yards
became pathways for plants and animals to interact
across neighborhoods that had previously blocked
them. Sometimes this was “good,” and sometimes it
was “bad,” but most folks understood that it meant
the web of life was reweaving itself.

Eventually, people around the country grasped the
forest garden idea. Edible forest gardens sprang up in
urban, suburban, and rural areas. Experimentation by
the interested public increased. Research by govern-
ment agencies and universities began—after some
commotion. This resulted in the development of new
plant varieties for perennial polycultures throughout
all the climate and soil regimes of North America.
Our human habitat started looking, feeling, and
acting more like a natural ecosystem. Agriculture as
we knew it was transformed. So were the suburban,
urban, and rural places where we lived, and the way
we saw ourselves in the context of the natural world.
As the forests, meadows, and waterways of the world
became more diverse, healthier, and more alive, we
felt healthier, more alive, more connected, and less
alone than we had for generations. Things were
better in the world since forest gardening came to
North America at the end of the twentieth century!

It’s a nice vision, isn’t 1t? :

Ecorocicar RESTORATION,
Ecorocicar REFORMATION

To many, the scenario envisioned above may
appear far-fetched, idealistic, or so close to the
mythical Garden of Eden as to seem bogus. Let’s
talk about that.

The role that edible forest gardening can play in
restoring the ecology of our cultural landscape is
large. This arises not only from the potential for
low-maintenance productive food systems in
people’s yards and public spaces and from the wide
variety of forest gardens we can create. This pow-
erful role exists because of the interconnections we
can create throughout our neighborhoods and
towns on an ecosystem scale, and because of the

changes of hearts and minds necessary for edible
forest gardeners to succeed.

Bill Mollison, cofounder of permaculture, has
said that the suburbs represent one of the best
opportunities for sustainable design and living.
There are more people with a little bit of land in
these habitats than in any other. In the cities,
people have far fewer opportunities to connect with
any semblance of the natural world, much less to be
self-supporting in any major way. Rural areas have
too few people for high productivity without
machinery driven by fossil fuels. We can, however,
reunite the shreds of ecological fabric that still exist
in the suburbs. We can restore and link natural
areas, though humans will manage many, as in pre-
colonial times. More importantly, we can turn the
cultural landscape of our communities into an
ecosystem that works by designing, planting, and
tending our yards in accord with nature’s way, over-
laying our purposes onto the landscape appropri-
ately. Creating edible and otherwise useful forests,
savannas, meadows, thickets, and wetlands in our
yards can do this. It can also recreate strands that
will help weave the remaining forest fragments
back into a more healthy and stable ecosystem.
With thoughtful action on the part of thousands, if
not millions, this is completely achievable. That’s
the ecological restoration part. But this can happen
only with a deep and ongoing change in the hearts
and minds of those who are responsible for the
world we have created and can create—and that’s
all of us. This change of heart is the ecological ref-
ormation of which we speak.

Gardening writer Janet Marinelli explores what
she calls “gardening in the age of extinction” in her
book Stalking the Wild Amaranth. After reviewing
the history and philosophies of garden styles from
Greece to the present day and discussing the eco-
logical realities we humans face in the coming
years, she writes:

What is the place of landscape design in such a
world? As William Howard Adams points out in
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Nature Perfected, the presence of massive overpop-
ulation and monstrous cities has raised critical
questions about the form, the function, and even
the very survival of gardens. “Concocting bogus
images of lost paradise,” in his view, “only exposes
our impoverishment.” It seems that we are being
forced back to something akin to the “walled gar-
dens of some barbarous medieval town,” he writes,
“but without any of the metaphysics to transform
our isolation into a civilized, revitalizing environ-
ment.” Is there any way out of this horticultural—
and metaphysical—abyss?"’

First, there is nothing wrong with exposing our
impoverishment. Indeed, such is the first step of any
healing or transformational process, as difficult or
painful as it might be. The way we think, eat, live,
and garden has contributed to this impoverishment.
Take it in and own it: we are all responsible for this.

Second, there is at least one way out of the abyss:
the metaphysics are out there in the Garden itself.
Adam and Eve left the Garden of Eden after eating
the fruit from the Tree of Knowledge, when they
became self-conscious and realized a sense of sepa-
rateness between themselves and God or Nature.
The history of Western civilization is the story of
our increasing knowledge, and our application of
that knowledge to meet the needs originally met
with ease in the Garden of Eden. Meanwhile the
natural world became “other,” objectified, simply a
means to an end, a tool or resource for us to meet
our goals, an object with no intrinsic value of its
own. We now find our knowledge leading us back
to an understanding of unity, and of sacredness.

The boundaries we saw between our world and
ourselves are breaking down. Physics shows us that
what we thought were particles are also waves, and
that the act of observing something changes the
observed. Physicists don’t mention that it changes
the observer, too! Ecology shows us that our lim-
iting and false beliefs that we are separate from
“nature,” and that it is possible to study “pristine”
ecosystems in their “natural state,” threaten our

own survival and that of many other species. We
cannot go back to the boundaryless, unself-con-
scious union of children, to the Garden of Eden we
imagined, and possibly experienced, before. Now is
the time for us to create the kind of partnership
with the natural world that only mature adults can
create, based on self-knowledge, humility, and
respect. We humans are both particles and waves.
We are separate individuals and we are interacting
and interdependent with all of creation at many
levels. We have creative power, but not creative
dominion. We can take, but we must also give. We
cannot go back to the primeval forest we have
destroyed, but we can recreate the primal forest, at
least metaphorically, in the here and now. We can
create a new Garden of Eden, but we can’t do it
alone. We need nature’s help, and she needs ours.

This metaphysics involves envisioning ourselves
as part of the natural world and acting in accord
with that vision, not in the same way as the native
peoples of this continent did before us, but as par-
ticipants in ways appropriate for our time in history,
for our culture, for the ecosystems that exist now.
Now is the time to restore ourselves to the
ecosystem, and thereby to restore the ecosystem
itself. To do that we must reform ourselves: reform
our sense of who we are, of what is right and wrong,
of how the world works, and how we operate within
it socially, economically, ecologically, and spiritually.
This radical undercurrent flows through this whole
book and the whole edible forest garden idea. Since
the word radical literally means “of, relating to, or
proceeding from a root,” it is an appropriate word to
use. Let’s get to the root of the issue, or the “weed”
will still come up.

So, the edible forest garden requires us to be
open. To listen and look. To hone our skills of
observation and discernment. To use these skills
before we intervene in our gardens, and in our
world. To act with respect, humility, and as much
wisdom as we can muster. To expand our sense of
where our gardens begin and end to include the
neighbor’s yard, the town, the region, and the



Visions of Paradise . 53

planet, with all of the inhabitants therein. We must
challenge our assumptions and sacred cows. We
must be committed to truth. And we must spend
time in our hammocks, hanging out in the Garden.

Edible forest gardening requires us to learn
ecology, not just theoretically, but with our bodies
outside in the field. What principles guide the
behavior and design of natural ecosystems? Only by
understanding these can we consciously design
edible forest gardens that mimic how nature works.
Then we must coevolve with these systems. In that

process we learn and change. We embody these
principles in ourselves; they become part of us.
How can we not change the way we think and live
as a.result?

As we discuss the principles of ecology and
design in the chapters that follow, please also read
the subtext: the implications these principles have
for the reformation of our society. For we must not
only place all of ourselves back into the Garden,
and our gardens back into nature, we must also wel-
come nature back into ourselves.

We see things not as they are. We see things as we are.

—THE TaLMuD

As far as possible, men are to be taught to become wise not only by

books, but by the heavens, the earth, oaks and beeches.

—ComeNtus, Great Didactics, 1632



Case Study 1

Charlie’s Garden

Size: 0.1 acre (50 ft by oo ft; 15 m-by 27 m) * Location: Greensboro, NC, USA ¢ Designed 1993,
planted 1904 to 2002 ¢+ USDA Hardiness Zone: 8 + Latitude: 36° N + Growing Season: 200 days

Domestic gardens as we have known them through the centuries

were valued mostly for their habitableness and privacy, two qualities

that are conspicuously absent in contemporary gardens. . .

. The

house-gardens of antiquity furnish us, even in their fragmentary and

dilapidated state, perfect examples of how a diminutive and appar-

ently negligible quantity of land can, with some ingenuity, be trans-

formed into an oasis of delight. .

—BEerRNARD Ruporsky, “The Conditioned Outdoor Room”

When we design forest gardens as outdoor living
rooms (pattern #6, in volume 2, chapter 2), they
become spaces that live, because we live in them.
Charlie Headington’s garden in urban Greensboro,
North Carolina, exemplifies this principle. Charlie’s
ingenuity transformed this small bit of land into an
“oasis of delight,” complete with habitableness and
privacy. The integration of forest gardening with
landscape design demonstrates that good guiding
principles, native talent, keen observation, and intu-
ition can create a highly productive, functional, very
low-maintenance and beautiful garden. With a little
more information and a few more plants, Charlie’s
garden can become even more rich and productive.

CHARLIE’S GOALS

Charlie has a hard time articulating exactly what he
was after when he started his garden, beyond gen-
eral statements. He had little gardening experience
then. Having taken a permaculture course, he
mainly planned to use the design principles and
ideas he had learned. He had also read The Integral
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Urban House and wanted to make something sim-
ilar: a huge garden with water catchment, using
many perennials to make life easier. His satisfaction
with his garden-indicates that he likes annual crops
as well as perennials, that he prefers fruits to nuts,
and that he was loathe to cut major trees already on
the property. Low maintenance was an ideal, but he
was unsure how far he could push that.

Charlie started his garden in 1990 on the fly: he
designed minimally, if at all, before creating it
(don’t try this at home!). He admits he knew little
when he started. “As it evolved,” he says, “I realized
in the midst of it what I-was doing, how the parts
nest inside each other in organized systems. I
understand the whole better after doing my own
garden.” Now he designs before creating gardens
for other people, using the understanding he gained
from his own place.

"GARDEN DESCRIPTION

Charlie is a supportive man with a relaxed manner
and a ready smile, open yet slightly reserved,
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charming and unpretentious. The gardens have a
similar feel, but they obviously make a splash in the
neighborhood just for being what they are.
Informality rules and plants are almost everywhere,
though there is order inherent in the lushness. On
the surface, this garden looks almost as full as
Robert’ Hart’s. Looking deeper, however, shows
that though Charlie may have planted more
densely than we now recommend, Charlie has in
no way gone to Robert’s extremes.

Charlie’s house squeezes onto its small 50~ by
180-foot (15 by 55 m) lot without much room to
spare, except in back. You can't miss it once on the
right street—it’s the only one with a rmeadow
between the street and the sidewalk rather than the
customary lawn. The house sits at the east end of
the lot near the street. The south lot line splits the
driveway shared by Charlie’s family and their
neighbors. The north lot line brings the neighbor’s
shady lawn within a few feet of the living room
windows. This leaves about half the lot for garden
west of the house, in the back. We focused our
mapping and will focus this discussion on the back-
yard, but the whole place is so nice we have to say
a few things about the front and the south.

A colorful meadow, interrupted by sidewalk,
sweeps up from the street into the modest east-
facing front yard (figure C1.1). There, densely
packed small trees and shrubs, flowering away, offer
privacy with a view and a modicum of scented
shade to the front porch. The sweeping line started
by the plants continues up the porch roof to the top
of the house, visually melding house with earth.
Since it 1s all within 30 feet (9 m) of the road, there
is not much edible on this side of the house, but it

_sure feels comfortable and welcoming.

The house’s high south wall used to drop abruptly

down to the shared driveway, with little privacy and

only 4 to 5 feet (1.2 to 1.5 m) between the wall and

the pavement. The resulting heat made the rooms
on this side intolerable for much of the year. Now, a
bamboo-and-nylon-mesh trellis leaning against the
wall up to the tops of the second-story windows

Ficure Cr.x. The suburban forest ecology of the future—now.
Charlie Headington’s forest garden begins in front with a
meadow between the street and the house. Photo by Dave Jacke.

supports deciduous vines for summer shade and
winter sun (originally they were hardy passion-
flowers and annuals, but now they are muscadine
grapes; see figure C1.2). Three 15-foot (5 m)
columnar semidwarf pear trees (varieties “Warren’
and ‘Magness’) shade the house wall east of the
trellis. These fit the space well, pollinate each other,
and taste delicious. Window boxes on the house
further increase the growing area and drape the
walls with more vegetation.

Ficure Cr.2. The 4-foot-wide (1.2 m), sunny, hot, south-
facing driveway and house wall prove that forest gardening is

viable virtually anywhere. Narrow, columnar pears and herba-
ceous vines on the trellis provide food and beauty as well as
welcome relief from the heat. The roof runoff collection tanks
provide automatic trickle irrigation to the toasty soil through
soaker hoses. Note the bamboo fence at left. It continues west
to screen the driveway from the gardens and supports
espaliered apples, t00. Phoro by Eric Toensmeier.
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Most of the gutters slope toward the south side
of the house. Charlie hooked the downspouts to
stacked 55-gallon (210 1) plastic drums to catch the
runoff. Attached soaker hoses allow rain to fill the
drums and then slowly trickle into the soil next to
the sun-baked drive. “These work great for mini-
mizing my watering,” he says. “They really help the
plants thrive.” All this has made the south wall
much shadier and more tolerable in the hot sum-
mers, as well as more private and productive of
food. This shows that you can forest-garden virtu-
ally anywhere, even in a 4- by 25-foot (1.2 by 7.5 m)
space between a house and a driveway.

In back, trellises, fences, and pergolas carry the
house into the garden and the garden onto, into, and
almost over the house, until the building seems vir-
tually alive. This is the heart of the forest garden, and
in some ways the heart of the whole living space (see
figure C1.3). The land slopes up from the house to
the west, gently at first, then more steeply before
flattening by the western fence line. Charlie terraced

PART ONE: VISION

the steeper portion of the slope so he could place his
main annual garden where the steepest slope used to
be. The terrace divides the space into upper and
lower gardens, with the terrace wall and the area just
below it forming a central, more functional space.
Large ash, elm, and red maple trees along the north
boundary cast significant shade there. These trees,
the house, the western fence, and the garage and
driveway frame the back yard. They define an
east—west oriented, moderately sloping, 50- by 90-
foot (15 by 27 m) yard with large sunny areas in the
upper and lower gardens and deep shade along the
north edge. A small redbud tree in the center of the
space by the garage provides some shade in the cen-
tral portion of the garden, as well.

Tue Lower GARDEN

The lower garden contains several different micro-
climates, from sun to shade, and performs a
number of social, horticultural, and practical func-
tions. The main path between the kitchen porch
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Ficure Cr3. Site plan of Charlie’s backyard in Greensboro, North Carolina.
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F16URE Cr.4. This bamboo arbor frames the main path from car

to kitchen door and divides the lower garden into sunny beds (at
right) and shady patches (at left). Though not a living structure,
it represents another example of using vertical space—definitely
a forest gardening principle. Photo by Dave Jacke.

Ficure Crs. One of the sunny annual beds (at left) in
Charlie’s forest garden lies adjacent to the bamboo arbor in
figure C1.4. The path here is another way you can get from the
car to the kitchen door, picking salad greens on. the way. On
the right herbs and flowers grow under small plum and per-
simmon trees that make the space feel more like a midsucces-
sion environment than an annual garden. Barely visible in the
shade in back is a table and chairs under a bamboo grape
trellis. Photo by Dave Jacke.

and the garage and parking area diagonally divides
the space into shady northern areas and sunny
southern areas and provides a direct link from the
kitchen to the central and upper gardens. The path
passes a large garden pond and under a pergola on
its way (figure C1.4). Against the house, a pergola-
covered patio offers a table and chairs so you can sit
in the shade sipping a fruit smoothie while
enjoying the garden with friends. Grapes growing
on the pergola enhance the Eden-like atmosphere.
A woven bamboo fence defines the edge between
the sunny lower garden area and the driveway. This
fence supports dwarf apple trees grown as cor-
dons—tied at the stake, as it were, to prevent the
trees from toppling over, to increase productivity,
and to provide screening (see figure C1.2).

A second path meanders through the sunny
garden south of the main path (see figure C1.5).

FiGure Cr.6. This ‘All Red’ purple-leaf plum is one of Charlie’s
delights, both visually and to the palate. Photo by Eric Toensmeter.

The beds here contain annual crops, tree crops, and
diverse perennial herbs, insectary flowers, medici-
nals, and ornamentals. Right behind the espalier
fence, reinforcing the separation between the
garden and the driveway, are three stunning trees:
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an ‘All Red’ purple-leaf plum (figure C1.6), an
‘Aycock’ green-leaf plum, and an oriental per-
simmon ‘Ichi Ki Kei Jiro”. The All Red plum shines
with its red leaf and fruit color, prolific high-quality
fruit, self-pollination, disease resistance, and ver-
tical growth habit. The Aycock plum (zones 5-8)
combines well with the All Red due to its hori-
zontal growth habit (up to 12 ft/4 m high), tasty
purple fruit, and need for All Red pollen. Both
plums flower abundantly in spring. The Ichi Ki Kei
Jiro (zones 6-10) produces large, delicious persim-
mons on a small (10 ft/3 m high), self-fertile tree
with great orange fall color.

On the north side of the main path and its per-
gola, the shade from the pre-existing red maple and
the neighbor’s trees grows deep. This shady patch,
like other shady spots at Charlie’s, has much lower
‘diversity and interest than the rest of the garden
(except for the lower garden pond, described
below). The main plant growing in the shade there
is myrtle (Vinca spp.), which represents an oppor-
tunity for enrichment and increased productivity.

TrEe NExus

The central area, north of the garage, forms the
nexus of the garden. Paths and terrace converge and
diverge here, and flows of water cross and gather.
The garage roof provides the primary source of this
water flow. The garage gutters drain into a 10- by
16-foot (3 by 5 m) teardrop-shaped pond next to
the garage (figure C1.7). Though at ground level
on the uphill side, the pond edge stands at sitting-
wall height on the downhill side. A woven
bamboo-wattle fence supports the pond’s plastic
liner, with a buffer of soil and rock to prevent the
bamboo from puncturing the liner. This pond over-
flows by a pipe under the main path into a stone-
lined ditch that also captures runoff from up the
hill. The ditch directs both flows into a smaller,
lower garden pond sunk into the earth in the deep
shade nearer the house (figure C1.8). The lower
pond also ‘receives runoff from the house via a
bamboo gutter built into the trellis on the north

Frcure Cr.7. Early morning illuminates the central nexus and

the upper garden. The pond in the foreground provides beauty
and beneficial animal habitat. The mix of plants in back
includes annual vegetables, fruit trees, hardy kiwis, asparagus,
culinary herbs, and other mouthwatering enchantments. Psoss
by Dave Jacke.

side of the back deck. This little pond doés much to
save the shady space mentioned above from barren-
ness and provides a modicum of amphibian habitat
for the lower garden.

The larger upper pond and its resident plants
and animals provide diversity, beauty, and interest
to the garden, forming a centerpiece to the space.
Mints and strawberries, heal-all (Prunella vul-
garis), irises, and hostas grow in the soil-wattle
walls, softening its edges. Cattails (Typha spp.),
iris, pickerelweed, lotus, and water hyacinths pro-
vide habitat and flowers in the water. Charlie has
noticed a dragonfly population increase since he
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Ficure Cr.8. This plastic-lined, gravel-filled trench directs

overflow from the upper garden pond to the lower one. It also

2 R0e L=

collects overland runoff from the upper garden. Notice the
vertical piece of bamboo in back; this carries roof runoff from
the house into the lower pond. These catchment systems
reduce the need to manually fill the pond, while also main-
taining habitat for beneficial organisms that use the ‘pond,
such as frogs and dragonflies. These reduce pest populations
in the garden. This picture was taken about 20 feet (6 m) north
of figure C1.4, looking in the same compass bearing. Notice
" the difference in light conditions. Péoso by Dave Jacke.

installed this pond. These flying predators keep
down mosquitoes, among other things. The pond’s
uplifted form on three sides probably makes it
more difficult for frogs and toads to get out for
garden insect patrols. However, the ground-level
uphill side directs such traffic toward the upper
garden, which has no other pond to supply this
need. Charlie frequently fills watering cans in the
upper pond.
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Ficure Ci.9. Between the upper pond and the garage lies this
little nook of utility, with a redbud arching overhead. Charlie
keeps his mushroom logs in this shady spot near the pond so
he can water them easily. Their location along the main path
allows daily inspection and harvest. The same applies to the
nursery transplants and other tender plants he keeps here. Proso
by Dave Jacke. R

In the shade of the redbud tree between the upper
pond and the garage, and right next to the main path
from the kitchen to the driveway, Charlie has a small
nursery space and some oak logs inoculated with shi-
itake mushrooms (figure C1.9). The redbud (Cercis
canadensis) produces edible young pods, and offers
brilliant spring flowers and a pleasing form and tex-
ture. Its shade keeps the pond cool, helping maintain
the pond’s health. A fig tree also grows just west of
the redbud, further hiding the compost bins tucked
out of sight behind the garage. A well-used ham-
mock, strung in the shade between the red maple
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and the neighbor’s shed on the north edge of the lot,

completes the garden’s central nexus.

THE UpprEr GARDEN

The upper gardens form a space to themselves, a
getaway from the house and yard. The terraced
grade change and roundabout access pattern sup-
port this ambience, as do the overall planting
scheme and two or three other simple elements.
The bulk of the most “foresty” garden space grows
here, packed between the main back path and the
western fence line.

The main back path divides the upper garden
between mainly perennials to the west and mainly
annuals to the east. This path is covered by a pergola
with a hardy kiwi vine growing on it (figure C1.10).
The hardy kiwi variety ‘Issai’ (Actinidia arguta Tssai’)
is the only self-pollinating hardy kiwi around (all
others have male and female flowers on separate
plants). This makes it a perfect choice for a small per-
gola such as this. It yields well, tastes great, and has
few insect problems (but only in warmer climates, as
Issai appears less hardy than other varieties). The per-
gola turns the pathway into a food-producing space
and the whole back of the upper garden into a private
paradise. It also forms a backdrop to the annual
garden beds just above the terrace wall.

This annual garden used to take the shape of key-
hole beds with a large asparagus patch in front, but
runoff problems resulted from the keyhole paths
running up and down the hill. The asparagus didn’t
do well, either, for unknown reasons. Charlie took
out the asparagus and converted to cross-contour
beds that work much better for water catchment.
Various herbaceous perennials surround and
mingle with these annual beds, providing fruit,
flowers, herbs, and insect habitat.

When we visited, the tree crop area behind the
kiwi pergola consisted of closely planted dwarf fruit
trees mixed with a variety of herbs and some shrubs,
and more outdoor living space. All the dwarf trees
are full size now, and their crowns touch. This has
reduced the annual garden area among the trees,

Ficure Cr.ro. The kiwi trellis (at left) defines the back garden’
as an “away” spot for escape from life’s pressures. With table,
chairs, and fresh nibbles close at hand, the kitchen only a few:
steps away, and the garden’s nooks beckoning, the forest

garden becomes an oasis of delight worthy of living long and
prospering. Photo by Dave Jacke.

which was Charlie’s plan (it also makes the area dif-
ficult to photograph well). However, he did not
leave enough room between the trees for the shrubs
to get sufficient light. If he were to do it over, he
says he would space the trees farther apart to give
his shrubs more sun.

Trees here include diverse varieties of dwarf
apples, peaches, apricots, and plums, primarily,
along with individual ‘Ruby Red’ autumn olive
(Eleagnus umbellata var. orientalis ‘Ruby Red’, an
opportunist nitrogen-fixer with edible fruit) and
juneberry (Amelanchier sp.) plants. Charlie has
come close to getting rid of his apricots and plans
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to replace his peaches with persimmons. The stone
fruits just haven’t done well consistently, and he has
come to love persimmons.

Shrubs include thornless blackberry and other
Rubus species, a few Pixwell’ gooseberries, roses,
and buffaloberry (Shepherdia canadensis, another
nitrogen-fixer). Violets, comfrey, mints, bee balm,
strawberries, Egyptian onions, anise hyssop, lovage,
and tansy are the most prominent useful species in
the herb layer, along with annuals, a few ornamen-
tals, and other less abundant species. Most of these,
though, are sun-loving herbs. Less diverse and pro-
ductive patches of ground were, and still are, evident
in the shady areas under both the big, mature, pre-
existing trees, as well as under the dwarf trees
Charlie planted. He is aware of these bare patches
but hasn’t decided how to fill those niches.

There used to be a small garden pond and bench
in the southern corner of the upper garden, which
Charlie has now replaced with a flat area for a table
and chairs. The pond was too small and not self-
sustaining, since it was not fed by roof or overland
runoff. The space was also too valuable as a getaway
to keep it as it was. This change increased the
family’s use of the back garden area, making it a
more removed counterpart to the patio by the
house. Consequently, you can sit back there sipping
a fruit smoothie in complete peace and privacy if
you don’t want to be social.

MAINTENANCE AND YIELDS

On the maintenance front, Charlie was surprised by

how little work his garden takes now that it has’

matured. He put in much work to alter the land-
form, plant and mulch the plants, and establish the
water systems. There was some weeding and
watering in the early years until things established,
but that is minimal now. He fertilized with rock
powders when he built the garden, but the only fer-
tilizer he uses now is mulch, maybe some goat
manure in the fall, and throwing nutrient-rich com-
frey into his compost piles: On an annual basis, he
has to put in only about ten hours per week for two

weeks in spring, and the same for two weeks in the
fall. This includes mulching (usually in the fall), and
pruning, thinning, and spreading compost around
younger trees and bushes in spring, occasionally
with some replanting or revising of his landscape
scheme. He says he is “not good” with spray pro-
grams for his fruit trees, but this seems to reduce to
his yields minimally, if at all. Other than his spring
and fall activity bursts, he puts in up to an hour per
week during the eight-month growing season,
mainly to care for his annual vegetables. He uses
hand tools for most of this maintenance. If you add
up the numbers, Charlie spends only about sixty-
eight hours per year working in quite pleasant sur-
roundings with simple tools managing his garden!

Charlie says it took four or five years to start get-
ting significant amounts of food from the peren-
nials. In the meantime, he grew many annual
vegetables. Now that his system has matured, he
gets “humongous numbers of plums, pears, figs,
kiwis, oriental persimmons, apples,” and on and on.
He gets flowers for his table, flavorful teas, culinary
herbs, fresh lettuce, fresh scallions, and other veg-
etables. He gets mint for his salads and his iced tea.
He gets strawberries, blueberries, raspberries, and
blackberries. He gets colorful dragonflies flitting by
eating mosquitoes, frogs croaking at night, and
birds and their songs. He gets a cooler, more com-
fortable, colorful, quiet, enchanting, ever-changing
and fascinating place to live. That’s eight months of
fresh fruit, vegetables, and herbs and numerous
other benefits for sixty-eight hours of labor annu-
ally, and rather little ongoing expense for fertilizer,
tools, equipment, seeds, machinery, or chiropractic
bills. What more could you ask for?

ASSESSMENT

How can we say that Charlie’s garden is anything
but a success? He has created a rich oasis, a place
that is comfortable, enlivening, and nourishing—
physically, mentally, and emotionally. He gets great
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yields with minimal work and constantly refines his
system, as any designer would. Though the space
contains a fair number of annual crops, it still qual-
ifies as a forest garden because the context is
wooded, many of the plantings are small trees and
shrubs, and it contains plants in numerous vegeta-
tion layers. The garden contains many stages of
succession, from annually disturbed soil to meadow,
oldfield habitat, and small tree polycultures. Only
the latest stages of succession, with unbroken
expanses of larger trees, are missing.

Notwithstanding Charlie’s broad and deep suc-
cess, he can take his system even further. He can
certainly increase the diversity of yields, and the
total system yield, probably without lowering the
yields of most existing crops. Some of the changes
below could reduce his work even more.

First, and most important, Charlie’s lack of
clearly articulated goals has probably hampered his
design’s potential and caused him to work more
than he might. Stronger and more detailed inten-
tionality, especially in the design and management
of guilds and polycultures in the herbaceous layer,
could significantly increase the garden’s produc-
tivity. Charlie should blend his articulated goals, his
analysis and assessment of the situation on the
ground, and his vision of the garden’s future in his
ongoing design choices. The following discussion
assumes a desire for more food of whatever kind,
less work of any kind, and less reliance on external
inputs of nutrients and organic matter.

We expect most of the productivity increase will
come from the herb layer, and some from the shrub
layer. We did not map the herbaceous vegetation in
detail or make lists of every herbaceous perennial
Charlie had growing. The latter would allow one to
analyze the plants’ niches, uses, and functions,
figure out what niches might still be open, and

“select useful species to put in them. Charlie could
then ensure, for example, a season-long progression
of blooming insectaries. Since we do not have that
data, we will proceed with an assessment based on
our observations.

As mentioned in the description, the shady envi-
ronments had few useful plants and lower diversity.
In discussing his garden recently, Charlie acknowl-
edged there were bare patches under his fruit trees
now that they have grown to full size. We noticed a
relative lack of perennial vegetables in general, and
of shade-tolerant perennial vegetables and herbs in
particular. We also noticed that most of the peren-
nial herbs present were clumpers or mat-formers,
and there were fewer runners. Therefore, most of his
herb layer patches were single-species patches
rather than true plant mixtures. In addition, there
were few nitrogen-fixers and only a few known
broad-spectrum dynamic accumulator species
(mainly comfrey). The garden did have inséctary
plants, but we doubt it had a succession of strong
beneficial insect nectar plants blooming throughout
the year.

We suggest first considering a list of shade-tolerant
herbaceous species that fill the various functions
just discussed (table C1.1). Most of these are
perennial vegetables, most are multifunctional, and
many are ground covers. Many of these will fill in
between existing large clumpers in the garden,
improving the polycultures already present. In the
shadiest areas under the large yard trees, we suggest
planting spring-ephemeral perennial vegetables
such as ramps, spring beauties, and toothwort along
with a summer-green shade-tolerant ground cover
such as foamflower, perhaps with licorice fern, great
Solomon’s seal, or ostrich fern arching above.
Alternatively, Charlie could grow ostrich fern and
dwarf comfrey in the deep shade and harvest nutri-
ents and fiddleheads from this currently unproduc-
tive area. Other interesting combinations are
possible. Many of the other species in table C1.1
could grow underneath the fruit trees where the
shade is less intense.

Nitrogen-fixers are scarce in table C1.1 because
they need full sun to fix much nitrogen, and sun-
loving nitrogen-fixers are commonly available.
Those shown have edible uses and make good
ground-cover plants to reduce Charlie’s need to
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TABLE C1.1. Useful herbaceous perennials for shady niches in Charlie Headington’s forest garden, Greensboro, NC, Sun: O = full sun,
@ = part shade, ® = full shade; N, = nitrogen fixers; DA = dynamic accumulator of calcium and other nutrients; | = attracts beneficial
insects; GC = ground-cover plant; native region: ENA = eastern North America, WNA = western North America, APP = Appalachia; EUR =
Europe, EURA = Eurasia. See appendix 1 for more information.

Native
Species | Common Name Edible Parts Sun |N, | DA| || GC Region| Comments
Allium canadense wild garlic all 00 | - ENA self-sows, persistent o
Allium cernuum nodding wild onion all o 1 ENA tasty o
Allium tricoccum | wild leek, ramp all oe i ENA tasty spring ephemeral
Amphicarpaea .
bracteata hog peanut tubers O® | N, GC | ENA sprawls
Apios americana groundnut tubers OO0 | N, GC | ENA aggressive, sprawls
Asarum canadense wild ginger roots o | GC _ ENA W beautiful
Beta vulgaris maritima | sea beet leaves oo EUR
Ceanothus prostratus prostrate ceanothus none Od | N, \ GC | WNA aggressive, tea (leaves)
Chamaemelum nobile chamomile none O DA | | | GC | EURA | tea, (flowers)
Chenopodium ' 1 | \
bonus-henricus good King Henry leaves o0 EURA | self-sows, tasty
Chrysogonum i ‘ ‘
virginianum green and gold none oo 1 GC | ENA
Cichorium intybus T ‘ ‘
varieties chicory varieties leaves 00 DA EURA | tea (roots), windblown seed
Claytonia spp. 7 spring beauties leaves, roots oe ‘ _J GC | ENA, spring ephemeral
‘ WNA
Crambe maritima sea kale d—leaves, shoots oo i ER | -
Dentaria diphylla toothwort ro0ts | 00 GC | ENA spicy spring ephemeral
Equisetum spp.- horsetails none ‘ oo DA GC | ENA in ponds, aggressive
Galax urceolata galax_ | none | 0® GC | APP evergreen, Jéw—growing o
Matteuccia - ] e
struthiopteris ostrich fern fiddleheads oe ENA aggressive
Mentha ‘Marilyn’s Salad” | Marilyn’s salad mint | leaves Co (| GC | cuftivar | mild flavor
Montia spp. miner’s lettuces B | varies GC varies | self-sows, tast-y; - o
mushrooms in mulch mushrooms in mulch mushrooms oo DA [ j_ varies througﬁbumé garden
Myrrhis odorata sweet cicely leaves, seeds OO B “ EUR self-sows, anise flavor
Nasturtium officinale watercress leaves oo | |bA EURA in ponds o
Oxyria digyné‘ mountain sorrel leaves | oo T T ENa | selfsows -
Polygonatum bifiorum -
var. commutatum great Solomon’s seal shoots, roats ce [ [ ENA | beautiful -
Polypodium glycyrrhiza licorice fern roots (X J WNA flavored roots
| Pycnanthemum spp. mountain mints tea oo 1| GC | ENA | some ag};ressive j =
Rubus tricolor creeping raspberry fruit ] j oce | ‘ GC | ASIA | aggressive
" Rumex spp. ‘sorrels leaves ‘ OO_J; DA GC | EURA | some self-sow
Symphytum
grandiflorum dwarf comfrey leaves o DA | | GC | EURA | medicinal, persistent, aggressive
Taraxacum officinale dandelion | leaves, roots Co DA | ) | EURA | self-sows, cultivars, tea {roots)
Tiarella cordifolia | foamflower [ none o0 Il 6C | ENA aggressive
Vaccinium crassifolium —| creeping blueberry fruit ; oo B 7‘ - J GC | APP below blueberries
Zizia spp. | Alexanders | none o || ‘ ENA beautiful
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mulch. Their vigor also makes them suitable for cut-
ting to use as mulch. Groundnut (Apios americana),
in particular, would fit well into Charlie’s many-per-
golad garden, with its vigorous twining vine, beau-
tiful purple flowers, and nutritious tubers. Some
developed varieties now yield tubers the size of a
child’s fist.

Charlie has many fruit trees. Most fruit trees
have high demand for calcium. He lives in an urban
area in the humid eastern Unitéd States, where acid
rain is likely to rapidly leach nutrients like calcium
(as well as potassium). While his heavily mulched
garden probably has high soil fungi levels, and this
will help conserve calcium (see chapter 5), more
calcium accumulators may be in order. Charlie
already ‘has a number of calcium-accumulating
species in his garden (table C1.2). Some of the
others should work well in his shady areas while
also offering additional yields. Inoculating his
mulch with edible fungi can only help, for example.
We suggest he increase the numbers of all the listed
species and use the leaf litter from his flowering
dogwoods as the valuable resource it is.

Charlie could also develop guilds of plants to
help conserve and cycle the other key nutrients
besides nitrogen and calcium in his garden. His
strategy of throwing comfrey into his compost piles
is good, and he can do the same with other
dynamic accumulators. Growing the plants where
the nutrients are needed and letting them drop
their leaf litter there is even easier, though. All of
the dynamic accumulators in table C1.2 accumulate
calcium as well as other nutrients.

Charlie’s policy of not spraying his fruit has
worked so far, probably because of the species
diversity, the insectary plants he already has, and
his selection of disease-resistant crops and vari-
eties. However, it may be only a matter of time
before the bugs start getting something. A full
complement of insectary plants could help keep
the balance longer, or limit the damage if it does
tip the wrong way. Listing the blooming times of

TABLE C1.2. Selected calcium accumulators and their accumu-
lated nutrients.

Species Name Common Name Nutrients

Acer saccharum sugar maple Ca, K

Allium

schoenoprasum chive Ca, Na

Carya spp. hickories, pecan Ca, K

Carya ovata shagbark hickory Ca, K, P
Chamaemelum

nobile chamomile Ca, K P
Cichorium intybus | chicory Ca, K

Cornus florida flowering dogwood | Ca, K, P
Equisetum spp. horsetails Ca, Co, Fe, Mg, Si
Nasturtium Ca, F Fe, K,
officinale watercress Mg, Na, P, S
Plantago spp. plantains Ca, Cu, Fe, K, S, Si

all the insectary plants present, and then filling the
gaps, offers the best means of ensuring beneficials
have nectar sources all season long. Evaluating
habitat needs besides nectar is a good idea, too (see
appendix 5 in volume 2).

The above are the most important recommenda-
tions we offer. We'll note just a few more to round
out this assessment. '

* Provide more room for fruiting shrubs to
increase crop diversity by increasing the spacing
‘of trees in the next round of plantings, creating
shrub polyculture patches in specific locations,
or finding niches to tuck individual shrubs into
what is already there. Most of Charlie’s shrubs
were runners (e.g., Rubus and Rosa species).
More clumping shrubs could tuck into small
spaces nicely or create better polyculture patches.

Include some nut-producing species to provide
protein. These would have to be small-stature
or slow-growing species, such as hazelnuts, fil-
berts, nut pines, or some of the dwarfing
chestnut family plants (Castanea pumila, C.
seguinii X mollissima, C. pumila X hybrida, or C.

crenata).
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« If he wanted to get radical, Charlie could cut
down one or more of the preexisting mature
ash, elm, or maple trees and replace it with a
large nutproducer, such as a pecan, hici(ory
(both calcium accumulators!), or chestnut, or a
large fruit tree, such as a good-quality mulberry
or full-size apple, pear, plum, or persimmon.
Even if he doesn’t want to go there intention-
ally, he might want to consider what he would
do if one died or blew down in a storm.

All these recommendations are optional and
depend on Charlie’s goals. Does he want nuts? Is he
concerned about reducing his labor even more by
increasing the number of fertility plants, or are the
annuals, ornamentals, and herbs he has now more
important to him? How much does he want to
experiment, and how much does he want to just
have a working system he can let hum along? He
plans to take out his remaining stone fruits and
replace them with the persimmons he loves.
Perhaps experimenting with other fruits, nuts, or
herbs is less important to him now.

As you can see, the design process never ends.
Charlie’s garden reminds us that things always
change. You learn that you like persimmons and the
stone fruits are not performing well. So what do you
do? Well, what do you want? What is the site like
now? What is your scheme and scenario? How can
you implement it? Just keep applying the design
process in a conscious way, and you will get there.

CONCLUSION

Charlie’s garden succeeds on many levels, first
simply because it exists. The first lesson from
Charlie’s garden, therefore, is simply to start. Do

not let lack of knowledge or experience stop you.
Even if you don’t “design” your garden on paper,
keep in mind good design principles and specific
strategies or patterns that you like. You can still
succeed, even if you are not an experienced gar-
dener or designer, if you think things through.

The second lesson after starting is to continue!
You will learn along the way and change your
garden repeatedly, no matter how much design you
do up front. You are just less likely to have to make
major changes and fix big mistakes if you design it
more thoroughly first. No matter, though: persist-
ence pays off. Keep going, with an open mind and
at least one observant eye.

Charlie’s garden also succeeds horticulturally: it
grows much food with little labor and low cost in a
healthy, even a beautiful, environment. One reason
it succeeds horticulturally is that it succeeds socially
and psycho-physiologically.-Charlie and his family
obviously spend much time in their garden, whether
they are working, harvesting, hanging out talking, or
doing homework on the patio. This ongoing and
multifunctional relationship with his garden allows
Charlie to observe the results of his choices and
actions, to revise and refine his garden, and simply
to enjoy its nourishment. Perhaps the biggest lesson
of Charlie’s garden, indeed of all the forest gardens
we have seen, is that forest gardens should meet
human needs. Your forest garden should meet your
needs. If it meets your needs in many realms, you
will find yourself fulfilled, strengthened, encour-
aged, and motivated to continue playing with it.
The more habitable and private you can make your
garden, the more comfortable in different seasons,
at different times of day, and in different social sit-
uations, the more time you will spend in your little
corner of paradise. After all, spending time in para-
dise is what forest gardening is all about.
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Webster's New Collegiate Dictionary. Springfield, MA:
Merriam Co., 1981.

Thank you Doug Kraft for this analogy!

Soule and Piper, 1992, page 127.

Soule and Piper, 1992, pages 143-44.

Soule and Piper, 1992, pages 143-44.

We are indebted to Soule and Piper, 1992, for this analysis.

Mollison, 1988, page 69.

Mollison, 1988, page 38.

Soule and Piper, 1992, page 116.

These drawbacks are discussed more fully in chapter 4 of
Soule and Piper, 1992.
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Cronon, 1983. Presumably population densities were higher
farther south.

Wolkpomir, 1995, page 104.

Bill Mollison, thanks.

See Kimmins, 1997, pages 439-41 for an excellent
discussion of the various meanings of stability.

Colinvaux, 1986, page 681.

Leopold, 1949, quoted in Sauer and Andropogon Assoc.,
1998.

Marinelli, 1998, page 73.



PART TWO

Ecology

“Don’t give me academic theory; give me practical advice and
actions!” That’s what 1 heard, appropriately, in the certainty of the
1970s. But at a time of confusion, such as the 1990s, promising and
relevant theory is the only antidote to dated ideology or belief. . . .
Oddly, one of the most practical things we could recommend now is

massive support for the expansion of new theory.

—C. S. HoLLiNG, The Renewal, Growth, Birth, and
Death of Ecological Communities

The map is not the territory.

—Eric BELL

t its simplest, edible forest garden design involves choosing

plants and deciding when and where to place them in the

garden. These seemingly simple choices must generate the

forestlike structures that achieve our design goals. However,
simply creating a physical structure resembling the forest is probably not
sufficient to fulfill all the goals we seek. We must also mimic the forest’s
invisible “social structures” and how forests change through time. Practical
strategies for edible forest garden design, planting, and management arise
from promising and relevant theories about these fundamental aspects of
forest ecology.

The conceptual tools we present in the following chapters may prove
more essential to good forest garden design and management than your
shovel, pruners, and wheelbarrow. The well-equipped forest gardener
must be able to observe well and to understand and interpret what he or
she observes. At the same time, it is essential to recognize that the map is
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not the territory, the concept is not the reality, and plants don’t read books.
The ideas presented in this section are gateways through which we can
pass to a deeper understanding of the forest, of our gardens, and, let’s
hope, of ourselves. If we get stuck at the gateway, we will never get into
the Garden itself.

The first two chapters in part 2 examine the five elements of the forest’s
physical architecture and the social structures of the forest and the garden.
These help us create diverse yields, self-maintenance, and high produc-
tivity. The next chapter explores the interrelationships of soils, nutrients,
roots, and microbes that help us generate self-renewing fertility. The last
chapter explores the changes in these elements as forests move through
successional processes.

. .. theory gives fresh meaning to old places, connects the seemingly
unrelated, and guides action.

—ANNE WHISTON SPIRN, The Language of Landscape
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The Five Elements of
Forest Architecture

he five elements of the forest’s visible,

physical architecture help make the forest

what it is—in our eyes, hearts, and minds

and on the ground. These fundamental
components—vegetation layers, soil horizons, veg-
etation density, patterning, and diversity—define
the physical structure of forest ecosystems as they
change through time and anchor the invisible social
structures that make the system work. We pattern
these five elements when we select plants and
choose where and when to place them in the forest
garden. "

VEGETATION LAYERS

The vertical structure of the forest is one of its
defining attributes. Ecologists commonly catego-
rize this structure into between four and seven
layers in temperate forests. Robert Hart describes
seven “stories” in his forest gardening scheme: the
canopy; the low tree layer; shrubs; herbaceous
plants; the soil surface; the root zone or rhizo-
sphere; and the vertical or vine “layer.” Patrick
Whitefield simplifies this to four—trees, shrubs,
vegetables, and vertical—partly due to the chal-
lenge of differentiating between layers, and partly
because most people in Britain have small lots
where large trees are generally unsuitable. Despite

the difficulty of categorizing vegetation in this way,
it is helpful both in understanding forest ecology

" and in designing forest gardens.

THe LaYErRS DEFINED

Our layer definitions are either relative or absolute
(see table 3.1 and figures 3.1 and 3.2). Relative
terms include those whose meaning depends on
their relationship to other layers of vegetation, and
they relate to ecological function. Absolute terms
define height categories and the kinds of plants
that tend to inhabit them.

Almost any layer of plants can be the overstory, as
long as there is a plant layer below it; we define a
canopy as any overstory over 12 feet (4 m) in
height—small to very large trees, large or very large
shrubs, or high vines. For example, we do not con-
sider'a mass of dwarf fruit trees a canopy, though it
could be an overstory, since such trees are usually 8
or 10 feet (2.4 to 3 m) high at most. Similarly, a
highbush blueberry patch is not a canopy, but the
blueberries could form either an overstory or a
woody understory in the shrub layer.

The kinds of plants (herb, shrub, and tree, for
example) only loosely relate to specific heights.
Some shrubs (in a botanical sense) extend into the
low tree layer, some herbs extend into the shrub
layer if they are of sufficient height, and many
shrubs mature in the herb layer, or even in the
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TABLE 3.1. Forest garden layers and horizons
Layer
Relative Height (feet) Height (m/cm) Definition / Plant Forms Included
Overstory Any Any “The topmost layer of any two or momé}_ers of vegetation_
Canopy 12-150+ 4-45m Any overstory higher than 12 feet (4 m): trees, shrubs, vines
Understory  Any Any "~ Any layer of vegetation under an overstory -
Root Zone <0 <« The litter, humus, leachmg and deposnmn layers of the soil
(O, A, E, and B horizons); the “true soil”*
Absolute
Tall Tree 50+ 15+ m Trees and vines
Low Tree 12-50 4-15m Trees, large shrubs, and high vines
Shrub 6-12 2-4m Trees, shrubs, vines, and very large herbs
Herb 0.5-6 0.15-2m Herbs, shrubs, trees, mblmg vines o
Ground 0-0.5  0-15am Any plants, woody or herbaceous, plus the current yéar's
leaf litter or mulch
| Vine 0.5+ 15 an+ ; ~ Woody or herbaceous cli_mbing vines B : :—
| Topsoil Variable Variable ’ The uppermost, fertile, organic layers of the soil, including
the litter, humus, and leaching layers (O and A horizons)*
Subsoil Variable Variable - The lowest layer of true soil, where leached nutrients and
humus are deposited (E and B horizons)*
Substratum Variable Variable The nonliving parent material, that is, mineral soil and

bedrock {C and D honzons)
‘ * See figure 3.5 and the discussion of soils in the next subsection for more information.

Ficure 3.1. Forest garden vegetation layers, relative
definitions.
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ground layer. While we know that these layer
names might be confusing, the terms help one visu-
alize and understand what might be going on in the
ecosystem. For this reason it is important not to
take the specifics about the layers too seriously.

THE FuncTions oF THE LAYERS

Each vegetation layer has different ecological func-
tions, and affects the other layers in the ecosystem
in various ways. Understanding these functions and
effects will help us design most effectively. We dis-
cuss some species for each layer below. Appendix 1,
“Forest Gardening’s “Top 100" Species,” discusses
the best forest gardening species, layer by layer.

Owerstory: Tree or Shrub Canopy

The overstory takes up the most space, gets the
most sun, and uses the most nutrients and water of
any layer in the community. It dominates photosyn-
thesis and biomass creation and therefore greatly
influences the soil environment by the character of
its nutritional needs and leaf litter. It affects the
biology and chemistry of the rain dripping through
it: lichens and bacteria in an Oregon old-growth
forest canopy fix the majority of nitrogen that enters
the soil ecosystem; leaves and branches release
nutrients, hormones, and microbes into the rain-
drip. The canopy also patterns the rainfall: different
tree shapes and branching angles direct raindrip to
the edges of the tree crown, or down the trunk to
the soil, or they may scatter it evenly under the
branches. And, of course, the overstory determines
the amount of sunlight passing to lower layers of
plants. All understory layers must therefore adapt to
the conditions created by the overstory.

In a forest situation, numerous species fill the role
of canopy tree, and a number of useful trees can fill
that role in the forest garden. However, some
canopy trees are sun loving and shade intolerant,
tending to reach the canopy early in a forest’s life or
when there is a major disturbance. Most fruit and
nut trees fall into this category, having been selected
and bred for orchard situations. Other trees are

shade tolerant and can germinate and live below the
canopy while they wait for an opportunity to break
through the “green ceiling” into the sun. These trees
are well suited to a forest gap situation, where there
is less sunlight. The best examples of useful shade-
tolerant trees are the American beech (Fagus grandi-
folia) and the sugar maple (Acer saccharum,).

Understory Tree and Shrub Layers

Forest understory trees usually tolerate shade.
Some need to eventually make their way to the
canopy to thrive, while others live and reproduce in
the understory. Those in the first group back up the
canopy, ready to take over should disturbance or
death create a gap. Both groups add vertical diver-
sity, and therefore habitat, to the forest, as well as
increasing the ecosystem’s net primary productivity.

Most useful understory trees produce more fruit
when they have more sun, although some are fully
shade tolerant. Both American persimmon (Dio-
spyros virginiana) and pawpaw (Asimina triloba,
figure 3.3), for example, grow fine and produce fine
in full sun. However, pawpaw will also grow in
shade and can even produce in partial shade, while
persimmon will not produce very well in shade. This
may be because the pawpaw’s native habitat is
floodplain forest, while persimmon is a midsucces-
sion suckering tree. Both have tasty, nutritious fruit.
As another example, shadblow serviceberry (or
juneberry, Amelanchier spp.) can take either a tree or
a shrub form, tolerates shade or sun, and yields fruit
of varying quality depending on the selection.

The understory shrub layer is similar in that it
contains some young trees or shrubs that will
regenerate the canopy. It also adds vertical structure
and increases the net primary productivity of the
ecosystem as a whole. However, being at a lower
height, the shrub layer offers ground-dwelling ani-
mals (that’s us) opportunities for food that the
understory tree layer does not.

Most useful shrubs love sun and evolved in inter-
mediate succession or forest-edge environments.
Many spread by means of suckers or underground
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Ficure 3.3. Pawpaw (dsimina triloba) is a shade-tolerant

floodplain forest understory tree native to North America. It
produces tasty, highly nutritious fruit, coppices, and has inter-
esting chemical properties currently being explored for pesti-
cide and medicinal uses. Photo by Dave Jacke.

runners, such as American plum (Prunus ameri-
cana), or from multistemmed shrubs that send up
new stems from the root crown to replace older
stems, like hazelnuts (Corylus spp.) or juneberries.
The shrubs that survive under a forest canopy gen-
erally produce fewer fruits and nuts than the earlier
succession species unless they, too, grow in full sun
or close to it. Exceptions exist, though, especially
among the gooseberries and currants (Ribes spp.;
see feature article 2 on page 76). If you want, you
can develop a shrubby canopy that resists invasion
by trees.’ This requires dense, sun-loving, and sun-
hogging species that self-regenerate, often from
root sprouts.

Herb and Ground Layers

Plants in these layers often conserve and cycle large
quantities of critical nutrients, especially in the
early spring (see chapter 5). With up to fourteen
species per square yard (12 per sq. m) in old-growth
forests, they contribute greatly to plant diversity
and strongly support insect diversity. The herb and
ground layers tend to exhibit higher productivity
because of their proximity to the soil, which gives
off large amounts of carbon dioxide. The ground
layer also offers a home to fallen logs, leaf litter, and
other debris that are critical components of struc-
tural diversity and overall system stability. We
humans find these layers the easiest to observe,
manage, and harvest, and we know the most about
them.

We can choose from a number of useful shade-
loving or shade-tolerant edible herbaceous peren-
nials. The wild leek, or ramp (Allium tricoccum),
reigns as the king of the edible spring ephemerals.
It is one of the tastiest and easiest-to-grow spring
greens (see figure 3.4). Food, however, isn't the only
good yield from a shady understory. Many impor-
tant medicinal plants love the shade or tolerate it,
including famous ones like ginseng (Panax quin-
quefolia) and goldenseal (Hydrastis canadensis). A
number of plants that attract beneficial insects
evolved in the shade, as did some good soil-
improving plants. We discuss herbaceous species in
more detail in feature article 2 (page 76).

Vines

The vine “layer” can develop in any of the other veg-
etation layers or in all of them, depending on the
vine and host species. Though frequently simple
freeloaders, vines may become parasitic if they end
up reducing their host’s health and productivity.
This seems to happen most often with oppor-
tunistic exotic vines. When we choose to host vines,
we take on the work of providing structural support
in return for their fruit, usually using trees, dead or
alive. The vine layer is rather adaptable to our needs
and the kind of system we choose to create.
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FIGURE 3.4. The leaves and bulbs of the ramp or wild leek
(Allium tricoccum) are one of the most delicious spring edibles
around. As spring ephemerals ramps come and go quickly, but
they are worth waiting and looking for. Easily propagated
from seed or bulb transplants, they like moist, rich soil and
grow well in hardwood forests where they are shaded in
summer and can gather early spring sunshine. Pooro by Dave Jacke.

Grapes (Vitis spp.) are the most common vine
crop, and they require full sun and warm tempera-
tures for best production. In the wild, grapes grow
all the way to the canopy to meet this need. Vines
that can produce in partial shade, such as hardy
kiwis, may be more useful.

Hardy kiwis (dctimidia arguta and relatives)
evolved in forest-edge habitats in northeastern
China. These delicious fruits are high in vitamin C.
We have not yet selected and bred them much for
vineyard conditions, so they still tend to possess
some good shade-adapted qualities. Michael Dolan

of Burnt Ridge Nursery in southwest Washington
State grows hardy kiwis on trellises between rows
of Turkish tree hazels (which are fairly tall trees)
and up the north side of a huge spruce tree. He gets
good yields in both environments. In southern New
Hampshire, Doug Clayton tried growing hardy
kiwis in the shade of red oaks at a west-facing
forest edge and did 7oz get good yields. Whether
this was because of shade, root competition, or a
mismatch in soil microbiota or chemistry is hard to
say. Kiwis are vigorous vines, with one plant cov-
ering a large area quickly. A few biologists have said
they are “invasive,” but we have seen no evidence
that they disperse readily.

ThaEe FuncTions oF THE LAYERS As A WHOLE

In addition to their different individual functions
and effects, the layers all share certain characteris-
tics that are valuable to keep in mind when we

design.

Layers are an aspect of plant niche. Different plants
use different strategies for making a living, make
use of different resources at different times of the
year, have different tolerances and different abilities
to compete, and ally themselves with different part-
ners in the process. We call the sum of all of a
plant’s or animal’s unique characteristics, toler-
ances, form, functions, and behaviors its niche.
Which layer(s) a plant inhabits is a basic part of its
niche. Is the plant a canopy or understory tree? A
canopy or understory shrub? An understory herb?
As you imagine these and other plant niches, you
might get a sense of some of the plants’ other char-
acteristics, such as shade tolerance, plant associates,
or successional stage. We solve the puzzle of how to
locate a plant in space and time in part by exam-
ining a plant’s layer adaptations.

More layers means more opportunities for yield. Plants
need not occupy all the layers for a stand to be a
forest or a forest garden. One could design a garden
that had two useful layers, say a fruit tree canopy
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and a diverse herbaceous layer; however, such a
systern would not take full advantage of the oppor-
tunities that vertical structure offers. Depending on
what you are trying to achieve, we would advocate
finding space for additional plants in additional
layers. A garden with plants in all its layers captures
the maximum possible solar energy and offers more
opportunities to produce yields. We must balance
this against the benefits of “lumpy texture” (see
“Diversity” on page 101) and the limits to vegeta-
tion density (see “Vegetation Density” on page 84).

More layers mean more bird species. More bird species
make their home in plant communities with more
layers than in those with fewer layers,* probably
because more resources and habitats exist in multi-
layered communities. A similar correspondence
presumably exists for insects and other inverte-
brates, because many birds depend upon them for
food. Since well over 90 percent of birds and insects
are beneficial, increasing their diversity helps us
reach our goal of maintaining low and balanced
pest- populations. The upshot: more layers will
increase bird diversity generally, and possibly insect
diversity. However, if you want to attract specific
species, you will need to create specific habitat fea-
tures, since the requirements of each species vary
(see volume 2, appendix 5).

Mixed age stands stabilize the ecosystem. According to
some foresters, if a forest doesn’t have at least three
layers, it isn't a forest, or at least it isn’t a stable or
healthy one.” This has to do with the forest’s ability
to regenerate itself: if there is only a high canopy
and an herb layer, for example, the canopy will have
nothing to replace it. Mlixed-aged stands are there-
fore usually more stable over the long run than
even-aged stands. Uneven-aged structure shows up
in the lower vegetation layers as seedling and
sapling trees and polewood. A mixed-aged stand
can benefit orchards and forest gardens by evening
out yields over the years, always providing at least
some young and vigorous trees, and preventing a

sudden turnover of trees that can leave you fruitless
until younger trees mature.

SOIL HORIZONS

The soil profile is an instant indicator of impor-
tant ecosystem processes. These processes pro-
ceed with remarkable independence of the

parent rock.
—PauL CoLinvaux, Ecology

Soils are a mystery. If you dig a hole in undisturbed
forest, you will exhume distinct layers of soil with
different colors, textures, and consistencies as your
shovel descends. You will find roots, worms, and
other critters living in the upper layers, with less
life, less brown soil, and more olive, yellow, or red
soil as you go deeper. If you probe far enough you
may hit water, and the soil will have changed color
there, usually to a grayish hue. Eventually, you will
hit bedrock and will be able to dig no further. What
do these layers, or soil horizons, mean? Why are
they there? What do they have to do with forest
gardening?

When life interacts with mineral particles, soil is
born. Essential ecological processes occur in dif-
ferent parts of the soil column to different degrees,
and these different processes affect the character of
the soil differently. Soils express these differences in
the visible patterns of their horizons, known collec-
tively as the soil profile.

By now; it is practically a cliché: healthy soil gener-
ates healthy plants, healthy forests, and healthy forest
gardens. Less well known is the fact that plants are
essential to the creation and maintenance of a healthy
soil community, and in some surprising ways. We
improve our ability to design, plant, and manage
forest gardens by understanding the functions of
soils, how the soil profile expresses these functions,
and how plants support healthy soil biology.

The following discussion assumes a deep, well-
drained forest soil in a humid, temperate zone.
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Feature Article o:

With-All These Layers, What Do | Grow in the Shade?

This, understandably, is one of the questions people
most frequently ask about forest gardening. It has
several answers.

Forest Gardens Aren'’t
Necessarily Deeply Shaded

Forest gardens rarely mimic the scale, density, and
late-succession character of true forests. Therefore,
many forest gardens will never have deep shade even
with plants growing in every layer, and those that will
often won't have deep shade for many years. In addi-
tion, there will be edges, crop rotations, and distur-
bances that create sunnier places. So there are plenty
of opportunities to use sun-loving and partial-shade-
adapted plants, to bank on the additive yields of many
species that each yield less than they would in the full
sun, and to design gaps and clearings that allow for at
least some sun-loving crops within the forest garden.

Some Sun-Loving Crops Still
Produce in Partial Shade

Most typical garden crops originally evolved in the
sunny habitats of early succession. We have since
bred these annuals for high production in full sun,
with no selection or breeding for production in
shade. Even the woody perennial crops—fruit trees,
small fruits, and many herbs—probably evolved as
early to midsuccession species and have been
selected and bred for sun-filled growing spaces. As a
result, these crops will not yield well in full shade.
Sun-loving plants have a high capacity to use
bright light—they can kick into high gear—but in
return cannot produce much in low light. Also,
many sun-loving plants burn their stored energy
faster in the dark than do shade-tolerant planfs (i.e.,
they have a higher dark respiration rate).® However,
even sun-loving plants are easily oversaturated with
light well beyond their capacity to use it: most
plants reach their maximum rate of photosyn-

thesis—known as light saturation—at between 16
percent and 50 percent of full sunlight (for shade-
adapted and sun-adapted plants, respectively).” This
means that a number of sun-loving plants may tol-
erate partial shade and still produce effectively,
though perhaps not exuberantly.

Many greens, for example, can be healthy and
productive in partial shade and even manage fairly
well at the darker end of partial shade. In fact,
plants often grow larger leaves in shade than in full
sun! The annual greens at my former homestead in
New Hampshire were happy in the partial morning
shade of a birch tree, then two to three hours of full
sun, followed by the diffuse sky light and solid after-
noon shadow of the house. They needed less water
and each plant lasted longer as a cut-and-come-
again crop without going bitter. Perennial greens
such as French sorrel and its relatives can grow fine
crops in partial shade. Also, the farther away from
the Poles one goes, the stronger the light gets, so
sun-loving plants have more tolerance for partial
shade in the southern United States than in the
dimmer light of northern areas.

We recommend experimenting with different
crops, especially greens, in partial shade to see which
ones do best for you and your site. We also strongly
suggest that you select for and develop the partial-
shade production capacity of your favorite crops.
Selection and breeding are easier and more fun than
you might think (see chapter 7 in volume 2).

Grow Plants Adapted to Shady Conditions

If you want to grow the most food in a shady forest-
garden understory, you must grow plants adapted to
shady conditions. The most useful shade-tolerant
plants tend to be herbaceous perennials, especially
native ones. Native herbaceous plants tend to have
more specific ecological requirements than do their
canopy cohorts. Learning the native plant communi-
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ties in your area is fundamental to understanding how
plants have adapted to the climate and soils of your
region, and to finding out which native plants, or
similar nonnatives, may serve your goals. It is there-
fore necessary to know your shade, soils, and plants
well. Observing different kinds of shade in different
environments feeds your plant selection process, espe-
cially when you get to know a plant’s native habitat
and its strategy for dealing with shady conditions.
Unfortunately, while we could define numerous
kinds of shade, it is impossible to get consistent, reli-
able information on plant shade preferences beyond
full sun, partial shade, and full shade. We know little
on a broad basis about which specific kinds of shade
specific plants prefer. Nonetheless, we can still work
with this variety by understanding the strategies
plants use to adapt to shade. What strategies do
plants use to deal with these different kinds of dark-
ness? In addition to the slower dark respiration rate
mentioned earlier, shade-loving herbaceous plants
have two basic strategies that allow them.to grow
and reproduce in the dimness. Let’s characterize
these two strategies as the “slow-and-steady”
approach and the “hurry-up-and-wait” approach.

Slow-and-Steady: Summer Greens and Evergreens
“Slow-and-steady” plants tend to stay leafed out over
the entire growing season or year-round (“summer
green” plants and evergreens). Evergreens in particular
photosynthesize a large portion of their total produc-
tion before the upper layers of vegetation leaf out or
after their leaves fall, but all slow-and-steady plants
can also slowly accumulate energy all season long.
Shade-loving plants can achieve 40 to 60 percent of
their photosynthesis from moving sunflecks—small
patches of intense sunlight shining through small holes
in the canopy. They can rapidly switch their photosyn-
thetic process on and off, unlike sun-adapted plants,
using even 5- to 10-second-long sunflecks efficiently.

The occurrence of many small sunflecks increases the
average light intensity in lower layers, so that small-
leaved trees can have high crown density while
enabling plants that use light efficiently to photosyn-
thesize effectively.® Long exposure to the bright light
and heat of direct sun can easily overwhelm many
slow-and-steady plants. These plants also usually grow
slowly, so they cannot compete well with sun-tolerant
species when in full sun. The slow-and-steady strategy
is most appropriate for uniform or fractured partial
shade or for part-day shade conditions.

Hurry-Up-and-Wazit: Ephemerals
The “hurry-up-and-wait” species, also known as
ephemerals or spring ephemerals, leaf out, gather
energy for a while, reproduce, and then go dormant.
Most importantly, this strategy allows some of them
to grow in virtually full sun, since their leaves emerge
before those of the canopy trees. It also provides
them with access to abundant spring moisture and
the first flush of soil nutrients, minimizes their
expenditure of energy on respiration and risk of
being eaten, and limits competition. Ephemerals
generally require cool, moist soil during dormancy, so
they may not do well out in the open. Plants using
the hurry-up-and-wait strategy work fine in almost
all shade conditions except deep building shadows
where there is no spring sunshine to be had. Hurry-
up-and-wait may be the only viable strategy for
understory herbs in densely layered or densely
canopied deciduous forests with uniform deep shade.
Many forests display a yearly round of herbaceous
perennials that share the same space at different
times of the growing season, one suite of ephemeral
plants coming and going after another. Though we
may struggle to recreate such an herbaceous peren-
nial tag team with useful plants, it seems a good
ideal to strive for, since it is an effective way to mini-

mize competition and maximize diversity and yield.
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How else can we make use of the shade for food
production? Not only should we choose plants
adapted to shady conditions, but we also need to
think about what plant parts we harvest.

Seek Yields Appropriate to Shade:
Roots, Shoots, Leaves, and Fungi

Plants have a limited amount of energy they can use
to meet their needs for immediate metabolism,
resource gathering, building and repairing their
bodies, alliances and defense, next year’s reserves,
and reproduction. Flowers, fruits, and seeds are the
last items on a plant’s energy budget wish list, unless
it thinks it is about to die. Trying to grow fruit, seed,
and nut crops in the shade will generally be an
uphill struggle with a few small successes, though
there are some significant exceptions. Instead, we
should focus our attention on yields that coincide
with the strategies shade-tolerant plants use.

Roots, Shoots, and Leaves

Most temperate forest herbs spread primarily by veg-
etative reproduction, rather than by seed, because low
light conditions limit their seed production.
"Therefore, we typically use the roots, stems, or leaves
of shade-tolerant plants like wild ginger (Asarum
canadense), rosybells (Streptopus roseus), and wild
leeks, rather than the fruits. Since the plants need to
store energy for the following year’s growth, har-
vesting these plant parts directly reduces the future
viability of the plant. Signs of overharvesting could
take several years to show up. Yields from these
plants will generally be seasonal, and may be low on
a per-square-foot basis. Luckily, most wild edibles are
highly nutritious and can contribute significantly to
our diet even if their caloric content is low.

Fungi and Medicinals

Mushrooms are a completely new world for most
people. The moist, shady environment of the forest
garden is ideal for many fungal friends, and a number
of these species grow with minimal effort, such as the
king stropharia (Stropharia rugoso-annulata; see
volume 2, appendix 2 for more species). Yields of

mushrooms can be extremely high, and they can grow
on materials considered waste or mulch by most gar-
deners. The side effects of mushroom production on
nutrient cycling and biological balance benefit the
garden as a whole.

Many shade-tolerant plants are useful farmaceuti-
cals. Again, though yields may be low in some cases,
their total impact on our lives can be significant. A
small quantity of leaves or roots can create a large
amount of tincture, for example. Classic medicinals
like goldenseal and ginseng are great forest garden
species, but many less-well-known plants also do well
in the shade. Tuberous chickweed (Pszeudosz‘e//aria
Jamesiana) 1s one lesser-known shade-tolerant medic-
inal plant and superfood, its mineral-rich leaves pro-
viding healing to all tissues, especially the lungs and
skin. Its tasty tubers and lettucelike leaves are also
good edibles, while its flowers attract beneficial insects.

Fruits and Nuts in the Shade

If you have more of an interest in fruit crops or nuts,
then the shade productivity potential is probably
lower than for herbaceous ¢rops. Some exceptions
exist, however.

Research by Martin Crawford at the Agroforestry
Research Trust in Devon, England, shows that
gooseberries and red currants grown under 40 per-
cent shade cloth showed no decrease in yield over
plants grown in the full sun.” Many currants and
gooseberries evolved in semishady and shady envi-
ronments. I have seen wild gooseberries and currants
in New England fruiting moderately in full shade
below thick canopies, such as young maple trees.
Another example is the pawpaw, a tree that grows
wild in the understory of mature floodplain forests in
the Southeast and Mid-Atlantic states and out into
the Midwest and yields tasty, nutritious fruit in par-
tial shade or full sun, though we have never seen
heavy crops in full shade. Again, a plant’s native
habitat is a decent guide to its shade tolerance and
potential shade productivity, though this is not fool-
proof. Luckily, the additive yielding of forest garden
systems provides some insurance against low yields of

any particular crop.
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Surprisingly, time, climate, and vegetation type influ-
ence the characteristics of the soil profile more than
does geology. Hence, temperate deciduous forests all
have similar soil profiles, so the dynamics discussed
are similar across the temperate forest region, though
there will be differences from site to site. This discus-
sion is not accurate for boreal, subtropical, semiarid,
or arid regions, including most of the prairies. We
will discuss details of how to work toward soil health
and self-renewing fertility in chapter 5. What follows
is essential background for that discussion.

Each of the six typical temperate-forest soil hori-
zons reveals the preeminence of certain inner work-
ings, when one knows what to look for (figure 3.5).
The basic pattern is this: climatic and life processes
dominate at the surface, and geology, chemistry,
and physics dominate at the bottom. Each horizon
in between reflects differing degrees of influence of
these two interacting sets of forces.

Soil scientists used to recognize only four hori-
zons: the topsoil, subsoil, substratum, and bedrock
(called the A, B, C, and D horizons, respectively).
In recent years, they have separated the organic and
eluviation horizons (labeling them O for organic
and E for eluviation, which means “leaching”) from
the A and B horizons because of the distinctive
processes that dominate there. Mimicking the

naming of the O and E horizons, we have named

each of the original four horizons based on its letter
designation in soil science and its reigning ecolog-
ical process.

TorsorL: Tue Orcanic (O) aAND
AssimiLaTioN (A) Horizons

The living topsoil is home to uncounted trillions of
organisms essential to terrestrial life, many of
which scientists have never seen or named. It con-
tains more usable nutrients than any other horizon
because it has enough organic matter and oxygen to
fuel the earthen economy. This, then, is also where
the most plant roots grow, seeking physical and
biochemical support and adding to the tumult of
life in these few spare inches of ground.

Topsoil depths in the temperate deciduous forest
region range from 3 inches (8 cm) or less on steeper
hillsides to 2 feet (60 cm) or more in floodplain
soils. Construction and farming activities often dis-
rupt or mix the organic and assimilation horizons,
so that we cannot always tell them apart in agricul-
tural or suburban areas. Even in shallow or dis-
turbed topsoils there’s a lot going on—more than
we can ever know or imagine.

The Organic Horizon

Fresh and partially rotted organic matter lying on
the soil surface, not yet mixed with mineral soil,
forms the O horizon. This mulch layer absorbs and
conserves moisture, protects the soil from com-
paction by rainfall and footsteps, and provides
habitat for insect predators. It moderates soil tem-
peratures, which prevents frost-heaving of plants
and root winterkill (tree roots die below 20° to
25°F/-4° to -7°C). Mulch sometimes allows roots to
continue growing all winter long if the soil tempera-
ture remains above 38°F/3°C." The leaf litter also
represents a big reserve of both nutrients and energy,
and it acts as the “town dump” at the beginning of
the community’s nutrient recycling system.

Many living things make their home in the O
horizon, at least part-time. Networks of fine-tex-
tured, short-lived tree roots grow into the organic
layer when conditions are right, dying back when
things turn sour. Spiders, mites, and predatory
insects hide, search, and destroy. Snakes, toads,
small mammals, and birds give birth, hunt, eat,
nest, and die there. Fungi, bacteria, nematodes, and
protozoa move in and out as conditions allow,
trying to be the first to get their favorite foods, and
the last to be eaten by someone else.

The usual human activities easily disturb these
communities. They need time to develop their
community structure, the right conditions, a diver-
sity of organic matter foods, and maybe a little
tender loving care in order to be there and stay
there. When we eliminate the O horizon by tilling
it under or raking up all the debris, we interrupt the
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O - Organic

* Organic matter deposits and storage
* "Town dump” recycling center

¢ Energy and nutrient reserve

¢ Mulch: insulation, water conservation

A - Assimilation

¢ Organic matter assimilated into
mineral soil, plants, organisms

* 80% of plant roots!

¢ Alive!l Active!

¢ Dark brown

Topsoil

E - Eluviation
* Leaching of nutrients and organic matter
* “No-man’s land”

¢ White or light brown

True soil

B - Banking

* Leached nutrients and organic matter
from A horizon deposited

* Mineral clay synthesis increases filtering
capacity ("interest”)

* Last line of defense against leaching loss
of nutrients

* Plant roots and worms “reinvest”
nutrients above

¢ Color depends on parent material

Subsoil

C - Chemical

¢ Nonliving mineral soil

* Weathers only chemically

* Nutrient source; affects texture and
composition of topsoil

¢ Color varies depending on mineral
composition

¢ "Constitution” for topsoil character

o Affects water regime, soil character,
long-term productivity of soils

Substratum

D - Durable

¢ Bedrock!

¢ Nutrient source

o Affects water regime, soil character,
long-term productivity of soils

e May or may not define character of
substratum and true soil depending on
geology and history

Parent material

Bedrock
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FIGURE 3.5. The six soil horizons and their ecological character and functions.
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processes by which nature builds this soil commu-
nity and make the soil dependent upon our activi-
ties for its continued vitality. Such disruptions can
also make the habitat inhospitable for the beneficial
organisms, while encouraging the fungi, bacteria, or
insects we don’t want. We humans must then work
harder to keep things in balance—another example
of shifting the burden to the intervenor.

The Assimilation Horizon
Assimilation happens in the A horizon in many
ways: microbes, invertebrates, and larger animals
assimilate energy and nutrients from the organic
matter, the soil assimilates organic matter into its
structure, the roots of plants assimilate water and
nutrients into their bodies, and the soil ecosystem
assimilates energy from the plants. At the same time,
organic material washes into the A horizon from
above, and clay, nutrients, and chemicals wash out of
the A horizon whenever water moves through it.
Percolating rainfall and a host of organisms mix
organic materials into the mineral soil below. There,
the decomposer community attacks the organic
matter from all sides, breaking it down further.
More or less predictable sequences of microbes and
invertebrates eat different kinds of organic matter
on the forest floor at specific stages of decay.” The
energy and nutrients locked up in the organic
matter stoke the fires of this decomposer commu-
nity, and the decomposers tie up the nutrients from
the organic matter, preventing the nutrients from
washing away in the rainfall. The decay-resistant
humus that results from decomposition has many
beneficial effects on the soil: it increases aeration, as
well as water-holding capacity and nutrient-storage
capacity; it aggregates soil particles; and it decreases
soil density while improving its structure. Humus
and other forms of organic matter give the A
horizon its typical dark brown, coffee-bean color.
Healthy topsoil hosts a highly complex living
community of many sizes, shapes, and habits, with
each element having a role to play in this myste-
rious theater of death and rebirth. About half of

plant biomass lives belowground, mainly in the
topsoil horizons, with a higher percentage there in
droughty or less fertile soils where the importance
of roots to plant survival increases.

The biomass of insects, worms, and other inverte-
brates in forest soils is equivalent to that of between
4 and 13 sheep per acre (10 to 33 per hectare), and
it accounts for the vast majority of animal biomass
in forests. Scientists once estimated that soil
microbe biomass in a British wheat field equaled the
weight of about 40 sheep per acre (100 per hectare),
and that was a wheat field, not a healthy forest soil.”?
In contrast, a friend of mine runs about 3 sheep per
acre (7 per ha) on fairly poor New Hampshire land,
while good soils under intensive management can
support an average of 5 or 6 sheep per acre (12 to 15
per ha) year-round on a low-input, sustained-yield
basis.” Soil biology consultant Elaine Ingham talks
about farmers needing to “manage their below-
ground microherds.” How true! Plants play a key
role in this.

Plant roots add considerably to the dynamics of
the A horizon by loosening it, sloughing off rich
organic material as they grow and die, and secreting
all manner of chemicals into the soil environment.
Each plant species gives off a characteristic complex
of compounds into the soil environment to support
and manage the microbes in its root zones, even
varying its secretions at different times of the year to
favor different organisms (see chapter 5).

The constant addition of organic matter from
above keeps the A horizon rich with nutrients and
energy, and the dynamic soil ecosystem uses that
energy and thereby traps nutrients in the A horizon
as long as possible. But while these processes build
the topsoil, percolating water is tearing it down by
washing components of the topsoil into the subsoil,
and sometimes beyond.

SussorL: Tue ELuviarion (E)
anD BankinG (B) Horizons

In these horizons the soil begins its shift from a
living, moving, breathing ecosystem toward a rela-
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tively lifeless mineral realm. The subsoil serves as
the last best chance for nutrients leached out of the
topsoil to be captured and recycled back to the sur-
face. Spongy or friable subsoils present little restric-
tion to water flow, oxygen movement, and root
growth. Compact, fine-textured, or solid subsoils
restrict rooting depth and water and oxygen move-
ment and can lead to loss of health and productivity
in your garden. The subsoll ranges from less than 6
inches (15 cm) to several feet in thickness.

The Eluviation Horizon

When it rains and the topsotl can’t hold any more
water, the excess water seeps downward, carrying
fine particles and chemical compounds from the
topsoil with it. This is eluviation, or leaching, the
same process that occurs in making coffee.

Technically speaking, eluviation occurs in the O
and A horizons frequently; however, other soil
processes dominate in those layers. Here, the process
of eluviation exceeds the process of assimilation to
the point that, when it exists, the E horizon has less
organic matter and fewer nutrients than the horizon
above, and less clay than the horizon below. Its
lighter, bleached color stands in significant contrast
to the color of the topsoil. Eluviation dominates and
characterizes the E horizon; hence its name.
Whether or not the horizon exists or shows itself by
a strong color shift, eluviation happens wherever
rainfall exceeds evapotranspiration. The eluviation
horizon ranges from zero to many inches in thick-
ness. It can begin from a few inches below the soil
surface to 2 or more feet down.

The E horizon verges on being a no-man’s land.
Lacking organic matter and depleted of clays, it has
only limited nutrient-storage capacity. Its prox-
imity to the soil surface means there are still signif-
icant amounts of water pulling away what materials
it has and carrying through it the materials that
come in from above. Luckily, below the E horizon
there is often more soil where these nutrients are
deposited, so they have a chance to be “loaned
back” into the soil economy above.

The Banking Horizon

The B horizon begins from several inches to several
feet below the surface. It “is a zone where minerals
are strongly weathered and materials leached from
the A and E layers tend to accumulate.” Like the
interest a bank earns to increase its wealth, a myste-
rious process of synthesis in the B horizon creates
“secondary minerals” or mineral clays from deposited
material.’® These tiny, honeycombed particles pos-
sess a very great amount of surface area, about one
million times the surface area of a solid cube the
same size. Their negative electrical charges catch and
hold passing nutrients, increasing the “wealth” in this
underground bank. Plant roots can then make
“withdrawals” from the bank’s nutrient assets,
cycling them back into the aboveground community.
Our earthworm friends also carry these clays up into
the topsoil, increasing the topsoil’s ability to hold
nutrients and water. Feeding the earthworms with
organic matter increases this mixing process.

The B horizon therefore supports the long-term
nutritional health of the ecosystem. If there were
no “bank” where leached nutrients were deposited,
they would pass into soil layers too deep for plant
roots to use or wash out of the soil completely and
go downstream. This trickle-down scheme can
work to the benefit of the biotic masses only as long
as there is a means to recycle the accumulated
“assets” back into the economy of the surface.

PareENnT MaTERIAL: CHEMICAL (C)
AND DurasLE (D) HorizoNs

The “parent material” constitutes the matrix that
gives birth to a soil. That matrix is the bedrock if
the soil is very young or if there is a substratum of
mineral particles weathered from the bedrock over
time. Where glaciers, rivers, or gravity have laid
down deep, fine-grained deposits, the substratum
becomes the parent material and the bedrock min-
imally affects conditions near the surface.

Like our own parents, the parent material pro-
vides the “genetic basis” or constitution of the over-
lying soil, influencing its texture, structure,
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consistence, drainage, acidity, and mineral compo-
sition. The ecological processes in the horizons
above then modify this constitutional foundation
tremendously. The influence of life is so great that
the mineral balance of the upper soil layers is usu-
ally radically different from that of the parent
materials. However, any nutrients lacking in the
parent material will probably be in short supply in
the aboveground and topsoil ecosystems.

Substratum: The Chemical Horizon

The mineral particles in this horizon weather
chemically, not biologically. Water does most of
this work, but organic acids leached from the
upper layers help out, too. The C horizon can also
accumulate the nutrients from the upper horizon
that are more soluble, such as calcium, magnesium,
potassium, and sodium. Only a stall percentage of
plant roots reach into the substratum, but when
they do, they significantly enhance the water and
nutrient balance of the plants and the aboveground
ecosystem (see “Deeply-Rooted Trees Do It
Better” in chapter 5, page 201). The substratum
can start within a foot of the surface on the poorest
soils or several feet below the surface in deep bot-
‘tomland soils. It may be well over a hundred feet
thick in glaciated or alluvial areas or in erosional
valley bottoms.

The texture, structure, and consistence of the
substratum help determine the drainage character-
istics of the topsoil and subsoil: how well drained
are the upper layers, how much water the soil pro-
file can store, and whether that water can move
upward in the soil by capillary action to supply the
vegetation above. If the substratum is too compact,
fine grained, or solid, then the growth and move-
ment of plant roots and water will be limited.

Bedrock: The Durable Horizon

Bedrock changes only very slowly. Tt is weathered
generally only by water and leached acids, but occa-
sionally by plant roots or ice if it is close enough to
the surface. Like the substratum, the kind of

bedrock a site has will tend to influence the texture,
structure, and consistence of the overlying soil. For
example, slate usually weathers to yield fine silt and
clay particles, whereas sandstone weathers to yield
sandy soils.

The kind of bedrock in a region influences the
water regime below the ground, and this affects the
drainage characteristics of the surface layers.
Whether the bedrock fractures or is otherwise able
to drain or collect water affects plant survival, espe-

cially in shallow soils.

TABLE 3.2. Summary of soif horizon functions.

Topsoil:

* Stores and recycles energy, nutrients, and water; processes
organic matter

 Moderates soil temperatures

e Primary physical and biochemical support for plants

e Loses nutrients, organic matter, and clays to lower horizons by
leaching

* Economy fueled by organic matter decomposition and plant
root exudates

o [ocation of the bulk of animal and microbial biomass and
diversity in forest ecosystems, and about half of plant biomass

e Hosts formation of soil aggregates that improve soil texture and
structure; water- and nutrient-holding capacity; soil porosity,
drainage, and aeration; and microbial habitat diversity

* May limit productivity if too wet, dry, thin, compact, clayey,
and 50 on

Subsoil:

¢ Captures and stores some nutrients leached from topsoil

* Secondary physical and biochemical support for plants

* Synthesizes nutrient-grabbing mineral clays

e Stores water, and passes it up to topsoil when texture and
roots allow

* May limit rooting depth if too wet, dry, compact, clayey,
and 50 on

Substratum and Bedrock:

* Provide constitutional basis for long-term soil fertility

* In younger soifs, an important nutrient reserve

* Provide deep water and nutrient storage accessible by some
plants

* May limit rooting depth if too wet, dry, shallow, compact,
clayey, and so on
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VEGETATION DENSITY

Every person possesses a unique, variable, and
mostly unconscious sense of personal space. Plants
are no different. When plants get too close to each
other, they don't thrive. How close is too close
depends, frequently, on specific, knowable resource
needs, but plants often need space for reasons
unknown to us. The opposite is true, too: some-
times they need to be closer together.

We will discuss three interacting kinds of density.
Coverage or percent cover strongly influences light
and shade, as well as the overall character and
resource demands of the plant community. The
crown density of individual species also influences
these factors. Root density determines the level of
belowground competition between plants. We will
focus primarily on percent cover and root density
and then integrate all three as we begin to explore
how to space plants reasonably in complex polycul-
tures. Vegetation density defines ecosystems.
Complete canopy closure makes a forest a forest, but
do we want such high density in our forest gardens?

Coverace DEFINESs ComMmuNITY CHARACTER

The terms coverage, cover value, and percent cover all
simply mean the percentage of the ground covered
by a given plant, plant species, or forest layer.
Ecologists assume that comparing the coverage of
layers or of different species in a given layer will
indicate those layers’ or species’ relative importance
to, and influence on, the ecosystem. They consider
the topmost layer with coverage over 50 percent the
dominant layer. A species with cover values over 50
percent in a given layer is considered dominant in
that layer, or in the stand as a whole if the layer is
the overstory. Three species each with 20 to 30 per-
cent coverage would be considered codominant, as
long all other species are sparsely represented.

For example, imagine part of a forest garden (fig-
ures 3.6a and b). You can estimate the coverage of
each layer using a simple evaluation system: Look

at the plan view of the forest garden (figure 3.6a)

and ask yourself which of the following categories
applies to the percentage of the area in the garden
covered by, for example, the tree layer:

* Does the layer cover 75 to 100 percent of the
horizontal area?

* Does it cover 50 to 75 percent of the horizontal
area?

* Does it cover 25 to 50 percent? If it does, does
1t appear that the average distance between
crowns 1s equal to the average radius of crowns?

* Or does the layer cover less than 25 percent of
the horizontal area?

Just take your best guess for each layer using
these categories. Once you are done, look at table
3.3, which shows the measured coverage of each
layer in this bed. Notice that “cover” includes the
gaps in a plant’s crown (figure 3.6¢): scientists con-
sider the gap area to be under the influence of the
crown. Well, maybe. This makes it easier to esti-
mate cover values and design them, and it ignores
crown density differences between species.

Despite this fact, percent cover more or less
defines plant community character. The coverage of
the top layers determines, in large part, the condi-
tions in the layers below. And the coverage of all
the layers combined affects the amount of water
and nutrients required to support the community as
a whole, and vice versa.

TABLE 3.3. Cover values of the plants shown in figure 3.6a.
Cover is in square feet and percent of total. The percentage is
taken relative to the horizontal area of the space, not the total
cover of plants.

Vegetation Layer Actual Cover Percent Cover

Tree 1,241 50%
Shub 564 23%
Heb 1515 61%
Bare Ground 6 <1%
Total Cover ' 3,326 T13a%
Horizontal Area 2,500 100%
Overlap 826 34%
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Tree

No herb cover

FiGure 3.6A. Estimate the percent cover of vegeta-
tion layers by eyeballing the plants in each layer and
guessing which cover category they fall into (see text).
Once you have estimated the coverage for the
tree, shrub, and herb (hatched) layers, check
your estimates against table 3.3. The
square is 50 feet (15 m) per side.
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F1GurE 3.68. Section A-A' of figure 3.6a, showing how coverage bubbles are drawn or imagined.
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Area "covered”
includes gaps
in the canopy
between leaves
or branches

FiGure 3.6c. When estimating cover, gaps in the canopies or
spaces between leaves are considered part of the coverage area
because they are said to be “under the influence” of the canopy,
as shown.

We don't expect you to use coverage as a precise
tool, getting uptight about measuring what percent
cover you have in each layer. However, it is a useful
lens through which to view the community, and to
keep in mind when designing. So let’s quickly visit
the realm of numbers to explore the impact of cov-
erage on a few different plant communities. Then
you can take what you like and leave the rest. As we
discuss these different examples, imagine how you
might mimic such communities in your forest
garden.

Coverage in Various Plant Communities

Naming plant communities is about as arbitrary,
and necessary, as naming vegetation layers: you
have to draw the line somewhere so you know what

. ECOLOGY

you are talking about. We will here define as a
forest those tree communities with 100 percent
canopy coverage and interlocking tree crowns
(table 3.4, figures 3.7a and b). Any tree stand
without interlocking crowns we will call a wood-
land (figure 3.7c and d), unless tree coverage is less
than 40 percent. Below 40 percent tree coverage,
the plant community is considered a shrub thicket,
shrubland, or grassland, depending on which other
layer has more than 40 percent coverage. The 40
percent cover value is fairly easy to estimate in the
field: when the average distance between tree
crowns equals the mean radius of tree crowns, cov-
erage is about 40 percent (figure 3.7c).”

Natural Forest
In a forest with interlocking crowns (figures 3.7a and
b), each tree is hemmed in by its neighbors, unable
to reach its full potential form and spread. Trees in
the shadiest corners must spend extra resources to
grow, and then keep alive, the branches needed to
reach out of their way to get sunlight. Let us note

TABLE 3.4. Definitions of plant community types based on
cover values of the different layers. Adapted from UNESCO, 1973.

Community COVERAGE IN EACH LAYER

Type Tree Shrub Herb

Forest 100% any any

Woodland 40-99% any any

Thicket <40% 100% any

Shrubland <40% 40-99%  any

Savanna 25-40% <40% 100%

Grassland <25% <40%  100%
>50% grasslike

Forb community ~ <25% <40% 100%
>50% forbs

Coverage Guidelines:

100% = all crowns interlock, usually with crowns in irregular shapes

40% = average distance between crowns equals average crown radius

Notes:

Heath communities are shrub thickets or shrublands with dominant shrubs (>50%
cover) growing to less than 18 inches (50 cm).

Grasslands must have at least-50% total cover by grasslike species; grasslike
species include sedges, rushes, grasses, and so on.

Fotb communities include fern thickets, wildflower meadows, farm fields, and so
on with more than 50 percent total cover of nongrassy herbs.
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F1cure 3.7a-Db. Forest has 100 percent canopy cover, as shown
in plan and section views (a and b). Notice the odd shapes of
the interlocking tree crowns; if you look in a forest, they are
rarely circular the way we tend to draw them. This density
causes high stress and competition and lowers net produc-
tivity. Any wooded ecosystem with 40 to 99 percent cover is a
woodland (c and d). When the distance (d) between crowns
equals the radius (r) of tree crowns, cover is 40 percent.
Woodlands have higher net production than forests.

here that the roots of the plants spread farther than
the crowns. One hundred percent canopy coverage
means that the trees’ roots intermingle intensely. The
trees are certainly competing for light, probably for
water and nutrients depending on the soils and cli-
mate, and maybe for carbon dioxide in the air at
times if the vegetation is dense enough.

This situation is typical of high-stress, high-
competition-for-resources forest life. Ecologists
call the individual plants that can survive and
reproduce successfully in this environment “stress
tolerators.” This level of competition is one of the
main aspects of forest ecosystems we definitely do
not want to mimic in our forest gardens, except in
special circumstances. This means that most forest
gardens will not have 100 percent tree cover.
Technically speaking, they will instead be wood-
land gardens. (See pages 2 and 32-34 for why we
still call them “forest gardens.”)

The coverage of forest understory layers varies
tremendously. One can find forests with a dense
canopy and little else, forests with every layer full or
close to it, and every combination in between. Each
has a different character, and each responds to and
creates different conditions in and around itself.

Orchards
The woodlands we call orchards generally have two
layers of vegetation: an herbaceous ground layer,
commonly grass, and the tree canopy. Orchardists
frequently plant the trees as far apart as their
crowns will spread, so the tree crowns touch but
don’t interlock. Canopy cover values therefore
range from 78 to 90 percent (for square and hexag-
onal patterns, respectively; figure 3.8). Compared
to 100 percent coverage, as in forests, such spacing
reduces light competition, allows the trees to reach
their full potential form and spread, and maximizes
the amount of leaf area relative to stem mass. This
maximizes possibilities for gathering sunlight and
minimizes the amount of energy going into main-
taining stem biomass. At the same time, it achieves
the greatest tree cover within those limits, and
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hence the greatest quantity of fruit produced per
acre. Even so, the canopy does not cover 10 to 22
percent of the area, and sometimes more, leaving
small patches of sun that might provide a home for
other crops.

Many orchardists increase the distance between
rows, as shown in figure 3.8d, to make maintenance
access easier. Typical tree cover values can then
range from 55 to 65 percent. A greater between-row
distance also improves air circulation, quite impor-
tant in reducing disease problems, and can allow
frosty air to drain downhill. Finally, greater tree-to-
tree distances further reduce competition between
the trees for light, as well as for water and nutrients.

While the reduced competition of wider spacing
should increase per-tree yields, the greater distance

Ficure 3.8a—p. Typical square-grid orchards result in coverage
of about 78 percent (a), while hexagonal orchard geometries
bring cover values to 90 percent (b). In section view, both of
these crowns-touching arrangements look like figure c. When
you add an 8-foot (2.3 m) lane, tree cover drops to 55 to 65 per-
cent (d).

will, at some point, decrease per-acre yields because
fewer trees are planted per acre. Professional
orchardists most often want high per-acre yields of
a single crop. Home orchardists more likely have an
interest in high per-tree yields and high system
yields of diverse crops. There’s a big difference
between the two, but in either case, the question of
spacing is always a balancing act.

Oldfield Succession: Mosaics, Shrublands,

and Woodlands
The cover values of all layers during oldfield suc-
cession vary over a wide range depending on age,
history, and developmental pattern. We offer here
images of some of the environments created with
various cover values in different layers at a few
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successional stages. This discussion also lays
groundwork for our in-depth treatment of succes-
sion in chapter 6.

As shrubs and trees achieve a relatively strong
presence in early succession, the oldfield becomes a
mosaic of vegetation types, including patches of
meadow, clumps of shrubs, and small groves of
young trees. These sunny, diverse environments
express great beauty. Figures 3.9a and b show such
a community, with half the area dominated by
herbaceous cover, shrub layer coverage of 25 per-
cent, and 15 percent tree cover. Please note that
though herbaceous cover dominates in 50 percent
of the space, total herbaceous cover is higher
because grasses and forbs (nongrassy herbs) grow
beneath the shrubs and trees, too.

Once shrub coverage increases to 40 percent, a
shrubland is born (figure 3.9c and d). As the shrub
clumps continue to expand by root suckering or tip

layering and new shrubs sprout from seed, the
shrub clumps begin to converge. Usually tree cover
increases at the same time and, at some point,
begins to shade out the shrubs and slow their
growth. Sometimes, however, the shrubs grow too
fast or the trees do not invade soon enough, and the
stand becomes a thicket.

Like in forests, in thickets the overstory shrub
crowns interlock at 100 percent cover, perhaps with
the occasional tree lording over it all (figure 3.9e).
Dense thicket canopies can create deeper shade in
the understory than some tree canopies can, and
they can resist invasion by pioneer trees for long
periods—over thirty years so far in one thicket
studied in Connecticut.'® This can be useful in
reducing the need to cut or spray sapling trees in
power-line right-of-ways or view corridors and
may be handy in some garden situations as well.

In the woodland environments of mid- to late
succession (figure 3.9f and g), the trees begin to
outgrow the shrub and herb layers but do not yet ‘
create an interlocking canopy. The more trees there
are, the more shade is created, and the more below-
ground competition increases. How shady and how
competitive depend greatly on which species are
present. For example, black walnut casts only about
50 percent shade even in full leaf. This shade is still
bright enough to overwhelm the photosynthetic
capabilities of most temperate-zone legumes and
cool-season forage grasses, which saturate at about
one-third of full sun.’ In addition, black walnuts,
most hickories, and bur as well as other oaks—all
typical savanna species—tend to grow deep root
systems that leave space for shallow-rooted species.

Savanna
In North America, savanna communities form the
transition between forests and grasslands at the
northern and eastern edges of the Great Plains,
where average evaporation just begins to exceed
average precipitation. Savannas have continuous
grass and forb cover in the herb layer, scattered
shrub clumps in the woody understory, and tree
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FiGure 3.10A-B. Savannas consist of widely scattered trees or

tree clumps in a grassland context. In this example, tree cover is
22 percent, about the minimum to be considered savanna at all

cover between 25 and 40 percent” (figures 3.10a
and b). They exhibit drought-tolerant prairie plants
as well as deep-rooted, fire-resistant woody plants.
Some computer models indicate that this vegeta-
tion type may expand as our global climate changes
in the coming decades.

Bur oak (Quercus macrocarpa) dominates many
oak savannas, but other oaks also occur in this type,
predominantly post oak and blackjack oak (Q. szel-
lata and Q. marilandica, respectively), especially in
the south. In the north, hickonies can be major
players in the oak savanna as well. These trees all
cast a light shade. Savanna trees tend to clump
together rather than spacing evenly apart, and in
dry and windy climates, they tend to clump in
moister soils.

Mimicking such an ecosystem should be relatvely
easy with such useful trees as models. Alley cropping

and silvopastoral systems that mix trees with annual
crops or pastures are two examples. However, in cli-
mates that are more humid, savanna is appropriate
only on dry, fire-maintained, cultivated, or grazed
sites. Otherwise “weed” trees and shrubs are likely to
colonize your “savanna” and turn it into forest.

Coverage Summary

Estimating the cover value of the different vegeta-
tion layers 1s a handy way of charactenzing the
structure and conditions of the plant community, of
conveying a picture of it, and of designing forest
garden structure. It does not, however, express the
fullness of vegetation density. We must consider at
least two other elements that relate to vegetation
density: crown density and root patterns.

CrownN DEnsITY
Mobiries CoveraGE ErrFecTs

Coverage ignores differences in the density of the
actual plant crowns themselves. Hence, a Norway
maple 50 feet (15 m) in diameter has the same
cover value as a 50-foot-diameter black walnut,
despite the fact that black walnut casts only about
50 percent shade in full leaf, while Norway maple
casts up to 90 percent shade. Clearly, the overstory
species’ crown density makes a great deal of differ-
ence to what can grow in the understory, especially
at hagh overstory cover values. Herbaceous species’
crown density also matters, particularly if you
intend them to be a weed-limiting ground cover.
For that job, you obviously want a dense crown to
outcompete any weeds that might try to sprout
below the plants you want. Though genetics
mostly determines crown density, stressed or
unhealthy plants will show thinner growth. Light
conditions and site fertility also affect leaf and
branch abundance.

We have found little crown density information for
trees other than natives (see volume 2, table 3.25; we
have no data for shrubs). More data on this topic
would be useful for serious edible forest garden
design. Data showing winter (leafless) density would
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be useful when considering solar gain on buildings or
light levels for spring ephemerals. Many trees still
cast 50 percent or more shade even when bare in the
winter! You can estimate the density of an existing
tree crown by observing it yourself. The best way to
do this is to use broad density categories such as those
in volume 2’s table 3.25, and then estimate how much
sky you can see between leaves from the ground. A
rough estimate is fine.

Roor DENsiTY DETERMINES
Berowgrounp COMPETITION

The space arrangement of those parts of trees
which are above the soil is mainly decided by
their roots and the competition existing
between them for water and food in the ground.

—V.T. AartoNEN, “On the Space
Arrangement of Trees and Root Competition”

We should take the arrangement of plant roots
more seriously in landscape design than we do gen-
erally, but this is especially true in edible forest
garden design. Selecting and locating plants so they
partition soil resources will minimize competition
and maximize production. Most tree root research
in humid climates has focused on apples, with some
work on other fruits and a little on nuts and wild
forest trees. These studies make some useful con-
clusions possible, some of which we will discuss
here, with more in chapter 5.

European, Russian, and U.S. researchers have
found that apple-tree root systems spread from 1.5
times the tree canopy diameter in fertile, fine-tex-
tured soils, and up to 3 times the canopy width in
poorer, sandier soils where resources are more
scarce (figures 3.11a and b). Most work on other
fruit trees confirms this observation, with average
root area diameters of 2.25 times the crown diam-
eter.” This means that the total area covered by a
tree’s roots ranges from being 2 times larger than
the crown area in good soils to being 9 times the
crown area in poor soils, being on average about 5
times the horizontal area of the crown. Wild North

FiGURE 3.11a—8. In fertile, moist soils (a), fruit tree roots usu-
ally spread to 1.5 times the crown diameter, yielding a total
horizontal root area that is 2.25 times the crown area. In infer-
tile, dry, or shallow soils (b), fruit trees spread their roots to 3
times the crown diameter, yielding a total root area that is 9
times the crown area! So the question is, on your site, which
resource(s) are most limiting: water, nutrients, or light? This

should have a major influence on your plant spacing.

American forest tree roots spread well beyond the
drip line of the canopy, covering 4 to 7 times the
canopy area and often having a total diameter up to
twice the beight of the tree! We have found very
little data to shed light on root patterns among nut
trees in orchard situations. A study of young pecan
tree root systems in “soils typical of Georgia” shows
a root spread more in line with that of wild forest
trees: 2 to 3 times tree height and 3 to 4 times
canopy width (figure 3.12).* These data pretty well
dispose of the common myth that tree roots spread
only to the drip line of the tree canopy!-
Additional research indicates that at least some
trees, such as apples, peaches, and persimmons,
don’t like to intermingle their roots with those of
other trees of their own species. Since competition
is highest between individuals of the same species,
this makes some sense, though other factors may
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F1Gure 3.12. This pecan tree in Georgia was six years old when
dug up for this diagram. It had a branch spread of 5.5 feet (1.6 m)
and was 13 feet (4 m) high, but its roots were 6 feet (2 m) deep
and 24 feet (7 m) wide. The circle shows the orientation of the
eleven largest lateral roots. Adapted from Woodruff; 1954.

play into it. Little research appears to have been
published on most other crop trees in this regard.

These points taken together have some inter-
esting implications. Root competition between
trees planted at a normal orchard spacing (crowns
touching) will be high, particularly if the orchard is
all one species, more so if the trees of the species
don'’t like their roots intermingling, and especially
in poorer soils. In poor soils—shallow, dry, infertile,
or with high water tables—the controlling factor in
tree spacing should be the diameter of the root
spread, not of the crown. In deep, fertile, moist,
well-drained soils this is less of an issue, because
soil resources are less limiting. In any case, close
spacing will probably work best when the planting
is a mix of species that are more likely to share the
soil by intermingling their root systems.

Tae Limits To DENSITY

A given piece of land can support no more than a
certain total amount of vegetation at any given

time. Water, light, and nutrients frequently become
primary limiting factors. Vegetation density
directly affects the level of competition among
plants for these resources. If there is more vegeta-
tion than the site can support, all the plants will be
stressed, and some will die in order to maintain the
balance. How much is too much?

The total leaf area in natural temperate decid-
uous forests rarely exceeds 8 times the ground area,
and most deciduous forests have between 4 and 6
times the leaf area.”” We cannot easily measure or
even estimate this. Coverage is the best gauge of
this factor for the layperson, inexact as it is.
Chances are that if you design a forest garden with
every layer 100 percent full of vegetation, you are
pushing the vegetation density limits for your land
(unless crown densities are low and you have a very
fertile, well-watered site). On poorer soils, the site
will support less. Your plants will therefore be
under stress, will not thrive or produce as well, and
some may die. Even without too much total vege-
tation, spacing plants too closely can have the same
effects. Planting trees too close together is the
biggest, most common mistake we have seen in all
our forest garden travels!

PATTERNING

The patterns we find in natural and managed
ecosystems both build and reflect the ecological
functions and relationships in the system. Straight
rows of crops resulting from the requirements of
large-scale industrial agriculture reflect the rela-
tionships between people, beliefs, equipment,
crops, and landscape, for example. These industrial
patterns feed back into the system to cause new
kinds of landscapes, crops, equipment, beliefs, and
people to evolve.

The patterning of natural systems results from
myriad factors interacting similarly, some of which
we shall discuss below. Understanding the functions
of forest ecosystem patterns helps us choose our
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garden patterns more wiscly. What patterns might
we want to mimic, and why? Which might we want
to avoid mimicking, and why? In addition, many
patterns in our forest gardens will not be found in
natural forests, for they arise from our goals, needs,
and desires. In like fashion, these patterns both
build and reflect the relationships between and
among us and our gardening partners—plants,
birds, insects, and microbes. All such patterns exist
at regional, neighborhood, and backyard scales.
The following section will only begin discussing
patterning by addressing a few key ideas at large and
small scales. Chapter 6 extends the discussion of pat-
terns as part of understanding plant succession, and
chapter 2 in volume 2 develops a whole language of
patterns for us to use in forest garden design.

PATTERNS of THE FoRrEST

North America’s forests used to cover many acres
with relatively unbroken canopy, subsuming any
patches, gaps, and edges within them. Edge zones
were minimal, while interior forest was maximal.
Today the reverse is true: the forest exists primarily
as patches and edge zones within an open context.
Forest interior is minimal or nonexistent, while
edge zones are maximal. Some ecologists say the
effects of these edges extend into the forest 100
yards (90 m), others say over a mile.”* This means
that the overwhelming majority of forest gardens,
even those 1n existing woods, will be edge environ-
ments to at least some degree. Our forest gardens
are also likely to be islands of unique biology in a
sea of less unique biology. What might these larger

patterns mean for our gardens?

Classic Edge Effects

The “edge effect” theory states that the transition
zones, or edge environments, between different
communities, such as between field and forest or
pond and upland, have higher diversity, population
density, and, according to some, productivity. In
theory, this is because they contain species from the
environments on both sides of the edge, as well as

species adapted to and found only in the edge envi-
ronment.” In the past two decades, many ecolog-
ical designers, ourselves included, have touted the
edge effect as a means to increase farm and garden
diversity and productivity by increasing the amount
of edge farms and gardens contain.* Of course, it
turns out it is not as simple as that. We need to
tease apart the theory to find the pieces that have
more or less validity.

There 1s no substantiation for higher edge-zone
productivity except in wetlands and midsuccession
environments where the edge effect may not be the
cause. In addition, evidence of increased edge-zone
plant diversity and density is spotty: some edges
show more diversity or density than adjacent habi-
tats, some less. Classic edge effects occur most
often in wide edge zones (tens of meters to hun-
dreds of kilometers) rather than narrow ones.” This
restricts the usefulness of the theory for small-scale
design. Higher edge-zone diversity at a small scale
is most clearly documented in bird populations.
Finally, when edge zones interconnect and domi-
nate, as they do today, they become perfect migra-
tion routes for disturbance-adapted opportunist
species. These species can actually decrease the
diversity of edges and of adjacent forests because
they can sometimes outcompete many plants they
encounter (see feature articles 3 and 5).

Despite these facts, the increased diversity and
population density in certain edge environments
should cause us to sit up and take notice. These
effects can be good for our gardens, depending on
what we want to grow. While we are aware of the
possible benefits of edge zones, we must beware of
the potential drawbacks. The challenge is to get the
benefits while discouraging the negative effects.

The complex vegetation mosaic of midsuccession
habitats (see figure 3.9) is a classic edge-habitat
model that we can use in our forest gardens.
Diversity and vegetation density are typically high in
these habitats, and net primary productivity (NPP)
is higher than for climax forest (see “Changes in
Ecosystem Characteristics through Succession” in
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chapter 6, page 265). The edges between land and
water, such as marshes and wet meadows, are among
the most productive habitats in the world (see figure
2.2)—up to 70 percent more productive than tem-
perate forest and three times more productive than
agricultural land. Midelevation sites on mountains
often have higher species diversity than lower and
higher elevations, because species from both the
highlands and lowlands can survive there. Certainly
it is true that a sharp edge between forest and field is
less diverse than a wide edge zone with a diversity of
shrubs, small trees, grasses, and herbs. Since this is
similar to the midsuccession habitats mentioned
above, wide forest edges are probably more produc-

tive, too.

Surface Area Effects
We should not confuse edge effects in the classic
ecological sense, as above, with the effects of
increased surface area. Sometimes having maximal
edge, or surface area, is ideal. Our lungs and intes-
tines are perfect examples: to get maximal inter-
change of gases and liquids from one side of a
membrane to another, increase the edge. For max-
imum surface area to capture sunlight, increase the
edge (figure 3.13). For maximum blueberry planting
space along the edge of a pond, increase the edge
(figure 3.14). For maximum access to the interior of
a garden bed, increase the edge (figure 3.15). Just
remember that if you have more edge to work with,
so too do the weeds that want in! As Martin
Crawford says, “Forest gardens are not infinite and
edges are a permanent feature. The inevitable con-
sequence of having permanent edges is work! . . .
The key, then, is not to go for maximum edge at all
costs, but to come to a compromise.”®
Alternatively, if you want to create dark forest-
interior habitat in the smallest possible area, you
want to minimize the edge or surface area of the
forest. If you want to fence your garden at the least
expense, then you want a compact shape with the
least amount of edge. If you want a ground-cover
patch with minimal opportunity for invasion by

Ficure 3.13. The cross-sectional canopy surface area of trees
spaced so their crowns touch (top) is one-third less than the
canopy surface area of trees planted more widely and inter-
planted with shrub crops (bottom).

F1GURE 3.14- These two ponds have the same flat surface area,
but the one on the right has 20 percent more edge because of
its undulations. It therefore provides more habitat for blue-
berries on the edge, as well as more shallow water for fish or
crustaceans.

RN

F1GuRre 3.15. Keyhole patterns in garden beds, made famous by
Bill Mollison, mimic the structure of our intestines and lungs.
All these patterns are designed to maximize the surface con-
tact between two environments, in this case between garden
bed space and path space. This maximizes opportunities to
move materials and energy across the boundary, while mini-
mizing the space required to do it.
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perennial weeds, then you want to plant in a circle.
Think about what you are trying to achieve, and
then consider the shapes and sizes that will best
help you achieve it. Edges are a fact of physical life

and a possible tool, not a panacea.

Fragmentation, Islands, and Corridors

The fragmentation of once enormous forests has
led to patches of forest that act like islands in a sea
of fields and suburbs. Ecologists studying Pacific
Ocean islands figured out a long time ago that the
smaller an island is, the harder time it has main-
taining high diversity and stable populations of any
given species: out-migration increases, In-migra-
tion decreases, and inbreeding and population col-
lapse threaten. These observations of island ecology
apply just as reasonably to islands of forest amidst
the suburbs. Connecting these forest islands with
corridors helps them maintain stable, healthy,
diverse populations.

Our forest gardens will rely in large part upon the
existence of nearby natural habitat to supply a
diversity of beneficial insects to maintain insect
population balances. Therefore, consider the con-
text of your forest garden. What natural habitats
exist nearby? Are there corridors that connect your
garden to these habitats, or can you create one?
Will your forest garden be an island or part of a
web? Whether or not you can change whatever
reality you face in this regard, it is important to
know what that reality is. Only then can you take
appropriate action in the face of it.

What makes a good corridor depends on the
species you want to attract. For beneficial insects,
the best corridor will be a mix of trees, shrubs, and
flowering herbaceous plants that is permanent and
unsprayed with pesticides and has a year-round
litter or mulch layer on the ground and a season-
long supply of nectary flowers from the families
Apiaceae, Asteraceae, and some Lamiaceae
(umbels, asters—i.e., composites—and some
mints). Roadsides can offer such corridors for birds
and beneficial insects, depending on how they are

managed. Many birds will require a larger territory
than most backyards can offer. Finding out which
bird species are already around will help you deter-
mine which ones you might want to attract to your
yard to help control pests, and how.

Once you have determined the pattern of nearby
habitats and connecting corridors, you will need to
make the garden a haven for these friends of our
crops. If your forest garden will be an island, with no
significant habitats nearby or no corridors to connect
to them, you had better make your garden a para-
dise—and the bigger the better! To some degree it is
true that “if you build it, they will come.” And with
the right habitat elements in place, they will stay.
Even if they don’t come, though, you will have what
you need to make a home for any beneficial insects
you may buy or relocate to inhabit your garden. In
the meantime, get your neighbors to start forest-gar-
dening, or thoughtfully seed some good, tough,
native habitat plants around the neighborhood guer-
rilla-style. Expanding your biological island will
increase the balance and sustainability of your gar-
dens and your neighborhood. We discuss the habitat
requirements of insects and birds in chapter 4 of this
volume and in appendix 5 of volume 2. Please also
read the discussion of natives and exotics (feature
articles 1, 3, and 5) before you consider planting any
plants in your neighborhood (or your yard, for that
matter). It is possible to throw ecosystems out of bal-
ance, even with the best of intentions.

PAaTTERNS 72 THE FOREST

Patterns within forests relate mostly to the distri-
bution of plants. Three basic patterns of plant dis-
tribution appear in nature: random, regular, and
clumped (figure 3.16). Knowing the reasons behind
these patterns of plant distribution can help us
design our forest gardens.

Random patterns. When a species has a random dis-
tribution, plants of that species are as likely to be
near one another as they are to be far from one
another—the location of one plant has no influence
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TABLE 3.5. Clumped pattern definitions.

Clump: a dense, compact grouping with fairly definite edges; fre-
quently one plant with many stems, or a plant and its daughters;
somewhere between a tuft and a patch or troop in size
Mass, colony, carpet: a large, dense grouping with fairly defi-
nite edges; a huge dump, or many dumps or numerous individ-
uals growing densely over a large area
Patch, troop: a dense, medium-size grouping with fairly defi-
nite edges; a medium dump, or several dumps, or many individ-
uals growing in a dump
Tuft, aushion: a small, dense grouping with fairly definite
edges; a small dump, or a few individuals growing dosely
together
Cluster: a loose dump, less compact, but still with fairly defi-
nite edges; often roundish, usually with fewer individuals than a
dump
Constellation: a very loose duster with few individuals,
but still in a definite group; may take any shape
Drift: a grouping where the spadng between elements varies
from dense near the middle to scattered at the edges; often in
an overall pattemn that is somewhat lineay, curvilinear, or elliptical
Scatter: a helter-skelter accumulation; similar to a drift, but less
dense, with no consistent pattem of density and not in an

overall linear or curvilinear pattem; may cover a larger area than
adrft
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Ficure 3.16. Basic distribution patterns in natare. The many
meanings of clumped are organized from most dense and dis-
tinct to least (see also table 3.5). Different plants tend to end up
in one or more of these patterns because of the way they disperse
functional design.

on the location of another plant. Truly random pat-
terns are rare, even with wind-distributed seed, but
randomness is always a factor in plant distribution.

Regular Patterns. Regular patterns can be human
geometries, as in an orchard, or they can be the
result of severe competition for a scarce resource.
Some plants in the desert Southwest exhibit a nat-
ural regular distribution because water shortage
causes the plants to spread themselves apart at
approximately equal distances to each other.
Regular patterns do not often develop in humid
temperate forests unless humans are involved.

Clumped Patterns. Most plants distribute them-
selves in clumped patterns of one kind or another:
m stands, patches, or drifts; in radial or linear pat-
terns; in colonies, mats, carpets, troops, tufts, or
cushions (see figure 3.16 and table 3.5). As many a
landscape designer will tell you, clumps or drifts of



98 PART TWO: ECOLOGY

Ficure 3.17. Mixing the distribution patterns shown in figure
3.16 provides great interspecies contact and a natural look.
Compare to figure 3.18.

plants generally look better than regularly spaced or
randomly distributed plants, especially in “natura-
listic” landscapes.

Species Mixtures. When plant species mix in natural
polycultures, the above patterns overlay each other
(figure 3.17). Drifts and clumps of different species
may interweave or may spread out into scatters or
clusters to make room for each other. Masses of one
species may grow in a patch next to masses of other
plants, with clumps, drifts, or scatters of another
species mixed into one or the other or both of the
masses. Many combinations are possible. Note that
species mixtures patterned as interwoven drifts,
clumps, and scatters have more opportunities for
interspecies interaction than do neighboring
single-species masses (compare figure 3.18 with

figure 3.17).

Functions of Patterns in Forests

Patterns are both causes and effects of ecological
functions in ecosystems. Here are a few examples of
how patterns can aid us in design and management.

Ficure 3.18. Mixtures of single-species masses provide less
interest and interaction than mixtures such as in figure 3.17.
They are also likely to create more competition between plants
of the same species.

A Response to Site Conditions
Multiple site factors interact to determine plant dis-
tribution patterns, including soil pH and nutrients,
elevation, temperature regimes, moisture, water-
table depths, and so on. The most critical factors
vary from species to species. These two facts make
such patterns hard to detect. Such responsive pat-
terns take time to sort out in natural forests, and
they express themselves most clearly in old growth.
Our job as designers is to second-guess this process
and select plants best adapted to the site conditions.
Going against these tendencies creates work and
stress for ourselves and our plants, either from the
need to “improve” site conditions or from working

to keep a plant healthy and productive, or both.

The Result of Dispersal and Propagation Methods:

Plant Habits
Plants also pattern themselves based on their
means of propagation and dispersal (see “Run,
Rhizome, Run” in chapter 5, page 207). These two
fundamental aspects of plant niche reflect both a
plant’s “choices” about how best to survive and the
environment in which the plant evolved. Therefore,
these functions and patterns may have value to us
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or our plants of which we are not aware. When
possible, we urge you to allow plants their natural
functions or patterns unless they are clearly detri-
mental to your own interest. Again, going against
these functions and patterns tends to create work
and stress for both you and the plant.

In this book, we will use specific terms to denote
particular aspects of plant growth and dispersal
patterns. Dispersive plants spread their seed rapidly,
in great numbers or to great distances, usually via
wind or animals. This often, but does not always,
result in successful establishment of seedlings over
large areas. The pattern of dispersal depends upon
the means of dispersal: birds tend to deposit seeds
and manure under perches, resulting in clumped
distributions. Wind patterns and landscape struc-
ture influence the deposition of wind-dispersed
seeds, and usually create drifts and scatters of one
form or the other.

Plants exhibit a number of vegetative propagation
methods. Rhizomatous plants—whether herba-
ceous or woody—spread by means of underground
runners, called rhizomes (which are actually modi-
fied stems), from which secondary shoots and roots
arise. Root suckers are also secondary shoots; how-
ever, they develop from true roots, not rhizomes,
and mostly occur in woody plants. Plants may also
spread by stolons, which, like rhizomes, are modi-
fied stems, but these spread aboveground.
Technically, such plants are called stoloniferous
plants. Any of these three vegetative expansion
methods may result in shoots arising near or far
from a plant’s main stem, depending on the species
and its tendencies. We call especially vigorous rhi-
zomatous, root-suckering, or stoloniferous plants
expansive plants.

Which of these dispersal techniques a plant uses,
and how far from the stem new shoots arise, influ-
ence the plant’s dispersal pattern in the field and
help define the plant’s habit or behavior. Plant
habits are a key element of polyculture design, so
let’s review a few more definitions, mainly con-
cerning vegetative propagation.

Box 3.1:
The Principle of Relative Location

To enable one community member to
functionally connect to another appropriate
community member, we must put each in
the right place relative to the other.?

Patterning and placement play major roles in
creating, allowing, or preventing interaction
between individual organisms and nonliving
elements in ecosystems. Exactly what role they
play depends on the elements involved and the
kind of interactions they have. Consideration
of the character of each component and the
kind of relationship desired between them is
fundamental to understanding optimal place-
ment patterns for a given objective. This can
get to be a complex business, but there are
ways to simplify it. Natural systems appear to
generate various patterns repeatedly for spe-
cific reasons, and we can mimic and alter these
patterns for our own purposes. We lay out
some functions of these patterns in this sec-
tion. Thorough consideration of the patterns
already existing in any site also aids this
process. Later chapters here and in volume 2
will cover all of these aspects of determining
the optimal relative location for each design

element in your forest garden.

At the broadest level, plants fall into either of two
categories: clumpers or runners. Within these cate-
gories, plants separate based on their form (tree,
shrub, herb, vine, and their height) and how far apart
shoots arise from each other. Most trees are singular,
standard trees with one main trunk, for example.
However, some trees put up shoots near their base,
whether from the crown, root suckers, or rhizomes;
we call these sprouting trees. Others grow shoots
from rhizomes or root suckers at a distance from the
trunk; these we call suckering trees. Multistemmed
shrubs put up multiple shoots from the crown.
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Rhizomatous, stoloniferous, and root-suckering
shrubs are either thicket forming or mat forming,
depending on their height. These shrubs may be
either running or clumping thicket or mat formers,
depending on whether they spread indefinitely.
Herbs may also be mat-forming clumpers or run-
ners, or they may be just simple clumpers or runners.
This depends on how closely spaced the new shoots
are and the height of the plants.

The variations in pattern that these plant forms
and habits can create are manifold We will discuss
how to design with these variations in volume 2,

chapter 4.

Defense Against Herbivory and Parasitism

Plants disperse themselves to minimize herbivory
and parasitism and to maximize their offspring’s
chances of creating further generations. The
“resource concentration hypothesis” states that
“insect pests, particularly species with a narrow
host range [1.e., specialist herbivores], have greater
difficulty in locating and remaining upon host
plants in small, dispersed patches as compared to
large, dense, pure stands.”™ When a plant species
scatters or is randomly dispersed, herbivores and
parasites spend more time and energy finding their
host and less ime and energy eating and repro-
ducing, and they have a greater chance of being
eaten themselves. “Seedlings have the highest
probability of establishing and surviving to adult-
hood when they ‘escape’ from herbivores and
pathogens that are harbored by other trees of the
same species. There seems to be little question that
trees can ‘hide’ from natural enemies in species-
rch forests.™ This concept applies mostly to
sexual reproduction and seed dispersal, since vege-
tative reproduction generally does not send off-
spring far from the parent plant.

Animal- and wind-dispersed seeds tend to travel
the farthest of any dispersal strategy. Simply
observing the seed or fruit structure will allow you
to guess which dispersal strategy a plant uses. Some
of our most disease- and pest-prone crops, such as

apples, evolved to disperse long distances via ani-

mals to escape from their enemies.

Pattermng to Facilitate Alliances
Patterns also can facilitate alliances between dif-
ferent species in the forest and the forest garden.
Two of the key alliances in this regard are pollina-
tion interactions and soil-based food-web relation-
ships such as mycorrhizas.

Clumped distributions aid pollination. The wind
pollinates most nuts, and almost all need pollen
from another variety within the same species to
produce (i.e., they are nor self-fruitful), so clumped
distribution aids the nut grower in the same way
that planting com in blocks aids the gardener.
Insects pollinate most fruits and berries, whose
self-fruitfulness varies considerably. If compatible
cross-pollinating varieties grow nearby and the
right pollinating insects are around, cross-pollina-
tion happens.

It helps to fill your forest garden with appropniate
flowers to keep the pollinators going. If you clump
these flowers near the crops you want pollinated,
the insects will be in the habit of visiting your yard.
Other pollinator habitat elements should also be
nearby (see chapter 4 and volume 2, appendix 5).

Clumping of more than one normally associated
species helps individual plants find their mycor-
rhizal and other root-zone partners, improving
individual plant performance. It also helps the
plants form the mutual-aid network discussed at
the beginning of chapter 1.

A Means of Reducing Competition or Increasing

Advantage
A regular pattern can reduce competition between
individuals by partitioning resources to make sure
everyone gets their share, as in bird nesting tersito-
ries or the regular spacing of orchard trees.
Similarly, dispersing seed far and wide using ani-
mals or wind reduces competition between parents
and their offspring. Even so, clumped distributions
can be a means of increasing competitive advantage
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through mutual aid, as in the case of shrubs that use
underground root runners to support young clones
as they invade new habitat.

DIVERSITY

Political correctness has grabbed hold of this word in
a big way and isn’t likely to let go anytime soon (for
good reason). Yet discussions of diversity in social
and political terms tend to remain harrowingly
narrow-minded. The same holds true in environ-
mental circles: when most people think of diversity
in an ecological context they are talking about
species diversity, which is a combination of both the
number of species in an area and the abundance of
each species there. Is that really enough? Diversity
itself is more diverse than most people realize.

An old argument in ecology questions whether
diversity leads to ecosystem stability. In some cases
it does, but in other cases it does not. Given the
diverse kinds of ecosystem diversity (and the varied
meanings of the word stability), it is not surprising
that this argument could become somewhat mud-
dled. As David Perry says in Forest Ecosystems:
“Does diversity stabilize ecosystems? Yes, but . . .V
Ultimately, it is not diversity per se that creates sta-
bility. Only the right kinds of diversity, put together
in the right way, create stability, resilience, and
work-minimizing self-maintenance. What kinds of
diversity do we find in forests, what causes them,
and what are their effects? How should we mimic
them in our forest gardens, and why?

The following discussion begins the transition
from examining the architecture of forests and
forest gardens to exploring the social structure of
these ecosystems.

ScALES OF DIVERSITY

Just as we must ponder the context to see how our
gardens fit into larger patterns, so we must study
different scales of diversity in and around our gar-
dens to know where our gardens stand, and how to

respond. At each scale there are several kinds of
diversity to consider.

Within-Habitat Diversity

A habitat is a place or a type of place that provides
food, water, and refuge for a species or individual.
By definition, a given habitat exhibits relative con-
sistency in its soil, elevation, aspect (the direction a
slope faces relative to the sun), and successional
stage, but any habitat also includes some amount of
vanation.

Within-habitat diversity is akin to the diversity
of your backyard—the area under your direct con-
trol or subject to your forest-gardening efforts.
Then again, you may have or want to develop two
or more different habitats in your yard, and you will
then need to think about the diversity within each
of those habitats. For example, if you own a plot of
flat, sandy soil with nothing but grass growing on
it, you have essentially one habitat. If the neigh-
boring plot has some of the same flat, sandy lawn,
but half of it suddenly drops to a lower floodplain,
the neighbor has at least three habitats: the level
lawn, the floodplain, and the slope between them.
The basic question here is, given relatively consis-
tent conditions within a habitat, how diverse a
system has nature attained? This will be some guide
to what you can do in your forest garden. -

The most diverse ecosystems usually develop in
large habitats with a warm climate, moderate mois-
ture and nutrient levels, and frequent small- to
moderate-scale disturbances. Habitats that are
smaller, drier, wetter, less or more fertile, less or
more disturbed, or more northerly generally exhibit
less diversity. Temperate deciduous forests growing
on moist soils in eastern North America exhibit
fairly high tree canopy richness (numbers of
species), with fairly even representation of the
species, that is, with no one species dominating to
excess. Whether we can attain such diversity in iso-
lated forest gardens is questionable: requirements
for cross-pollination will mean that we have to
double or triple up on species not also found locally.
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TABLE 3.6. Species richness in moist temperate deciduous
forests.

Forest layer
Tree canopy
Shrub layer
Herb layer

Approx. Maximum Species Richness
1018 species per 0.1 hectare (+ 0.25 acref
10 species per 0.1 hectare'

14 species per square yard (17 per sq. m)?
35-40 species per habitat®

i Robertson. et al. 1978, page 263.

ii Ibid.
iii Sauer, 1998, page 12.
iv Parnall, 1998.

L

The 0.1-hectare (0.25 acre) plots in natural forests
shown in table 3.6 do not need to do this, since the
larger forest context meets such needs. Once your
whole neighborhood is forest gardening, though,
higher diversity becomes more feasible! This is why
we need to look at diversity over the larger scale.
Note that the species diversity of the herb layer in
table 3.6 is higher than in the upper layers. This is
typical not only in natural temperate forests but
also in tropical forest gardens. Traditional
pekarangan (home forest gardens) in Java usually
include one hundred or more useful species, with
the highest diversity in the lower layers.> We may
not achieve that level of diversity of edible or
directly useful plants in a temperate-climate forest
garden, but we can easily get two to several dozen
useful species. When we add beneficial plant allies
for outcompeting weeds, attracting insects, and
accumulating nutrients, not to mention plants for
beauty, our forest gardens will easily exceed fifty
species, and may approach one hundred, again with
the highest species diversity in the lower layers.

Landscape Complexity: Diversity between Habitats

Imagine that you own a small acreage that contains
a gravelly hillock amidst rolling silt soils, a pond
and shore environment, and a small stream and
floodplain. Here you have many habitats to con-
sider, each with a characteristic set of species living
in it. While each habitat may be low in diversity by
itself, the diversity of species across the landscape
may be much greater than that of a same-size uni-

form acreage could ever have. Between-habitat
diversity represents landscape complexity, or the
rate of change in species composition across the
landscape.

Herbaceous plants usually demonstrate higher
diversity between habitats than trees. Trees’ large
size and dominant community roles favor adapta-
tion to broad soil and site tolerances. Small varia-
tions in microclimate, topography, soils, and
disturbance history strongly influence herbaceous
understory composition.

Landscape complexity also strongly influences
animal diversity. “A homogenous forest may sup-
port diverse fauna if it is set up within a heteroge-
neous landscape, and [conversely], animal diversity
may be relatively low in a heterogeneous forest that
exists as an isolated island within a sea of farms,

suburbs, or forest monocultures,”3

Relatively
barren or homogenous surroundings will reduce
your ability to develop a balanced forest garden,
and you will have to make extra effort to attract and
keep beneficial animals. A more diverse landscape
context allows you to relax a little and focus on
attracting the species you want. What kinds of

diversity do you need to look for in that context?

Kinps oF D1IVERSITY

If species diversity isnt enough, then what is?

Diversity of composition, structure, and function

all influence the behavior, stability, and productivity

of forest gardens. We will discuss compositional

and structural diversity below. Though introduced

here, functional diversity relates most clearly to the .
social system of the forest and is the subject of

chapter 4.

Compositional Diversity: Building Blocks

Aldo Leopold once said something like “The first
rule of intelligent tinkering is to keep all the
pieces.” In many people’s minds, animals, insects,
fungi, and microbes are either uninvited but toler-
ated guests or outright unwelcome visitors among
our private plant collections. This “us and them”
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mentality has to go: were all in this together, and
we need each other.

What are the building blocks of the forest?
Compositional diversity includes all the living and
nonliving components of the ecosystem. The more
diverse these building blocks, the broader will be
the foundation of the forest and the garden.

Organisms and Species

Diverse kinds of organisms.are essential to healthy
ecosystems. The diversity of plants forms the basis
for the diversity of all other forms of life: the higher
the plant diversity, the higher the diversity of other
life forms. Yet forests contain thousands of species
besides plants, the vast majority of which live
belowground.

Vertebrates (mammals, birds, reptiles, and
amphibians) compose no more than 2 percent of
known terrestrial animal species. The rest are
“arthropods, nematodes, worms of one kind or
another, and other small things.” Ecologists
working in Oregon old-growth forests estimate
that up to 16,000 individual invertebrate animals
live under the area of one footstep. By 1998, scien-
tists there had identified about 3,500 soil-dwelling
arthropod species (insects, spiders, and mites) and
estimated that the total number was about 8,000.
This compares to a combined total of 143 verte-
brate species in the same forest.*

The number of soil microbe species (bacteria,
fungi, and protozoa) could vastly overshoot that of
soil arthropods, but microbial diversity is unknown.
Interestingly, mycorrhizal fungi are an exception to
the general rule that diversity tends to decrease as
one moves from tropical ecosystems toward the
Poles. Temperate forests represent a peak in mycor-
rhizal diversity: tropical lowland forest may contain
several hundred species of mycorrhizal fungi, while
many temperate forests contain several thousand.”

Like soil ecology, tree canopy ecology is a new sci-
ence, while the ecology of leaf surfaces is barely even
born. “New” species are being discovered there, too,
some of them microbes that live on leaves and bark

or actually live 27 leaves or bark as endophytes (lit-
erally “within plants”). Fungal endophytes in leaves
make a deal similar to their mycorrhizal cousins: you
give me sugars, and I'll protect you from pathogens
and herbivores (more on this later).

The vast majority of all these species and dif-
terent kinds of organisms play beneficial or even
essential roles in the ecosystem.

Genetic Diversity within Species
While plant-species diversity is high in the tropics
and decreases as one moves toward the Poles, tropical
trees tend to be genetically uniform, while temperate
trees are not. “Studies of temperate and boreal tree
species have found that on the order of 75 percent to
90 percent of all species-wide genetic variability
resides within populations and only 10 percent to 25
percent between populations.”™® Temperate forests
are almost as diverse as tropical forests when you
include variation within the species. In other words,
when we use a single genetic variety of a single
species—one genotype—over large areas, we elimi-
nate the majority of diversity in our home ecosystem,
even if we are planting one genotype of a native
species. Genetic diversity is one of the temperate
forest’s key defenses against wholesale loss from pests
and disease at an ecosystem level. We should mimic

- this by staffing our forest gardens with diverse vari-

eties of each species we grow, if possible.

Legacies: Soils and Deadwood Diversity
Ecologically speaking, a legacy includes anything
handed down from previous generations of an
ecosystem, especially a predisturbance ecosystem.
Legacies include soil chemistry and biology, soil
aggregates and organic matter, the soil seed bank,
and deadwood. Loss of any of these legacies is a
major blow to a healthy, stable ecosystem and slows
or alters recovery after disturbance.

Dead trees, both standing and downed, support a
whole food web involving microbes, invertebrates,
reptiles, amphibians, small mammals, and birds.
Cavity-nesting and snag-foraging birds depend on
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standing deadwood to survive, and many birds use
standing deadwood as perches. Rotten logs store
large quantities of water that can mean survival for
trees (whose roots frequently invade fallen logs),
their microbial associates, and numerous insects,
earthworms, tree frogs, and small mammals during
dry times or catastrophes. These biological islands
help forests recover from fire, cutting, and other
disturbances by providing a center of microbial
diversity, storing organic matter and water, pre-
venting erosion, and more. Rotten logs provided
safe haven for large numbers of species of all sizes
that quickly regenerated after the devastating erup-
tion of Mount Saint Helens in 1980.

Minerals, Gases, and Chemicals
The mineral content of soil parent materials, the
gas composition of the soil profile, and chemicals
falling in rainfall or generated by plants and other
organisms all play key roles in supporting or lim-
1ting system processes.

When considering compositional diversity we
essentially ask, “What is here in what quantities?”
or “What components does this system include?”
This inventory offers vital information, but it
doesn’t go far enough. We also need to understand
the placement patterns of these elements.

Structural Diversity: Patterns of Building Blocks
The pattern within which you place building
blocks, whether concrete blocks or elements of
ecosystem compositional diversity, determines the
kind of structure you end up building, its form, and
its functions. “A forest with complex architecture is
like a house with many rooms. It provides greater
opportunity to find a space ‘providing protection
from enemies, and it allows the evolution of unique
niches that effectively reduce conflicts over
resources.”” Structure translates into niches: the
more diverse the structures, the more diverse the
niches.

Structural diversity includes both the physical
architecture and the social structure of an

ecosystem. Here we are concerned with vanation in
the overall physical architecture, as well as variation
in topography and soil conditions. Diversity in the
social structure helps balance and stabilize the
system against shocks and loss.

Soil and Microclimate
While high plant-species diversity tends to gen-
erate higher diversity of all other forms of life,
greater diversity in soil and microclimate condi-
tions tends to generate greater plant-species diver-
sity. For example, pit-and-mound topography,
which typifies old-growth forest floors, radically
increases the diversity of soil and microclimate
conditions. This diversity in soil structure con-
tributes mightily to high herbaceous understory
diversity in these forests. Could it be that the bib-
lical notion of “making the rough places plain” is
exactly the wrong idea for recreating the Garden of
Eden? Spirit works in mysterious ways.

Aspect is a major microclimate determinant that,
in turn, determines habitat diversity, especially in
the herbaceous understory. In the Northern
Hemisphere, north-facing aspects get less sun, and
their cool, moist microclimates foster late springs,
slowly changing temperatures, and short growing
seasons. West-facing slopes or the west sides of
buildings tend to be the hottest, driest places,
because maximum solar gain in the space coincides
with peak midafternoon air temperatures. This
causes wide day—night temperature swings and high
stress from repeated freezing and thawing of woody
tissues and soil. Southerly aspects are the next
hottest and driest and have the longest growing
season of any microclimate. East and southeast-
facing aspects are the best microclimates in much of
the temperate zone: sunny in the cool moming
hours, shaded in the hot afternoons. Combine that
with summer sun, good cold-air drainage to reduce
frost, good cold-wind protection, and moist soil
conditions, and you have the ideal conditions for
people and most common crops.

Of course, each of these microclimates suits spe-
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cific species better than others, so not everyone
needs southeast-facing spaces! For instance:

The leaves of even the hardiest herbaceous plants
suffer from too rapid thawing in sun after a
freezing night; hence the winter woods displays, in
its ground layer, some differing slope aspects.
Herbaceous plants which retain their leaves in
winter, as Hepatica, Hydrophyllum, Tiarella, are
often localized on northerly slopes where [daily]
temperature changes are slow. The green leaves of
these plants and the semi-evergreen Smilax hispida
stand out conspicuously in the brown and gray
background of the winter woods.®

Therefore, even small areas of varying slope
aspect can allow you to plant a higher diversity of
plants. So observe your microclimates carefully and
design them thoughtfully!

Lumpy Texture: Age Structure and Disturbance
Old-growth forests typically vary in density
tremendously from place to place, presenting a
lumpy texture like that of hearty vegetable stew,
while young forests and some forest gardens we
have seen manifest a texture as smooth as split-pea

soup (figures 3.19, 3.20, and 3.21). Frequent distur-
bances of low to moderate scale and intensity create
this structural complexity in forests by creating
gaps in the canopy that then go through a process
of succession. These gaps change the age structure
of the forest, the microclimate, and the species
composition, the effects of which can last for gen-
erations. Tree death from old age or storm is a
classic example of this kind of disturbance, as is fire

in some regions.

Canopy Structure and Understory Diversity
Light intensity varies under a canopy with uneven
density, height, and leaf sizes. Different trees leaf
out at different times in spring and drop their
leaves earlier or later in the fall, affecting the suc-
cess of spring ephemerals and late-summer
bloomers. Trees with drooping branches tend to
concentrate rainfall at the edges of their crowns
(gathering up to twice the precipitation as falls in
forest gaps), while erect branching leads to rain
running down tree trunks, and horizontal branches
distribute precipitation more evenly. The leaves of

different trees decompose at different rates and
contain different chemicals and nutrients_*
All of these and other variations translate into

FiGURE 3.19. “Lumpy texture” versus “split-pea soup” in vegetation layers. We want both high diversity of foliage height and low
evenness of texture (as on the left), not high foliage height diversity and high evenness (as on right). Such structural diversity
appears to enhance bird and insect diversity regardless of plant species composition.
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F1GURE 3.20. An Appalachian cove forest in North Carolina’s

Smoky Mountains offers a great example of lumpy texture.
Notice the dense shrub and herb vegetation in the foreground,
and the lack thereof at left and farther back. Also note the
variation in density of the tree trunks in different areas of the
woods. Photo by Dave Jacke.

more niches for plants, animals, and microbes to
fill. More niches mean more opportunities for
yield, and also for interconnection, resource parti-
tioning, and reducing competition.

Drverse Structure and Arthropod Diversity
As discussed earlier, bird diversity increases as the
number of layers in a plant community increases,
and zhis pattern tends to occur independent of plant-
species diversity. In other words, the structural
diversity alone seems to account for increased bird
diversity. Since arthropods (such as spiders, mites,
and insects) compose the largest portion of animal
biomass in ecosystems and many of our pest prob-
lems are mite- and insect-related, it behooves us to
look a little more at how these creatures respond to
structural diversity.

Work in Oregon and North Carolina has shown
that sucking herbivores (such as aphids) constitute
the vast majority of arthropods in young forests,

Ficure 3.21. Robert Hart’s forest garden in Shropshire,

England, is more like split-pea soup than chunky vegetable
stew. Plants of many heights grow together, but every layer is
equally packed throughout most of the garden. This reduces
lumpy texture and air circulation and increases pest and dis-
ease potential and the general hassle of getting around the
garden. Photo by Dave Jacke.

while predators, decomposers, and flower or seed
predators are absent (table 3.7). Old-growth forest
arthropod populations exhibit more balance, with
predators and herbivores almost equally repre-
sented, and smaller but significant numbers of other
arthropod groups. Examination of the data in detail
also shows that the old-growth forest canopies con-
tained more species within each functional group of
arthropods. While we know little about the forces
that shape these patterns, the structural and compo-
sitional diversity of the older forests and the larger
number of niches therefore available probably con-
tribute considerably to the situation.* Other
research supports this thesis, and may indicate that
species composition and diversity in lower vegeta-
tion layers may be as important to insect diversity as
structural diversity, perhaps more so.”

Having explored both the diverse building blocks
with which we must interact and the diverse struc-
ture that creates “a house with many rooms,” we
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TABLE 3.7. Biomass of arthropods in canopies of young and old-
growth conifer forests. Note the imbalance of sucking herbi-
vores (such as aphids) in young forest and the balance between
defoliators (such as caterpillars) and predators in old-growth
forests. Data from H. J. Andrews Experimvemal Forest, Oregon (Schowalter, 1989).

BIOMAS S, grams per hectase

Functional Old-Growth Young
Group Forest Forest
Defoliating herbivores 180 0
Sucking herbivores 10 ' 370
Predators 160 50
Others 30 0
Total 380 420

now need to discuss the diverse functions necessary
to run this house.

Functional Diversity: Patterns of Influence
Functions are the “normal or characteristic
action[s] of anything”*—behaviors, effects, or
influences inherent in something because of its
structure or way of being. Any ecosystem element
can influence other parts of its community, the
structure of its community as a whole, or internal
community processes such as nutrient cycling, suc-
cession, and photosynthesis. The community as a
whole influences other communities and processes
external to itself, such as the climate or the water
cycle. The functional diversity of these elements
and their communities has four dimensions.

First, at the organism level, functional diversity
expresses itself by the fact that every living thing
has a diversity of inherent functions: needs, prod-
ucts, behaviors, tolerances, characteristics, and
influences. These multiple functions define an
organism’s species niche.

Second, at the community level, every ecosystem
is composed not only of “things” as discussed under
“Compositional Diversity,” but also of diverse sets
of functions or roles, such as producer, herbivore,
pollinator, browser, canopy tree, or spring
ephemeral herb. These functions represent commu-

nity niches, or community roles or “professions,”

which are filled by species with the proper “equip-
ment” or “training” and which we can examine sep-
arate from the species that fill them. A primary
segment of these community roles relates to the
food-web structure of the community—who eats
whom—and therefore who influences whom.

Third, not only must the system perform a
diverse set of functions—fill diverse community
niches—to remain viable, but stability and
resilience depend upon the system containing
diverse sets of organisms that perform each func-
tion—in other words, redundancy of function. If
the ecosystem has only one species performing each
community role, and one of those species is lost,
then the community loses that function, not just
the species. Thus, the fabric of the web begins to
unravel, as important processes and links that keep
the community running are lost.

Finally, we must distinguish between diversity
that is functional and diversity that is not.
Functional diversity in this sense means diversity
that works, diversity in which the elements func-
tionally interconnect to create an operational
system, as opposed to simple variety. Simple variety
is a mere collection of things, flotsam and jetsam,
adrift and directionless. Functionally intercon-
nected systems have drive, energy, and integrity:
functional diversity, diversity that is going some-
where. Edible forest gardening is about creating
this kind of functional diversity, achieving our goals
using clear understanding of the multiple functions
of species, the functional roles needed in systems,
and how we might interconnect them. Given the
limits of our understanding, to do this we probably
also need a dash of luck, the grace of God, or the
help of Mother Nature, however you want to say it.
Nonetheless, in our forest gardens we must aim for
diversity that works.

WaaTt Diversity Doxs

Diwversity provides more niches. Diversity begets
diversity. Greater diversity in the elements com-
posing the system adds more structure and more
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functions, which create more niches for more
species to inhabit, which allows more elements . . .
With evolutionary time, niche specialization
increases, species partition resources more finely,

and the ecosystem adds more niches.

Diwersity reduces competition. Greater diversity
through specialization leads to less competition for
resources and creates new resources for other species
to exploit. In addition, as more species participate,
such as, say, herbivores that limit plant populations,
competition declines at the plant level, and more
diversity is possible at that level. This is called the
cropping principle (see box 4.5, page 134).

Diwersity increases productivity and yield More
niches mean increased efficiency in use of
resources, which increases productivity. Increased
productivity means increased opportunities for
yield. Functional diversity, that is, diversity that
works, can be directed to increasing yields by
increasing the diversity of yields from the system.
On a more mundane level, we find that stands of
trees with a mixture of species tend to show greater
cycling of nutrients than monoculture stands. This
could be because the different species use and move
different nutnients, because the variation in leaf
litter increases soil microbe diversity, or because the
different litter types assist in each other’s decompo-

sition somehow.®

Drversity generates functional interconnection.
Linking the needs and products of different
ecosystem components creates social structure in
the system. In nature, this functional interconnec-
tion increases resource-use efficiency, increases pro-
ductivity, and further increases diversity. In design,
functional interconnection reduces work, waste,
and pollution and increases yield.

Daversity generates stability and resilience. Species in
the same community whose niches overlap use the

same resource in a similar way. This redundancy
supports stability and resiliency by providing
backup services should one species drop out of the
community role it plays. Stability is more a result of
the system’s structure than of diversity per se.
However, diversity helps ensure that the structures
that create stability and resilience are there.

Diversity reduces herbivory. A mix of species and
genotypes with little dominance by any one has an
interesting effect on herbivores and diseases: they
spend more time and energy finding their host
plants and less time and energy eating and repro-
ducing. This is most true for specialist herbivores,
but even generalist herbivores have their prefer-
ences. It also makes it easier for predators to find
their prey, as the herbivores have to move around
and expose themselves for longer periods. In the
case of scab spores or other diseases, a mixed-plant
matrix reduces the chance of infection by reducing
the chance these spores have of landing on their
host. “Herbivores and pathogens almost always do
best when their food plants are concentrated rather
than dispersed.” Not only diversity but also the
length of time the diverse components live together
affect insect populations: “studies suggest that the
more diverse the agroecosystem and the longer this
diversity remains undisturbed, the more internal
links develop to promote greater insect stability.”

Drversity creates beauty. Highly diverse ecosystems
are beautiful, awe inspiring, interesting, and fun.
It’s nice to know that our aesthetic sense supports
our ecological goals, even though it is often an
unconscious agreement.

Dominance militates against diversity. When one
species or genotype dominates an ecosystem, diver-
sity declines. This principle achieves its extreme
expression in the monocultures typical of our
industrial age.
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SUMMARY

The five elements of forest architecture are visible
aspects of forest structure and manifestations of the
invisible “social structures” of the forest and the
forest garden. The layers of the forest garden express
primary aspects of the different niches or life strate-
gies of plants, and how they partition resources
above- and belowground. The soil horizons reveal
the changing balances between living processes (of
organic accumulation, decomposition, and recy-
cling) and the nonliving realities of leaching and the
mineral realm as depth increases. Vegetation density
influences the intensity of interaction between indi-
viduals and species in the ecosystem and greatly
defines the character of the ecosystem. Patterning
facilitates or inhibits interactions between species

because relative location is fundamental to many of
these interactions, whether they are pollination,
protection from herbivory or disease, or access to
resources or allies. The diversity of the forest occurs
at different scales and includes the full range of
organisms in the forest, the various structural pat-
terns of those organisms, and the functional interac-
tions between them. This functional diversity is
essential to the strength, resilience, and longevity of
the ecosystems we cocreate with our plant, animal,
and microbial allies.

Having begun to examine the visible structures of
the forest, let’s apply what we’ve learned to a spe-
cific garden, in this case, Robert Hart’s forest
garden in Shropshire, England. Then we can
explore the invisible structures that lie behind the
five elements of architecture.



Case Study 2

Robert’s Garden

Size: 3,200 sq ft (40 ft by 80 ft; 12m by 24m) ¢ Location: Church Stretton, Shropshire, England +
Planted 1979 and onward + USDA Hardiness Zone: 8 ¢ Latitude: 52.5° N

The first time we create something worthwhile, we
usually make mistakes. This is, after all, the purpose
of prototypes. You try out an idea, see how it works,
and improve on it the next time around. In forest
gardens, though, it can take years for our design
errors to show up. This is why on-paper design is so
critical to forest gardening if you want a good
product. We need to think through the implica-
tions of our plant placements as best we can over
time, make at least some mistakes on paper, correct
them, and take it from there. Even so, we will likely
‘make some mistakes, but, to slightly revise an old
saying, anything worth doing is worth doing
poorly. This is how we learn to do it well.

Robert Hart’s forest garden in Shropshire,
England, was the first known temperate-climate
forest garden in the world. As the prototype of
temperate forest gardens, it can teach us much,
both what to mimic and what to avoid. Hart’s will-
ingness to defy traditions in service to his ideals
and vision, and to simply start and find out what
worked over time, are certainly exemplary. His pio-
neering role, evolving process, and lack of design or
horticultural training meant that Robert didn't
design his garden on paper and imagine how it
would look as the plants grew. That one step could
have made a big difference. Yet even without it, he
created a basic planting pattern that worked rea-
sonably well on his site. With a few easy adjust-
ments, that basic pattern could have worked far
better and for far longer than it did.

The discussion below concerns only Robert’s
original forest garden. You can read about this and
the other parts of Robert’s homestead in his book
Forest Gardening. Compare his pictures of the

IIO

garden in its earlier stages of development with the
pictures we include here from 1997. The area we
discuss appears as “Forest Garden 1” on the illustra-
tion beginning chapter 5 in the 1996 U.S. edition,
and as “Forest Garden” in figure 1 of the 1991 U.K.

edition.

ROBERT’S GOALS

Robert’s primary goal was self-sufficiency, “a system
of land-use capable of supplying all basic human
needs, consisting mainly of trees and other perennial
plants with no livestock component.”™ As a primary
means to that end, Robert designed his garden “to
achieve the utmost economy of space and labor,”” in
other words, to require minimal maintenance. He
sought to maximize his own health through a
diverse diet of nutritious home-grown foods. He
wanted to create a garden of natural beauty, where
one could see that he had “moulded the earth to his
necessity without violating it.” This aesthetic also
plays well into his low-maintenance aims.
Interestingly, Robert does not directly mention high
yields as a key goal, except in reference to generating
a diversity of highly nutritious crops. He often dis-
cusses the abundance of foodstuffs his garden
offered, but he never indicates high yields as a major
motivator for his design.

Beyond these general goals, most of which we all
seek in forest gardening, Robert does not explicitly
lay out his aims or guiding design concept for pat-
terning his specific forest garden. Even in conversa-
tion, he either waxed poetic about his lofty ideas and
ideals or discussed the brilliant details of what he
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outside, Robert’s forest garden doesn’t look like it could feel as much like a forest as it does. But compare this image with the
feeling evident inside the garden in figure 0.1 or the other images throughout the book. Photo by Dave Jucke.

had done to achieve them. This is fine as far as it
goes, and probably results from the evolving, design-
as-you-go nature of his project. However, many
designers get into trouble by glossing over the
middle levels of specificity in articulating their goals.

GARDEN DESCRIPTION

We spent four full days with Robert and his garden
in September 1997. The forest garden was then
eighteen years of age, though some of the trees were
much older, most notably the damson plums planted
over a century ago and still bearing prolifically. While
eighteen is young in terms of most tree life spans, one
could say the forest garden as a whole was succession-
ally mature or perhaps even overmature. At the time,

Robert was eighty-four and increasingly frail (he died
less than three years later, in March 2000, and last we
heard his garden was in legal limbo owing to an
inheritance dispute). The garden had gotten minimal
attention from him for the previous three years. Tt
was in surprisingly good shape for having had little
management for so long, but we certainly were not
seeing the garden in its prime. This gave us a sense of
what happens when management declines.

Even so, Robert’s garden was strikingly beautiful,
in a way that is hard to describe. It did not have the
hallmarks of typically beautiful landscaping: bright
colors, views and focal points, neatness, and a
trimmed appearance. Quite the opposite on all
counts. Its beauty derived from something deeper
and more primal. It shimmered with a special sort
of energy. It felt safe, enclosing, and enfolding (see
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Frcure Ca2.2. This map of Robert’s forest garden shows the basic layout and the trees but, given the garden’s complexity, does not
include the shrubs and herbs. Note the density of planting: the shapes of the tree crowns indicate many are trying to get out of
each other’s way or away from large shrubs nearby. The numerous young trees also lead one to conclude that without thinning

the garden would get even more dense over time.

figure 0.1, page xviii). It was wild, in a mild-man-
nered sort of way. It felt like a forest, but it also felt
like a garden. This combination truly holds a spe-
cial magic. Some of that magic may have also been
due to the history of the site (see Robert’s book).
From the outside, it hardly looked like a forest at all
(figure C2.1), and it is surprising that the ambience
inside this small garden could feel so foresty in such
an open context.

The main forest garden was about 45 feet wide
by 80 feet long (a total of 3,800 square feet or less
than 1/10 acre; about 14 m by 24 m, or 353 sq. m).
To some this may seem a large area, but compared
to large trees it is a small patch: one mature black
walnut tree could have covered the entire forest
garden! The garden’s long axis was oriented almost
east-west (figure C2.2). It occupied a gentle west-

facing slope, losing perhaps 3 to 4 feet (0.9 to 1.2
m) of elevation along its long axis, from damson
plums to raspberry hedge. Soils were loamy in
nature, with a significant proportion of clay. They
seemed to hold fertility well, though they did not
drain as well as one might desire in such a moist
climate.

The garden’s only two paths ran along the long
sides, the north path wide enough for a good-size
cart, the south path just wide enough to walk single
file. We saw no defined access to the garden inte-
rior, or evidence there had ever been any. No dis-
tinct planting beds guided our footsteps outside the
main paths. Vegetation hung into the paths, espe-
cially the narrower south path, getting us wet as we
walked around in the damp weather, and poten-
tially spreading disease.
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Ficure C2.3. The shrub layer in Robert’s garden covered about 30 percent of the area in a more or less regular distribution pattern.
Many of the shrubs were in shade under trees. There was no apparent relationship between shrub patterning and tree patterning

on this site. Luckily, most of the shrubs were Ribes species (currants, black currants, and so on), which can still produce in shade.

The garden essentially had three main vegetation
layers. When we visited, the low tree canopy cov-
ered about 60 percent of the garden in a clumped
distribution, forming fingers extending mainly from
the south to the north (figure C2.2). The north edge
of the garden was fairly open and free of major tree
cover. The openings extended toward the south like
spaces between the fingers of canopy. In places, this
allowed light to enter the shrub and herb layers
fairly well, even under the canopy, but in other
places the canopy was very dense and the understory
extremely shady. Small shrub clumps and individual
shrubs covered about 30 percent of the area, spread
out in a regular pattern (figure C2.3). However, half
the shrub layer stood underneath the canopy. This
left about 25 percent of the garden area for herba-
ceous plants directly under the sky.

Canopy species mainly included fruit trees: four-
teen plums, eight apples, six pears, one rowan (Sorbus
aucuparia), and one rare rowan relative (S. arra-

nensis). Some adjacent European elder (Sambucus
nigra), elm (Ulmus spp.), ash (Fraxinus excelsior) and
hawthorn (Crataegus spp.) trees overhung the garden
from the edges.

The shrub layer consisted mostly of Ribes species
(gooseberries and red, white, and black currants),
with Rubus species (raspberries, blackberries, and so
on), hazels (Corylus spp.), roses (Rosa spp.), young
fruit trees, and Siberian pea shrubs (Caragana
arborescens) filling out most of the rest. A few single
specimens included cut-leaf elder (Samébucus nigra
‘Laciniata’ ), lilac (Syringa spp.), and a few shrubs
neither Robert nor we could identify. Half these
shrubs received moderately deep shade under the
tree canopy. The balance had direct sunlight over-
head but still received significant shade from neigh-
boring trees. It is a good thing Ribes dominated the
shrub layer, since it can still fruit in the shade. Most
everything else was less than vigorous, especially the
shaded hazels, as they required more sunshine.
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TABLE C2.1. Partial list of herbaceous species at Robert’s
garden, September 1997.

Dominant Species:
garlic mustard

Alliaria petiolara

grasses Family Poaceae
mints Mentha spp.
apple mint M. suaveolens
curly mint M. sp.
eau-de-cologne mint M. sp.
ginger mint M. sp.
peppermint M. x piperita
pineapple mint M. suaveolens 'Variegata'
spearmint M. spicata
water mint M. aquatica
nettles Urtica dioica
ramsons Allium ursinum

unknown “weeds”

Secondary Species:
good King Henry

Chenopodium bonus-henricus

lemon balm Melissa officinalis
sweet cicely Myrrhis odorata
woundwort Stachys spp.

Minor Species:

bistort Polygonatum bistorta
broccoli, 'Nine-Star - Brassica oleracea
Perennial’
cardoon Cynara cardunculus
chives Allium schoenoprasum
comfrey Symphytum officinale
lovage Levisticum officinale
sorrel Rumex acetosa

Unfortunately, we were unable to undertake a
detailed herb layer inventory when we were there
(see table C2.1 for a partial list of species). The most
abundant useful herbaceous species in evidence at
the time included apple mint (Mentha suaveolens),
nettles (Urtica dioica), garlic mustard (A/iaria petio-
lara), ramsons (Allium wursinum), sweet cicely
(Myrrhis odorata), lemon balm (Melissa officinalis),
woundwort (Szachys spp.), comfrey (Symphytum
officinale), and good King Henry (Chenopodium

bonus-henricus). Numerous grasses and unidentified

“weeds” were also present. We expect that some
useful species present were not in evidence at the
time of year we visited. We also expect the minimal
maintenance of the previous three years to have
reduced herb layer diversity. Robert’s trademark
daily round included cutting back plants that were
competing with neighbors and pulling a few weeds
while he was out harvesting. Without such ongoing
low-level disturbance, the more vigorous plants
would have outcompeted the less vigorous. The
herbaceous plants listed are all vigorous or persistent
species, able to compete well and fend for themselves
without care, or are particularly well adapted to
shady conditions, or both.

The overall ratios of canopy to shrub to herba-
ceous cover indicated a stand late in midsuccession.
Trees dominated, the shrubs were getting shaded
out, yet a large portion of the area contained herbs
with no trees or shrubs. Since many of the plants
were still relatively young, shrub and tree cover
have probably increased since then, unless a distur-
bance took place. Shrub crop production likely has
declined since our visit, and some of the shrubs,
notably the hazels, probably have gotten little
chance to produce at all given their age, size, and
location relative to canopy trees. We also believe
the garden’s increasing successional age was con-
tributing to the decline in herb-layer diversity, as
the shade grew deeper in the bulk of the garden.

Late midsuccession was also indicated by the
density of tree stems (figure C2.4). In natural late
midsuccession stands, a stage called “understory
repression” often sets in, at which point the
extremely dense growth of pioneer tree saplings
cuts out virtually all light to the herb layer. The
sun-loving herbs die out, and the herbaceous
understory becomes barren for a time. Eventually,
woodland herbs move in as the canopy thins.
Robert’s forest garden was not as dense as that, but
he planted his trees far too close together and the
effect was similar.
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F1GURE Cz.4. Spring in Robert’s garden demonstrates the succession of green that occurs through the season. This view from the
east end of the garden looking west shows that herbaceous perennials are first to bare their heads, making use of the sun while
they can. Next come the shrubs, which are already displaying some green. The trees leaf out last. This picture also clearly indicates
the high density of Robert’s plantings. Poto by Chuck Marsh.

ASSESSMENT

One can easily say this garden achieved Robert’s pri-
mary goals. While he kept no records of his yields as
far as we know, Robert had no question that the
forest garden gave him all he asked of it, if not more.
Even if one were to take the most jaundiced view of
his work, the garden in its prime clearly provided
large quantities of diverse crops for many months
each year. Even having provided little or no mainte-
nance for three years, he was still eating out of his
garden on a daily basis when we visited. What annual
crop grower can say that? Self-sufficiency, low main-
tenance, natural beauty, and decent-enough yields
were successful products of this tiny piece of earth
lightly cultivated by a humble, “nonhorticultural”

man. Surely, this makes forest gardening a viable
option within reach of millions.

With these major successes duly noted and
acknowledged, let us take a more critical look at
Robert’s garden design. Remember, though, that
Robert told us a number of times while we were
there that “he didn’t know much about plants.”
While we initially took this as a statement of
humility from a master, we came to see that he was
right. Nor was Robert a designer per se. We do not
mean the comments below to denigrate Robert or
his accomplishments in any way. We intend them
only to shed light on a subject dear to his heart, and
to improve your chances of making a better forest
garden than the Man himself!

Good path design was a major oversight in this
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Figure Cz.5. A revised planting pattern for Robert’s forest garden could involve creating better path access to the garden’s core
and rearranging the shrubs to get more light. Though this scheme would be more functional, it would look less like a forest—and

this is where value judgments enter the fray.

garden. Gaining access to the garden’s core to mon-
itor, maintain, and harvest crops was problematic,
requiring walking on soils that were frequently wet
due to the weather, and that stayed wet due to the
soil’s texture. The vegetation jungle was certainly
partly due to the lack of maintenance over the pre-
vious three years, but narrow pathways, extremely
close spacing, and eccentric planting patterns con-
tributed mightily. Though a much more forestlike
ambience resulted, practical concerns were lost.
Ultimately, such design choices are a value judg-
ment on each gardener’s part, but we would opt for
wider main paths, additional access to the garden’s
core, and better definition of planting beds and
planting patterns. This would facilitate manage-
ment and minimize soil compaction and disease
spread. How might we achieve this?

The tree cover pattern created north—south linear
canopy openings. However, the shrub and herb
planting pattern did not take advantage of this, nor
did the path pattern relate to it. Robert spread the
shrubs evenly around the garden, with no apparent
relationship between shade conditions then or in
the future and the kinds of shrubs planted in a
given spot or their overall planting scheme (see
figure C2.3). The same appeared true of the herbs,
though the herb patch compositions changed in
response to conditions to some degree; more
grasses grew in the sunnier areas, for example.
Secondary paths following the spaces between
canopy fingers would have eased management and
organized the planting pattern as well. Sun-loving
herbs could grow along the secondary cross paths,
with shrubs behind them and woodland herbs
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Ficure C2.6. A north—south cross section of Robert’s garden reveals the arrangement of trees to allow light along the north edge
of the garden, with taller trees to the south and shorter ones to the north. Unfortunately, the northern apple tree will grow to shade

the north edge eventually.

growing under the trees that compose the canopy
fingers (see figure C2.5).

Extending the canopy fingers from the south and
leaving the north edge of the garden more open as
Robert did is a good way to maximize sunlight in
the northern clearing while creating deeper shade
to the south. This works best and lasts longest only
if the taller trees are all placed at the south edge and
the shorter trees toward the north, as Robert’s
garden was arranged at the time (figure C2.6).
However, the growth of his trees will eventually
cause the loss of more of his sunny habitat than he
might have wished sooner than might be desirable.
He did have other sunny areas to cultivate, so per-
haps he did not care. However, this situation is a

good reminder to us all to sketch our designs in
section views as well as plan views to help us envi-
sion the plan ahead of time.

Robert also made the same mistake that almost
every other forest gardener we have met has made:
he planted woodies too close together. You can see
evidence of this in figure C2.2. Notice the odd
shapes of the tree crowns, indicating how the trees
have grown to avoid each other. Notice the seedling
and sapling plums planted right at the crown edge
of the plum smack in the middle of the garden. The
plum’s neighbors already crowded it, and then
Robert planted more seedlings right next to it. Also
notice the tiny honey locust in the western third of
the garden, and imagine it three or four times that



118 PART TWO: ECOLOGY

crown diameter as it achieves adolescence, not to
mention full adulthood! These are only the trees we
are talking about here! Overplanting like this
causes early understory repression, reduces the
effective life span of the successional stage,
increases plant competition and stress, and reduces
yields over the long run. When trees are small, it is
easy to plant more than you need, hard to
remember how big they will eventually get, and
hard to cut them down when they start crowding
each other. This is why planning on paper makes a
lot of sense.

The shrubs often had more shrub-free room
around them, because of their scattered distribution.
The problem: the shrubs usually got in the way of
access to the fruit trees or blocked the available
paths back and forth through the core of the garden.
Perhaps this shrub distribution made the garden
look forestlike, but it was a major hassle to move
around the place, not to mention to prune, harvest,
and monitor insects. The few nitrogen-fixing shrubs
present were wholly shaded. Since nitrogen-fixers
need full sun to fix nitrogen, the pea shrubs might
as well have not been there. Shrub placement made
little sense in any way, except that Ribes will produce
fruit in some shade, and this group dominated the
shady shrub layer present.

Despite Robert’s claims of growing over one
hundred species and varieties in his forest garden,
diversity in this garden was low, especially in the
shrub layer. Robert likely grew the trees most worth
growing in his garden, and he had diverse varieties
of what he did have. In a garden this small, he really
should have had fewer trees at a more reasonable
spacing. The shrub and herb layers, with their
smaller plants, provide more opportunities for
easily increasing species diversity. Robert did love
his Ribes, though: currants, black currants, and
gooseberries were certainly his main crop, or one of
them, and he had diverse species and varieties
within his main crop, which is good. However, he
could have grown many other species, particularly
had he patterned his shrub layer to respond to the

canopy pattern. The herb layer also had much lower
diversity than we had expected. There was an
astonishing lack of nitrogen—ﬁxers in both the
shrub and herb layers, for example. It is also
unlikely there was a succession of beneficial-insect
nectar plants blooming throughout the growing
season, with no gaps. The same probably goes for
bee plants. Robert had only two major dynamic
accumulator species in his garden that we could
tell. The presence of weeds indicates unfilled niches
that he might have been able to fill with more, and
more useful, species.

Despite all of the foregoing, however, we must
remember that Robert devised the first temperate-
climate forest garden known on the planet in
modern times. Of course he made mistakes. We are
grateful to him for making them, and for sharing
his garden so openly with us so we could learn from
them. We hope you learn from them too.

CONCLUSION

By all accounts, Robert Hart’s forest garden
achieved much. It surely met his aims, and more.
Those few square feet of ground spurred a world-
wide movement, not to mention having fed one
English gentleman and his many visitors both food
and soul nourishment for a good many years with
minimal labor and great satisfaction. In fact, the
whole forest garden idea resulted from Mr. Hart’s
desire to limit his needs and wants to something he
could achieve -on his own land, without violating
that land’s inherent nature. This is what Plato
meant when he said, “It is the wise restraints that
make men free.” If we apply this idea even more
fully to our. forest gardens, restraining ourselves
from planting long enough to plan just a little (or
even a lot) more, and limiting the number of woody
species we plant to maintain better spacing, our
gardens will easily achieve for us as much as
Robert’s did for him, if not more.
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Social Structure: Niches,
Relationships, Communities

Ecological communities are not as tightly linked as organisms, but

neither are they simply collections of individuals. Rather, the commu-

nity is a unique form of biological system in which the individuality

of the parts (i.e., species and individuals) acts paradoxically to bind

the system together.

—Davip PerRry, Forest Ecosystems

verybody is just trying to make a living.

The result of different organisms making a

living together is social structure: “patterns

in the way that individuals, species, or
groups of species relate to one another and to the
system as a whole.” The interplay between the
freedom to evolve as an individual species and the
reality of communal interdependence results in
“diversity that works”: an incredible variety of life
forms—each with unique needs, “equipment,” and
“training”—performing interconnecting “job-roles”
that create an evolving, self-maintaining, self-
renewing social structure.

Relationships build social structures. In ecosys-
tems, these relationships are born primarily of
organisms’ needs for energy and resources, and as a
result, they determine the flows of energy, nutri-
ents, and influence within the community. When
we work skillfully with social structures, we partic-
lpate in creating the resilient, self-maintaining
garden systermn we want, and we get the abundant
diversity of foods we need.

The purpose of this chapter is to help you under-
stand forest garden social structure and how to work
skillfully with it to achieve your goals. We cannot
hope to understand all the interactions in our gar-
dens as they take place, and we don’t need to. We
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need only develop anchors and strategies to design a
fundamental framework of relationships and condi-
tions, and then remain observant. As we grow with
our gardens, we will find ways to guide and refine
the structure and support its self-maintenance. The
ideas presented in this chapter should help you
design more stable, resilient, and productive polycul-
tures. They should also help you observe more care-
fully, interpret what you observe, and modify your
choices and behavior to support and steer your forest
garden as you travel together through time.

The concept of niche is fundamental to our dis-
cussions in this chapter. In ecology, this word has
three related meanings. As discussed in chapter 3,
a community niche defines an organism’s relation-
ship to its sources of food or energy and its func-
tions in the community, or its basic way of making
a living. A community niche is akin to a job-role
in a village, such as a priest, blacksmith, teacher, or
farmer. The various individuals who fill these vil-
lage roles each bring their unique training, skills,
personality, and experience to their “community
niche.” In a similar way, the species niche defines
the unique characteristics, behaviors, and adapta-
tions of a particular species. Finally, for a species
to make a living filling its community niche, the
environment must have the right combination of
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resources and characteristics. The environment
niche is “that set of ecological conditions under
which a species can exploit a source of energy
effectively enough to be able to reproduce and col-
onize further such sets of conditions.” An analo-
gous example: if a village doesn’t have many horse
owners, a blacksmith will have a hard time making
a living there by making only horseshoes.

This chapter focuses primarily on species and
community niches in its exploration of ecosystem
social structure. We will explore environment
niches in volume 2, chapter 3, since undertaking
site analysis and assessment during the design
process builds a basic understanding of the envi-
ronmental niches available in your landscape. Here
in chapter 4, we will explore ecosystem social struc-
ture by building from the species level. Once we
understand species niches, we will examine social
structure at the community level. The final section
of this chapter looks at the strategies we can use to
anchor social structure in our forest gardens.

SPECIES, SPECIES NICHES, AND
SPECIES RELATIONSHIPS

How species interact depends on who they are:
species and species niches act as building blocks of
social structure, and of forest garden design. Once
we have gained a clear understanding of species
niches, we will explore relatively simple two-species
interactions and the principles that govern them.
This will help us begin envisioning what we are
trying to create in our forest gardens.

Srecies NicHE: THE STRATEGIES AND
MuLtipLE FUNCTIONS OF SPECIES

Every person possesses a unique set of qualities,
equipment, and training that prepares her or him
for certain lines of work. A species niche resembles
these inborn and developed characteristics. When
we ponder the growth requirements of a plant—its
climate tolerance, soil requirements, and moisture

preferences—we are pondering aspects of its
species niche. The same goes for its human uses,
aesthetic values, and ecological functions. These all
express inherent characteristics of the plant as an
organism, and these characteristics all constitute
parts of its species niche. The concept of species
niche contains important implications for our
design process, and for understanding how species
interact and ecosystems operate.

An organism’s species niche includes an infinitude
of functions and characteristics. Many of these
characteristics and functions appear discrete, and we
can measure or estimate them them. Some we
cannot measure, but we can observe or intuit them.
Some we can never know. However, we have to start
somewhere. By classifying some of the major ele-
ments of species niches (table 4.1 and figure 4.1), we
can analyze the niches of plants and other species
for design purposes. Niche analysis is a critical tool
for design that most of us use all the time (box 4.1).
Yet while analyzing species niches can be quite
useful, we must not only see these species character-
istics piecemeal. We also need a unifying vision that
helps us see the organism as a whole and puts it into
its context. The concept of species strategies
embodies this unifying vision. We elucidate the idea
of niche analysis more fully in box 4.1, throughout
the rest of both volumes of this book, and especially
in appendix 1 of volume 2. Therefore, this section
focuses on species strategies and observations we
can make to help us understand them.

The diversity of species functions at the organism
scale underlies the principle of multiple functions, a
key ecological design principle. Nothing serves only
one function. Indeed everything has multiple inter-
actions with its environment and multiple character-
istics (see box 4.2). Yet we must go further. How can
we grasp the essence of an organism’s species niche?

An organism’s characteristics, behaviors, and
functions affect its survival in its environment. As
such, a species niche reflects the sum total of the
organism’s ongoing attempts to remain adapted and
adaptive, or its ways of interacting with the world.
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TABLE 4.1. Some elements of species niches.

Core Strategy

Products

» Key mode of adaptive success (e.g., spring ephemeral herb;
canopy tree; large, hoofed browser; ground-nesting insectivorous
bird; etc.)

» Ruderal, competitor, or stress tolerator (see below)

Context

» Ecogeography (climate, native region, habitat)
» Associates (coevolutionary neighbors)

* Predators

* Products directly useful to humans: fruit, leaves, fiber, dye, etc.

o Products useful to other species: nectar, shelter

* Other products (often considered “wastes”): dead leaves, twig
and bark sheddings, etc.)

Characteristics

* Evolutionary history/genetics (taxonomy)
o Form (morphology): size, shape, habit, root pattern, etc.

Functions, Behaviors, and Influences

Needs

» Tolerances and preferences (water, soil, light, pH, hardiness, etc.)

o For animals: food and shelter (nesting habitat, winter habitat, etc.)
* Allies (pollinators, dispersal agents, nutrient gatherers, etc.)

* Rate and means of spread and establishment, growth rate
« Nutrient dynamics: nitrogen fixation, dynamic accumulation

» Seasonal behaviors (time of flowering, leaf drop, etc.; for animals:
time of emergence, number of larval stages, length of gestation, etc.)

¢ Nuisances, poisonousness

EUROPEAN PEAR (Pyrus communis)
Core strategy: An animal dispersed competitive stress tolerator of
sunny mid- to late-succession woodland canopies.
Context:

* native region: temperate Europe, W. Asia
* native habitat: unknown

* native associates: unknown
o family: Rose (Rosaceae)

Predators:

¢ generalist herbivores
¢ codling moth

® pear psylla

o fireblight

® pear scab

Needs, tolerances:

e full sun Qe

* soil pH 6.0-6.5 AFL
. <A

¢ hardiness zones 4-9 o9

* moist, well-drained soil

» prefers moderately deep to
deep soils

* tolerates clay

» prefers soils with low to
moderate nitrogen
content

* high calcium demand
® yields best when pruned

* needs 2-3 gal. water per
sq. ft. of root zone per week

e cross-pollinators needed

Ve R ——

Frure 4.1. Niche analysis of the European pear (Pyrus communis).

Characteristics:
o form: upright tree
» habit: standard tree, flat-rooted with sinkers

® height x width: feet meters
{ Full-size: 25-40 x 25-30 8-12x8-9
ﬁo Semidwarf 15-20x 15-20  5-6% 56

- Dwarf 10-15x 15 3-5x5
g: ® years to bearing: 4-7

" * |ife span:

AP D;Q"I\ oG Full-size: 5075 years
‘ ‘ V"q‘ Dwaif: 15+
ot V;:@; Products:

o fruit: pome; late summer and

fall ripening
o ° yield: bushels liters
bﬁ‘“% Full-size: 2-4 70-140
Pl Semidwaf  0.5-15  18-36
A § TV e white flowers: spring
A AT 3 glossy green foliage
, :r@ %&g 4™ ¢ moderately dense to dense shade
J
0? 5’2;‘ Functions, behaviors:
A

* animal dispersed

* can naturalize

* flowers may die in early frosts
* leafs out after flowering

® drops leaves midautumn
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Box 4.r: Niche Analysis: Everybody Does It

Every gardener we have ever met does niche
analysis in one form or another, either in their
heads, in their hearts, with books, or on paper. It
often takes the form of a simple assessment of a
plant’s hardiness, sun or shade needs, and tolerance
for acid, alkaline, dry, moist, or wet soil. Quick and
dirty assessments like this work fine for conven-
tional gardening. However, a more robust niche
analysis becomes essential when designing produc-
tive, self-maintaining forest gardens using novel
combinations of uncommon plants over a broad
range of climates, habitats, and gardener goals.

Niche analysis fulfills key functions in species
selection and design, especially with less well-
known species. It allows us to select plants that
have the greatest chance of performing well on
our site. It facilitates the noncompetitive com-
bining of species. It helps ensure that our plant
selections fulfill all the functions we know our
edible ecosystems require. A large database of
plants and their niche characteristics allows us
purposefully to use a greater diversity of species.
Finally, niche analysis helps us observe and learn
more quickly, keenly, broadly, and deeply.

Every surviving organism must marshal these char-
acteristics and inner resources in a way that blends
its inherent character with its environmental con-
text. We all must choose how to spend our limited
time and energy. When we develop habits in that
regard, we have adopted a strategy to get us through
life. In plants and animals, these strategies are
genetically coded to at least some degree. Indeed,
“the myriad species characteristics we might analyze
“or observe can develop into a pattern illuminating
that species’ strategy for gaining its needed energy
and material resources and continuing into the next
generation within its context.

An organism’s strategy constitutes the core of its

While we can measure or observe only a small
portion of any species’ infinite number of niche |
characteristics, this portion still constitutes a :
huge array of characteristics. In addition, we can
define each characteristic any number of ways.
We must select the most important characteris-
tics for our purposes when we analyze niches. We
must carefully define the characteristics and cate-
gorize species with reasonable consistency.
Contextual information, such as native habitats,
balances the detailed data, often helping fit the
puzzle pieces together.

The Plant Species Matrix and its associated
tables in appendix 1 of volume 2 represent our
catalog of niche characteristics of useful plant
species based upon this ecological view of plants
and their multiple functions. We discuss the
organijzation of the matrix in more detail in that
appendix. We also provide some information on
the niche requirements of various animals useful
in the forest garden in volume 2, appendix 5.
Chapter 3 of volume 2 discusses how to do niche
analysis for existing and desired species, and how
to use this information in forest garden design.

species niche—how it makes its living. It unifies and
organizes the disparate details of the organism’s tol-
erances, preferences, needs, and yields into a
coherent whole. It reflects the organism’s evolu-
tionary “choices” about how to spend its energy to
adapt to its environment. Does a given plant allocate
its energy mostly to reproduction, to growth and
competition, or to defense and maintenance? Does it
have broad environmental tolerances, or does it have
specific, narrow requirements? Is a given predatory
insect a specialist or a generalist, feeding on, for
example, only one species of aphid, or on any species
of aphid, or on any small, soft-bodied insect? Which
strategy a plant or animal chooses will determine in
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Box 4.2: The Principle of Multiple Functions

Every component of a design should function in many ways.

—BriL MovvrisoN, Permaculture: A Designer’s Manual

This principle derives from at least two realities.
First, when we examine living beings, we find
that each has an infinitude of inherent needs,
products, roles, behaviors, and characteristics.
Each of these aspects of living things helps
define its niche. The same is true of nonliving
things: they interact in multiple ways with their
environment. We can therefore say that any
organism or thing has multiple functions.
Second, there is an old saying that “in nature you
can never do just one thing.” The complex, inter-
linked systems of the universe mean that Newton
was wrong: every action has many unequal and
diverse reactions.

This principle itself offers multiple benefits.
First, when we apply the principle of multiple
functions we find ways to take advantage of the
inherent functions or gifts of a species or object
in multiple ways without creating stress (see box
4.3). This allows us to get more yield for any
given amount of energy and materials invested in
a system (to use a nuclear-era cliché, more “bang
for the buck”). Second, when we know that

which environments it will perform the best. It will
also influence its usefulness to us, both in kind and
quantity and in how, where, when, and why we can
use that species in our forest garden.

So strategies unify the details of species niche
characteristics into an orchestrated whole. Yet the
details help us learn and choose the plants as we
design. We need to work with both of these aspects
of species niches to work effectively. The balance of
this section discusses various aspects of plant strate-
gies and how we can think about, “read,” and learn
about the plants and their species niches.

everything has moré than one function, we are
more likely to go looking for various interactions
we might be able to use. Therefore, we are more
likely to catch any possible negative consequences
or interactions that may exist. We then have the
opportunity to avoid, mitigate, or transform those
negative consequences. Finally, this principle
combines with the principles of stress and har-
mony, self-regulation, and redundancy to create
networks of mutual support within the garden.
The garden can therefore become a stable,
resilient, self-maintaining system rather than a
set of isolated elements we have to maintain all
by ourselves.

On a practical level, what this means is that
the best forest-garden plants are those that will
have more than one function for us or our garden
ecosystems, such as edible, nitrogen-fixing
ground covers. It also means that we must
accommodate this reality in our design process.
Focusing on functions, not things, as we design
helps us select or design our garden elements to

meet multiple needs.

Species Strategies

A strategy is an “evolutionarily developed (geneti-
cally-based) pattern of response to the elements of
the environment that are likely to be encountered
in the [organism’s] habitat.” For plants, it deals
with the plant’s core relationship to resources, com-
petitors, enemies, and associates—how, when, and
where it places itself in the environment. The idea
integrates many aspects of plant niche, including
plant physiology, population ecology, and commu-
nity ecology. For example, one scientist has called
shade-tolerant trees of late succession such as sugar
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maple and American beech “small-gap specialists.”
They cannot tolerate rapid shifts from understory
conditions to strong sun (as occurs in large clear-
ings) without stress or damage, yet they require two
or more gaps in the canopy during their life if they
are to reach the topmost layer.* So strategies don't
concern only whether a plant is shade tolerant,
what its moisture tolerances are, and whether it can
survive in infertile soils. Strategies involve how
these realities come together into a modus operandi
that works to sustain and reproduce the species in a
certain context in time and space.

When we choose a plant for our garden, we
choose to use that plant’s strategy. Managing and
using plants in ways that harmonize with their
essential strategies in life offers us some significant
benefits. For example, plants whose strategy empha-
sizes reproduction will likely yield more seed than
those that emphasize maintenance or growth and
competition. Trying to force high yields of fruit from
plants using maintenance as a primary strategy will
be an uphill battle, whereas harvesting stems and
leafy greens from a plant emphasizing growth and
competition makes sense. Strategies influence not
only the kinds and quantities of yield we may expect
from a given species, but also where and when we
may optimally place a species in our gardens. Plant
breeding often alters a plant’s fundamental strategy,
and therefore alters its ecology, successional role, and
resource or maintenance demands.

Since plant strategies came to the fore as a key
aspect of plant ecology and succession, ecologists
have developed a number of conceptual frame-
works to classify them. The problem is that, as of
yet, there seems to be no clearly “right,” optimal, or
generally accepted framework. The way people
define plant strategies reflects the perspective of the
beholders and their realm of interest or study as
much as it does the diversity of the biological
world. A plant’s form expresses part of its strategy.
So do its means of dispersal, its rate of growth, its
seasonality, its breadth of tolerances, its defense
mechanisms, and so on. What we need is a way of

pulling together these different aspects of resource
allocation by plants into a more generalized pattern
to help us understand how everything fits together.
Let us look at a model that does that.

Basic Plant Strategies: Ruderals, Competitors, and

Stress Tolerators
According to a model developed by British ecolo-
gist J. P. Grime, plants use three basic niche strate-
gies. Any given species can possess features of more
than one of these strategies.

Ruderal species derive their name from rudus, the
Latin word for “rubble,” because these plants
depend upon disturbance for habitat and cannot
tolerate competition. Fecundity and dispersal form
the core of this strategy, providing the ability to
escape to uncontested habitat in disturbed areas
and rapidly dominate space. These “weedy” plants,
which include mainly annuals (such as lamb’s-
quarter, Chenopodium album) as well as biennials
(like wild carrot or Queen Anne’s lace, Daucus
carota), therefore exhibit rapid growth and produce
many seeds, often wind borne, that can lie dormant
in the ground for years waiting for another distur-
bance to trigger germination. The majority of our
food plants and common weeds use this early-suc-
cession strategy.

Competitor plants tend to dominate midsucces-
sion. They put most of their resources into com-
peting with other species, using root suckers and
rhizomes, overtopping, chemical warfare against
impinging neighbors (allelopathy, discussed later
in this chapter), nutrient hoarding, and dense,
fibrous, exclusionary root systems to do so. These
species put somewhat less energy into reproduc-
tion than ruderals in any given year. Their inter-
mediate life spans afford them more opportunities
to regenerate successfully in future years, but not a
lot more. Many dynamic accumulators and
nitrogen fixers fall in this category, as do most fruit
trees and shrubs and pioneer trees such as poplar
and white pine. Though they can rebound from
moderate disturbance, most competitors do not
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deal well with intense disturbance or with pro-
longed stress.

Stress tolerators divide their resources between
competition and stress resistance, because stress
limits the resources available for competing. These
species tend to live in environments where total
community demand for resources is high or
resources are low. Resisting stress therefore means
dealing with lack of light, nutrients, or water (by
storing them, cooperating with other species to get
them, or by needing less), with herbivore attacks
(often by chemical defense), and with long periods
of minimal shifts in community position followed
by sudden changes that must be rapidly exploited.
Most forest species use this strategy, including
most timber and nut trees, as do many useful
perennial herbs. Reproduction follows the long-
term plan here, with minimal seed production,
multiyear cycles of seed production, and life spans
in the hundreds or even thousands of years.

Take some time to consider plants you know and
love in light of this model. Which of these strate-
gies do these plants use? Are they almost purely
one, a combination of two, or a combination of all
three? Get used to thinking of plants in this regard
for a while before we discuss these three strategies

further in chapter 6.

Specialist and Generalist Strategies in Beneficial

Insects and Spiders
The forces of natural selection cause living beings
to adapt over evolutionary time. In that process,
different species become specialized relative to
their critical resources to a greater or lesser degree.
We use the terms generalist and specialist to denote
the two extremes of the specialization spectrum.
We can therefore speak of specialist or generalist
plants, or specialized insect predators, such as par-
asitic wasps, and generalist insect predators, such as
spiders.

Specialists like the tiny braconid or ichneumon
wasps may have extremely narrow niches, laying
their eggs only on the larvae of one particular species

of aphid or other insect. When the eggs hatch, the
wasp larvae eat the aphid. If the exact aphid species
isn’t around, neither is the wasp. However, if the
wasp cannot meet its other needs it will not remain,
even if the aphid #s present. Parasitic wasps tend to
be minute insects, and their adults need frequent
doses of concentrated food energy, which they get
from flower nectar. Yet their short mouthparts allow
them to get nectar only from small, open, short-
tubed flowers, such as those in the composite, umbel,
and mint families (Asteraceae, Apiaceae, and
Lamiaceae, respectively). They need these plants
around so they can get the energy to find their host
species so they can reproduce and keep working for
us. One plant species may attract many different spe-
cialist predators: researchers in Massachusetts found
that sweet fennel (Foeniculum wulgare) attracted
forty-eight species of ichneumon wasps, including
species that attack codling moth (a pest of apples,
apricots, pears, and quince) and grape berry moth.
Many specialized nectarivorous predatory and para-
sitic insects visit common chickweed (Srellaria
media) flowers (and chickweed tastes great to
humans, t0o).?

Spiders are extremely important in ecosystems. If
you find yourself pulling spiderwebs out of your
face when walking through your forest garden,
apologize, rejoice, and give thanks! You have
encountered a sign that you have generalist pred-
ator friends and allies at work around you. Research
indicates that excluding spiders from agroecosys-
tems can result in exponential growth of insect
pests.® No single spider species is critical: “gener-
alist predators including the spiders . . . control prey
largely through the assemblage effect: species of
varied sizes and habits need to be present
throughout the growing season of the pest species
to limit the growth of associated pest populations.”
Some spiders build webs, and some hunt. As gen-
eralist predators, spiders are not selective about
what they catch and eat. They will eat beneficials as
well as pests and “indifferent” species, so some
researchers disregard them. Yet this “cast a wide
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net” strategy is precisely what makes spiders so
important: whichever insects are most abundant are
the ones they will catch the most. This prevents
insect population explosions, as long as the spider’s
other needs are met.

Spiders’ soft bodies leave them vulnerable to drying
out. They regulate their water content by selecting
environments high in humidity, with cool tempera-
tures, out of the sun. Bare, hot soil will kill them
quickly if they don't leave. They like mulch better.
They like grass hay mulch more than leaf litter or
bark mulch.® They like vegetation and shade. “Tall
and diverse vegetation with sufficient interspaces is
likely to enhance numbers of most web-building spi-
ders,” not only because of the shade, but also because
of the architectural possibilities for web building and
the diverse niches and prey available. Some spiders
live more than one year, so winter headquarters are
also important: they like hollow stems, empty seed
capsules, dead flower heads, bark crevices, and so on
(volume 2, appendix 5 contains information on how
to increase arthropod predator overwintering suc-
cess). Some hibernate in the soil, near certain plants.
Swiss researchers found the highest concentration of
hibernating spiders under comfrey: 240 spiders per
square meter of soil!

Spiders disperse far and wide by ballooning after
they hatch in the spring: tiny spiders let out long silk
threads, the wind picks them up, and away they go.
Imagine thousands of little spiders floating around
hoping to land in a good habitat—if you're
squeamish you may not believe it, but this is good
news! If they land somewhere habitable, they will
stick around. If they land somewhere too hot and
dry, with nowhere to build a web or hunt, they will
let out more silk and float somewhere else. Forest
gardens make perfect habitats for them. Unmulched
gardens or farmland make terrible habitats for
them, and if the mulch isn’t there in the spring when
the spiders are on the move, they won't stay to see if
the mulch will arrive later. Therefore, even gener-
alist species have specific niche requirements that
must be met if they are to survive and thrive.

Moreover, we need to encourage both the generalist
and the specialist predators by meeting their niche
requirements.

Niche Breadth and Successional Stage

Generalists and specialists exist in the plant world,
too, only here ecologists speak of wide niche breadth
and narrow niche breadth. One aspect of niche
breadth is a plant’s tolerance to environmental vari-
ables. Interestingly, research on the tolerance ranges
of plants from both early- and late-succession envi-
ronments indicates that both herbs and trees exhibit
the same pattern of niche breadth relative to succes-
sional stage. “In every case, early-successional species
had broader and more overlapping response than did
late-successional species, whether the comparisons
were made among herbs or among trees.”® Herbs
adapted to early-succession environments (annuals)
had wider tolerances for water, nutrients, under-
ground space, and pollinators than herbs from late-
succession environments (prairie perennials). Trees
from early succession had wider tolerances for nutri-
ents and water than trees from late succession.
Having overlapping responses and tolerances among
early-succession plants (broader, more overlapping
niches) means they will tend to have stronger com-
petitive interactions. Greater specialization (nar-
rower niches) among late-succession species allows
them to minimize competition and stress.'’ If this
relationship holds across the board, we should gener-
ally find it easier to create low-competition, overytelding
polycultures using late-succession species rather than
early-succession species. In other words, forest gardens
likely have more opportunities for good polyculture
design than annual crop systems.

Niches in Time
The preceding discussion shows how plant strate-
gies vary over successional time scales. However,
strategies relating to niches in time exist on sea-
sonal and multiyear scales, too. Spring ephemeral
wildflowers perfectly illustrate this. They use the
bright sunshine and abundant nutrients available in



Soctal Structure: Niches, Relationships, Communities 129

Box 4.3: The Principle of Stress and Harmony

Stress is the prevention of natural function or the existence of unfulfilled needs or forced
function. Harmony is the permission of chosen and natural functions, the supply
of essential needs, and the absence of forced unnatural functions.”®

For a species to survive and reproduce, it must be

able to meet its essential needs. For a species to
thrive, it must perform its essential functions.
Preventing the fulfillment of essential needs and
repressing natural, inherent functions causes
stress, as does forcing functions that are unnat-

ural. Allowing a species its natural expression and

meeting its needs creates harmony. What func-

tions, behaviors, and tolerances come naturally to

a species or individual? Which don’t?
If you think about which jobs in your life have

been most stressful, which have been least, and
why, you will begin to understand your “niche” in
the world. Obviously, we are happier and most
productive in those situations that meet our
needs most effectively and allow us to operate in
those ways that are natural to us. The same is
true for plants, animals, and microbes, as well as
nonliving objects. Our goal is to design ecosys-
tems where stress is low or absent and harmony is
high. Understanding the niches of plants and
animals helps us achieve this goal.

we shift the burden of nut defense to the inter-

spring to grow, store energy, and flower before the
canopy leaves break bud, then die back shortly
thereafter. Many spring ephemerals contain very
high nutrient levels. They therefore make especially
good foods for us animals to use to detoxify and
rebuild after a long winter—a useful coincidence of
needs and yields. Time niches come in other forms
as well:

* Time niches are critical to the successful sexual
reproduction of any plant species. Fruit trees
that need cross-pollination must have cross-
pollenizers that flower at the appropriate time,
or all is lost.

* Many nut trees bear seed on alternate-year or
longer cycles to limit the growth of herbivore

Venors—us.

* Apricot flowers often bud too early and get
killed by frost in the northern part of their har-
diness range. They must grow somewhere with
good cold-air drainage or where the soil and air
temperatures will remain cool in the spring to
delay flowering. This is an example of modi-
fying a time niche using a spatial niche.

* If a garden yields abundantly all at once, the
workload can rise to the breaking point and sig-
nificantly reduce your ability to use it all (like
squirrels in mast years!). Analyzing yield timing
s often as important as yield guantity in
assessing system stability and sustainability.

populations—a reverse time niche, or a time of
no niche for the plant’s predators. Then, when
the trees bear large crops in a so-called mast
year, the herbivores cannot eat it all, and the
seeds have a better chance of surviving. When

we breed nut trees for consistent annual bearing

We must therefore ponder how the characteris-
tics we discover in plants, such as alternate-year
bearing, relate to plant strategies. This may help us
make breeding, design, and management choices
that are more effective.
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Form Follows Function: Structure Is a Guide to
Species Niche

An organism’s structure reflects its niche, because
that form gives the organism the equipment that
allows it a specific livelihood, as well as certain
inherent capacities and limitations. Bats and birds
reflect this nicely: insectivorous bats evolved to
eat night-flying insects using ultrasonic navigating
and prey-finding equipment; hence their big ears.
Insectivorous birds forage in daytime, so they pos-
sess well-developed eyes. We can observe the phys-
ical structure of various species and make guesses
about their niche requirements from the structures
we find.

Tall, straight-stemmed trees with few side
branches have obviously evolved to live in the
canopy of the forest. Short trees with many side
branches, or multistemmed shrubs, usually grow in
early-successional situations or possess other adap-
tations that allow them a livelihood in full or par-
tial shade. As a high-quality timber tree, American
chestnut exemplifies the former, while Chinese
chestnut, an orchard tree, illustrates the latter. This
is one reason why Chinese chestnut cannot replace
American chestnut in our forests.

The root patterns of plants indicate their niche,
too: from shallow, fibrous roots to deep laterals and
taproots, each reflects how the plants acquire and use
their key resources—as organic soil feeders, deep
mineral and water prospectors, or what-have-you.

Plant Structure Affects Interactions
If the structure of a plant helps us understand its
niche, then it would logically follow that the struc-
ture of plants has much to do with how they
interact:

Recently it has become clear that the placement of
plant parts in space and their mode of display
(plant architecture) are very important in plant-
plant interactions. . . . [For example,] in some sit-
uations, architecture may be even more critical

than physiological processes (such as photosyn-

thesis rates) in determining competitive interac~

tions between neighbors.”

For example, F. A. Bazzaz and his cohorts studied
interactions between perennial herbs such as Aster”
lanceolatus and several Solidago species (goldenrods)
in oldfield environments.” Once established, these
plants propagate vegetatively using underground
runners, a common midsuccession plant strategy.
Goldenrods usually replace asters in oldfield suc-
cessions partly because the asters longer runners
result in loose, open clumps, whereas the golden-
rod’s short runners form dense clumps that effec-
tively resist other species. The aboveground
architecture also influences their relative competi-
tive abilities: The goldenrods cast denser shade.
Accordingly, goldenrod seedlings can sprout under-
neath asters, but not the reverse. The ability of
shrubs and trees to overtop herbaceous competitors
also shows how plant architecture influences plant
niches in both space and time.

Environment Niche Completes Species Niche:
Indicator Plants

If a niche is a property of a species it must yet be
exercised in a suitable environment. Specialization
for food. resources is possible only where that food
resource is present. A bird with feet adapted to
perching on small twigs can live only where there
are small twigs, and so on."

Obviously, we need to understand the resources
and conditions of the garden environment so we can
match species to the site. We must therefore examine
the site thoroughly as we design, as well as work to
understand the niches of our desired species.

Environment niche is the complement of species
niche. If we want to grow taprooted crop trees but
our soils are shallow, the environment will not sup-
port the crop very well, if at all. Conversely, if a
species thrives on a given site, the site must meet its
niche requirements well. Theoretically, then, if we
know the niche requirements of the species already
growing on a site, we can use them as indicators of
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the site conditions or environmental resources avail-
able in our garden (see volume 2, chapter 3 for
tables of indicator plants). Theoretically.

Plants usually try to grow wherever they or their
propagules land. Plant tolerances range from very
narrow to very wide. Every species population con-
tains some genetic diversity. Complex interactions
occur between different resources and conditions
that may alter the tolerance ranges for a particular
resource or condition. Throw in the empirical and
anecdotal nature of the current information on plant
indicators, and it is clear we should move cautiously.

Therefore, you should never consider only one
plant or species an accurate indicator. Use several
species or plants indicating the same conditions.
Plants with narrow tolerance ranges for a resource
or site condition make the best indicators, and
those with wide tolerance the worst. Plant health is
also an indicator of site conditions. If a plant
thought to indicate fertile soils looks sickly or
feeble, it may indicate infertility!

Also, base your interpretations on how reliably
plants can indicate the various resources or condi-
tions. Roughly, from most reliable to least, you can
use plants as indicators to:

* determine successional stage and estimate
future successional trajectory;

* gauge soil moisture or, by examining root sys-
tems, the water table depth;

* estimate the recentness of soil disturbance (e.g.,
cultivation);

« indicate soil tilth or texture;

* estimate the abundance of soil nutrients, specif-
ically or generally; and

* estimate pH."

However, you should back up plant indicators
with other forms of observation, especially when the
indicators give mixed signals or the issue is critical,
potentially costly, or has long-term implications."”

Of course, species do not live in isolation, espe-
cially in forests or forest gardens. If we are to design

workable forest gardens, we must understand the

kinds of interactions our garden inhabitants may

have with each other. In this way, we can work to
maximize beneficial interactions and minimize
harmful relationships.

Two-Species INTERACTIONS: BUILDING
Brocks oF SOCIAL STRUCTURE

Interactions between two species reflect the nature
of the species involved. Each interaction 1s a way
for each participant to meet a need or to make use
of the natural products or by-products of another
species’ way of life, or it simply results from the par-
ticipants’ inherent characteristics. Hence, observing
species interactions also provides us with clues
about the niches of the actors involved.

Species interact in six basic kinds of pairwise
relationships (table 4.2): predation (including her-
bivory and parasitism); competition; mutualism;
facilitation; inhibition; and neutralism. These inter-
actions differ in their beneficial, neutral, or detri-
mental effects on the species involved.

More than one of these interactions can take place
at the same time between the same two individuals

TABLE 4.2. Interactions between two species. Adapted from Perry,
1994, page 226.

Species
Type of Interaction 1 2 Nature of Interaction
Predation, + —  Species 1 benefits
parasitism, herbivory at the expense of
species 2.
Competition - Both species suffer.
Mutualism, cooperation Both species benefit.
Facilitation 0 +  Species 1 helps
species 2 and is
unaffected.
Inhibition 0,+ —  Species 1 benefits or
is unaffected as it
inhibits species 2.
Neutralism 0 0 Neither species

affects the other.

0 = no interaction; + = a positive effect on this species; — = a negative effect on
this species
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or species, or one interaction can transform into
another. For example, species may simultaneously
compete for water resources while they cooperate to
support pollinator populations they both depend
upon. As larvae, monarch butterflies prey upon
milkweed plants (Asclepias spp.) that they later help
to pollinate as adults. The facilitation of vines by
supporting trees can turn into a parasitic relation-
ship as the vine begins to harm its host.

As we briefly discuss each of these two-species
interactions, we will look at how each influences
social structures and our forest gardens, focusing on
competition and mutualism.

Predation, Parasitism, and Herbivory

Parasites are smart little buggers. They have usu-
ally found a way to get a meal without killing it, so
they need only find their meal once and then hang
on. Herbivores are little different: their meals do
not move around much, but they usually do not
completely kill their host either. Predators, on the
other hand, take big bites and then have to find
another meal “on the hoof.” Although the indi-
vidual hosts and prey probably don’t appreciate it,
these ways of being eaten ultimately benefit
species and ecosystems.

Predatory interactions as a group constitute one of
the most direct and powerful pairwise interactions
in ecosystems. They shape the direction of species
evolution to a great degree: those being eaten keep
evolving new strategies to avoid that prospect, while
the eaters find new ways to get their meals. Plants
create toxic defenses against herbivores or grow
thorny leaves and stems. They find ways to disperse
themselves and “hide” amid the foliage, or they
simply root deeply and regrow rapidly after each
meal. Animals, especially insects, play a numbers
game to ensure their species continue. They also
hide, startle their attacker and flee, become poi-
sonous, and take any number of other defensive
strategies. On offense, the possible countermeasures
are legion. However, these defensive and offensive
strategies are of less import than the effects of pre-

dation, herbivory, and parasitism on the social struc-
ture at large, which we shall discuss when we talk
about the food web later in this chapter.

Competition
When two species or individuals living near each
other need the same resource, and that resource is
scarce, they compete for that resource. Three points
follow from this.

First, competition takes place only when a resource
15 in short supply. An understanding of limiting fac-
tors in the environment is therefore essential to
understanding competition (see box 5.1, page 176).
Community niche also influences whether species
compete. Plants frequently compete with each
other because they often fully use the available
light, water, and nutrients. On the other hand, -
predators and climatic factors, rather than a limited
food supply, often hold down insect herbivore pop-
ulations. When that happens, different insect
species can consume the same food without com-
peting among themselves.*®

Second, since the two species or individuals need
the same resource, their species niches overlap in
this arena. As a result, we can see that the most
competition is likely to occur between individuals
or species whose niches are similar, or whose niches
overlap the most. Competition is therefore high
between individuals of the same species because
their niches are likely to be the same. In the case of
vegetatively propagated plants, since their genetics
are precisely alike, their niches are precisely alike,
and they will compete with each other the most.
Similarly, species compete more with other species
that play the same role in the food web: herbivore
with herbivore, carnivore with carnivore, and so on.
Plants compete more with other plants in the same
layer of vegetation than with those in different
layers because their niches are more similar.

Finally, contrary to our culture’s popular rhetoric,
competition js a negative interaction for both
species or individuals involved in it. Ecologists used
to think competition was the primary force driving



Social Structure: Niches, Relationships, Communities 133

Box 4.4: The Competitive Exclusion Principle

Stable populations of two or more species cannot continuously
occupy the same niche . . . one species: one niche.

—PauL Corinvaux, Ecology

Whenever two or more species attempt to occupy
the same niche, one species always has an advan-
tage. The advantage might be inborn, or it might
arise by chance, such as “who got there first.” The
species with the greatest advantage, even ifitis
only a small one, will drive the other to extinc-
tion: competitive exclusion. This creates a ten-
dency over evolutionary time for species to
diverge in their use of resources to avoid compe-
tition. In the shorter frame of ecological time, -
however, competitive exclusion is a powerful
force—as the dominance of vigorous plants such
as kudzu, quackgrass, and other species shows.
Several factors can modify the predicted
extinction. If the weaker species has an escape, or
a third force modifies the interaction, the weaker
species may survive. Coexistence may result if
both species compete weakly—that is, they use
different resources or the same resource at dif-

evolution; most now see it as only one evolutionary
force among several. Competing is a stress, and 1t
inhibits productivity in ecosystems. Because com-
petition causes suffering for those involved in it,
species evolve to avoid competition whenever they
can, or to mute it with other helptul interactions. In
other words, species evolve to differentiate their
niches, to partition resources, and to have different
ways of making a living. In many cases, they evolve
to cooperate.

Reducing Competition.: Increasing Scarce Resources

or Reducing Demand
We can reduce competition by increasing the
supply of resources (water, nutrients, light, carbon

ferent times or places. Coexistence may also
result if they benefit each other in a way that
limits the competition’s impact, Generally,
populations of different species can coexist
because they avoid competition by occupying
different niches or because the many facets of
interaction include cooperative as well as compet-
itive aspects. One primary goal of edible polycul-
ture design, then, is to find useful species that fill
different niches or that cooperate and thus can
coexist indefinitely with minimal competition.

We should note that competitive exclusion
generally occurs faster in resource-abundant
conditions, and more slowly when resources are
limited."” Presumably, the advantaged species can
multiply its advantage more rapidly when
resources are abundant. This may be why highly
fertile sites tend to exhibit lower diversity than
moderately fertile sites.

dioxide) or by reducing demand, for example, by
proper spacing. Both of these standard agricultural
strategies work. Plant spacing is one of the funda-
mental aspects of any kind of farming or gardening.
We will talk about plant spacing further in chapters
1 and 4 of volume 2.

Increasing resources conventionally means
importing them from elsewhere at high cost.
Increasing nutrient supplies ecologically means using
deep-rooted and otherwise nutrient-accumulating
plants, mulches, and good soil biology to improve
nutrient cycling, storage, and supply—though these
take time. Short-term fertilizing may be necessary
as the biological systems develop in your garden.

Making use of existing water resources (such as
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Box 4.5: The Cropping Principle

Heavy predation gives opportunity for
increased [prey] diversity by reducing
competition among the prey.

—PauL CoLinvaux, Ecology

When predation is heavy, the principle of com-
petitive exclusion cannot operate between prey
because the stronger competitor gets cropped.
This is one of the principles behind weeding, or
behind controlling opportunist exotic plants. If a
superplant is competitively excluding all other
plants from a patch of ground, hacking it back
heavily allows the diversity of the patch to
remain by reducing the competition. In our forest
gardens, hacking back vigorous plants is one of
the more common management tasks, and an
effort to maintain the diversity of the whole
system by limiting competition. Fire can play this
role in some ecosystems, as can heavy herbivore
feeding, both allowing greater plant diversity. In
theory, government “crops” big business to allow
greater diversity in the marketplace. One needs
to be careful, though: cropping can increase com-
petition at times, depending on the resource situ-
ation. For example, cutting back plants may
increase demand for soil nutrients. In poor soils,
regrowth may cause stronger competition for
those nutrients than if the plants had not been
cut back.

roof runoft) efficiently through garden placement,
grading, drainage, and storage systems and the use of
mulches and dry-tolerant plants can reduce demand
or increase effective supply. Properly designed drip
irrigation systems very efficiently use water. These
systems are most time- and labor-efficient in peren-
nial plantings where the system can stay in place
year-round.

Minimizing Competition: Polycultures
Monoculture cropping essentially maximizes com-
petition in the ecosystem, since niche overlap and
competition are highest among individuals of the
same species. The only ways to reduce competition
in monocultures are to increase resources and to
space plants farther apart. It would follow, there-
fore, that polycultures would at least have the
chance to exhibit less competition in a dense array
of plants given the right mix of species, though
there is also a chance for competitive exclusion to
reign. The right mix of species is the trick. We'll
talk about that later in the chapter.

In most cases, we seek to minimize competition
in our forest gardens, and so increase the produc-
tivity of the whole system. Increasing scarce
resources, spacing plants properly, using the crop-
ping principle, and creating polycultures are three
good ways to do this. In some cases, we may want
to use competition to prevent plants or animals we
don’t want from taking root in our forest gardens.
The fact that species evolve to avoid competition is
a good hint for us, though: cooperation and mutual
aid are just as important, if not more important, in
the creation of self-maintaining, balanced, produc-
tive gardens. .

Mutualism

Mutual aid, or mutualism, abounds in ecosystems
and may be the most common form of two-species
relationship in nature. “Plants, animals and . . .
microbes that do o participate in at least one
mutualism are rare—and in all likelihood do not
exist.” Mutualism appears to occur mainly
between species on different trophic levels. For
instance, technically speaking, a mycorrhizal fungus
is an herbivore, since it feeds on energy produced
by its plant ally.

Individuals or species may depend upon cooper-
ation for survival (obligate mutualism), or the
cooperation may help species or individuals thrive,
but they can survive and reproduce without it (fac-
ultative mutualism). Mutualisms can be either pair-
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wise, meaning that only two particular species
cooperate with each other, or diffuse, meaning that
a species can cooperate with many possible part-
ners. Most cooperative relationships are facultative
and diffuse, because obligate and pairwise relation-
ships limit flexibility in a constantly changing envi-
ronment. In addition, many of these interactions
are on-again, off-again: they take place only when
it is in the participant’s best interest, like a limited
partnership.” '

The known forms of mutualism most important to
forest gardeners fall into several categories: harvest,
protection, pollination, and dispersal mutualisms.

Harvest Mutualisms
“Those related to resource acquisition are the most
ubiquitous and diverse of nature’s mutualisms.””
Harvest mutualisms include those between diges-
tive organisms in animal guts and their hosts, and
also “farming” mutualisms, such as those between
aphids and the ants that guard, herd, and disperse
them in return for “honeydew” excreted from the
aphids’ backsides. Some ants cultivate and eat
fungi, carting fungus foods down into their “cli-
mate-controlled” growth chambers. We have pre-
viously mentioned mycorrhizas and the other
root-zone microbes, and these are perhaps the
most critical for us to work with, along with
nitrogen-fixing mutualisms. Since much more is
generally known about nitrogen-fixing organisms,
let’s look more closely at mycorrhizas (see figure
1.1 on page 11).

“Roughly 90 percent of the world’s plant species
form mycorrhizas with at least one (and frequently
many) species of fungi.””® Mycorrhizas appear to be
obligate for all wild conifers, and probably for all
kinds of trees. Of the over 6,500 flowering plants
studied so far, more than 70 percent are obligate
mycorrhizal plants, and another 12 percent have
facultative mycorrhizas. A large proportion of the
world’s worst weeds are facultative with fungi, dur
not obligate. Other weeds are nonhost plants that do
not associate with fungi at all.

What do mycorrhizas do for plants? They can:

* gather water and nutrients;

* extend the life of plant roots;

* protect plant roots from predators, pathogens,
salt, and toxic heavy metals;

* biodegrade toxic organic chemicals;

* aggregate soil particles;

* weather minerals and organic matter;

* mediate plant-to-plant interactions; and

* evolve faster than their hosts, helping their tree

allies cope with change.”

When soil fertility is high, plants form many
fewer mycorrhizal relationships than in poor soils,
though it appears to be extremely rare that a plant
in the wild ever goes completely without fungal
partners.

Three kinds of mycorrhizal fungi prefer different
environments and appear to perform somewhat
different functions:*

* Arbuscular mycorrhizal (AM, formerly called
VAM or vesicular-arbuscular mycorrhizal) fungi
enter the cells of plant roots and appear to be the
most common of the three types, especially in
fertile soils. Most plants form this type of mycor-
rhiza. AM fungi always release their spores
belowground, never forming mushrooms. Most
AM fungi do not appear to be able to directly
break down organic matter, so they rely on a
healthy decomposer community to function well.
Several companies sell diffuse, facultative, gener-
alist AM fungal inoculants that seem to greatly
enhance the performance of a wide variety of
plants (see “Managing Mycorrhizas” in chapter 5,
page 228 and “Mycorrhizal Inoculation” in
chapter 5 of volume 2).

* Ectomycorrhizal (EM) fungi coat and enter the
roots of plants but do not penetrate the cells,
instead remaining in the spaces between them.
"These fungi appear able to directly strip nutrients
out of organic matter, and they consequently
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become more numerous on poor sites, especially
those low in phosphorus. All truffles are EM
fungi, as are a number of aboveground mush-
rooms. Some of these are obligate and pairwise
mutualists with specific trees, which makes their
cultivation much more difficult.

Ericoid and arbutoid mycorrhizal fungi also
penetrate the root cells of their hosts, but they
frequent only the roots of plants related to blue-
berries and rhododendrons (family Ericaceae).
These plants inhabit highly acidic soils with
especially weak decomposer communities, low
nitrogen levels, and very poor nutrient cycling.
As a result, these fungi, especially fungi associ-
ated with Arburus and drctostaphyllos species,
decompose organic matter quite adeptly, gath-
ering nitrogen quickly.

The “Soil Food Web” section of chapter 5 (page
216) discusses mycorrhizas and their ecological
functions further, but before moving on, a couple of
additional comments are necessary. When two
trees or other plants engage in competition, the
addition of mycorrhizal fungi into the mix seems to
transform the plant-to-plant interaction into a
neutral interaction, if not outright cooperation!
Mycorrhizas even appear to take carbon com-
‘pounds from canopy trees and feed them to trees in
the understory, so that the canopy tree supports the
shade-limited individual.®® Finally, pollution
appears to be harming mycorrhizal communities in
the soil, particularly the increased acidity and
nitrogen content of rainfall—yet another reason to
stop acid rain.

Protection Mutualisms
Unlike the Mob, protection mutualisms create
mutual benefit without force or threat of retaliation:
one species protects another from predation or
pathogens, with food or shelter as common return
gifts. For example, ants appear to be essential to the
protection and establishment of many native wood-
land wildflowers, as well as to the dispersal of their

seeds, receiving food in return. The trumpet creeper
vine (Campsis radicans) has evolved four different
nectary organs with which it feeds ants in return for
protection from herbivores.”” Fungal endophytes,
mycorrhizal fungi, and microbes on leaf surfaces
and in the root zone all make similar deals, and we
need to encourage them.

Fungal endophytes (literally, “within plants”) live
inside plant leaves and stems and appear to protect
plants from pathogens and herbivores. These diverse,
short-lived fungi can adapt more quickly to changes
in herbivore and pathogen strategies than can longer-
lived plant hosts. Though they have been discovered
mainly in grasses and conifer needles so far, one
researcher believes we will eventually find them to be
as common as mycorrhizas—the rule rather than the
exception.”® It would be interesting to know how
many perennial crops have fungal endophytes, espe-
cially in comparison to their wild cousins, and how
we can encourage this relationship. The endophytic
lawn grasses introduced in the 1980s and 1990s
appear to work well in protecting grasses from dis-
eases and insects.

Evidence exists that microbes living on the surfaces
of plant leaves help protect plants from pathogens,
and that sprays containing “tea” made from compost
of good biological quality can help support these
microbes.” See chapter 5 in volume 2 for more details.

Acid rain can kill or inhibit both endophytes and

leaf microbes.

Pollination Mutualisms
In their excellent treatise 7The Forgotten Pollinators,
dealing with a previously unheard-of subject,
Stephen Buchman and Gary Paul Nabhan said:

It now appears that the majority of plants studied to
date show evidence of natural pollinator limitation.
That is to say, under natural conditions, 62 percent
of some 258 kinds of plants studied in detail suffer
limited fruit set from too few visits by effective pol-
linators. If this condition is the norm in the natural
world, to what extent is the regeneration of plants
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jeopardized by human disruption of the interactions
between plants and their pollinators?*

Until recently, most pollination studies related to
agricultural systems. Thus, we know relatively little
about pollination of unconventional crops or in
forest ecosystems. However, the fact that pollina-
tors appear to be a limiting resource in natural
ecosystems, and that plants therefore probably
compete for pollinators, indicates the seriousness
and importance of the pollinator mutualisms we
usually take for granted. Habitat and native plant
loss have decimated native pollinator populations.
Various imported diseases and pests have been dec-
imating populations of the imported and natural-
ized European honeybees we have relied upon for
decades to pollinate our crops. We need to learn the
habits and habitats of the native pollinators in our
regions so we can support these allies to do their
work, make their livings, and help us do the same.
We'll discuss this further in volume 2, appendix 5.

The wind pollinates most nut crops and many
native North American trees (for example, alder,
beech, chestnut, chinkapin, filbert, ginkgo, hazelnut,
hickory, jojoba, oak, pecan, pine, and walnut, among
others).”! Vertebrate pollination (by birds or bats, for
instance) is rare in north temperate zones. Therefore,
insects dominate the pollination of most forbs here,
but native plants often have pollinators other than
bees.> Ants, beetles, flies, moths, butterflies, and
other species all may pollinate specific plants. They
do this in return for the plants offering the animals
nectar. Hence, we call nectar-offering plants nectary
plants. Most plant-pollinator mutualisms are diffuse,
but members of the same taxonomic group (bees,
beetles, or moths and butterflies) tend to pollinate
the same kinds of flowers. Different pollinator
groups tend to prefer certain flower colors, while a
flower’s structure governs who can actually gather
nectar and pollen from it (see table 4.3).

Flower types and pollinators may stratify
according to vegetation layers: many ant- and
beetle-pollinated flowers appear to occur in the

TABLE 4.3. General pollinator preferences. Adapred from Perry,
1994, pages 236-237.

Pollinator Flower Color  Flower Structure

birds (uncommon)  green, red large, usually long
tubes

butterflies, moths ~ none known not easily accessible
tubes

bees yellow, blue easily accessible, or
if not, bees specialize
by size for specific
flower sizes

flies, wasps, brown, drab unspecialized, open

beetles, ants colors dish bowls, often

“smelly”

ground layer, while flowers built for fly, wasp, bee,
and butterfly pollination may occur more in the
middle and upper layers.

It pays to foster compositional diversity, both to
ensure pollination of your plants and to attract the
pollinators using the plants. Knowing who polli-
nates your particular crops can help you choose
associated plants that will benefit the same pollina-
tors to keep them around.

Dispersal Mutualisms
The dispersal of seeds, fungal spores, and other
microorganisms by insects, birds, and mammals large
and small amplifies the impact of the small amounts
of nutrients animals cycle in their manures. It also
affects our management and harvest strategies.

Birds and mammals carry seeds and microbes in
their guts and deposit them into the right environ-
ments with soluble fertilizers, assisting soil biology
diversity. Ground-dwelling rodents propagate
fungal spores, especially of truffles and other fungi
that fruit belowground, many of which are mycor-
rhizal. Thank a chipmunk today.

Ants disperse the seeds of a large number of
woodland wildflowers that have evolved specific ant-
feeding adaptations for this purpose. Ant nests con-
tain aerated soils and decomposing organic matter
that support the seedlings’ establishment. The ants
also protect the seedlings. Ant-dispersed plants are
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notoriously slow to reestablish themselves in dis-
turbed areas, as are ants: “as hard as they are to eject
from your kitchen, ant populations of the forest are
exterminated by clearcutting and return very slowly,
if at all.”® Forest herbaceous diversity could take
considerably longer than five hundred years to
rebound from cutting to primeval forest levels unless
a local seed source of ant-dispersed plants is nearby.*

Over 60 percent of temperate tree species possess
nuts and fleshy fruits that encourage animal dis-
persal of the seeds they contain. One-third of tem-
perate forest birds eat fruit at one time or another.
“In one study, 50 jays were estimated to transport
and cache 150,000 acorns from 11 pin oak trees
over 28 days,” carrying the seeds up to 22 kilome-
ters and burying them below the soil surface near
their nest sites.” “Birds are very skilled at selecting
only sound, viable nuts from trees,”—in other
words, the best ones of the crop. This is what we are
up against! Yet it is exactly what the trees want the
birds to do, despite our wishes to the contrary.
Maybe we need to become jaybird mutualists and
teach the birds to do our bidding in return for guar-
anteed food. This is probably possible! If we don't
co-opt the competition, we shall be forced to com-
pete strongly for our nuts.

Co-optation is exactly the story concerning mice.
According to nurseryman Steve Breyer at Tripple
Brook Farm in Massachusetts, some Midwestern
Indian customers of his recently found that mice
will hoard several quarts of edible hog-peanuts
(Amphicarpaea bracteata) in belowground storage
chambers.”” Apparently, the Indians were able to
gather plenty of hog-peanuts for themselves, while
leaving sufficient amounts for the mice. Harvesting
the small subterranean pods of the native, nitrogen-
fixing, shade-tolerant hog-peanut plants is not easy,

$0 cooperating with mice makes a great deal of sense’

if you choose to grow and eat these tasty plants.

Facilitation
Facilitation happens when one species benefits from
an interaction, but the facilitator is unaffected. We

discuss many examples of these interactions in other
parts of the book, so we will simply list types of facil-
itation here. One plant may facilitate another by:*

+ modifying microclimate (light, moisture, air
movement);

» offering physical support;

* modifying the soil;

+ encouraging beneficial, or discouraging harmful,
soil fauna;

* distracting or deterring predators or pathogens;

* reducing the impact of competitors; or

* attracting pollinators, herbivore predators, or
dispersal agents.

It seems hard to believe that the facilitator could
not be affected by such interactions, at least in some
way. Facilitation is probably frequently a short-lived
phenomenon that evolves to some other interaction,
such as parasitism, competition, or mutualism over
either ecological or evolutionary time. For example,
during succession, shrubs may shift a meadow
ecosystem from a bacterial-dominated soil toward
the fungal-dominated soil that trees appear to
prefer, therefore facilitating the trees. However, in
most cases the trees ultimately outcompete the
shrubs, ending the facilitative relationship.

Another example, lichens, themselves a mutual-
istic interaction between algae and fungi, frequently
receive facilitation from trees, on whose bark lichens
grow. However, this may at times not be facilitation
at all but mutualism. Some lichens can fix nitrogen
from the atmosphere, and it turns out that nitrogen
leaches from lichens into stem flow or raindrip
during rainstorms. Though difficult to measure, the
importance of this phenomenon to forests can range
from lichens making a small but significant contri-
bution to their becoming a major nitrogen source.”

Inhibition

Inhibition occurs when one party to an interaction
suppresses another and either benefits from or is
unaffected by the interaction.
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The most commonly discussed form of inhibi-
tion involves allelochemicals, compounds plants
use to defend against pathogens, feeding animals,
and other plants. Most plants produce allelochem-
icals; as of 1974, scientists had identified twelve
thousand of these compounds, with more being
discovered at a rate of about one thousand per year
within the whole plant world. Though we know
little of their various effects and potential uses, the
medicinal and psychoactive properties of plants
come from these chemicals. Animals create allelo-
chemicals, too—think of skunks!

The most widely known example of this chemical
warfare (called allelopathy) among plants is the
compound juglone, which members of the genus
Juglans (walnuts) use to inhibit other plants from
growing nearby. Walnuts secrete juglone from their
roots, it washes from their leaves in the rain, and
their decaying nut husks release the chemical, the
effects of which last for years in the soil even after
the trees have been removed. Juglone does not
affect all plants equally: see volume 2, appendix 3
for a listing of known susceptible and compatible
species. The allelopathic strategy helps reduce the
competition walnuts face in the deep, fertile soils
they seem to prefer.

Many plants produce in their foliage chemicals that
inhibit the growth, fertility, or digestion of their her-
bivores or pathogens or else are outright poisonous to
them. We have selected or bred many of our food
plants for reduced allelochemical properties, leaving
the plants defenseless on their own. In some cases
this is good. In other cases, it unnecessarily increases
our workload as gardeners and farmers. Breeders
seem to be paying more attention to creating inher-
ently disease-resistant varieties these days, and it
seems there is much room for improvement in this
regard. It behooves all of us to look for varieties that
use allelochemical defenses against the more
common or destructive pests and diseases.

Many allelochemicals aimed at herbivores and
pathogens sometimes also inhibit the germination or
growth of other plants. The phenols, terpenes, and

tannins in fresh peat moss, pine or cedar chips, leaves,
sawdust, or bark mulch can damage growing plants
when used as mulch. Before spreading these materials
on actively growing plants, you should first allow rain
to leach these materials for several months—as when
leaves fall in the autumn and begin breaking down
over the winter—or let fungi digest the complex
compounds that cause the problems by growing
edible mushrooms in the mulch pile.*

Inhibition can play a major role in the soil
ecosystem, as well. Decomposing and living grass
roots release chemicals that inhibit mycorrhiza for-
mation in many woody plants. Bacteria called
Streptomyces appear to grow more abundantly in
clear-cuts and in between islands of regenerating
shrubs and trees than in forests or within regener-
ating islands. Streptomyces can allelopathically
inhibit specific plants, bacteria, mycorrhizas, or
plant pathogens, depending on which strain grows
(a few Streptomyces stimulate mycorrhizas).” While
inhibition may thus slow the progress of succession,
invading shrubs also use allelopathy to inhibit
grasses and herbaceous perennials and so outcom-
pete them. These realities have major impact on the
patterns and strategies of successional plants.

Neutralism

Adjacent species participate in neutralism when they
have no positive or negative effects on each other,
either as a whole or with respect to a specific
resource or. function. Though neutrality may not be
as beneficial as mutualism, it is certainly much better
than competition. In these cases, clearly the species
have very different niches, with little or no overlap in
resource use or community role. Remember, though,
that a pair of plants, for example, may have a neutral
relationship with respect to one resource, such as
pollinators, while competing heavily with respect to
another resource, such as water. However, neutralism
with respect to universal needs like water may occur

'if the species draw from different soil horizons, use

the resource at different times, or if water is not in
short supply. Relative neutrality is often one of the
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Full-size pear tree, almost mature

Comfrey shades out grasses,
reduces competition at soil surface,
and facilitates the pear

inhibits
comfrey
Mutually compatible

fungal-bacterial balance
in soil, about 1:1 to 2:1
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F1GURE 4.2. Some of the multiple interactions in a biculture of European pear (Pyrus communis) and comfrey (Symphytum offici-

nale). The pear shades and therefore inhibits the comfrey, reducing its aggressiveness. The comfrey shades out grasses under the

pear, reducing grass competition. The comfrey and the pear prefer a similar fungal-bacterial balance in the soil. The comfrey

dynamically accumulates many nutrients from the deep soil and feeds them to the topsoil, aiding the pear. The two plants share

pollinators but flower at different times, so they support each other’s pollination needs. Deep-rooted comfrey partitions the soil

resources with shallow-rooted pear.

goals for the desired species in our designed polycul-
tures if mutualism or facilitation between them is
not possible.

The Multz'ple Facets of Paired Interactions
These six kinds of interactions between species
pairs can take place at different times between the

same two species, and some may take place at the
same time with respect to different resources. For
example, imagine a patch of comfrey plants
growing beneath a pear tree (figure 4.2). The shade
of the pear may inhibit the comfrey, though well-
pruned pears have a more open canopy than
unpruned trees. Meanwhile, the two species share
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F1GURE 4.3. The number of relationships within a constella-
tion of interacting elements increases rapidly as elements are
added to that constellation. We need to keep things on the
simple side in forest garden design as much as is feasible!

the same bee pollinators, and since they flower at
different times of the year they cooperate in sup-
porting those allies. The pear is a heavy nutrient
feeder with mainly shallow roots that spread wider
than the tree canopy. Meanwhile, the comfrey is a
potent deep-rooted dynamic accumulator of many
nutrients planted closer to the trunk. Therefore, the
comfrey facilitates the pear when the comfrey
leaves fall to the ground and rot. The comfrey also
facilitates the pear tree by shading out competitive
grasses that allelopathically foster the wrong soil
biology balance. This is probably good, though we
know little about the soil biology of comfrey. On
the other hand, during drought years, the comfrey
may compete with the pear for water, and the

potential exists for it to compete with the pear for
nutrients as well if soils are poor. On balance, how-
ever, this would appear to be a favorable combina-
tion and pattern of plants, and the experience of
forest gardeners indicates that it is.

As if that weren’t complex enough, though, that’s
just two species! When two individuals or species
interact, there is only one relationship between
them, multifaceted though it is. If we add a third
element to the set, the number of relationships
climbs to three (figure 4.3). Add a fourth element
and the number of relationships jumps to six. By
the time we get to ten interacting elements, there
are forty-five pairwise relationships, each multifac-
eted—complex beyond the ability of most human
minds to rationally comprehend. How can we rea-
sonably understand and work with these multifac-
eted interactions in communities of plants, animals,
and microbes® We must come at it from the per-
spective of the whole community and how it is put
together, as well as from the pieces and how they
relate to each other.

\

MULTISPECIES INTERACTIONS:
FRAMEWORKS OF SOCIAL
STRUCTURE

Our goal in forest gardening is to create stable,
resilient, self-maintaining communities. Such com-
munities arise from interactions between free indi-
vidual species, each acting in its own best interest
based on its inherent needs and characteristics.
How does the individuality of these parts, as David
Perry says, “act paradoxically to bind the system
together” so the system maintains balance of its
own accord? A self-regulating social structure
doesn’t emerge from a random collection of simple
pairwise relationships. We need diversity that
works—functional diversity.

We discussed the first aspect of functional diver-
sity, the multiple functions of species, when we dis-
cussed species niches at the start of this chapter.
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These multiple functions possess generative poten-
tial for interconnection, since the specific needs and
products of each species create possibilities for spe-
cific forms of relationship with others. The addi-
tional aspects of functional diversity—diversity of
functions, redundancy of function, and functional
interconnection—also grow from species niches
and pairwise relationships.

In this section, we will discuss several different
kinds of multispecies interactions. Community
niches express the diverse job-roles or ecosystem
functions that organisms must perform to make
any given ecosystem work. Food webs constitute
the primary expression of community niches, since
food-web positions form the essence of the func-
tional roles that species play (decomposer, herbi-
vore, producer, and so on). Groups of species can
act as guilds in two ways: by partitioning resources
among species with similar community niches to
avoid competition, and by forming networks of
mutual support among species with different
niches. The former (resource-partitioning guilds)
represents redundancy of function, because the
species all fill the same niche and therefore back up
their community role, while the latter (mutual-sup-
port guilds) represents a secondary expression of
functional interconnection, the primary intercon-
nections being those in the food web. While food
webs and community niches manifest themselves
rather quickly by the ecosystem’s sheer existence,
guilds take more time to develop. For all these
frameworks of social structure to develop to their
fullest expression, species must adjust to each other
over evolutionary time. Community niches, food
webs, and guilds thus form the frameworks of com-
munity social structure. How these guilds form
within ecosystems and how community niches are
filled are questions whose answers will guide our
efforts at recreating these social structures in our
forest gardens. Unfortunately, whether the answer
involves the process of coevolution, of evolutionary
adjustment, or of convergent evolution will likely
remain unanswered for a long time.

CoMmuNITY NICHES
Ecologist Paul Colinvaux said:

Both the [community] and the [species] niches
describe the profession of the animal [or plant],
but the viewpoint is different. In the former, the
Anmerican robin plays a role in the community as a
puller of worms and food for hawks; in the latter,
an American robin pulls worms and avoids hawks
as part of a program working to thrust more robins
into the next generation.”

Community niches result from organisms
finding similar ways of making a living. Just as all
accountants do similar work yet may work for dif-
ferent companies or clients in different regions, all
canopy-defoliating herbivores do similar work,
though it may be in different tree species, forest
types, or parts of the canopy. The species niches of
those canopy herbivores may also be very different:
they may take the form of an insect, a bird, a
mammal, or a microbe, though they perform sim-
ilar community roles.

Organisms must fill a wide variety of community
niches to make an ecosystem work, and work well.
There is energy from the sun to capture, store, and
distribute throughout the community. Nutrients
must be gathered, transformed, stored, used, and
made available again after use. There are populations
to regulate to keep the balance and the peace. All
these functions and more need to be performed in
different places and times and under different condi-
tions. In addition, each function is performed only
because it represents an opportunity to make a living.

We can define community niches in a number of
ways. Position in the food web is one central aspect
of community niche (see below); layer position is
another. Community roles also include life form
(e.g., tree, shrub, herb), specific food preferences or
habits (e.g., browser, grazer, gleaner, sun loving,
shade tolerant), means of reproduction (e.g., mast
producing, fruit bearing, ground nesting), or other
characteristic qualities or functions. No fixed rules
exist to guide us. We define community niches
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partly by what is relevant to the discussion or
problem at hand. The common denominator is the
role in the community, a role generic enough that a
number of species could fill it, and specific enough
to be useful as an analysis and design tool. A couple
of examples should help clarify what we mean
when we say “community niche.”

Ecologists studying arthropod diversity in young
and old-growth forest canopies used community
niches to understand the structure of these commu-
nities (see the example on page 106, “Diverse
Structure and Arthropod Diversity”). Here is how
they described some of the community niches of
canopy arthropods:

* sucking herbivores;

* defoliating herbivores;

* flower or seed predators;
* predators; and

* decomposers.

The researchers could have segregated the predator
niches more finely, if needed, into categories such
as leaf-gleaning predators, stem-gleaning preda-
tors, flying predators, and so on.

We can look at plant niches in the community the
same way: community niches relate not only to who
eats what or whom, but also to how plants place
themselves in relation to resources and reproduc-
tion. So forests provide niches for mast-producing
canopy trees, understory fruiting shrubs, berry-pro-
ducing canopy vines, shade-tolerant understory
trees, spring ephemeral wildflowers, and spreading
summer ground covers, among others. Oldfields
changing back to forest have niches for clumping
grasses and rapidly spreading grasses, for sun-
loving suckering shrubs, for pioneer trees, and so
on. As ecosystem designers, we will likely have
some specific roles we want filled in the garden to
optimize the system and.reduce our workload.
These include fertility plants, beneficial insect and
wildlife habitat, ground covers for weed control,
and useful yields for us. These are all kinds of com-
munity niches (see table 4.4).

Diversity of Function in Community Niches

Any healthy ecosystem needs a diverse array of
community roles filled to function well. When the
arthropod community in the canopy of a young
forest consists almost entirely of sucking herbi-
vores, with few other community niches repre-
sented, diversity of function is low and the system
is out of balance (see “Diverse Structure and
Arthropod Diversity” and table 3.7 on page 107).
When the old-growth forest exhibits a balance of
predators and defoliating herbivores, and other
kinds of arthropods live there too, diversity of
function is higher and the system is more in bal-
ance. The predators help regulate the herbivore
populations, and the other arthropods perform
vital roles in helping to maintain balance as well.
More community niches filled means more diver-
sity of function, which in turn helps stabilize the
community.

TABLE 4.4. Some aspects of the community niches of plants.

Trees and Shrubs

Ruderal, competitor, or stress tolerator
Canopy or understory (sun or shade loving)
Pioneer, climax, or gap phase (see chapter 6)
Deciduous or evergreen

Nut, mast, fruit, or seed bearing

Singular, clumping, suckering, or coppicing
Heart, flat, or tap rooted

Herbs

Ruderal, competitor, or stress tolerator
Annual, biennial, or perennial

Sun, partial shade, or full shade loving
Evergreen, ephemeral, or summer green
Singular, clumping, spreading, or matting
Forb, grass, fern, or moss

Bulb, corm, tuber, rhizome, tap, or fibrous root

Functions or Uses

Nitrogen-fixer or dynamic accumulator
Insectary plant

Ground cover

Wildlife habitat (food, shelter)

Food, fuel, fiber, fodder, farmaceutical, fun
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Community Niche Sets Numbers

As ecologist Paul Colinvaux has said, “There cannot
be more individuals in a species population than
there are opportunities to practice its niche.”* If one
compares a species niche to a human occupation,
one can see how this works. If a region has a limited
number of churches, only a certain number of min-
isters will have a way to make a living in that pro-
tession. If more ministers graduate from divinity
school, the region’s total number of ministers is
unlikely to change because the opportunities for
ministering, at least in that form, are limited.
“Opportunities set numbers in a human occupation.

Niche sets numbers for a species population.”

Tendency Toward Filled Niches

As the saying goes, “nature abhors a vacuum.”
Whenever there is an unused resource, someone
will come along to make use of it: “ecological com-
munities tend towards filled niches.” The longer a
community exists, the more time it has to fill more
of its community niches, either by evolution or by
immigration of new species. The more species
diversity there is in an ecosystem, the more of its
niches are filled.

It takes work to prevent the ecosystem from fol-
lowing this natural tendency—which is what
weeding is all about. Weeds take advantage of
unfilled niches in the garden. So one might think
of the need to weed as a symptom of poor
ecosystem design. Obviously, from this perspective,
it makes sense to try to fill every niche with useful
species so that the amount of work to maintain the
system goes down while the yield of the system as
a whole goes up. The process of succession also
expresses this tendency toward filled niches.

Community niche defines a species’ role in its
community from the community’s perspective. For
the system to function well, organisms must fill a
diverse set of interconnecting community niches in
diverse ways so that stability, redundancy, resilience,
and self-maintenance reign. The kinds of relation-
ships that species build in ecosystems help deter-

mine that diverse set of niches. Primary among
these relationships 1s predation, because predation
leads to the formation of food webs.

FuncTionAL INTERCONNECTIONS: THE
Diverse FuncTions oF THE Foop WEB

Food webs constitute the most elemental and
influential part of social structure in ecosystems;
they are the primary infrastructure of functional
interconnection. Food-web positions also form the
core of community and species niches, the essence
of diverse community functions. Food-web struc-
ture determines the flow of nutrients and energy as
well as the balance of species populations, and it
influences the evolution of every member of
“society.” As we design our forest gardens, we must
remain conscious that we are designing a food web
and use that knowledge to help create a high-yield,
self-maintaining system. When we “follow the
energy” (as opposed to the money), we find oppor-
tunities to create more yields to support our liveli-
hoods and more ways to allow the system to
maintain itself.

“Who feeds whom” is one of the primary deter-
minants of the flows of energy, materials, and
influence through ecosystems. Note that we did
not say who ea#s whom: energy and materials can
flow from one organism to another without killing
and eating being involved. Predation, parasitism,
and herbivory constitute a major portion of the
links that create the food web and play a major
role in regulating populations, managing competi-
tion, cycling nutrients, and dispersing energy both
above- and belowground. However, mutualism
and cooperation play major roles in the food web
as well.

Food Web Basics

Solar energy enters all ecosystems as food only
through plants, the producers. The rest of us are
consumers: herbivores eat plants, primary carni-
vores eat the herbivores, secondary carnivores eat
primary carnivores, and so on. Though often
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FIGURE 4.4. A simplified hypothetical food web for an aboveground ecosystem. Notice the typical spindle shape of the web, with
the widest level cccurring at the primary consumer level. Each of the upper trophic levels includes mutualists and parasites, as well

as the more familiar herbivores and carnivores, such as cows, tigers, birds of prey, and so on.

ignored, decomposers play key roles in any
ecosystem by recycling nutrients and energy from
the wastes and dead bodies of all other living
things. Each of these basic roles in the food web is
called a trophic level, the word #rophic being Greek
for “nursing,” since the members of each trophic
level “operate on a common feeding plan.”*
However, many species feed at more than one
trophic level; such omnivores include many birds,
insects, and mammals. These trophic levels begin to
define the niche of each species in the ecosystem.
Each trophic level contains not only the typical
herbivores and carnivores we might expect, but also
pathogens or parasites that feed on the level below,
as well as mutualists (such as mycorrhizal fungi or
bacteria in termite or human digestive tracts) that
benefit from cooperative relationships with species at
the next lower trophic level (see figure 4.4).
Decomposers feed on all levels of the food web.
Figure 4.4 illustrates a simplified hypothetical

food web. Figure 4.5 shows an attempt to estimate
the amount of energy flowing between the different
links in an actual deciduous forest’s food web in
New Hampshire. The following discussion relates
to these two diagrams. We will discuss the soil food
web in more detail in chapter 5.

Food Webs Regulate Populations
It should be intuitively obvious that the higher
trophic levels regulate the populations of the lower
trophic levels by eating them. The reverse is also
true: lower trophic levels influence the upper levels
by determining the amount of energy available to
support them and the range of niche strategies
available for garnering food and energy. Carnivores
at the upper levels of the food web therefore play a
major role in controlling herbivore populations,
along with weather and plant defense mechanisms.
Irregularities in these population-balancing factors
create a dynamic in which forest insect herbivores
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tend to experience major population explosions on a
periodic or infrequent basis. As figure 4.5 shows,
the amount of energy consumed by these species
can increase by a factor of 100 or more at these
times, with over 40 percent of yearly plant biomass
production being eaten. As we shall see below, the
system responds to regulate even these population
eruptions.

Insects and Microbes Dominate Middle

Trophic Levels

The majority of biomass in the herbivore and pri-
mary carnivore roles consists of insects and
microbes, with the majority of microbe “herbivores”
being plant mutualists—allies of our allies. Higher
carnivores tend to be larger animals and birds,
because it pays to be able to put your food into your
mouth whole. We therefore must learn to manage
not only our microherds belowground, but also the
insect herds aboveground.

Carnivore Diversity Depends on Plant Diversity
When we examine the number of species at each
trophic level, we find that food webs tend to be
spindle shaped (narrow at the top and bottom and
wide in the middle, as in figure 4.4). The number
of herbivore species is higher than the number of
plant species, but the number of species decreases
with each jump to higher trophic levels. There are
many strategies for making a living from plants and
a relative abundance of available energy to support
diverse herbivore species. However, the second law
of thermodynamics (“no energy transfer is 100 per-
cent efficient,” i.e., energy is always wasted when
transformed) means that fewer numbers of species
can live off each succeeding trophic level, so diver-
sity must go down. Lower food-source diversity at
the higher trophic levels leads most carnivore
species into omnivory.

This means, therefore, that we and our plant
allies will a/ways have many kinds of “enemies” to
deal with. Thinking we can kill them all off is eco-
logical folly, for there are just too many niches

available. If we limit the diversity of plants in the
system, then we limit the diversity of predators that
make a living helping our allies. If we increase
plant-species diversity, there should be a correspon-
ding increase in predator diversity. Most predators
are omnivores using different strategies to eat
whatever they can get, which yields redundancy in
function. More redundancy and diversity at the
predator levels provide regulation of the herbivores
more consistently.

Research in Swiss vineyards in 1990 demonstrates
these points. Researchers analyzed insect popula-
tions in vineyards with varying plant diversity in the
ground layer. They found that as botanical diversity
and the quantity of flowering plants increased, the
diversity of insects increased overall, but not evenly
within the trophic levels. While the diversity of
beneficial and “indifferent” arthropods increased as
botanical diversity increased, the diversity of pests
remained the same, while their populations fell to lower
levels. The predators were able to use the diverse
resources of the plant community, including pollen,
nectar, shelter, and overwintering sites, to meet their
diverse needs, so they were available to reduce the
pest-insect populations. Many of the additional
arthropods in the diverse vineyards were spiders,
which were attracted not by specific plant species
but by the structural features of the diversified
ecosystem. More. plants meant more variation in
texture, height, and density, allowing more niches
for these generalist predators, whether web builders
or hunters.” A similar story is told by research in
apple orchards, where parasitism of tent caterpillar
and codling moth eggs and larvae was eighteen
times higher in orchards with rich floral under-
growth than those with sparse undergrowth.*

We will always have an “herbivore hump” to get
over. The bigger and wider the springboard there is
at the producer level, the better the landing will be
on the other side.
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Carnivore Population Stability Depends on Prey
Population Stability

While it may seem obvious that carnivores need
their prey available if they are to stick around, this
fact does not seem to influence how most farmers
and gardeners run their operations. The goal is most
often complete eradication of a pest insect, which
then results in the absence of the controlling preda-
tors! Counterintuitive though it may seem, to keep
pests in balance we need to maintain their popula-
tions and not let them disappear completely. This
keeps the food web intact. Balance is the goal, not
eradication.

The Vast Majority of Plant Material Goes to Rot!
One quick look at the amount of energy flowing
from the plants to various food-web compartments
in figure 4.5 makes this point very clearly. About
suxty-five times more energy goes to decomposers than
goes to all herbivores combined, except when leaf-
eating insect populations explode. How can we take
advantage of this huge decomposer energy flow to
increase our yields? In one word: mushrooms.
While we will talk about this more in chapter 1 of
volume 2, let us rant enthusiastically here for a
moment. Numerous species of mushrooms are
simple to grow, very tasty, rather nutritious, and even
medicinal. We are not talking about the sorry, bland
button mushrooms most people know from the gro-
cery store. We mean king stropharia, shiitake, oyster,
chicken-of-the-woods, reishi, wood ear, lion’s mane,
and shaggy mane mushrooms. These and other
species can grow in beds of wood chips or straw used
as mulch, in logs, and some even in freshly cut tree
stumps. Yields from small beds and logs can be
tremendous, up to 25 percent of the mulch or log
substrate (wet weight) in mushrooms!® Species
sequencing and polycultures can yield higher
amounts 1f well managed, as each species degrades
different constituents of the organic matter.
Mushroom gardening is tasty, fun, and relatively
unexplored territory for most gardeners.” In the

meantime, the importance of the decomposer food

web goes beyond the potential yields.

The Soil Food Web Feeds Aboveground Carnivores
So much energy gets dumped into the soil food
web, both from rotting vegetation and from plant
root secretions, that a significant portion makes its
way back aboveground. Here it takes the form of
large invertebrates living on the forest floor, such as
those flies and beetles whose larvae live in the leaf
litter but whose adults live in the trees, and so on.
These animals become the primary foods of shrews,
salamanders, and birds and provide significant parts
of the diet of mice and chipmunks (figure 4.5).
Birds are especially important here: In most years,
the bulk of bird food (about 80 percent) consists of
insects deriving energy from the soil food web.
However, if leat herbivore populations explode,
birds shift their food supply to take advantage of the
aboveground food source then readily available. By
supporting bird populations in most years, a Aealthy
soil food web is a significant contributor to main-
taining the balance of aboveground insects! Organic
farmers have it only partly right: feeding the soil
does not just feed the plants, it feeds the whole
ecosystem!

Nutrients Follow Energy in the Food Web

As plants and animals transfer body parts through
the food web via predation, both energy and nutri-
ents go with them. Managing the food web is
therefore a critical aspect of creating self-renewing
fertility. Since most of the forest’s energy goes
belowground, the soil food web is the most impor-
tant food web to manage in this regard. See chapter
5 for more on this.

Food webs perform many functions in ecosystem
social structure. The functional interconnections
within the food web generate self-regulation of
species populations. These connections also dis-
perse energy and nutrients to the community’s
members. The diversity of plants significantly
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affects the diversity of predators, as does the health
of the soil food web. Though the food web forms
the primary interconnections in the community,
guilds perform other important functions.

GuiLps: ParTITIONING RESOURCES AND
BuiLpine Muruar SupporT

People don't use the word gui/d much these days. It
possesses a bit of medieval flavor, and rightly so, for
it derives from Old English and Old Norse terms
referring to payment, tribute, or yield, as well as to
the medieval associations of craftsmen and mer-
chants who played a major role in the social struc-
tures of their time. Ecologists have used the word in
two ways: one denotes a set of mutually interde-
pendent plants and animals; the other describes
“eroups of species that have similar food require-
ments (e.g., the guild of insect-eating birds).”" In
permaculture circles, the word guild has more of an
association with the former mutual-support net-
work. Mollison defines a guild as a “harmonious
assembly of species clustered around a central ele-
ment (plant or animal) . . . [that] acts in relation to
this element to assist its health, aid our work in man-
agement, or buffer adverse environmental effects.”

Rather than dispense with one or the other of the
useful meanings, and to further clarify exactly what
we are trying to accomplish in forest garden design,
we have decided to use the following phrases and
definitions:

* Resource-sharing guild or resource-partitioning
guild denotes groups of species with a similar
way of making a living (i.¢., the same commu-
nity niche) that partition resources so they com-
pete minimally.

* Miutual-support guild denotes groups of species
with dissimilar community niches that form
networks of mutual aid. These may or may not
focus on a central element.

* Guild in general means groups of species that
exhibit one or both of the above characteristics.

Redundancy of Functions: Resource-Sharing Guilds
Resource-sharing guild members perform a similar
function, fill the same niche, or divide a shared
resource among themselves. The species that eat
canopy-foliage herbivores—be they birds, insects,
spiders, or bacteria—compose such a guild. They use
the same resource in the same community in a sim-
ilar way. Canopy trees form a guild. Hummingbird-
pollinated flowering plants compose a guild, with
the hummingbirds as the shared resource.” Nut-
storing and nut-dispersing animals (squirrels, blue
jays, and humans) are potentially a guild. These
species groups each have a similar niche character-
istic, and their niches overlap. Niche overlap often
leads to competition.

The thing about resource-sharing guilds, though,
is that usually individual guild members don’t use
the shared resource in exactly the same way. Either
they eat at different times of the day or they forage
at different locations in the canopy, or at different
times of the year, or faster or slower, or some other
variation on the theme (figure 4.6). In this way, the
guild members partition the resource they share and
minimize competition. However, should one species
drop out of the guild, the others can expand their
activities or range to fill the gap, take advantage of
the extra resources, and maintain the performance
of their community function (see box 4.6).

Resource-sharing guilds therefore confer stability
and resilience on ecosystems, because they represent
redundancies in community function. Redundancies
also offer flexibility to the system, giving it multiple
pathways to respond to imbalances and reinforce vital
processes. If only one species were eating canopy-
foliage herbivores, and that species died out for some
reason, canopy-foliage herbivores would have no
population-reducing predators. If this were the case
in our orchard, we would have to take on the job of
predator of canopy-foliage herbivores or suffer the
consequences. Is this a job that we particularly want?

A set of plants sharing the same pollinators by
flowering at different times throughout the growing
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FIGURE 4.6. A native plant polyculture from a New England
old-growth forest includes horseshoe-shaped wild ginger
(dsarum canadense), upright arching wild oats (Uvularia sessil-
ifolia), and fernlike squirrel-corn (Dicentra canadensis), among
others. We can learn from observing natural polycultures such
as these. For example, the arching form of the wild oats works
well with the other two mat-forming species to avoid light and
space competition. Photo by Dave Jacke.

season 1s a resource-sharing guild, and these plants
probably also partition light, water, and nutrients
since they dominate at different times. Plants that
partition the soil column vertically and horizontally
to minimize nutrient competition provide another
example. A set of plants fruiting at different times in
the growing season is also a guild if the plants rely
on the same animals to disperse their seed. The var-
1ous organisms in the soil food web that decompose
woody organic matter, including fungi, bacteria,
earthworms, and beetles, compose a guild.

Frequently, species share resources in a number of
different guilds at the same time, creating a com-
plex network of interconnection. These intersecting
resource-sharing guilds create patchworks of
species that simultaneously share a community
niche in one dimension (say pollination) yet live in
divergent community niches in other dimensions
(such as flowering time or rooting pattern).

Functional Interconnection, the Sequel: Mutual-
Support Guilds

Functional interconnection creates networks of
mutual support between elements: the inherent

Box 4.6: The Principle of Redundancy

Every essential function should be
supported by many components.

—DBiLL MoLL1soN, Permaculture:
A Designer’s Manual

Our observation that the redundancy of func-
tions in resource-sharing guilds builds ecosystem
stability and resilience leads us to a design prin-
ciple along the same lines. If we have only one
crop that meets an essential need, such as food
protein, and that crop fails, we are in trouble.
Having more than one way of filling essential
needs reduces that trouble, especially if the alter-
natives have different niches and requirements.
For example, walnut production may be some-
what susceptible to cold weather during pollina-
tion. Chestnuts tolerate these conditions but
have more disease and insect problems. Chickens
produce eggs most of the year, but predators of
one sort or another may eat them. Using all these
means of meeting our protein needs assures a
supply of protein under more conditions than
relying on only one. Things change and disaster
does strike! Don’t put all your eggs in one basket.
Build redundancy'of essential functions into
your forest garden.

functions of one element—an organism’s natural
products, characteristics, or influences—meet the
needs of one or more other organisms or create con-
ditions that help those organisms flourish. Food
webs express the primary infrastructure of func-
tional interconnection in ecosystems, where one
organism meets its needs by partaking of the body
or inherent by-products of another. Mutual-support
guilds incorporate the food web as well as other
forms of functional interconnection. Though it may
be useful to think of mutual-support guilds as mul-
tispecies mutualisms, these guilds may include any
of the pairwise interactions discussed earlier.

In natural forests, mutual-support guilds link
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across trophic levels: one plant attracts predatory
insects, another plant or animal benefits from that
interaction. For example, a mutual-support guild
built around trumpet creeper vines (Campsis radi-
cans) includes the vine itself; the ants that feed on
the vine’s nectar and protect it from herbivores; the
hummingbirds that pollinate and feed on the vine’s
flowers; the other birds that nest in the viney
tangle; the tree the vines grow on; and the soil
organisms associated with the vine’s roots.

You can find shreds of guild ideas in many living
gardens and in many pieces of literature, including
scattered throughout this book. Here are a few more:

* Canopy trees facilitate shade-loving understory
herbs by creating conditions appropriate for
their success, while the herbs improve nutrient
cycling in a2 number of ways (see “A Few
Comments on the Roles of Plants in Nutrient
Cycling” in chapter 5, page 183), or they support
predatory insects.

* Simply growing a crop amid a mix of plant
species and varieties offers defensive benefits,
as insect pests find it harder to locate their
host prey.

* Herbalist and author Steven Foster says that
one nettle plant (Urtica dioica) planted among
ten herbs will increase the oil content of the
herbs, hence increasing their medicinal and
culinary value.™

* Researchers suspect that strongly aromatic plants
like onions, garlic, mints, and others confuse the
chemical signals pests use to locate their prey.
We call these plants “aromatic pest confusers.”

* A multitude of flowers in orchards reduces the
number of insect pests by increasing the effec-
tiveness of parasitoids and predators.”

* The varroa mites that kill honeybees do not like
menthol. Some beekeepers claim that mints
planted near bechives offer the bees a means of
killing the mites. Apparently, they land on the
mints and fan themselves with the minty air to

rid themselves of the parasites.”

Mutual-support guilds build social structure in
ecosystems. The relationships involved can include
such diverse interactions as pollination support,
inhibition of competitors, physical support of vines,
microclimate modification, providing habitat for
critical animals, or any number of other functions.

One of the challenging things about mutual-
support guilds in particular is that the species ele-
ments in them can be widely separated in space.
For example, in California, wild blackberries
(Rubus wrsinus) and wild grapes (Vitis californica)
often grow twining together in floodplain habitats,
but not always. Each species falls prey to a different
species of leathopper, which can do significant
damage to the plants. A single insect (Anagrus epos)
parasitizes the eggs of both leafthoppers, which
appear first on the early-leafing blackberries and
later on the grapes. The grapes growing amid the
blackberries get maximum control of their leathop-
pers by Anagrus, but grapes up to 4 miles (6 km)
away can also get effective leathopper control from
the same Anagrus population. Despite the distance,
blackberries and grapes miles apart are both mem-
bers of the same mutual-support guild because of a
mobile parasitoid. Though we cannot say what the
effective distances would be for predator species in
other instances, clearly plants can be “functionally
interdependent with respect to their herbivores” in
circumstances we might not expect.’”’

Guilds in the general sense may incorporate both
resource-partitioning functions and mutual-support
functions. The redundancy of functions that
resource-sharing guilds embody supports stability
and resilience in the ecosystem. The functional
interconnection of mutual-support guilds helps
create a self-maintaining ecosystem. However, nei-
ther of these kinds of multispecies interactions
develops overnight. It takes time—evolutionary
time—for species to generate these characteristics.
Knowing how ecosystems generate these two kinds
of guilds will guide us in generating them, too.



152 PART TWO. ECOLOGY

CoEvoLUTION, EVOLUTIONARY ADJUSTMENT,
AND CONVERGENT EvoLUTION

Function reforms form, perpetually.
—STEWART BRrRaND, How Buildings Learn

Organisms that inhabit similar environments in
different geographical localities often resemble
each other even though their evolutionary back-
grounds differ. . . . Form and function converge
under the mantle of similar selective forces in

the environment.
—RoserT E. RickiLers, Ecology

The topics of coevolution, evolutionary adjustment,
and convergent evolution launch us into controver-
sial and cutting-edge areas of ecology. Whether
these theories reflect actual factors in ecosystems, or
how much of a factor they are, influences how we
design and manage forest gardens, how we select
species and species polycultures, and how we breed
plants that are more useful. Unfortunately, these
controversies are still unresolved, so we may not be
able to get clear answers to these questions: we have
to acknowledge our ignorance and the limits of our
understanding. Yet the questions themselves are
instructive.

Coevolution in the narrow sense is the recip-
rocal evolutionary influence of two closely inter-
acting organisms upon each other, leading to each
species changing genetically from the interaction.
Coevolution in this sense is hard to prove scientif-
ically in any case, but it appears most likely in some
predator-prey “arms races,” in obligate, pairwise
mutualisms,” and in the divergence of species
niches through competition.”” Yet influence flows
in many directions within natural systems. So
many species interact at any one time that strict
two-species coevolution is probably significantly
diluted in most cases. At the same time, each coe-
volving species needs to preserve flexibility for
future changes and situations where it may not
_find its current partners around it. This is why
most mutualisms are diffuse and facultative, and

why specialist herbivores and predators are more
rare than are generalists. Some ecologists argue,
therefore, that diffuse coevolution is probably
more characteristic of ecosystems than pairwise
coevolution. “Diffuse coevolution implies that
many species, on the same or different trophic
levels, may simultaneously exert selective pressures
on one another and be affected by changes in other
component members.” It makes intuitive sense
that a species would evolve in response to all the
other species in its environment, and that all
species would do this to some degree, making the
influence reciprocal, though in a diffuse way.
Assuming this is true, it would follow that as
communities of species live together through evo-
lutionary time, interacting species adjust to each
other and find their niches in the social structure as
best they can, given the ever-changing nature of
that structure. Diffuse coevolution in this sense
would take the random flotsam and jetsam of nat-
ural species associations and forge functioning
guilds and communities from them. Theoretically,
the longer a group of interacting species evolves
together, the more mutually adjusted they become,
the less they compete, and the more they cooperate.
They evolve to partition resources in time, in space,
and by kind; they adapt to depend upon different
resources or to use the same resources at different
times, in different places, or under different condi-
tions. Links would develop between species, cre-
ating mutual-support guilds. Holes in the
community niche structure would fill. Diffuse
coevolution, in theory at least, leads to niche differ-
entiation, functional interconnection, niche satura-
tion, community stability, and efficiency. If this
theory were true, then long-standing natural com-
munities would be good models for us to mimic,
not just generally, but specifically, right down to the
species, if possible. It provides a reason to protect
and plant native flora in its native associations as
much as possible, so we can have the highest
chance of creating a stable, healthy, interconnected
garden ecosystem with minimal competition.
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WEe can raise a number of challenges to the above
theory. We will discuss only two of them here. First,
the concept of “diffuse coevolution” is perhaps
stretching the word coevolution a bit far. Clearly some
interactions have more evolutionary influence on a
species than others, so the selective pressures will
vary from species to species, altering the reciprocity
of the interactions. In some (unknown) number of
cases, it is likely that reciprocity does not exist: the
more genetically flexible and short-lived species
(e.g., microbes, insects) would likely evolve to adapt
to longer-lived or more genetically stable species
(e.g., trees) present in their environment. Perhaps
this is why some ecologists use the term evolutionary
adjustment when discussing such concepts. However,
in this context we can still say that “community effi-
ciency and stability increase in direct proportion to
the degree of evolutionary adjustment between asso-

7! Coevolution and evolutionary

ciated populations.
adjustment theoretically lead to essentially the same
result on a community scale, and our response of
mimicking native communities and using native
plants as much as possible would still hold.

The second argument against coevolution, and
even evolutionary adjustment, is that species move
a lot. According to some researchers, pollen records
indicate that North American trees were in quite
different associations during the last ice age than
they are now. The trees’ varying postglacial migra-
tion rates and patterns over the last fifteen thou-
sand years indicate that species move as individuals,
not as plant associations.” Hence, these folks
claim, the trees cannot have lived together long
enough for coevolution to occur, for species to have
partitioned niches and built webs of cooperative
relationships. Given the life spans of trees (150 to
300 years), it would take many, many thousands of
years for significant genetic change to occur in a
species, if one is to believe the “gradual change”
theory of evolution.” However, perhaps these
researchers are not looking back far enough.

For example, the oaks, as a genus, were already in
existence 40 to 50 million years ago, along with

chestnuts, beech, and walnuts.** This means that
the basic reproductive strategies of acorn, beechnut,
and walnut production and dispersal had already
developed by that time. Leaf shapes from 65 mil-
lion years ago are similar to those of today, sug-
gesting that “some of these tree lineages have
hardly changed through 65 million years of Earth
history.” Even some of the species associations
appear to have long-term history, at least according
to some researchers: “it is clear, however, that after
the [most recent Pleistocene] glaciations the Mixed
Helophytic forest of eastern North America was
not very different from that of Middle to Late
Tertiary times” (2.5 to 30 million years ago).® If
this is the case, might not some of these species,
genera, or families have coevolved over a long and
distant history? Nonetheless, if it 1s difficult to
prove coevolution in present-day ecosystems, then
we can let go of trying to prove it occurred 30 mil-
lion years ago, at least for now! If coevolution does
not create the guilds and other social structures we
observe in ecosystems, then how might they have
manifested, and how might that influence how we
design our forest gardens?

Assuming plants move around too much to coe-
volve or adjust to each other, then perhaps conver-
gent evolution plays a role in forging functioning
guilds and communities. Convergent evolution is
the evolution of two or more geographically and
evolutionarily distant species or communities living
in comparable environments to similar form and
function. For example, convergent evolution appears
in the case of the North American meadowlark and
the African yellow-throated longclaw, two species
that look and function alike though they live on
different continents and have different evolutionary
histories. The most amazing example may be a
group of cave-dwelling insects that mistakenly
became known as one species, the collembolan
Pseudosinella hirsute. A researcher discovered that
this “species” is actually composed of four separate
evolutionary lines that evolved to virtually indistin-
guishable form as they specialized for the same
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living conditions in different places.” While many
examples of convergent evolution in the animal
world are known, instances from the plant world
are less widely recognized, though perhaps no less
common. New World cacti and the similar African
euphorbias may be the most familiar example. The
challenge is distinguishing between convergent
evolution and taxonomic relatedness.

Convergent evolution cannot have happened if
the species in question are taxonomically related,
that is, if they came from related evolutionary or
ancestral lines. For example, many species in the
temperate forests of eastern North America are tax-
onomically related to species from the temperate
forests of eastern Asia, many of them belonging to
the same family, if not the same genus. There is
strong evidence that these species evolved from the
same ancestors or lived together tens of millions of
years ago when the temperate forest was circum-
polar and subtropical and tropical habitats covered
most of what is now temperate North America and
Asia.”® These species’ similarities derive from their
common ancestry, not convergent evolution.
Nevertheless, research indicates that convergent
evolution occurs at the species level, and work has
been done exploring convergent evolution at the
community scale as well.

In his book The Eternal Frontier, Tim Flannery
discusses the amazing similarities between the
species living on the American savanna of 15 mil-
lion years ago and those now living in the African
savanna, even though the two sets of fauna arose
from distinct taxonomic groups. Such examples
suggest there may be a limited range of viable adap-~
tive options available to species living within certain
environments—that the kinds of resources available
in a given environment drive the most adaptive
strategies in certain directions. “One reason for
expecting convergence is that available energy 1s
limited and must be allocated to competing func-
tions such as feeding, locomotion, defense, growth,
reproduction, and maintenance. If environments in
two localities are similar, the best allocation patterns

of resources among these competing functions may
also be similar.”® If this were true, then evolution
would drive whatever genetic stock is available
toward giraffelike, hippolike, and zebralike animals,
for example, in a savanna environment.

Widely separated plant communities in similar
environments with species from different evolu-
tionary lines often have similar vegetation struc-
ture, patterns of productivity over time, plant
growth forms, bird guild structure, and phenology
(seasonal cycles of flowering, fruiting, bud break,
leaf fall, and so on). Interestingly, ecologists do not

. consider plant-species richness (an aspect of diver-

sity) to be a characteristic that converges.” One can
easily observe the similarities between chaparral
vegetation in Chile, southern Australia, California,
the Mediterranean, and South Africa, for example.
Stmilar is a relative term, however, and studies have
shown significant differences as well, apparently
caused by variation in fire regime, human distur-
bance, and other factors.” Yet these differences still
prompt some questions. In a given environment,
are there limited sets of optimal solutions for plant
form and function toward which species evolve?
How do these “optimal solutions” relate to the con-
cept of community niche? Are they essentially the
same? Is the community, then, composed of sets of
species that are muddling toward these optimal
solutions, such that the community as a whole ends
up looking similar and working comparably in
analogous environments the longer the species have
to adapt to the given conditions?

Debates about questions like these continue to
this day, and they always bring us back to the debate
between the concept of plant communities as some
sort of superorganism versus the individualistic view
of plants. Some researchers, even today, still stand at
one or the other extreme.”? However, as stated in
this chapter’s opening quote, the evidence seems
clear that this is not an either-or question; instead,
ecosystems are some odd, variable, and dynamic
combination of each. Coevolution, both pairwise
and diffuse, clearly occurs in some instances.
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Evolutionary adjustment is likely happening as well,
and convergent evolution with its “optimal solu-
tions” or community niches may play some role.
Diffuse coevolution almost certainly plays a larger
role than pairwise obligate coevolution, and species
with shorter life spans probably adjust more rapidly
to those with longer life spans, as evidenced by the
fungal endophytes discussed earlier in this chapter.
Meanwhile, species reserve the right or ability to act
as individuals to a degree varying by species. And
yes, it does appear that there are a limited (though
potentially large) number of community niches or
“optimal solutions” that plants and animals gravitate
toward in given environments.

So it would seem that plant communities, like
human ones, combine free association and simple
“overlapping of ranges” on an individualistic basis
with a mix of constantly varying levels of commit-
ment, interaction, and association between mem-
bers. Some of these interactions have a reciprocal
intensity that causes community members to adapt
to each other over time. Other interactions are such
that one member adapts to another while the other
remains more or less the same. Some interactions are
such that there is no influence, and everyone goes
about their business, adapting only to.the system at
large given whatever specific skills and training they
have. And all of this happens in a context where
there are a relatively limited set of options for how to
make a living successfully in a given environment,
yet within those limits there is freedom and cre-
ativity to try new ways of doing things. This
amounts to what one writer on ecology and politics
called “macroconstraints and microfreedoms.””

The thoughts above work to our advantage as we
go about mimicking natural ecosystems in our gar-
dens. They theoretically give us the flexibility to
substitute species within certain limits while main-
taining functional community social structure and
interactions. They should also give us pause,
though, because we probably cannot know all of the
interactions going on in an ecosystem. We may miss
critical functional elements if we mess around too

much or leave out strands in the web. As Aldo
Leopold once said, “The key to intelligent tinkering
is to keep all the pieces.” However, to make it tin-
kering, we have to give ourselves room to tinker, to
substitute, to play with new pieces, and to use the
old pieces in new ways. We discuss more specifically
how all this plays out in practice in feature article 3,
and in the following sections of this chapter.
Species niches and pairwise interactions offer
valuable insights into the building blocks of social
structure. Meanwhile, community niches, food
webs, guilds, coevolution, and convergent evolution
provide equally valuable understanding of the ways
these building blocks work together. Ecosystem
social structure is admittedly more fluid and less vis-
ible than physical architecture. How can we anchor
and stabilize the fluid and ephemeral social-struc-
tures of ecosystems? What strategies shall we use to
create and maintain them in our forest gardens?

SOCIAL STRUCTURE DESIGN:
ANCHORS AND STRATEGIES

The invisible social structure of ecosystems is chal-
lenging to design and manage. When we include a
crop in our garden, the crop’s multiple inherent
products create potential connections between the
crop and other organisms, and so begin building a
food web. The herbivores we'd prefer to keep in
check come of their own accord when we provide
the resources they need to make a living. We need
to work harder at including the allies of our allies in
our designs, providing the resources zhey need to
make a living.

Various ecosystem elements appear able to moor
these fluid social systems, so we must focus on these
anchors: diverse plants, a healthy soil ecosystem, and
predator habitat elements. Broad strategies, such as
diversifying the plant species to diversify the preda-
tors and feeding the soil ecosystem to feed the
aboveground predators, can definitely help, but
these are blunt instruments, useful though they may
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Natives and Exotics, Opportunists and Invasives

We see things not as they are. We see things as we are.

—THuE TALMUD

Concern and alarm about exotic and so-called invasive
plants have grown rapidly in recent years. This alarm
arises partly from pictures like figure 4.7, and also
from widely quoted statistics and ideas such as these:

* Some researchers have estimated that current
annual environmental and economic losses,
damage, and control costs associated with “inva-
sive” plants exceed $§136 billion in the United
States alone! About a third of this cost occurs in
agriculture, raising food prices and leading to
greater pesticide use. Costs of invasives in home
landscapes exceed $5 billion per year.™

* Exotic plants now plague over 100 million
acres (40 million ha) of public and private
land, with that area increasing by 20 percent—
twice the size of Delaware—each year.”

* This rate of change overwhelms the evolu-
tionary mechanisms of natural systems and
may soon lead to what one author called 2
“planet of weeds.”™

* Invasive species decrease habitat diversity.

« Invasive exotic plants cause the extinction of
native plants.

* Exotics do not support healthy ecosystem
function because native insects and other
wildlife cannot use them for food or to meet
other needs.

‘We have also experienced distress about these
issues, based not only on thoughts such as those
above, but also our own experiences of seeing
beloved New England habitats become more and
more dominated by species such as Oriental bitter-
sweet (Celastrus orbiculatus), Norway maple (dcer
platanoides), Japanese knotweed (Reynoutria
Japonica), and so on. As a result, when we began

writing this book we initially emphasized protecting
native species, discouraging the use of nonnative
species whenever possible, and warning readers of
the dangers of invasive plants.

Then we came across a series of excellent books
that expanded our vision of plants, animals, humans,
and the North American continent. These included:

* Tim Flannery’s The Eternal Frontier, an eco-
logical history of North America from 65 mil-
lion years ago to the present;

-* Jared Diamond’s Guns, Germs and Steel, a
multidisciplinary exploration of the ecological
factors leading to the global dominance of
Western culture;

Connie Barlow’s Ghosts of Evolution, an
engaging examination of evidence for the
missing animal partners that dispersed the
seed of plants she dubs “ecological anachro-
nisms”; and

finally and most significantly, David
Theodoropoulos’s Invasion Biology: Critigue of
a Pseudoscience, a hard-hitting exposé of issues
apparently avoided in conservation biology,
and the potential social and emotional factors
that lead to what he calls “invasion hysteria.”

The first three books provide excellent background
for reading Theodoropoulos. The perspective gained
from them helps one see past the intense, definitive
style and highly challenging content of Invasion
Biology, which one might otherwise dismiss out of
reactionary impulses.

After reading these books, we began reevaluating
our positions on a number of issues—a process that
will take more time than we had to finish this book.
Our initial review changed the reasons for our native
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FiGURE 4.7. Kudzu (Pueraria lobata) overtaking a home in Virginia, the classic example of “invasive” species behavior.

Further north, Oriental bittersweet (Celastrus orbiculata) plays a similar role, though perhaps not so exuberantly. Proso

by Eric Toensmeier.

and exotics policy some, and it decreased our pro-
native and antiexotics stridency, but the result of our
deliberations in terms of on-the-ground choices is
pretty much the same, at least so far. What follows is
a snapshot of our current take on the issues. While
we do not agree with everything Theodoropoulos has
to say, we believe his critique deserves serious consid-
eration and discussion, for it raises many important
issues. We will discuss “invasiveness” as an ecosystem
process further in feature article 5 (page 282).

First, Theodoropoulos and other writers strongly
object to statistics such as those cited in the first and
second bullets in this article. They say such figures
are grossly inflated and unrealistic, even though they

are frequently quoted and appear to form the basis
for much of the recent “hysteria,” as they call it.
Second, notice the use of the word plague in the
second bullet. Invasive plant literature and jour-
nalism frequently use emotion-laden, reaction-
triggering words and phrases such as infestation,
invasion, overrunning, planet of weeds, and so on.
This is a disservice to the public, and a discredit to
the writers who use such phrases, even if they help
sell the story. We must stop this fear-mongering
if we are to think clearly and act from our highest
principles rather than our lowest common denomi-
nator. When you see trigger words such as these,
put a red flag on the information coming at you,
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and dig deeper into the issues. Incidentally, we
could level this same criticism against some of
Theodoropoulos’s writings, which one might at
times describe as “antihysteria hysteria.”

However, Theodoropoulos also strongly disputes
the idea that there is an “invasive species crisis” with
ecological theory and numerous references. He
claims that the last several points in the first bul-
leted list are completely untrue and unsubstantiated,
and that the studies supporting such claims are
based on bad science. Many of his arguments are
logical, and the references appear valid, though some
of his statements of ecological fact we consider the-
ories still in dispute, such as the individualistic
theory of plant communities. He cites examples of
how the belief in this crisis has led some people to
illogical actions, such as spraying herbicides in habi-
tats containing “invasives” that are otherwise
healthy, and declaring a species “exotic” simply
because it is 50 miles outside its “natural range” as
biologists define it. His argument that human dis-
turbance is the preeminent cause of invasiveness
strikes home, especially when coupled with the
human tendency to point the finger of blame out-
side ourselves and not take responsibility for our
own effects on the world. The simple act of calling a
species “invasive” when this behavior can only arise
from the interaction between organism and environ-
ment provides the clearest evidence in support of
this idea.

It does seem clear that in at least some cases, if
not many or most, “invasive” species are convenient
and visible scapegoats for problems created by
human activity. Theodoropoulos presents evidence
that the great majority of nonnative opportunists are
adapted to disturbed sites. “Development,” conven-
tional agﬂculture, industrial pollution (notably acid
rain), industrial forestry, habitat fragmentation, and
global warming represent intense disturbances to
worldwide ecosystems. Why should we be surprised,
then, that disturbance-adapted species are increasing
in population? We might do well to treat underlying
causes, and not symptoms. Spraying herbicide in

natural areas to kill unwanted plants is not going to
solve the environmental crisis! Such responses will
only mask the problem, helping us pretend we are
doing something useful when we are actually
making it worse. In addition, proposed regulatory
changes in the United States would make the
importation of new species extremely difficult.
Under this “white list” regulation, a new species
would be guilty until proven innocent, and only
species on the white list would be legal to import.
Testing to prove noninvasiveness can have only
dubious scientific credibility. It would also be so
incredibly expensive as to make enormous corpora-
tions the only ones who could import new species,
further consolidating their control over the world’s
seeds and plants.

While Theodoropoulos builds his critique around
the evolutionary, ecological, and psychological issues
involved, Australian permaculture founder David
Holmgren arrives at similar conclusions from
another angle. Holmgren states that in densely
planted home food gardens with limited space, pri-
ority must be given to the most productive species—
and that most native Australian species don't fit the
bill. A similar, though less extreme situation con-
fronts us here in North America. Diamond’s book
provides excellent context for this argument.
Holmgren also believes that we must measure the
ecological changes brought by naturalizing exotics
against the benefits useful plants provide by
increasing local self-reliance and reducing the need
for fossil fuels. To create towns and gardens that
produce most of their own food, fuel, fiber, fodder,
fertilizer, farmaceuticals, and fun, Holmgren says we
“need to design human ecologies from the widest
range of genetic materials available.”” For example,
while nitrogen-fixing plants have the potential to
naturalize into disturbed landscapes, they reduce the
need for petroleum-based fertilizers, with their asso-
ciated environmental hazards from drilling, manu-
facturing, transportation, and even war. Like
Theodoropoulos, Holmgren does not see the natu-
ralization of nonnative species as an environmental



Social Structure: Niches, Relationships, Communities

crisis, but rather as the dawn of “ecosynthesis”:
nature’s way of adapting life to the new conditions
created by human activity by generating new ecosys-
tems from the materials at hand, including both
native and exotic species.” (Holmgren will explore
these issues further in his forthcoming book Weeds
or Wild Nature: Migrant Plants and Animals in
Australia.)

Wherever you stand in the natives versus exotics
debate, we urge you to read and consider both
Holmgren and Theodoropoulos, among others. Take
what they say under advisement, and let this be the
beginning of the exploration, not the end. The issues
they raise touch on important areas of ecology,
human ecology, and evolutionary biology where
consensus has not yet developed, but where such a
consensus is vitally important.

In the meantime, we propose the following “poli-
cies” to forest gardeners to deal with this situation:

Give native plants preference when selecting species for
your forest garden. Use native plants whenever they
can fulfill your design purposes, for at least three
reasons.

First, natives of all kinds have had a tough time
of it in the past five hundred or more years; they
need all the friends and help they can get. We
strongly urge native plant protection, conservation,
propagation, and planting as a way of supporting
this threatened flora. Ideally, plant conservation will
include planting natives in associations as close as
possible to those in which they were last known to
have grown naturally, as well as trying them in new
combinations of both natives and exotics in our
home garden ecosystems and elsewhere. Given the
pace of change in today’s and tomorrow’s world,
this is the most likely means of keeping species
alive. This can succeed only if we manage the dis-
turbance regimes of our landscapes to suit the
species we are trying to grow. Forest gardening can
play a key role in helping us do that while meeting
our own needs.

Second, coevolutionary theory suggests that using

natives will yield benefits for the stability and health
of your garden ecosystem. Using any set of plants
with a clear sense of purpose, and of species and
community niche functions, should help build effec-
tive guilds‘and webs of interrelationships. However,
natives may be more likely than nonnatives to have
unintended benefits, and less likely to have unin-
tended negative consequences.

Finally, many natives are great plants, and they
have much to offer us functionally and aesthetically.
For decades, the landscape trade has held an uncon-
scious bias against natives, and these species are still
hard to find in local nursery stores. Holding a pref-
erence for natives—that is, looking to natives first—
can help rectify this history of neglect and lack of
familiarity. However, a natives-only or antiexotics
bias is now developing strongly in some quarters.
Ultimately, we need to get beyond biases in any
direction and think clearly about what plants we
want to use, and why. Knee-jerk reactions won't
serve us very long. Conscious design is our best
hope now.

Consider using exotic species when a native species
does not fit the site conditions, your functional needs, or
your planting goals. The evolutionary history of
North America has given the flora of the continent
short shrift in some community niches, such as
among the nitrogen-fixers. When you need a plant
with a set of traits for which you cannot find a suit-
able native species, then look to exotic species to
meet your needs. Many extremely useful, multifunc-
tional, nonnative plants so far appear to have little
potential to become nuisance species. We humans
have also bred exotic plants as food crops far more
than we have bred natives. Limiting ourselves to
natives-only forest gardens will prevent us from
reaching the full potential of forest gardening, and
keep us more dependent on conventional agricul-
ture and industrial inputs over the long run. And
remember, every plant is native somewhere! We
propose a few caveats to the use of nonnatives,
however.
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When using any plant, ‘native” or ‘exotic,” beware of

plants considered “invasive” or “opportunistic,”
planting them only in areas where the potential impact
is Jow. Let’s make explicit the two underlying pieces
of this point: we must consider the characteristics of
both the plant and the environment.

First, consider any species’ opportunism—its
expansiveness, dispersal strategies, and persistence—
before bringing it to your site. Expansive plants,
those that disperse by vegetative propagation and
rapid physical enlargement, may be less of a problem
in some sites and for some purposes than dispersive
plants that spread by seed carried by wind, birds, or
other animals. Dispersive species may not be a
problem on your site, but they may spread
throughout the neighborhood. An expansive species
may spread less in your neighborhood than a disper-
sive one, but it may be too dominating for your
garden purposes unless you are willing to manage it
by, for example, using repeated cutting or rhizome
barriers. Running bamboos, Japanese butterbur or
sweet coltsfoot (Petasites japonica), and hot tuna
(Houttuynia cordata) are useful, nonnative, vigorously
expansive plants. Many natives can also be chal-
lenging in this regard, such as groundnut (Apios
americana), Jerusalem artichoke (Helianthus
tuberosus), and native raspberries or roses. Dispersive
plants include exotics such as Norway maple (Acer
platanoides) and garlic mustard (Aliaria petiolara).
Both are considered major invasives, though garlic
mustard is a tasty edible. Native dispersives include
miner’s lettuce (Montia perfoliata), a western native,
and fireweed (Epilobium angustifolium), an eastern
native, both yielding edible greens. The most chal-
lenging species are those that exhibit expansive, dis-
persive, and persistent behaviors, for they can spread
rapidly regionally as well as locally and are hard to
eliminate once established. Japanese knotweed
(Reynoutria japonica) is one of those judged most
problematic in New England, though there is evi-
dence that it establishes primarily in disturbed
areas.” Unfortunately, coltsfoot (Zussilago farfara), a
well-known shade-tolerant medicinal plant and an
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early-season beneficial-insect nectar plant, also falls
in this category, which is why it does not appear in
volume 2, appendix 1. For a useful species such as
this, we must make a value judgment as to whether
its spread is a nuisance or a benefit. That debate is
unlikely to be resolved anytime soon in the culture
at large. We urge people to err on the side of cau-
tion, since opportunistic plants are difficult, if not
impossible, to eradicate if we determine that they
are indeed a problem. Our actions can effect our
neighbors’ and friends’ gardens for decades to come.
Don't be the one to let the cat out of the bag unless
you are committed to putting it back in if it turns
out to be a problem.

Second, consider the site and its context: do not
introduce a plant that has strongly expansive, disper-
sive, or persistent characteristics, or a species cur-
rently on an invasive species list, to a site or region
near healthy wild lands or where it is not already
established. So-called invasives have some track
record of becoming a nuisance, at least in human
eyes. If you desire to plant goumi (Eleagnus
multiflora), a developed nitrogen-fixing crop plant
from Asia, or any of its cousins in the same genus
(e.g., autumn olive, E. commutata, or Russian olive,
E. angustifolia), be aware that the genus appears to
have a habit of dominating large areas of land and
spreading by bird-dispersed seed. Then again, it is
definitely possible that the practice of highway
departments planting huge areas of Eleagnus has
increased the seed pressure in surrounding areas,
increasing the likelihood that the plants would spread
in the neighborhood. If you happen to live in such a
neighborhood, then your planting of a goumi cultivar
will likely do little damage. However, if you live in a
place near healthy natural areas with few opportunist
plants, then you should probably be more careful in
your plant selection. See the “Nuisances” column of
the Plant Species Matrix (volume 2, appendix 1) for
information on opportunist issues in the listed
species. Volume 2 also includes a “Watch List” of
useful species that we considered too risky to
putin the Plant Species Matrix.
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be. How can we refine these blunt instruments so
we can more precisely design social structures that
will work to our advantage?

Guilds and polycultures are primary tools for
social structure design. Our two views of commu-
nity social structure, from the perspective of
building blocks (species niches) and from the per-
spective of the whole system (community niches),
lead to two corresponding guild and polyculture
design strategies. We can weave guilds and polycul-
tures strand by strand by selecting species to per-
form specific functions and partition specific
resources. Alternatively, we can cut polycultures
and guilds from whole cloth by using specific plant
communities as models and substituting ecologi-
cally analogous species for the less useful species of
the natural community.

The following subsection explores key principles,
ideas, and definitions relevant to the above topics.
Though in some ways these discussions are more
appropriate for volume 2, they summarize much of
this chapter and lay some groundwork so we can
focus on the mechanics of designing guilds and
polycultures in chapter 4 of volume 2.

THE ANCHORS OF SOCIAL STRUCTURE

Three elements form the principal anchors of forest
garden social structure: predator habitat elements,
healthy soil, and plants. We will touch on these
briefly below.

Predator Anchors

The herbivores in any ecosystem generally have no
problem finding suitable habitat to make some sort
of living, for plants are everywhere. While
decreasing herbivore habitat is a useful pest-control
strategy, 1t is equally or more important to ensure
that predator insects, birds, amphibians, and reptiles
can meet their habitat requirements (see figure 4.8).
These requirements vary tremendously from pred-
ator to predator, so we will discuss them only super-
ficially here. See volume 2, appendix 5 for detatls.

Generally, predator insects need sources of

Ficure 4.8. Garden ponds are excellent predator habitat ele-

ments, providing water for numerous beneficials and habitat
for many others. This pond at Charlie Headington’s forest
garden (sce case study 1, page 54) is fed primarily by roof
runoff; note the bamboo downspout at right. Phoze 4y Dave Jacke.

nectar, pollen, water, and alternative prey; sites for
perching, nesting, and overwintering; and wind
protection. We mentioned earlier in the chapter the
kinds of nectar sources that predators and para-
sitoids prefer. Insects do not need much water.
Small garden ponds or roof runoff containers
should do fine, though larger pools will accommo-
date dragonflies more easily. However, plants,
debris, sticks, or rocks jutting from the surface pro-
vide all insects safer access to the water.

Most insects benefit from undisturbed vegetation
in proximity to the garden, or patches of undis-
turbed vegetation mixed into the garden. Provide
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Ficure 4.9: The different architectures of these ferns and
their surrounding Labrador violets (Viola labradorica) allow
this polyculture to exist with minimal competition between its

component species. They partition space and the soil and light
resources because of their varying forms (upright arching
versus prostrate) and habits (clumping versus mat forming).
The violets also provide weed control and edible greens and
flowers. Photo by Eric Toensmeier.

perching sites at varying heights to support dif-
ferent species if your garden lacks some vegetation
layers. Undisturbed woods” edges, hedgerows, and
meadow are good candidates for overwintering
sites, ideally facing more than one direction relative
to the sun so different insects can find their pre-
ferred habitats (volume 2, appendix 5 provides
some information on specific plants that beneficials
like to hibernate near). Many forest gardens will e
this kind of vegetation, so there should be little
problem achieving viable habitat.

Some insects like to nest in sunny, dry soil or in
deadwood or hibernate in dead flower heads, empty
seed capsules, hollow reeds, or other dead plant
stems, so providing these features should help as
well. Don’t deadhead all your flowers, at least late in
the season: you destroy valuable hibernation sites
for spiders and other beneficials when you do so!

Birds require food, water, nesting and perching
sites, and shelter. Insects, seeds, and berries, partic-
ularly winter seeds and berries, provide good foods
generally, though food preferences vary by species.
Dripping water attracts many birds, whether from a
hose into a bucket or in a fancy sculptural feature.
Nesting locations vary by species. Standing dead
trees, poles, and posts work for perches, even
attracting raptors at times. Thick brush and ever-
green trees offer good shelter. Fewer outdoor cats
and dogs aren’t a requirement, but their absence
does help the birds. Particular bird species will do
specific work in your garden. It is worth researching
which species to attract and providing their specific
requirements in your forest garden.

Frogs and toads do a large amount of insect
eating, most on the ground and some in the trees.
Small to large pools or slow streams with sloping
sides for easy in-out access and deep mud for winter
are essential for many of these species. Good ground
cover protects them from their predators, and moist,
diverse environs provide them the food they need.
They like to hide under logs and rocks to keep cool
and moist. In urban and suburban areas, you may
need to import these amphibians, in which case you
should make sure to provide the best habitat you can
for them so they can establish and reproduce.

Newts and salamanders do their nighttime pre-
dation quietly and in obscure fashion. Loose, moist
soils with mulch, shady forest habitats, and water
for breeding are ideal. These critters also enjoy old
logs and rocks to hide under by day.

Snakes require good ground cover, spots to sun
themselves, and access to water where they can't fall
in and drown. Mulch, loose ground, and rock or
brush piles offer nesting and overwintering sites.
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Do not overlook these organisms and their
requirements. Make sure you design these elements
into your forest garden at least generally. Ideally,
you will research the local animals that will do good
work for you and satisfy their specific requirements.

Soil Anchors

Healthy soil is essential to a healthy ecosystem and
to the control of insect explosions in forest
canopies, as our earlier discussion of birds relying
on energy from the soil food web showed (page
148). Healthy soil biology depends upon the plants
that live in the soil ecosystem, a ready supply of
organic matter to decompose, and a good mix of
organisms. Supplying these soil factors will help
create a strong aboveground social system, as well
as a healthy belowground system. Chapter 5 dis-

cusses soll food webs in more detail.

Plants: Green Anchors

Plants play the paramount social-structure anchor-
ing role for a host of reasons. Besides their function
as primary producers of food energy upon which
all other life depends, they create the physical
architecture of virtually every terrestrial commu-
nity. The dominant plants influence every aspect of
community character, from soil to light, as dis-
cussed in chapter 3. The diversity of plants there-
fore determines the life-strategy opportunities
available to every other form of life above- and
belowground.

The five elements of vegetation architecture dis-
cussed in chapter 3 all relate to creating good social
structure. Key among the five elements of architec-
ture is diversity. The most critical plant diversity
features that anchor social structure include:

* species, genetic variation within species, and
deadwood legacies (compositional diversity);

* layers, age structure, and successional patch-
works (structural diversity); and

* the specific functions or niches of each plant

within food webs and guilds, such as supporting

beneficial insects or soil microbes (functional

diversity).

Through these characteristics, plant diversity affects
the diversity of microbes, predatory birds, and insects
and helps create a stable, resilient social structure.
One of the key ways plants anchor social structure is
by anchoring insect predator and pollinator popula-
tions. However, it is important that “rather than
seeking to increase crop diversity per se, agro-
ecosytems be designed to provide natural enemies
with specific resources that augment their effi-
ciency.”® Providing specific diverse resources for nat-
ural enemies and pollinators is the key to anchoring
these aspects of forest garden social structure.

As mentioned earlier, many insect pest predators
and parasites use flower nectar as a source of energy
while they search for prey, whose bodies they use as
protein sources or egg-laying sites. Given their biting
or sucking mouthparts, they can get nectar only from
the tiny, easily accessed flowers of the families
Apiaceae, Asteraceae, and some of the Lamiaceae
(umbels, composites, and mints). They need these
flowers close by throughout the growing season.

“Close by” is relative. Predator species vary from
region to region, each insect has different habits,
their mobility varies tremendously, and they range
in size from too small to see to large wasps. We
therefore cannot generalize about the patterns in
which to plant their preferred nectar sources, or
how far they will fly from nectar source to crop
plants in search of prey. The best we can say
without getting into far too much detail is to plant
these nectar sources everywhere, and make sure you
have them blooming throughout the growing
season! This will ensure you have the beneficials
where and when you need them. Planting nectar
plants in patches, drifts, and clumps will help the
beneficials find and make use of them. They are less
likely to find and use solitary plants.

The same strategy works for pollinators, too:
plant nectar- and pollen-producing plants all over
the place, and have them flowering throughout the
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FiGure 4.10: Flowers that grow in umbels, like the yellow

flowers of this fennel (Foeniculum vulgare), are among the best
specialist nectary plants around. Each such Apiaceae family
flower head produces dozens, if not hundreds, of individual
tiny flowers that mature over a long bloom season and have
short tubes allowing predators to access their nectar. Fennel
also provides excellent anise-flavored leaves, stems, and seeds,
and the seeds also have medicinal value. In the background
one can see the flowers of Echinacea sp. and Monarda fistulosa,
each a good nectar plant in its own right. Phoro by Jonathon Bates.

year. Many of the same flowers aid the predators
and parasites mentioned above. Early spring and
late fall flowers are especially important to help
pollinators through lean times. For both the polli-
nators and the predators, it is important also to
provide other habitat elements that allow them to
rear young and overwinter.

Plants are the main anchors of social structure in
two ways: as anchors of predator diversity and by
strongly influencing soil health. Plants are also the
main element we gardeners directly design and
manage. Therefore, plants are the central subjects
of our guild and polyculture design work.

GuiLps anD PoLycULTURES: PRIMARY
SociaL-STrucTURE DEsien TooLs

Polycultures are a human-created analog of natural
communities, a viceroy butterfly mimicking nature’s
monarch. Technically speaking, a polyculture is any
mixed assembly of species cultivated together in
one growing space at the same time. Some polycul-
tures more effectively achieve our key goals of
diverse high productivity, self-maintenance, and
ecological health, stability, and resilience than
others do. What makes a group of species an effec-
tive polyculture? We'll define this more fully in
chapter 1 of volume 2. Here we’ll focus on the
question of yield, specifically additive yielding or
overyielding, as a means of drawing useful conclu-
sions to undergird our discussion of guild and poly-
culture design strategies.

Necessary Conditions for Overyielding

Polycultures: Guilds

European foresters have noticed that they get
higher production in mixed forest stands than in
monocultures if the polyculture meets one or both
of the following conditions:

* the polyculture has more resources available to
it, either because the mix more fully uses the
available resources or because one or more
species increases the availability of a scarce
resource; or

* climatic fluctuations, pests, diseases, or other
stresses affect the polyculture less because it is

more stable and resilient.”

In short, additive yielding in polycultures results
from resource-sharing and mutual-support guilds,
with an added twist: not only do effective polycul-
tures partition resources and create stability
through functional interconnection, they use more
resources more fully by exploiting more niches.

Polycultures can exhibit more complete use of
resources in a number of ways. For example, mix-

tures of shade-tolerant and shade-intolerant
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canopy tree species can use a higher percentage of
available sunshine. Such mixtures therefore often
show higher productivity than shade-intolerant
canopy species alone, though shade-tolerant species
alone can be as productive as the mix.* Multiple
vegetation layers also use sunlight more completely
than a single-layer stand. Since the rooting patterns
of plants vary in both time and space, mixes may
more fully occupy the soil than monocultures (see
“Plant Roots” in chapter 5, page 189). Different
plants need nutrients and water in different propor-
tions and at different times of the year, so mixing
plants with different strategies and needs can make
better use of these resources.

Similarly, species can enhance resource availability
in many ways. Nitrogen-fixing and dynamic-accu-
mulator plants are obvious examples. In drought
periods, maple and apple trees can reportedly pump
water from deep roots to shallow roots at night, cre-

ating a store of water for daytime use. Some of this-

water “leaks” into the surrounding soil and helps
keep neighboring plants and the root-zone food
web alive. Mixing deciduous trees into evergreen
forests improves the decomposition of leaf litter,
thereby enhancing nutrient cycling for all commu-
nity members. It appears that nutrient cycling and
litter decomposition happen faster in mixed forest
stands of all types, either because the litter is com-
plementary somehow or because diverse litter
increases diversity in soil critter populations, and
hence increases soil critter productivity. Willows
and other water-loving plants can lower the water
table in wet areas, increasing the oxygen supply in
wet soils. This can result in improved rooting depth
and nutrition for other plants.

Polycultures demonstrate increased stability in the
face of pests, pathogens, climatic variations, and
other stresses by building a better food web, pro-
viding more species diversity to respond to climatic
and other fluctuations, and offering more diverse
species to replace dead community members.
Stability may not be evident until a time of catas-
trophe, or you may never see its effect since it pre-

vents a crisis. This makes assessing stability-induced
productivity increases difficult.

Not All Guilds Are Polycultures, but All Effective
Polycultures Use Guilds

The earlier example of blackberries, grapes, their
leathopper pests, and their shared leathopper pred-
ator shows that not all guilds require close proximity
between members, particularly those involving
animal intermediaries. Some of the guilds com-
posing your forest garden will need the species
growing in the same space, in polyculture, to work.
Some will not. This depends on the resources being
partitioned or the support being given. It is impor-
tant, therefore, to distinguish between the separate
but related work of building guilds and of designing
polycultures when designing. In general, mutual-
support guilds have more spatial flexibility than
resource-partitioning guilds.

The polyculture partitioning principle (box 4.7)
states that for a polyculture to work the species
within it must be members of a resource-sharing
guild. In addition, we want the plants and animals
within our polycultures to generate mutualistic,
facilitative, or neutral relationships as much as
possible, both for their own sake and to minimize
the effects of any competition that does occur in
the planting. At the same time, we want the poly-
culture as a whole to use competition and inhibi-
tion against undesirable organisms to assist the
polyculture’s productivity and minimize its main-
tenance. Such interactions constitute a mutual-

support guild.

Polycultures May Be Completely Novel

Plant Assemblies

As we assemble groups of useful species that work
together for mutual benefit and maximum yield, we
are likely to bring together organisms that may have
never or only rarely grown together before. Qur
polycultures may therefore exhibit unique structure
and composition. This is both an advantage and a
disadvantage: more possibilities for creativity exist,
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Box 4.7: The Polyculture Partitioning Principle

Polycultures have the highest chance of additive yielding
when their component species occupy divergent niches,
especially with respect to the most limiting resources.

When two species occupy similar niches and live
together, they compete. The competitive exclu-
sion principle states that in this situation, one
will always compete the other to extinction unless
the other has an escape of some kind or the crop-
ping principle comes into play (box 4.5).
Therefore, for a polyculture to work at all, its
species must occupy different niches. They must
partition resources among themselves, use dif-
ferent resources, use the same resources at dif-
ferent times, or any combination thereof. The
most limiting resources will generate the greatest
potential for competition, so the components of
the polyculture must partition these resources
most effectively. This is especially true if we want
the polyculture to yield more than the species
growing separately in monoculture.

On a practical level, this means we need to
understand the resource conditions our plants
will encounter in some detail. It also means the
plants within the polyculture should have dif-
ferent forms, sizes, and root patterns; different
light, water, and nutrient needs; and varied sea-
sonal patterns of development (see figure 4.9).
Which of these characteristics should diverge the
most among the members of the polyculture
depends on what resources are the most limiting.

but a lack of coevolution between species may result
in more interactions that are negative.

So if polycultures are more likely to overyield
when they consist of resource-sharing and mutual-
support guilds, how do we go about creating guilds
and polycultures> How can we minimize the
chances of negative interactions in our designed
polycultures? The concepts of species niche and

FiGurEe 4.11. Plant form or architecture is one guide to

working out which species are least likely to compete. This
combination of a plum tree (Prunus sp.), a hardy kiwi vine
(Actinidia arguta), and coltsfoot (Tussilago farfara) will
probably work well because the species have very different
niches. They partition light, and they probably partition
the soil profile as well. Photo by Dave Jacke.

community niche provide two possible approaches:
guild-build and habitat mimicry using ecological
analogs.

WEAVING THE STRANDS: BuiLpiNG
GuiLps AND POLYCULTURES

Guild-build is the name we use for the process of
building guilds and polycultures species by species
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based on the design’s functional requirements, site
conditions, and the species niches of candidate
plants and animals. Guild-build involves careful
definition of those functional requirements first
and foremost, followed by careful site analysis to
determine growing conditions and limiting factors
and the selection of species that will perform those
functions at all the times and in all the habitat con-
ditions necessary. The designer must attempt to
discern which species will grow well together as
resource-sharing partners in a polyculture, as well
as which should grow together as a mutual-support
team in a polyculture. The designer must also
attempt to create patterns, both within and outside
of the polyculture patches, that create working
guilds throughout the whole garden.

As you might imagine, this is interesting and
challenging work, though sometimes tedious and,
for large or highly varied designs, perhaps a bit gru-
eling. Guild building has the potential to generate
many new and interesting plant combinations to
test in the real world. It also has the potential to
create plant combinations with undesirable nega-
tive interactions, since many of the species may
have never grown together before. However, the
guild-build process is likely to result in more viable
polycultures more quickly than simple random
combinations. Not that random combinations are
always a bad idea! However, if we want our polycul-
tures to achieve certain goals, then guild-build is a
reasonable process to use, at least temporarily.

Guild and polyculture design theories are recent,
and we humans have limited experience with edible
perennial polycultures in temperate climates. We
have much to learn. The guild-build process
described here and in volume 2, chapter 4 will give
us good direction for real-world polyculture testing
and development, region by region. However, trial,
error, and observation will still provide us with
important knowledge, both for your specific site
and for other forest gardeners. Luckily, the need for
lots of this grunt work should be relatively short-
lived.

Once we have gone through the guild-build
process some number of times in a region with a
given set of plants, and we have tested the resulting
plant combinations under different conditions,
workable polycultures and guilds should become
clear. The empirical process will take over and the
need for guild building by manual labor should
decrease. Each region will develop typical polycul-
tures, and gardeners will experiment and expand
from there, occasionally doing the grunt work of
guild-build to figure out new possibilities from
scratch. Guild-build might also continue to be nec-
essary to design unique forest gardens for unusual
goals or site conditions.

Effective use of the guild-build process requires at
least three things: clear objectives, knowledge of the
site’s limiting factors, and an understanding of the
species niches of the species you are working with.
Clear purposes will help you select your species
appropriately. Guild and polyculture design objec-
tives arise from the needs and yields of the species
you want to grow, and from site conditions. Common
intentions include pest population balance, soil fer-
tility improvement, weed control, diverse yields, aes-
thetic benefits, and ecosystem health.

One of the keys to resource partitioning, and
therefore guild and polyculture design, is an under-
standing of limiting factors on your particular site.
This will guide the selection of plants that partition
the most limiting resources or help make more of
those resources available. In fact, limiting factors act
as one of the most important initial filters to help
you eliminate candidate species for your forest
garden. In this way, limiting factors can be a blessing,
for they could greatly simplify your species choices
for polyculture design from an overwhelming array
of possibilities to a bewildering assortment or per-
haps simply to a manageable selection.

Obviously, we cannot select species for certain
ecosystem functions unless we know they perform
them—hence, appendix 1 in volume 2! Your own
knowledge and observations are just as, if not more,
important than our Plant Species Matrix, however.
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Clear objectives provide direction for the guild-
build process, helping you determine what func-
tions you need performed. Good site analysis
helps you understand the varied conditions in
which the guild members must grow and what
resources most need partitioning. Good species
information will help you select species to fill the
necessary functions in all the growing conditions
you expect to encounter. You can then select from
this list of species to design each patch in the
garden. This is how we design polycultures and
guilds with the highest chance of achieving our
objectives.

Guild-build provides for innovation, increased
understanding, and an increased probability of
meeting our objectives in polyculture design.
However, that innovation increases the risk of neg-
ative interactions because many species have never
grown together before. How might we minimize
this risk in our polycultures?

WorkING FROM WHOLE CLoTH: HaBiTAT
Mimicry UsinG EcoLocicaL ANALOGS

Theoretically, because species in natural communi-
ties coevolve to some degree, they have a better
chance of having developed functioning guilds than
do completely novel plant assemblies. Therefore,
locally native communities (e.g., oak-hickory
forest, Southeastern floodplain forest) and their
component species can make good models for
designing forest gardens. You can include native
species from such local “original” habitats in your
garden if they have known ecological functions or
direct human uses. Yet many of those species will
not have human uses or clearly desired ecological
functions. The problem is that not including these
species will leave holes in the ecological fabric of
the mimic community’s social structure. If we want
to imitate natural communities structurally and
functionally while increasing their usefulness to us,
what do we do?

Luckily, coevolution is mostly diffuse, so the com-
ponents of the model ecosystem are mostly rough

guides, not precise templates. We can look for eco-
logical analogs of the less useful native species by
seeking more advantageous species that fill a com-
parable community niche in similar communities
from the same or other regions (see box 4.8).

Assuming the above assumptions are correct, this
approach saves a lot of design work as compared to
the guild-build process. Nature has theoretically
already done that design work, so why should we
duplicate it? We know that the species in local
native ecosystems survived in our locale, so we
should mimic that ecosystem as directly as possible,
right down to the species if possible. This should
give us the best assurance that the forest garden will
work as a functional ecosystem with minimal com-
petition. Even if we don’t know how the species in
the native ecosystem function, using them or their
analogs should provide our gardens with many of
the benefits we seek.

Unfortunately, because there is a lot of debate
about coevolution, it is difficult to say how many
benefits, and of what kind, habitat mimicry using
ecological analogs will confer on our gardens.
Nonetheless, it is one reasonable approach to test in
our forest gardens. In any case, this is only an
approach to design. The proof will be in the pud-
ding. We'll find out what works and what doesn’t
after we plant.

GUIDELINES FOR DESIGNING
EcoLocicaL ANALOGS

Making species and community analogies is a
simple task on the surface, but it becomes more
complex the more you delve into it.

Local native plant communities are the best, but not the
only, models. Locally existing native plant commu-
nities represent centuries of evolutionary and
coevolutionary history among species, and between
organisms and the particular landscape they
inhabit. Determine the characteristics of your soils
and site, find out what kind of precolonial
ecosystem grew there, and then look for actual
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Box 4.8: Ecological Analogs

Ecologists have recognized that widely sepa-
rated ecosystems in similar climates frequently
contain taxonomically distinct species that
nonetheless exhibit very similar form and func-
tion. They call this phenomenon convergent
evolution, and the species that exhibit these
similarities are called ecological equivalents. The
term ecological analog has a somewhat different
but related meaning, however. An ecological
analog is a species or variety substituted for
another ecologically similar species or variety for
a specific reason, with the degree of similarity
depending on the purposes of the designer and
the species available for substitution. The idea of
convergence and the concept of ecological
equivalents guide our understanding of how to
use ecological analogs. However, please
remember two important cautions.

First, while recognizing convergence and using
the term ecological equivalents, many ecologists
also argue that “cases of species-for-species
matching do not stand up under close scrutiny. . ..
Detailed studies of convergence are as likely to
turn up remarkable differences between the
plants and animals in superficially similar
environments.” This results from the forces of

coevolution and the unique evolutionary back-

examples or written references to the species that
lived in such habitats. You can also look to the
existing “wild” vegetation on your site or in your
region to see what is growing there now. In most
cases, existing vegetation will include more non-
native species than the historical plant communi-
ties, and these are less likely to represent the kind
of coevolutionary processes that native communi-
ties should. However, they can still offer guidance
for what will grow well in your garden given cur-
rent site, climate, and disturbance conditions. The

ground of each species, as well as the unique evo-
lutionary backgrounds and combinations of the
species within coevolving groups. In addition, no
two environments are exactly alike climatically, or
otherwise. Expecting species in similar commu-
nity niches in distant but similar environments to .
perform in exactly the same way given all these :
variables is highly unrealistic.

This reality has numerous implications. For
one, we prefer the term ecological analogs because
equivalent denotes a much closer resemblance
than seems ecologically possible. Second, we
should use native species in our polycultures
whenever possible, for they have evolved together
and in the local environment for some time, and
this gives us theoretical advantages. Third, when
we substitute a different species for a native, we
should try to substitute as closely as possible,
both ecologically and taxonomically, to minimize
the ecological differences between the native and
mimic communities. This means using species
with a similar community niche, from a similar
climate, and possibly with similar taxonomy.

This will maximize our chances of recreating the
guilds that the native community evolved over
time, and it will minimize the chances of creating

negative interactions in our polycultures.

structure, species composition, and patterns of veg-
etation in the models are all important things to
consider mimicking.

Create similar architectures with the same or analogous
species. While weaving the polyculture web by
building guilds may create completely novel plant
assemblies in structure and composition, habitat
mimicry using ecological analogs should create a
structure similar to the model, probably with at
least some different species. The closeness of the
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resemblance depends upon how closely you make
the species and pattern analogies.

No two species are exactly analogous, so keep useful
natives. Even when you are very careful about your
substitutions—using species with similar form,
function, and taxonomy—the ecology and function
of the substitute will be different from that of the
model. This potential loss of community functions
in critical times or circumstances leads to the gen-
eral principle that we should use native species and
guilds in our polycultures whenever possible, not
just because of the problems exotics may pose, but
also to support the necessary functions of the com-
munity. Including useful native species in your
forest garden will help retain or recreate parts of the
local food web and guild structures. Using locally
native plants should also increase the chances of
plant survival and reduce maintenance needs in
your garden. Research the functions and uses of the
species in the original ecosystem, and determine
whether the native plants will help you achieve your
gardening goals. Keep those species that provide
you or the garden with useful yields or functions.

Community niches make the translation. When you
need to make substitutions, define the community
niche filled by each model species and look for
useful species that best fill that niche. Is the species
a thin-crowned canopy mast producer (like a bit-
ternut hickory, Carya cordiformis), a suckering
shade-tolerant flowering shrub of mid- to late suc-
cession (such as pagoda dogwood, Cornus alterni-
folia), or an annual ruderal of disturbed sites (like
tower mustard, Arabis glabra)? Abstracting the roles
a species plays will help you find analogous species.

Plant form indicates niche. Structural similarities
between species provide a measure of ecological
similarity. “The general principle that an organism’s
structure is adapted to the particular environment it
inhabits is well established.” This extends beyond
the general form of tree, shrub, and herb to rooting

patterns, leaf and stem patterns, dispersal patterns,
and flower and fruit structure. You can use the
structural form of a model species as a guide to
selecting ecological analogs, along with other useful
information such as its soil, water, and shade toler-
ances, its time niches, and so on. We can learn
much just from finding examples of the plants in
question and observing their architecture. Rooting
pattern, one of the most important architectural
features of plants, is perhaps one of the hardest to
discover.

Native region climate 1s a critical factor. Ecological
similarity should increase in proportion to the sim-
ilarity of the climates in which the model and
analog species evolved. Obviously, a desert-adapted
plant is less likely to do well in a moist climate,
while species from northeastern Asia tend to do
well in northeastern North America since the cli-
mates are similar. However, the highly variable
spring weather of our region, with its multiple
freeze-thaw cycles, does confuse and confound
many Asian species, leading to weather-related
plant injuries and loss of productivity from freezing

of flower buds.

Taxonomy relates to ecological roles. Taxonomically
related species tend to fill similar ecological roles.
For example, many edible plants in the lily family
grow edible bulbs or corms and take the role of
spring ephemerals or summer green herbs. On the
other hand, differences between species even in the
same genus can be considerable. Root-pattern vari-
ability among the oaks (Quercus spp.) is rather high,
for instance, including flat-, heart- and tap-rooted
species. Meanwhile, all or virtually all hickories are
tap rooted. It pays to know your plants and your
taxonomy in this business!

EcorocicaL ANnaLocs anp GuiLp-BuiLp:
Not MutvuaLLy Excrusive

Native plant communities are not “perfect.” Just
because species may have coevolved for centuries
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doesn’t mean that every niche, every community
function, every need in the community has been
filled. Some regions are blessed with high diversity
from which to draw, and others are less blessed.
Even if we desire to create an edible forest garden
closely mimicking the native ecosystem, it
behooves us to use the guild-build process to review
the species in the native community, looking for
holes in the fabric. Maybe there’s a gap in the avail-
ability of predatory insect nectar at some point in
the season. Maybe one of our substitute species has
a need that the natives and analogs don’t quite fill.
Doing some amount of guild analysis will help
make sure the mimic performs well by the stan-
dards we have set for its design.

CHAPTER SUMMARY

A species’ niche expresses its inherent characteris-
tics in all realms and forms the basis of all interac-
tions between that species and its surrounding
environment and species associates. An organism’s
core strategy for surviving and reproducing places
that organism into particular roles within its com-
munity. Each species fills a community niche, or
function, as it goes about making its living in its
unique way. Niche forms the foundation of social
structures.

Relationships between species take a number of.

forms ranging from predation to neutralism, often
with several kinds of interactions taking place at
once between the same two species. These relation-
ships form the frameworks of social structures.
When multiple species interact, they form food
webs that regulate their populations and distribute
energy and nutrients throughout the community. A

Perry, 1994, page 172.
Colinvaux, 1986, page 31.
Bazzaz, 1996, page 15.
Bazzaz, 1996, page 261.
Bugg et al., 1998.

A A

well-functioning food web creates a self-regulating
community by creating functional interconnection
among species. Resource-sharing guilds create
redundancy of function that stabilizes community
processes and helps ensure continued balance as
guild members reduce competition by partitioning
their shared resources. Mutual-support guilds
create a second layer of functional interconnection
within and outside the food web that further stabi-
lizes and binds together community members. All
of these social structures develop to their fullest
over evolutionary timescales as species adjust to
each other. Yet social structure is fluid, invisible,
and hard to design, so we must focus on the design
elements that anchor and stabilize it.

Providing predator-habitat requirements and
healthy soil biology helps anchor forest garden
social structures in important ways. Yet plants func-
tion as the paramount social-structure anchors.
Their compositional, structural, and functional
diversity lay the groundwork for a healthy, stable,
and resilient social ecology. As a result, we focus our
design efforts on plants as we create guilds and
polycultures.

We can attempt consciously to mimic social
structures and gain the advantages of self-regulation
and stability in two ways: by building guilds and
polycultures from species niches and relationships,
and by creating mimics of native plant communi-
ties using suitable native plants and ecological
analogs of native community members. Habitat
mimicry using ecological analogs takes fullest
advantage of coevolutionary processes. Guild
building allows the greatest innovation and the
highest chance of achieving defined design objec-
tives. We can use these approaches separately or
together.
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Structures of the
Underground Economy

Plants and soil exist in a tightly linked partnership. Just as plant

growth cannot be understood without reference to soil, neither can

soil structure or the processes occurring within soil be understood

without reference to plants.

—Davip Perry, Forest Ecosystems

Thus when a soil loses fertility we pour on fertilizer, or at best alter

its tame flora and fauna, without considering the fact that its wild

flora and fauna, which built the soil to begin with, may likewise be

important to its maintenance.

—ALDpo LeoproLD

n many-countries, the black market or “under-
the “official”
economy by an order of magnitude or more.

ground economy” dwarfs

The same goes in forest ecosystems. Yet we
know so little about this dark world that various
aspects of it deserve a chapter of their own. We are
trying to mimic the structures of forest ecosystems.
What are some of the key structures of the under-
ground economy?

We have described the five elements of forest phys-
ical architecture and the social structure of ecosys-
tems, and some of their implications for a range of
forest garden design and management issues.
However, these subjects only graze the topic of
nutrient cycling and conservation as a whole system,
and we have discussed primarily only aboveground
architecture and social structures. We now approach
the structure of nutrient flows, root systems, and the
soil food web head-on to see what we can learn for
our use and mimicry.
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THE ANATOMY OF
SELF-RENEWING FERTILITY.

The cosmic abundance of the elements is quite
different from the abundance of elements in
living things. Burning any sample of life—a
tree, a mouse, or a box full of bacteria—yields
ashes that are remarkably similar to each other
chemically, yet all with elemental concentra-
tions quite unlike the mineral crust of the earth
or a solar flare. Living things, therefore, select
from the elements about them. They have little
use for really abundant elements like silicon,
aluminum, magnesium, and iron, but concen-
trate the relatively rare elements phosphorus,
potassium, and calcium.

—PauL CoLinvaux, Ecology

Soil development is the most important aim of
biological agriculture. . . . However, an organic
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approach that “robs Peter to pay Paul” cannot be
justified as sustainable. Importation of nutrients
must be an investment in biological capital
rather than a perpetual input necessary to main-

tain output.

—Davip HoLMGREN,
Hepburn Permaculture Gardens

Much farm and garden nutrition currently derives
from nutrient minerals imported to a given site
from far away at high energy and environmental
cost. Most of these are “a perpetual input necessary
to maintain output,” not an investment in biological
capital. As the cost of this input continues to rise in
the coming decades, self-renewing fertility will
become more and more of an issue. Healthy forest
ecosystems tend to generate and maintain their own
fertility as an inherent community function. They
build the soil into a key legacy for the future and a
major capital asset. When we learn how they do this
and mimic the process, we gain practical advantages
over the long haul. We may as well begin learning
how to accomplish this long-term feat without
compromising our short-term goals. Protracted and
thoughtful observation will help us avoid protracted
and thoughtless labor; this section gathers observa-
tions for us to use in our forest gardening process.

The anatomy of self-renewing fertility consists of
the continuous, transformative living-mineral-chem-
ical cycles (biogeochemical cycles) of plant nutrients.
These cycles occur through the interaction between
the physical ecosystem architecture, the ecosystem
social structure, and the geological constituents of
landscapes. Nutrients weave in and out of these
structural elements of the ecosystem and tie them
together. What nutrients are we talking about, and
how do they behave? Where do they come from,
where do they get stored, and where do they go? How
can we constructively support these biogeochemical
cycles to build the natural-capital value of our garden
soils over time with minimum labor and cost?

This section further examines this third struc-
tural facet of forest ecosystems to see what we can

learn for our forest gardens. Other authors cover
much of the basic information on plant nutrition,
the required balances between different minerals,
signs of nutrient deficiency, and so on (see
appendix 3). Despite their importance, we will not
discuss these issues here. Our focus is the structures
of nutrient flow and how to generate self-renewing
fertility. We will look at the different kinds of
nutrients, their sources and containers, how they
leak out of ecosystems, and what plugs nature has
evolved to stop those leaks. When we create gar-
dens that tap those sources, enlarge those con-
tainers, and plug those leaks, we will have cocreated
self-renewing fertility.

NuTr1ENT CHARACTERISTICS AND SOURCES

Plants require at least eighteen essential elements
to thrive, most of which they obtain primarily from
the soil. We can conveniently divide these eighteen
nutrients into four groups based on their ecological

.and physiological characteristics (table 5.1). Nine

macronutrients (Groups 1 through 3) constitute
the vast majority—99.5 percent—of plant biomass.
Nine micronutrients (Group 4) make up very small
proportions of living matter, yet plants cannot
function without them because they play specific
physiological roles.

Group 1 nutrients (carbon, oxygen, and hydrogen:
C, O, H) constitute the bulk of living matter,
because they are the primary components of all
organic molecules, from sugars to fats and proteins.
These building blocks of the physical infrastructure
of all living things are very common elements. They
dissolve easily in water, in both their gaseous and
their ionic forms. The chemical bonds between
these three elements constitute the primary storage
of solar energy within all living matter. These ele-
ments cycle at a global scale, and their abundance
means that they usually do not limit productivity.

Though Group 2 nutrients (nitrogen, phos-
phorus, and sulfur: N, P, S) constitute a small per-
centage of organic matter, two of them also tend to
be in shortest supply to living organisms. Therefore,
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TABLE 5.1. Major plant nutrients: characteristics, sources, and functions. After Barbour, Burk, and Pitts, 1987, and Perry, 1994.

Group / Common  Leach- %
Nutrient lon ability* Dry Wt." Sources' Ecological Functions (Healthy Systems)  Physiological Functions
Group 1:
C carbon €032~ gashi 45 air Cycled globally, not locally, these elements Primary framework of all
O oxygen 0, gas 45 air, water are readily available. Most other nutrients organic molecules, together
H hydrogen H+ low 6 water, ion cycled mostly locally, except in agriculture. constituting = 96% of plant
biomass.
Group 2:
N nitrogen NO;~ gashi 15 air, atmos Tightly cycled, but N and S cycle globally. Key parts of organic matter,
P phosphorus PO, low 0.2 rock Demand often exceeds supply: most likely proteins, enzymes, and other
S sulfur 50447 gasthi 0.1 rock, atmos to limit productivity. Stored in organic matter;  ‘fundamental metabolic
decomposition releases. Acid rain supplies constituents.
excess S and N.
Group 3:
K potassium K+ med 1.0 rock, atmos Often, but not always, available in parent Involved in numerous metabolic
Ca calcium Cat*  med 05 rock, atmos material. Tightly cycled, easily leached. processes, including photo-
Mg magnesium Mg+ med 0.2 rock, atmos Scarce in sandy, low-organic matter, or old synthesis, osmosis, stomatal
soils. Not a constituent of organic matter. behavior, membrane integrity,
Held by organic matter, clay, and B horizon enzyme activation.
secondary minerals.
Group 4:
Cl chlorine Cl- hi 0.01 rock, atmos Occur in very small amounts in most parent Required in small amounts by
Fe iron Fe++,Fey* lo 0.01 rock materials (except Fe, which is usually abundant). plants, play numerous roles as
Mn manganese Mn++ lo 0.005  rock Low solubility at moderate pH can limit activators and mediators of
B boron " B40% lo 0.002  rock availability to plants unless chelated into physiologic processes. Toxic in
Zn zinc In++ lo 0.002  rock organic molecules by plants, mycorrhizas, overdose. “Micronutrient
Cu copper Cut+ lo 0.0001  rock microbes, or organic acids. Thin line between  deficiencies do occur and may
Mo molybdenum MoQ,2- lo 0.0001  rock "enough” and “toxic.” Low pH can easily be more widespread than we
Co cobalt Cot+ to ? rock increase availability to toxic overdose. realize."!
Ni nickel Ni lo ? rock

*

—-+

to the ecosystem, but a storage of nutrients within it.
Perry, 1994, page 343.

Ease of leaching in its most common ionic or mineral form under normal soil temperatures and pH.

Approximate concentrations of elements within higher plants as a percentage of dry weight.

1 Main sources of nutrient input to ecosystems: air — absorbed by plants directly from the air; water — stripped out of water molecules; ion — a free ion in the soil; atmos
— dry deposition from the atmosphere or carried in rainfall; rock — a constituent of parent material {bedrock or mineral particles). Organic matter is not a source of input

lack of nitrogen is the most frequent limit on
ecosystem productivity, followed by lack of phos-
phorus. Sulfur, whose sources include both rocks
and the atmosphere, rarely limits plant growth,
especially in these days of acid rain.

Nitrogen enters ecosystems from the air through
nitrogen fixation by microbes (usually in associa-
tion with plants), by falling in rain, or as dry par-
ticle deposition from the atmosphere. Some
ecologists hold that leaves absorb more nitrogen
(up to 10 percent of needs) directly from the air or

rain than was previously believed.! Other research
shows that free-living microbes in decaying wood,
on the forest floor, in the root zones of plants, and
even in the aboveground stems of living plants can
fix small amounts of nitrogen from the air, even
though the microbes are not plant mutualists.’
Lichens in the canopy can be major nitrogen-fixers
in old-growth forests.” Late-succession forests may
therefore be able to accumulate some nitrogen, or
make up for limited losses from their nitrogen
stores, without legumes or other nitrogen-fixing
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Box 5.1: The Concept of Limiting Factors

The presence and success of an organism or
group of organisms depends upon a complex of
conditions. Any condition that approaches or
exceeds the limits of tolerance is said to be a
limiting condition or a limiting factor.*

A single environmental condition (e.g., winter
temperatures) occurring outside an organism’s
range of tolerance may prevent its effective sur-
vival, growth, and production. A single resource
(e.g., a plant nutrient) in limited supply may do
the same. It does not matter whether the
resource is a minor one, whether other important
resources are amply supplied, or whether other
conditions are well within tolerance range. On
the other hand, some resources or conditions can
reduce growth and survival when they exceed
needs, such as trace minerals, heat, and water.

If we want an organism to survive and thrive,
therefore, we must make sure its needs are met.
Hence, we must assess the niche characteristics
of a species and understand the resources and
conditions in our landscapes so we can determine
what limiting factors or conditions may exist for
that species. We can then select different species
or modify the site conditions-to increase our
chances of success. Knowing which nutrients
tend to limit plant growth, as discussed in this
section, is a first step in this process.

Generally, when we address the primary lim-
iting factor, survival, growth, and productivity
radically increase. Beware, though: there may be
multiple limiting resources or conditions to
address, not just one! In addition, different fac-
tors may interact to create a complex of limiting’
conditions. For example, when soil pH is low
(too acidic), many nutrients become unavailable
to plants and some become toxic, forming a com-

plex of challenges for plants. Adding more nutri-

ents does not help; you must first address the
acidity problem.

PART TWO: ECOLOGY

plants. These late-succession nitrogen-fixing path-
ways probably cannot meet the nitrogen needs of
annually bearing nut trees, for example, but they
can significantly contribute to decomposition
processes. Therefore, it appears that most of the
nitrogen in mature ecosystems accumulates from
nitrogen-fixers in early succession. It then cycles
conservatively through organic matter and back
into organisms again, as long as the system is
healthy, stable, and relatively mature.

Phosphorus derives almost exclusively from
parent materials (very small amounts fall from the
atmosphere). Its soil chemistry is complex: it often
exists in forms that are not soluble or available to
plants even when it is present in quantity.
Phosphorus limitation is therefore most frequently
a question of Jack of availability rather than a lack of
phosphorus in the soil. Soil organisms are extremely
important in making phosphorus available to plants.

All these Group 2 elements reside within dead
organic matter. Organic matter decay releases
them. They generally cycle tightly within local
ecosystems, though nitrogen and sulfur can also
escape in their gaseous forms. These days, acid rain
and acid particle deposition can supply nitrogen
and sulfur in excess, especially within or anywhere
downwind of urban or industrial areas.

The Group 3 cations (potassium, calcium, and
magnesium, all positively charged: K* Ca'",
Mg ") are all quite soluble. They can quickly leach
out of organisms, dead or alive, so they do not stay
within organic matter for very long. Potassium and
calcium are the next most frequently limiting nutri-
ents in ecosystems, after nitrogen and phosphorus.
Potassium is a common ingredient of most fertil-
izer blends for this reason. Most deciduous trees
and many evergreens require significant levels of
calcium. Magnesium leaches easily, but because it is
a key ingredient of secondary mineral clays that
form in the B horizon, the soil usually recaptures it
effectively. The same is often true of potassium, as
well.” However, once these nutrients become
embedded in the secondary minerals they are not
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directly available to plants except through the
action of soil organisms such as mycorrhizal fungi.

All three Group 3 elements originate from rocks
and atmospheric particles, mainly the former.
However, some rocks contain only small amounts
of one or more of these nutrients. If parent mate-
rials contain few of these elements, atmospheric
deposition may be their only natural source. In this
case, only very tight nutrient conservation will
allow the ecosystem to build up adequate supplies.

As cations, potassium, calcium, and magnesium
possess positive electrical charges: As a result, they
adsorb onto the negatively charged surfaces of
organic matter and mineral particles, meaning that
they “hover” with a weak electrochemical bond.
Plant roots can exchange hydrogen ions (H") for
the nutrient cations, but adsorption holds the
nutrients against leaching. Therefore, the more sur-
face area a soil contains, the more cation exchange
sites the soil contains, and the more Group 3 nutri-
ents the soil can store. Therefore, sandy or low-
organic matter soils cannot hold many of these
nutrients, whereas finer-textured soils or those
higher in organic matter can hold more. Older,
more highly weathered soils tend to contain few of
these nutrients as well, because they have had long
periods to leach away, leading to depletion of the
reserves in the parent material. Acid rain has
increased the leaching of all nutrient cations as
much as 200 to 300 percent in forests in eastern
Tennessee, with calcium and magnesium being
most vulnerable to replacement by hydrogen
cations from the acid.® This is probably also occur-
ring in other acid rain—affected areas.

All micronutrients fall into Group 4. Plants
require these essential elements in extremely small
quantities to support metabolic processes. Most
micronutrients become more available to plants ata
lower pH (more acidic). However, excess amounts
of micronutrients can be toxic to plants, animals,
and microbes, and the line between enough and too
much can be very thin. Biological activity and bio-
chemicals can chelate metal ions such as the

micronutrients zinc, copper, cobalt, manganese,
molybdenum, and others, meaning that the atoms
become surrounded by a ring of complex organic
compounds that render them more soluble and
available to plants. Chelation can also make some
metals less toxic. It is one means of rendering soils
contaminated with lead, mercury, and cadmium
safer for gardening. Mycorrhizal fungi and other
soil microbes are the main known producers of
chelators in the soil.

Al the macronutrients easily dissolve in water in
their common ionic forms. While high solubility
makes these elements available to plant roots, it also
exposes them to a high risk of leaching. Since the
macronutrients can either leach away easily or turn
to gas and disappear, it would seem that plants and
other organisms should experience great difficulty
meeting their nutritional needs. This is especially
true when one considers that plant photosynthesis
captures only about 2 percent of annual solar radia-
tion,” and that it takes much energy simply to main-
tain high concentrations of elements that have a
tendency to disperse and diffuse. Obviously, ecosys-
tems have found ways of maintaining nutrient con-
centrations vastly different from what nonliving
soils would maintain. How do they do it?

NuTrIENT CONTAINERS,
Frows, Leaks, aND PLuGs.

Nutrients do not move through living systems
in smooth, even-flowing transition, but in
pulses, jerks and floods. The cycling of matter is
inherent in the functioning of ecosystems, and is
integral to their structure. Both essential and

non-essential materials move in cyclic fashion.

—BaRrBOUR, BUurk, AND PiTTS,

Terrestrial Plant Ecology

Imagine six containers of nutrient elements:
bedrock, mineral soil particles, soil water, organic
matter, soil organisms, and plants (figure 5.1). The
bedrock and mineral particles (collectively called the
soil parent materials) have a nutrient composition
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Dead soil
organic matter

Soil organisms

Mineral soil

Bedrock
particles

F1GURE 5.1. The anatomy of self-renewing fertility: the six pri-
mary nutrient containers of terrestrial ecosystems.

determined by the kind of rock from which they
arose. The soil water holds nutrients in chemical
solution and as suspended particles. The soil organ-
isms and plants hold nutrients in their bodies as
living or dead tissues and body fluids. The organic
matter contains nutrients in its structure and also has
cation exchange sites that hold nutrients on its sur-
face. While not one of the six containers, the sur-
rounding atmosphere contains nutrients in gases,
dust particles, and suspended drops of water. Each
container can link to the others through various
physical, chemical, or biological interactions, repre-
sented by arrows in the following diagrams. How do
these nutrient containers interact in different situa-
tions to lose or conserve nutrients?

A Lifeless Ecosystem

In a lifeless ecosystem (figure 5.2), three of these
containers would hold nutrients: the bedrock, the
mineral soil particles, and the soil water. Physical
processes and chemicals (e.g., freezing, thawing,
and naturally occurring weak acids in soil water)
would degrade or weather the mineral soil particles,
releasing nutrients into the soil water solution. The
bedrock would also weather and release nutrients,

Dead soil
organic matter

Soil organisms

leaching
sasessssanssanssonsnnes e
rainfall -
-2,
"%
...o%' ..
'._.O/) .,
Mineral soil Bedrock

particles

. ALifeless System

» water and climate weather bedrock
and mineral particles

* some nutrient storage on particles

* net loss of nutrients by leaching
and erosion

Water flow
s Significant nutrient flow
. Small nutrient flow
............ Very small nutrient flow

F1GURE 5.2. Nutrient flows in a [ifeless ecosystem. Water and
climate weather the bedrock and mineral particles to release
nutrients. Rainfall and dry deposition add small amounts to
the system as well. Mineral particles store some nutrients on
their cation exchange sites. Nonetheless, leaching and erosion
remove nutrients from the soil water and mineral particle con-
tainers to create a linear flow of nutrients out of the system.

though usually slowly over geologic timescales. The
nutrients in the air enter the soil at low rates
through gas exchange, dry-particle deposition, and
rainfall. Some of the nutrient ions in the soil adsorb
onto the soil particles at cation exchange sites.
However, percolating water eventually leaches away
most nutrients, at least in humid climates.

This lifeless soil system has three sources of nutri-
ents (mineral soil particles, bedrock, and the atmos-
phere) and two plant-available nutrient storages
(soil water and cation exchange sites on mineral
particles). The nutrients rapidly flow out of this
system, from both leaching and erosion. Leaching is
a major nutrient leak in all humid ecosystems, even
when vegetated: 45 to 65 percent of the soluble cal-
cium and potassium can leach out of grassland soils
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FiGure 5.3. Nutrient flows on a clear-cut site or fallow agricul-
tural field with no living plants. The addition of organic
matter provides more nutrients and energy to the system, as
well as decomposer organisms, but decomposition and
leaching run the system down. Such a system is not self-
renewing but is dependent on external sources of nutrients.

and litter in as little as four hours.® With no vegeta-
tive cover, wind and water erosion also cause major
nutrient losses from this kind of system.

Nutrient Flows in a Plantless Ecosystem

Let’s say we add two more nutrient containers to
the above lifeless system: a large quantity of organic
matter, including undecomposed and partially
decomposed organic matter as well as humus, along
with a range of soil organisms (figure 5.3). The links
between the two mineral containers and the soil
water would remain essentially unchanged, except
that the rate of mineral weathering would increase
because the organic matter and its decomposition
releases additional acids, and the organisms do so as
well. The organic matter would increase the soil’s

F1Gure 5.4. Leaching losses in winter in the eastern United
States range from insignificant (1) in the prairies to high (4) in
the Southeast. Leaching losses are therefore moderate to high
throughout most of the eastern deciduous forest bioregion.
When the landscape is structured as in figure 5.3, ecosystems
in areas with significant winter leaching losses will lose nutri-
ents for many months each year, making self-renewal all the
more cha.llenging. Adapted from Brady, 1974.

water-holding capacity and aggregation, thereby
reducing the rates of erosion and leaching. The
organic matter container represents a supply of
stored energy and nutrients, mainly in nutrient
Groups 1 and 2, on which the soil organisms will
feed. The organic matter also possesses additional
cation exchange sites, and this additional cation
exchange capacity (CEC) helps the soil grab and
hold onto more nutrients. However, of all the
organisms we added, the only survivors will be those
that make a living by decomposing organic matter
or that feed on the decomposers: the decomposer
food web, or what we shall call the “dead web.”
Therefore, the system will tend to run down: the soil
organisms will feed on the organic matter, releasing
nutrients and decreasing the CEC over time, and
the net flow of nutrients will be into the soil water
and then out of the system by leaching (how fast
leaching occurs depends, in part, on climate; see
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Ficure 5.5. Nutrient flows in a healthy forest are self-
renewing because of the addition of plants to the system.
Plants energize the system, control water flows, add organic
matter, and alter the soil food web, among other things. These
changes shift the system into a nutrient-conserving and
nutrient-gathering mode.

figure 5.4). Some nutrients will also pass into the air
during decomposition and by direct breakdown in
the heat of the sun. This is essentially what happens
in a fallow agricultural field or a clear-cut forest
before revegetation.

How Plants Change Nutrient Dynamics

Plants alter soil nutrient dynamics in a number of
important ways (see figure 5.5), all of which lead to
nutrient conservation. Perennial plant communities
accentuate these effects:

+ As the primary source of organic matter in the
system; plants provide most of the energy that
runs the soil food web. They expand the organic
matter nutrient container, both in organic
matter mass and in cation exchange capacity, by
litterfall and by feeding soil organisms. Some

ecologists estimate that root dieback contributes
more organic matter to the soil on a yearly basis
than leaf litterfall.’

Plant roots extract nutrients from the soil water

before they can leach away.

Plants garner soil water for transpiration,
reducing percolation and therefore the chances
of losing whatever nutrients exist in leachable
form. With this mechanism, a sufficient quan-
tity of vegetation can reduce leaching losses to
nearly zero during the growing season. Forests
usually contain enough vegetation to do this.
Most agricultural communities do not.

Plants radically increase the diversity and abun-
dance of soil organisms by feeding soil microbes
with energy-rich root secretions or exudates. As
a result, five to ten times more fungi and ten to
fifty times more bacteria live in root-zone
versus non-root-zone soil," and other organ-
isms increase as well. This stores more nutrients
in the soil organism container right within the
root zone and creates a “live-web” complement
to the dead-web soil microbes (see “The Soil
Food Web” later in this chapter). Trees and
other perennials release a pulse of root exudates
in the early spring. This creates a microbial
population explosion that stores large amounts
of nutrients at a time when leaching losses are
high due to winter decomposition combined
with spring rains and snowmelt."

The mutualism between root-zone microbes

and plants increases the movement of nutrients
directly from organic matter and mineral parti-
cles to plants without the nutrients going
through a leachable phase within the soil water.
Mycorrhizal fungi are particularly important in
this regard. The stability of root-zone microbe
populations engendered by perennial plants
facilitates this nutrient pathway.

Perennial plants absorb nutrients in the fall, and
sometimes during winter, for use the following
year. This smoothes out the peaks and valleys of
nutrient availability during the year and allows
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for rapid growth based on nutrients stored
within plant tissues during periods of high
nutrient demand, such as spring.

* Forests increase the quantity of nutrients
entering the system from the atmosphere rela-
tive to other plant communities by capturing
more dust particles, mist, and rainfall.

By increasing the size of the organic matter and
soil organism containers, directly storing nutrients
themselves, improving direct nutrient transfer from
OM and soil particles to plants, and reducing the
amount of water available for leaching away nutri-
ents, perennial plants create a nutrient system that is
conservative in the true sense of that word. Note that
it is not the plants alone that conserve nutrients. The
interconnected system of plants, organic matter, and
soil organisms, especially root-zone mutualists, cre-
ates this nutrient-conserving ecosystem. The plants
energize the nutrient-conserving system and alter its
composition, structure, and dynamics. Over time,
more and more nutrients get bound up in organic
matter, changing the nutrient balance of the soil
from one like the parent material to one more appro-
priate for keeping an ecosystem running.

The longer a soil-plant community develops and
evolves, the more efficient it gets at conserving
nutrients: “climax communities have fewer leaks in

nutrient cycles and more efficiently hold the nutri--

ents in the plant-soil-plant cycle.”*? This is because
the networked system of organic matter, organisms,
and plants has had time to develop the links neces-
sary for effective functioning. Soil development,
therefore, is a process of mineral nutrients
becoming increasingly bound up in organic matter
as ecosystems mature, and being increasingly cycled
within and between living organisms. Soil develop-
ment occurs primarily within the A and B horizons
of the soil profile, where the most life, roots, and
nutrients become concentrated. The synthesis and
accumulation of secondary minerals in the B
horizon are also characteristic of soil development
processes. These also help conserve mineral nutri-

ents. Over time, the topsoil layers accumulate more
and more minerals critical to life processes, to the
point that the topsoil becomes rich in nutrients and
relatively independent of the parent material. In
healthy temperate forests, the trees use only a small
percentage of the nutrients stored in the soil in any
given year.” The temperate soil ecosystem holds
and cycles the rest, providing plenty of backup
supply in case of catastrophe (not so in tropical sys-
tems). Nutrient budgets of temperate forest ecosys-
tems indicate that healthy forests lose about as
many nutrients from leaching as they gain from
deep weathering of parent materials."* This means
that our forest gardens could be free of outside nutrient-
inputs at maturity if we get them right.

The Fertility Structure of Conventional Agriculture

The above is not the linear “throughput” model of
conventional agriculture, which adds nutrients to
the soil as highly available fertilizer, a large per-
centage of which leaches away into groundwater
and streams (figure 5.6). The management strate-
gies of conventional agriculture generally decrease
the size of the soil organism and organic matter
nutrient containers. Chemical fertilizers oxidize
(that is, chemically burn) organic matter and kill
soil organisms. Every pesticide or herbicide tested
so far negatively affects nontarget soil life."” Even
on organic farms, every time we disturb the soil by
tilling, plowing, or killing vegetation, we disrupt
and set back these natural nutrient conservation
processes and the development of the soil organism
community. Lack of perennial plants leaves the soil
in a condition similaf to the clear-cut situation
described earlier for at least part of the year, so the
system begins to run down, eating the organic
matter and releasing nutrients for leaching. These
actions disturb the links creating an intercon-
nected, year-round, nutrient-conserving soil com-
munity. The burden then shifts to the intervenor:
we have to work to bring the soil back to a
healthful, fertile, nutrient-conserving state and
keep adding back the nutrients the system loses.
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F1cure 5.6. In annual industrial agriculture, nutrient flows are
still mainly linear because organic matter is minimized and
the soil food web is damaged by typical industrial farming
practices. High leaching losses are the norm, and annual
plants just can’t function the way that perennials do, particu-
larly early in the season and during winter.

Natural systems strive toward health and fertility.
When we ignore how they create this state, men-
tally sidelining the soil organisms and the soil
organic matter, focusing only on the plants and
mineral particles, we create work for ourselves and
damage the ecosystem that sustains us.

The Anatomy of Self-Renewing Fertility
Biomass is the keeper of organization.
—RamMoN MARGALEF
The preceding discussion helps us understand that
healthy soils have two sources of mineral nutrition,
the parent material and the atmosphere, and consist

of six interconnected nutrient containers. The base
of the system consists of the parent material, mineral

TABLE 5.2. Nutrient leaks and nutrient plugs.

Nutrient leaks:

e Leaching

e Transforming nutrients into their gaseous phase (N, S, C, O, H)
e Erosion (wind and water)

Nutrient plugs:

» Plants extracting nutrients from soil water

® Plants preventing erosion

* Plants transpiring water, reducing the amount of nutrient
leaching

* Plants adding to soil organic matter, increasing CEC and
within-organic matter storage

® Plants feeding soil organisms (in root zone and via organic
matter), increasing container size

e (reating a network of nutrient flows between plants, soil
organisms, and organic matter

* Plants cooling the soil microclimate and thereby slowing
decomposition and combustion of organic matter

e Primary mineral soil particles holding nutrients on cation
exchange sites

e Secondary mineral clays in the B horizon catching nutrients
‘that do leach

|

soil particles, and the soil water, in which the pri-
mary nutrient flows move from parent material and
mineral particles toward the soil water, with some
temporary storage on cation exchange sites on the
mineral particles. The top of the system consists of
plants, soil organisms, organic matter, and, again, the
soil water. Two-way nutrient flows between each pair
of containers network these four elements together.
The primary nutrient leaks (table 5.2) include
leaching of nutrients in the soil water (potentially all
elements) and losses of some nutrients to the atmos-
phere when various, mostly biological processes turn
them to gases (mostly Group 1 and 2 elements). Soil
ecosystems also lose significant nutrients from ero-
sion, especially when unvegetated.

Plants plug these leaks in three ways on their
own. First, they imbibe nutrients and store them
for their own use. Second, they prevent erosion of
the soil by wind and water. Third, a sufficient quan-
tity of plants will garner the majority of water flow
through the system for transpiration. This radically
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reduces the amount of water available to leach sol-
uble nutrients. The latter function is one of the
most important factors limiting nutrient leaching
in forest ecosystems.

Plants cooperate with the rest of the system to
plug leaks by adding energy to enlarge the organic
matter and soil organism pools. They also create
strong links within the top of the nutrient con-
tainer system that conserve the nutrients and pass
them between containers with minimal risk of
leaching. This networked and enlarged system is
the other most important nutrient-loss-reducing
factor in forests. The cooler soil microclimate that
plants create slows down the loss of nutrients by
slowing decomposition. Secondary mineral syn-
thesis in the B horizon forms another plug to
nutrient loss, capturing leaching nutrients as they
pass to the lower soil horizons. When earthworms
and other organisms carry and churn these sec-
ondary minerals into the soil surface, they add to
still another plug, the cation exchange capacity of
the mineral particles themselves. If ‘you look at
these nine plugs, as outlined in table 5.2, you will

see that all but mineral synthesis in the B horizon
relate to the functions of living and nonliving bio-
mass. We can see, therefore, that at least in the case
of self-renewing fertility, Ramon Margalef was
right: biomass 7s the keeper of organization.

A Few CoMMENTS ON THE ROLES OF
PranTs iIN NUTRIENT CYCLING

The multifarious roles of plants in ecosystem
nutrient dynamics could fill more than one book.
Nevertheless, let’s examine some more specific
ideas about what plants do for nutrient cycles.

Understory Plants Cycle More Nutrients

In the late 1970s a researcher in British Columbia
decided to explore the contribution of understory
and overstory vegetation to forest nutrient cycling."
His work shows that the understory vegetation con-
tributed only 3 to 11 percent of the total yearly
aboveground litterfall, yet it had a much higher
nutrient concentration than the overstory vegeta-
tion. As a result, this small amount of biomass
accounted for a disproportionately high percentage

Ficure s5.7. The contribution of

Qverstory w0
Understory L)

5| . [38%
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35%
Moist 29%
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14% 14%
3% [11% |
5%

31%

[T .
55%

understory vegetation to nutrient
flows in forests is far greater than
its diminutive size might indicate.
Compare the percentage of bio-
mass the understory contributes to
the forest as a whole (left) to the
w) ' percentage of various nutrients
that that small amount of biomass
|90%] contains (other columns). This
breakdown is true across all levels
of soil moisture. Careful design of
the understory is key to creating
self-renewing fertility! The num-
bers at left are the units shown
below the bars, such as kilograms
0) per hectare (kg/ha). Adapted fiom Yari,
1980. Used with permission.

33%

Phosphaorus, Calcium,
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Feature Article 4:
Parent Materials: The Soil’s Nutritional Constitution

Most of the macronutrients (Groups 2 and 3, table cles. The kind of bedrock parent material, then,
5.1) and all the micronutrients derive principally largely determines soil nutrient content and produc-
from rock sources that weather into mineral parti- tivity: like our own parents, the soil’s parent material -

TABLE 5.3. Parent materials and soil nutrient constitution. Afer Perry, 1994, pages 2746, and Wilde, 1958, page 537.

| Parent Material Group Common Rock or General Soil and

(where found in U.S.) Parent Material Types Nutrient Characteristics

Group 1:

Siliceous rocks - conglomerates - Frequently sandy. Poor in all nutrients.

(scattered throughout) - metamorphic quartzites - Low cation exchange capacity.

- sandstones - Not productive unless cemented by calcareous materials.
- siliceous shales - Lose biomass, organic matter = lose nutrients.

Group 2:

Orthodlase- - gneiss - Usually sandy.loams and loams.

feldspathic rocks - granite - Generally well supplied with potassium.

(scattered throughout) - granitic porphyry - Usually low in calcium and magnesium.

- orthoclase felsites - Often acidic.
- syenite

Group 3:

Ferromagnesian rocks - andesite - These rocks rapidly weather into deep, fine-textured soils.

(scattered throughout) - basalt - Usually rich in calcium, iron, magnesium, potassium, and

- diabase . other nutrients.
- diorite - Can be low in potassium, but this rarely decreases the
- gabbro fertility of these soils.
- homblende gneiss
Group 4:
Calcareous rocks - calcareous shales - Fertility greatly varies due to amount of weathering, clay
-(scattered throughout) -chalk content, and climate. :
- dolomitic limestone - Deep, clay-rich soils are productive; shallow, pure lime
- limestone stone or chalk soils are a problem.

Group 5:

Volcanic ash deposits Mostly loose material with - Quite fertile in most cases.

(Pacific NW, California) pieces of volcanic glass, - Tend to accumulate organic matter, to retain large
feldspars, ferromagnesian quantities of water and nutrients; and to have low soil
minerals, quartz. Bedrock density (easy root penetration).
sometimes pumice stone.

Group 6:

Highly weathered soils - Any parent material that - Very nutrient-poor parent materials.

(ultisols; SE U.S., is highly weathered well - In tropics, most nutrients held and cycled within living

subtropics) below the root zone. biomass. Loss of biomass = loss of nutrients. This is
: less true of ultisols, though still a concern.
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forms the “genetic basis” or “constitution” of the
overlying soil. The living processes described here
then modify this constitutional foundation, concen-
trating the minerals necessary for life within the top-
soil. The nutrient constitution of the parent material
therefore significantly affects our strategies for devel-
oping self-renewing fertility, as well as the nutri-
tional resilience of the.soil and the nutritional
content of our plants."” This is especially true when
the topsoil and its associated nutrient containers
have been damaged and many nutrients have leaked
out of the system. Which minerals does the parent
material contain? (See table 5.3).

Parent materials project much more influence on
ecosystems 1n relatively young soils than in older, more
weathered soils.” Young soils develop in mountainous,
volcanic, and glaciated areas, on river deposits, and in
geologically active continental margins where ocean
floors are being uplifted onto land (such as the West
Coast of the United States). In these areas, the parent
material is an important resource for building and
maintaining the fertility of overlying soils. Plant roots
can generally obtain these nutrients.

As soils age, the integrity and health of the
ecosystem the soil supports becomes increasingly
important to site fertility. The oldest, most weathered
soils on the planet—some of those in Africa and
South America—have parent materials so deeply
weathered that they have much less nutrient value
left for plants. There, the living tissues of the
ecosystem hold the majority of nutrients. Destruction
of the living tissues leads to rapid nutrient losses.

The United States contains some areas of soils, called
“ultisols” in the U.S. classification system (see figure
5.8), that have not experienced glaciation in recent geo-
logical time, are found in warm, humid climates, and
have a fairly long history of weathering: Ultisols are
younger and less weathered than the most depleted
African and South American soils; however, we should
consider them more “at risk” for nutrient deficiency
than the even younger materials found in the rest of the
United States. On these soils, “clearcutting can break
the biological chain that maintains nutrients within the
rooting zone and lead to sharp declines in fertility.””

Ideally, once your forest garden is up and running,
it will need few, if any, fertilizer inputs. Young parent
materials can go a long way toward ensuring such
self-renewing fertility. When the parent material
contains nutrients in abundance, it should be rela-
tively easy to renew the topsoil’s nutrient content,
and to keep renewing it, even when past mismanage-
ment has leached its nutrients out. If, however, the
parent materials do not contain one or more nutri-
ents in abundance, this task will be much harder. A
healthy forest garden in these soils may require
larger inputs of nutrients in the beginning, the
development of a tightly knit nutrient-recycling
system in the garden for the long haul, and periodic
fertilizer to keep it going. In any case, nutrients
scarce in the parent material will need special atten-
tion for conservation over the long haul.

The bottom line is that it pays to look at the
nutrient content of parent materials as well as that of
the topsoil so you can determine your long-term
nutritional strategies. Table 5.3 is only a general guide
to this. You will need specific local information to for-
mulate good strategies (see volume 2, chapter 3).

ULTISOLS

Ficure 5.8. Highly weathered ultisol soils in the United
States are places where self-renewing fertility will be the
hardest to create and maintain. These soils are already very
low in nutrient content because of their geological history.
They will probably need careful nourishment during early
forest garden succession and tight nutrient cycling for the
duration. Adapted from Brady, 1974.
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of five major nutrient elements in total annual
aboveground litter (figure 5.7). Understory plants
not only often contain higher nutrient concentra-
tions than overstory trees, but they “turn over” (grow,
die, decompose, and grow inte new biomass) much
more quickly. These factors help spur the decompo-
sition of more decay-resistant litter, prime the
engines of soil decomposers, and help prevent bot-
tlenecks in the cycling of nutrients from dead
organic matter to living plants. “The beneficial effect
on stand productivity of maintaining a light under-
story has long been recognized by European silvicul-
turists.”” We can consciously support this process by
choosing what plants grow when and where.

Ephemeral Plants as “Vernal

Dams” Holding Back Nutrients

Another researcher in the 1970s, this time in a New
Hampshire northern hardwood forest, studied many
aspects of yellow trout Lily (Erythronium americanum)
ecology, including its nutrient dynamics. Trout lily is
a delicate but not particularly useful plant, at least on
the surface: it is edible only after prolonged boiling,
and it may cause vomiting, which is one of its medic-
inal uses. It is, however, emblematic of all spring
ephemeral wildflowers in another way.

Ephemerals have adapted to a niche that is very
short on time but long on nutrient and sun
resources. High nutrient availability and leaching in
the spring results from cold-season organic matter
decomposition followed by high rainfall and
snowmelt, at a time when most plants have not yet
started to grow. The sun is strong, but not for long,
as the trees will soon leaf out. In response to this
environment, ephemerals quickly grow, flower, fruit,
and store reserves for the following year’s dormancy
and growth. All of this requires many nutrients.

This researcher looked at the nutrient dynamics of
trout lily over a whole watershed to assess its impact
on an ecosystem scale. He compared the nutrient
intake of all the trout lily plants in the watershed to
the total leaching losses from the watershed. It turns
out that potassium uptake by trout lily equaled 82

percent of the amount lost to streams in the spring,
and 53 percent of the total lost for the whole year.
For nitrogen, the amounts were 91 percent of spring
losses and 21 percent of yearly losses. By guzzling
these nutrients and then releasing many of them as
readily decomposed litter a short while later, when
other plants are actively growing, trout lily becomes
a “vernal dam” that holds nutrients back from
leaching away in the spring.”’ We can assume that
other ephemerals function in a similar way, though
we don’t know for sure. However, many ephemerals
are highly nutritious spring edibles, and this sup-
ports the assumption.

Both of these studies point us toward herbaceous
plants as key actors in the nutrient dynamics of
forest gardens and support the strategy of using
dynamic accumulator plants to help gather and
conserve nutrients in our gardens.

Plants as Dynamic Nutrient Accumulators

As the two studies discussed above indicate, plants,
especially herbaceous plants, greatly contribute to
soil fertility by drawing nutrients out of the soil,
storing them, and releasing them as they die. Some
plants do this more actively than others, accumu-
lating nutrients in their tissues to concentrations
higher than those found in the soil or than usually
found in the average plant. We can use these
dynamic accumulators to conserve and improve soil
tertility in our forest gardens.

Much folklore surrounds dynamic accumulators, as
well as the use of plants to indicate different soil con-
ditions. These traditional beliefs frequently lack rigor,
accuracy, or broad applicability. However, solid evi-
dence from the field of geobotany (mineral
prospecting using plants) shows that specific plants
or plant communities can indicate the presence of
copper, uranium, selenium, zing, silver, and other eco-
nomically important minerals.”> Many of these indi-
cator plants also actively concentrate these minerals
to higher levels than are found in the soil, though not
all do. According to geobotanist R. R. Brooks, most
mineral concentrators are herbaceous plants, an
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observation that parallels those of the studies dis-
cussed earlier. However, this field appears wide open
for a great deal of basic research, since so little testing
has taken place. In the meantime, volume 2, appen-
dices 1 and 3 include lists of dynamic accumulators
from reasonably reliable sources, the best plants of
which we summarize in table 5.4.

Like most nitrogen-fixers, many dynamic accu-
mulators aggressively colonize sites as any early- to
midsuccession species would. Their ability to mine
the soil for nutrients allows them to survive in a
nutrient-poor environment, or to catch and hold
rapidly leaching nutrients in a disturbed environ-
ment. Many dynamic accumulators are deep-rooted
plants, so youn can use them to concentrate minerals
scarce in your topsoil but less scarce in your parent
material, or to catch and recycle leaching nutrients
before the system loses them completely. Whether
they can accumulate minerals scarce in both your
topsoil and your parent material is unclear, and

TABLE 5.4. Best dynamic-accumulator plants currently known,
and the nutrients they gather. All accumulate the most critical
nutrients: potassium, phosphorus, and calcium. See volume 2,
appendices 1 and 3 for many more species, in both the main
Plant Species Matrix and the Species by Function tables.
Na=sodium; Si=silica. For other nutrient symbols see table 5.1.
Nutrients

Latin Name Common Name Accumulated
Betufa lenta black birch Ca, K P
Carya ovata shagbark hickory  ~Ca, K, P
Chamaemelum German Ca, K P

nobile chamomile
Cornus florida flowering Ca, K P

dogwood

Juglans nigra Black walnut Ca, K P
Nasturtium watercress Ca, K, P. Mg,

officinale Fe, Na, S
Rumex spp. sorrels and docks Ca, K, P, Fe, Na
Symphytum spp.  comfreys Ca, K, P, Fe, Mg, Si
Taraxacum dandelion Ca, K, P Cy,

officinale Fe, Mg, Si
Urtica dioica nettles Ca, K, S, Cu, Fe,

Na, N

probably depends on the species you are using. Most
forest gardens should probably include plants that
accumulate the most leachable limiting nutrients
(N, P, K, Ca) as a matter of course, unless they are
abundant in the parent material.

The comfreys (Symphytum spp.) reign as kings of
the dynamic accumulators.” Comfreys accumulate
six different minerals (including N, K, and Ca) to
higher than average levels, they produce abundant
biomass, and their leaves decompose rapidly. They
absorb large amounts of nitrogen and can recycle
nutrients from wastewater and human excrement
into usable farm products. Their roots are
extremely persistent, however, so the plants are
hard to remove once in place, and most species will
“walk” around the garden to at least some degree.
Russian comfrey (Symphytum X wplandicum) will
not walk, however, and stays in its place. Michael
Phillips, orchardist and author of The Apple
Grower, recently started using comfrey under his
apple trees. He says that it creates excellent soil and
allows the trees’ roots to come to the surface to
feed,” unlike grass ground covers.” The comfreys
produce beautiful flowers and provide overwin-
tering sites for many beneficial insects and spiders.

Nettles (Urtica dioica) are another excellent
dynamic accumulator (of seven nutrients, including
N, K, and Ca) and are commonly used along with
comfrey in English forest gardens for mulch, com-
post, fertilizing “teas” (see “Compost Tea” in
volume 2, chapter 5), and animal fodder. Nettles
also produce nutritious spring greens and high-
quality fiber for paper or cloth. Their stinging hairs,
their tendency to spread by seed and rhizomes, and
the fact that some botanists consider nettles an
invasive exotic make it advisable to plant with cau-
tion, however. Our native nettles relative, the
shade-loving wood nettle (Laportaea canadensis),
has many similar uses and is a prime candidate for
dynamic accumulator research.

Though understory plants generally contain
more nutrients, trees can also act as dynamic accu-
mulators. Flowering dogwood trees (Cornus florida)
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selectively absorb calcium at high levels, with the
element accounting for between 2 and 4 percent of
total leaf weight* While dogwood leaf litter can
slowly build soil calcium levels as a result, we also
know that within twenty-four hours, rainfall can
leach up to 50 percent of the calcium and more
than 80 percent of the potassium out of apple leaves
still on the tree.” Researchers in Sweden found
that old oak trees took calcium from deep in the
soil profile and returned it to the ground during
rainstorms as it leached from leaves. The rainwater
became enriched with calcium as it dripped
through the branches and leaves (throughfall) or
ran down the branches and stem to the ground
(stemflow). Nutrient-demanding herbs frequently
grew near the base of oak trees large enough to pro-
duce appreciable stemflow.”® A large percentage of
the nutrients captured by understory vegetation can
be from canopy throughfall, either directly
absorbed into understory leaves or taken up from
the soil.” In this way, the understory plants capture
formerly deep soil nutrients before they can leach
back into deep soil layers again.

A Note on Time, Nitrogen-Fixers,
and Dynamic Accumulators
Organic farming advocates and scientists claim that
most of the nitrogen fixed by legumes in a rotation
is not available to other plants until the legumes die
or get tilled into the soil, since the legume uses
most of the nitrogen for its own growth. The
nitrogen then becomes available to the following
crop after the dead legumes decompose. In peren-
nial woody systems, the situation is somewhat dif-
ferent because we generally do not till the soil.

By many accounts, it takes years or decades for
the benefits
nitrogen-fixers to reach non-dynamic accumulators

of dynamic accumulators and

and non-nitrogen-fixers. By these accounts, the
simplest explanation for the transmission of
nitrogen to non-nitrogen-fixers is through leaf
litter, rather than through root grafting, mycor-
rhizas, or accumulation in the soil from root exu-

dates. At least one researcher says “no evidence
exists” demonstrating these pathways.® The same
may be true of dynamic accumulators. Three points
cast doubt on these doubts.

First, given the importance and volume of root
shedding in forest soils, it seems appropriate to con-
sider the impact of this pathway for transmitting
nutrients to other species (we'll discuss root shed-
ding in the next section). Second, since nutrients can
leach so quickly from tree leaves to the understory
and soil, then why not from herbaceous dynamic
accumulators and nitrogen-fixers? Both these path-
ways could pass nutrients into the soil ecosystem at
faster and higher rates than annual leaf litterfall, par-
ticularly when one considers that pruning plants
causes both root shedding and leaf litterfall at the
same time. Third, perhaps the most immediate ben-
efit to the system, if not to the crop plants them-
selves, is that dynamic accumulators catch leaching
nutrients before they get away and bring them back
into play. Plugging nutrient leaks is no small matter
from an ecological and system perspective.

So, while it may take time to increase soil fertility
using dynamic accumulators and nitrogen-fixers,
these plants probably play a key role in preventing
losses that the system would have to make up
before any gains could register. This benefit prob-
ably begins accruing at a system level once the
dynamic accumulators are fully rooted, while
improved nutrition to other plants may not show
up for a while. In the meantime, cutting back
dynamic accumulators and nitrogen-fixers for use
as mulch will spread the nutrients they gather.
Cutting also releases nutrients into the soil from
root dieback. You can also compost the plants or
use them to make fermented fertilizing teas.
However, depending on your soil test results, you
should probably not abandon the application of
slow-release fertilizers in the establishment phase
of your forest garden, given that it takes time to get
these nutrient cycles going.

Since we want to mimic the anatomy of healthy,
self-renewing forest fertility, we need to work with



Structures of the Underground Economy 189

and understand the system as a whole and how to
foster all nine of these nutrient plugs. Though min-
eral cation exchange capacity and the dynamics of
soil organic matter greatly affect nutrient conserva-
tion, these processes are genéra]ly well known, at
least within the organic farming and gardening
community. We will leave the in-depth discussion
of these topics to other authors. We will also let rest
the subject of secondary mineral clay synthesis in
the B horizon and its role in nutrient retention. We
will, however, take a closer look below at the roles
of soil organisms and plants. Since plants play mul-
tiple keystone roles in the soil ecosystem, we will
discuss them first.™ :

PLANT ROOTS: ENGINES OF THE
UNDERGROUND ECONOMY

The student of plant production should have a
vivid, mental picture of the plant as a whole. It
is just as much a biological unit as an animal.
The animal is visible as an entity and behaves as
one. If any part is injured, reactions and distur-
bance of the whole organism are expected. But
in the plant, our mental conception is blurred by
the fact that one of the most important struc-
tures is underground. Nor is the plant usually
treated as an entity; it is often mutilated by
pruning, cutting, and injuring the root system,
frequently without much regard to the effect
upon the remaining portion.

—Joun WEeavEr AND WiLLiam BrunEg,
Root Development of Vegetable Crops (1927)

Many people imagine that a tree’s root structure is a
mirror image of its aboveground trunk and branches;
one sees such images presented in many places. Is it
true, though? In addition, most gardeners grow
annuals or perennials whose roots, many assume,
don’t go very deep. In this case, one may reason that
we need only concern ourselves with the upper 1 or
maybe 2 feet (30 to 60 cm) of soil, for that is where

we can have the most impact and where our efforts
make the most difference. It is a good idea to ques-
tion our assumptions occasionally, and to see what
we can learn from the exercise. Which of our “deep-
rooted myths™ have dynamite under them, and
which stand on solid ground?

It makes sense that the dark and hidden world of
soil and roots would generate myths and contro-
versy, even among scientists who study such things.
For example, in his 1927 work plant ecologist John
Weaver wrote:

An intimate knowledge of the habits of growth of
the root systems of . . . crops will enable the grower
to space plants to better advantage. It should also
permit him to intercrop or grow in succession
crops or mixtures [so] that the soil volume will
have a better distribution of roots and thus permit

methods of more intensive cultivation.”

Decades later, in his 1989 work, plant ecologist
Thomas O. Perry wrote:

Plant roots can grow anywhere—in the soil, on the
surface of the soil, in the water, and even in the air.
Except for the first formed roots that respond pos-
itively to gravity, most roots do not grow toward
anything or in any particular direction. Root growth
is essentially opportunistic in its timing and its orien-
tation. It takes place whenever and wherever the
environment provides the water, oxygen, minerals,

support, and warmth necessary for growth.”

Notice the apparent difference of opinion between
Weaver’s and Perry’s statements above: Weaver
assumes that plants have habits of root growth,
while Perry believes they are completely oppor-
tunistic and exhibit no consistent patterns. Both
scientists base their statements upon direct obser-
vation and experience. What are we to make of
that? Of course, the answer is that this is not an
either-or question; both assertions are true to a
degree that varies depending on the species in
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question, as well as the circumstances in which the
plants find themselves. Once again, we find there
are few or no simple answers, only a whole new
realm to explore. Let us begin that exploration, for,
as Weaver says, understanding patterns of root dis-
tribution in the soil will help us design polycultures
more effectively. Meanwhile, their opportunism
can tell us things about the soil that only the plants
know and can-help our forest gardens overcome our
oversights and mistakes.

Our exploration will focus on the following
questions:

* In what patterns do plant roots grow, and why?

* What functions and effects do plant roots have?

» How do our answers to the above affect our
design and management decisions?

We'll begin by examining rooting patterns in
trees and shrubs, since more information exists
about them and they form the core of our forest-
garden plant palette.

TrEE AND SHrRUB RoOOT STRUCTURE,
PatTERNS, AND FUNCTION

The first important point to make is that most tree
and shrub roots grow horizontally through the soil
near the surface, not vertically or in a mirror image
of the tree branches. “The general direction of the
framework system of roots is radial and hori-
zontal.”” The top 1 to 2 feet (30 to 60 cm) of soil
‘typically contains 60 to 80 percent of tree roots by
weight, and the top 3 feet (1 m) up to 99 percent of
root mass, according to a large number of
researchers.® This is particularly true in humid cli-
mates, whereas the roots of prairie trees and herbs
go much deeper on a regular basis. The large,
highly visible, perennial roots of trees may possess a
less horizontal pattern (see below); however, most
of a tree’s root mass consists of small-diameter lat-
eral roots, as well as spongy root fans and fine
“feeder” roots less than Y16 inch (1 mm) thick

searching for the nutrients concentrated in the top-
soil. It is difficult to represent accurately the mass
of fine roots in the topsoil because they are simply
too small and too numerous to show. The large dis-
tances tree roots cover, and the root-size changes
from the trunk base to the most far-flung fine
roots, make accurate representation of whole root
systems extremely difficult. Remember this as you
peruse the illustrations of tree root systems in this
chapter.

Major tree roots near the trunk may start as thick
as 12 inches (30 cm) in diameter and rapidly
decrease in thickness as they branch and rebranch in
the first 3 to 15 horizontal feet (1 to 5 m). The
resulting ropelike Y- to 1-inch-thick (10 to 25 mm
thick) main laterals spread everywhere, branching
more often in good soils and growing straight
through less fertile or already occupied areas (see
figure 5.9). From these main laterals, the fine root
tans grow outward and upward, forming large
fibrous-mats of very small roots often called “feeder”
or “absorbing” roots (figure 5.10).” Do not let the
names confuse you, though: several researchers have
shown that a// tree roots can absorb water and nutri-
ents about equally on a surface-area basis. Even fat,
woody roots contribute significant amounts of cal-
cium, phosphorus, water, and other nutrients to
trees.*® However, while the surface area of trees’ root
systems is usually greater than the surface area of
their leaves,” the majority of this area consists of
fine roots. The greater surface area of fine roots, plus
the much larger populations of mycorrhizal fungi on
them, increases the relative importance of younger,
small-diameter roots for absorption. Fine roots and
root mats are also important because they are

ephemeral.

Roort Systems Grow and Die on Their Own Schedule
Most research shows that tree roots grow on a dif-
ferent annual schedule than aboveground tissues.
The fine roots and spongy root fans that wild forest
trees put out grow and die on an annual or even
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F1GURE 5.9. A single tree root can spread dozens of feet from the trunk and head in
multiple directions as it branches among other trees. These red maple roots continue
somewhat farther than is shown since some of the root tips were not found. Note that
each of the other trees shown are doing the same thing in the same space. Root com-

petition in this stand is therefore rather intense. Adapted from Lyford and Wilson, 1964,

////,Illln- =

more frequent basis, depending on climate and soil
conditions: “the population and concentration of
roots in the soil are as dynamic as the population of
leaves in the air, if not more s0.”*® When soil con-
ditions are favorable, fine roots grow. When they
aren’t, the fine roots die. Trees may shed a root
because it gets injured, because that root 1s
receiving heavy competition or herbivory, because
the soil resources in the area the root explores have
petered out, or because the tree needs the nutrients
and energy stored in that root for shoot growth or
fruiting. Lack of rainfall is a frequent cause of sur-
face root dieback, and roots often die for no
apparent reason. This growth-and-death cycle can
occur more than once in a growing season. It feeds
the soil food web a tremendous amount of organic
matter and nutrients each year, representing per-
haps twice as much nutrient loss from trees as the
annual leaf litterfall.** A large percentage of tree

1
10 meters

nutrient uptake simply replaces losses such as these,
as well as leaching losses from leaves.” Root shed-
ding and regrowth also take a lot of energy from
the tree. Maintaining good soil conditions will aid
crop production by limiting root shedding to only
that which is healthy and natural, as opposed to
shedding caused by stress.

The ephemeral roots also help the tree adapt to
dynamic, patchy forest resources. For example, the
patterns of tree canopy leaves and branches may
concentrate rain throughfall in one area. The soil
under this spot will receive more nutrients and
water, but this resource may not be in the same place
the next year, or it may disappear altogether.
Ephemeral roots help trees adapt to these changing
circumstances. In addition, fine roots can act as a
scouting party. They can tell a tree how big and tasty
your new compost pile is so it can decide whether to
create permanent roots to seize on the opportunity.
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F1cURE 5.10. Tree roots range across so many scales of size over such large distances that they are hard to accurately depict. This

schematic diagram offers a view of the whole root system including 1) the trunk; 2) adventitious roots growing near the trunk; 3)

lateral woody roots growing off the tapering main root; 4) nonwoody, ephemeral root fans growing from the ropelike woody lat-

eral; 5) budding first-order nonwoody roots behind the woody root tip; 6) second- and third-order nonwoody roots growing from

the first-order nonwoody roots; 7) nonmycorrhizal soft root tip with root hairs; and 8) mycorrhizal fourth-order nonwoody roots.

The horizontal bar beneath each image represents about 1 centimeter (0.4 inch). Adapsed from Lyford and Wilson, 1964.

Opverall root-system growth generally begins well
before shoot growth in spring. Most trees in most
years grow roots at their fastest clip in spring and
early summer, with root growth ending as shoot
growth peaks. Weather can delay, shorten, or stop
this growth spurt, as can pruning nondormant
trees, carrying a heavy fruit crop, or defoliation by
insects. In most cases, root growth slows or stops in
midsummer and picks up again in the late summer
or fall after shoot growth or fruiting is complete, or
as the weather moistens. These patterns appear to
vary by species as well: some trees may have more
than two root-growth peaks in a year (as is the case
for some apples), and some only one in the spring
(as is the case for pear, plum, and cherry). Apricot
roots appear to grow most of the year.*

Spring shoot- and root-growth rates usually exceed
a plant’s nutrient uptake capacity. Therefore, autumn
root growth and nutrient absorption appear critical
for building nutrient reserves for the following year’s
growth and production. Trees build these reserves
primarily in the fall after fruiting is over and leaves

have fallen off the tree. Roots can actively grow and

soak up nutrients all winter long if soil temperatures
remain above 40°F (5°C).* Well-mulched soil can

prolong the winter period where this is true.

A Reprise: Roots Spread Well Past the Tree Crown

It bears repeating here that tree roots spread well
beyond the dripline of the tree crown, to between one
and one half and three times the diameter of fruit-
tree canopies (less in deep, fertile soils more in
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Ficure s5.01. Numerous studies have shown that tree roots
spread well beyond a tree’s crown or dripline. They also do not
necessarily spread equally in all directions. The dotted line is
this fruit tree’s crown. The squares are 1 meter (3.3 feet) on a
side. Adapted from Rogers and Vyvyan, 1934.

shallow or infertile soils; see figure 5.11), or between
one and four times the tree height for native forest
trees. Fruit tree roots cover a horizontal area about
five times the horizontal area of the tree’s crown, or
between four and seven times the crown area for
native forest trees.” These ratios of crown to root
spread vary somewhat from species to species and soil
type to soil type, but they are good average figures.
Also notice that the tree roots in figure 5.11 do not
spread equally in all directions: researchers have
found that up to half of the roots of apple trees may
grow in one-quarter of the circle around the tree.*

Innies and Outies: Concentric Root Growth

As trees grow, the area of profuse fine-root growth
moves outward along the main laterals (see figure
5.12), usually staying oufside the dripline of the tree
crown. As the tree ages, this outer ring of fine roots
expands further and further. Eventually, adventitious
roots begin to grow out from the base of the trunk to
fill in the space left without fine roots near the trunk.
As these “innies” develop, the tree often begins to

Adventitious roots.

FIGURE 5.12. As a tree grows, the fine roots grow outward in an
expanding circle. Eventually, as roots age and die (dashed
lines}, the tree grows younger adventitious roots starting at or
near the trunk. It behooves us to attend to soil health under
our trees as much as we do out from the crown if we want to
give these roots the best soil possible.
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shed portions, or even whole branches, of “outie” lat-
eral roots.”” These patterns of root growth over a
tree’s life span have implications for the patterns of
soil-improvement work and fertilization we under-
take. Keeping dynamic accumulators growing under
fruit trees will improve the soil as the tree grows.
Then, when the “innies” start to grow later in the
tree’s life, they will meet soil enriched during the
intervening years.

Minglers, Bonders, and Loners: Root Interlacing,
Grafting, and Avoidance

Root mingling within and between tree species
appears to be rather common, though scientists
seem to know little about the extent of vertical par-
titioning that goes on in the process. For example,
native forest root systems overlap and interlace
tremendously as they “go for an explore in the
woods,” to quote Winnie the Pooh (see figure 5.9;
note that the black circles are the stems of other
trees, whose root systems also occupy the space
shown). In addition, research indicates that pear
trees will mingle their roots with those of other
pears.”® Of course, even such “minglers” avoid
mixing their roots with others” if they can, espe-
cially when confronted with closely packed stems
(as in figure 5.13). It thus appears that necessity is
the mother of root mingling.

As mentioned in chapter 1, over 160 tree species
graft their roots with other members of the same
species when they come into contact underground,
and some make root grafts with members of other
species or genera. Grafting may help balance out
nutrient imbalances within a stand, as well as aiding
plant communication through hormones for bud
break, flowering, defense, and so on. One Finnish
researcher recommends “that the old roots [of cut
trees] should be left in the ground, since . . . the
roots of a felled tree can continue to live and nourish
a neighboring and still living tree with the roots of
which they are in contact.” Known “bonders”
include some wild nut tree species (table 5.5), but

FiGure 5.13. Mingling of tree roots happens all the time. In
this nine-year-old planting of Asiatic elm (solid lines) and
osage orange (dashed lines) hedgerow, the area of mingling
was about 29 percent of the total root area, even though the
roots had plenty of room to grow elsewhere. Each square is
about 6 feet (2 m) per side. Adapted from Bunger and Thomson, 1938.

few studies of root grafting deal with useful crop
trees. Native eastern deciduous forest trees generally
bond at least within species, though interspecies
grafting is reportedly common.

At the other extreme, some “loner” trees not only
will not root graft with other trees of their own
species, but also avoid mingling their roots with
them altogether. For example, research indicates
that apple, persimmon, and peach roots usually do
not intermingle with roots from others of their own
species.” However, as far as we know loners will
usually intermingle their roots with those of ozher
species (figure 5.14).

Some speculate that apple roots don't intermingle
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TABLE 5.5. Known root-grafting species of interest to edible forest gardeners, including eastern deciduous forest natives, common
landscape trees, and species listed in the Plant Species Matrix of volume 2. What affects one tree may affect another grafted to it,
including diseases, pollutants, and herbicides. Self-grafting is when a tree grafts to its own roots. Intraspecies grafts occur between
‘two trees of the same species. Interspecies grafts occur between different species. R = rare; O = occasionally; C = common; X =
observed by researchers, frequency not noted; varies = variable by species (some do, some don't); ? = researcher believes it does, but
no firm evidence. Data from Grabam and Bormann, 1966.

GRAFT TYPE
Latin name Common name Self Intraspp. Interspp. Notes/Spp. known to graft with
Abies spp. _ firs X 0 C
Acer p/atano/des/ Norway maple X  Acer negundo
Acer rubrum red rﬁaae C
Acer saccharinum silver maple C Y o
Acer saccharum sugar maple C - - .
Betula alleghaniensis yellow birch gy X ? iy
Betula lenta black birch X ?
Betula nigra river birch X ) R -
Betula papyr/'feré paper birch -
Carya spp. hickories . X Quercus nigra, Q. stellata, Ulmus spp.
Fagus grandifolia American beech C C T - N
Fagus sylvatica A European beech X X N a o
Fraxinus americana white ash 2 C T
Larix laricina ) larch C C ) o
Liquidambar styrgac/f/ua_ % sweetgum e c  C = _
Picea spp. spruées 0-C P glauca, P mariana do not graft.
Pinus cembra var. sibirica Sberian stone pine c o o
Pinus j_'effreyi o Jeffré); 7p7i'ne £ =
Pinus strobus white pine C ¢
;Dinus;pp. pines B e varies  varies R many_g;éﬁ within species
fTopu/Es spp. 4 aspens, cottonwood X G el
Quercus acutissima sawtooth oak B X
Obércus alba white oak R 0-C X OLEUS rubra
OuercLs macrocarpa bur oak R i R-C R—E — R
Quercus spp. oaks R R-C varies mostly other oaks when it happens
Rhus copallina , winged sumac Q
Robinia pseud_ogcréﬂc-/;a black locust X Sl
Sassafras albidum sassafras n G
Sophora japonica Japanese pagoda tree X o
Tilia americana basswood s ¥ N T
Tilia spp. lindens 7 I
Tsuga canadensis eastern hemlock RTENG: C

Ulmus spp. elms X C;rya spp.
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F1GURE 5.14. Some trees prefer not to mingle their roots with
each other under any circumstances. They will go out of their
way to avoid it, especially if they are of the same species. Trees
1 and 2 are peaches, 3 through 7 are apples, and 8 is a sweet
cherry. Note that the apple and sweet cherry are mingling,
though the apple has few rootlets on the side of the cherry.
Adapted from Kolesnikov, 1971.

because of specific replant disease (see box 5.2).
However, since individuals of the same species have
the same resource requirements, they compete
more intensely with each other than with trees of
different species. Fruit trees tend to be very
demanding of nutrients; so avoiding competition
may contribute to a lack of desire to commingle
roots. When planted densely, loners make greater
use of the subsoil at an earlier age than less densely
planted trees, if the soil allows.”!

We need much more research to gauge how much
intermingling is too much and how much trees can
tolerate without losing productivity to root compe-
tition. Do the required root areas of trees add
together or “fold” into one another when we are

ECOLOGY

Species A

Species B
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F16URE 5.15a—c. Do root areas add or fold together in polycul-
tures? Assume species A and B each have a 30-foot root diam-
eter when grown alone (a: 706 sq. ft. root area each; total for
two trees 1,412 sq. ft.). What happens when they grow close to
each other? Do the root areas overlap (b: exclusive root area
538 sq. ft. each, shared area 168 sq. ft. each, total area 1,244 sq.
ft.)? Or do they just shift their root areas away from each other
(c: resulting in the same root areas as diagram a)? Obviously it
depends on whether the species are minglers or loners. In
either case, it would be good to know to help us design most
effectively.

designing polycultures (figure 5.15)? Our expecta-
tion 1s that loners such as apples or peaches planted
in monoculture will have additive root areas, while
minglers will fold together to some degree, allowing
denser plantings without sacrificing production. We
still have much to learn to work out the practical
specifics of these interactions. The rooting patterns
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Box 5.2: Specific Replant Disease

Specific replant disease (also called apple decline,
peach tree short life, and so on) is a mysterious
syndrome that reduces tree vigor and shortens
tree life when the same species or type of fruit
grows in the same spot for more than one gener-
ation. The problem mainly affects large-scale
growers, but it can cause problems for backyard
orchards, too. The causes are unknown, symp-
toms vary from one place to the next, and the
effects last in soil for up to fifteen years. Both
biological and nonbiological factors appear to be
involved in this problem, but the combinations of
factors appear to vary with different crop species
and regions.”

If you ckpcricncc reduced vigor in trees planted
where similar crops grew previously, moving the
new trees can lead to recovery. The easiest preven-
tive measure is to rotate your tree crops. Plant
stone fruits (cherries, plums, prunes, peaches, apri-
cots, nectarines) and pome fruits (apples, pears,
quinces, hawfhorns) in different places in each
generation. Since animals probably dispersed these
fruits far and wide in their natural setting, tree
rotatfon mimics this natural disease-avoidance
strategy. Researcher Dr. Elaine Ingham claims
that specific replant disease results from changes
in the soil food web as fruit trees mature, and
that reinvigorating the soil food web will prevent
the disease.” Work at Pennsylvania State
University indicates that root nematodes
transmit some forms of this disease. Planting
cover crops of mustard family plants such as rape
can reduce the nematode population.

of the various species can guide our design choices
in this regard, but factors besides plant genetics help
determine these patterns. Unfortunately, we know
little or nothing about such root behavior among
the vast majority of tree crops. Which species are
loners, which are minglers, and which are bonders?
It would be nice to know.

Rooting Patterns and Depths Vary by Tree Species
and Soil Conditions

Tree rooting patterns fall into three primary cate-
gories: taprooted, heart rooted, and flat rooted (see
figure 5.16).* These three types have variations
within them, with taprooted trees growing lateral
roots to variable degrees, .and flat-rooted trees
growing short taproots or vertical roots called
sinkers or strikers to a greater or lesser extent.

Of the 122 native trees cataloged by landscape
architect Gary Hightshoe, not quite half are flat
rooted, while about 30 percent are taprooted and
another 30 percent are heart rooted. About 10 per-
cent show more than one root type.” Whether these
percentages hold for nonnative plants is another
question. Species in the same genus (e.g., most hick-
ories) often show similar root patterns. However,
related species may also have completely different
rooting patterns as one way they distinguish niches
from each other (e.g., bur oak is taprooted while
other oaks are heart or flat rooted). Only 9 percent
of native trees cataloged by Hightshoe spread vege-
tatively, almost all of these by suckering.

Vegetative dispersal patterns arise from three
methods: rhizomes, stolons, and root suckers.
There 1s some confusion about these terms, and
their use in the botanical literature varies, particu-
larly with regard to shrubs. A rhizome is a modified
stem that grows horizontally below the soil surface
and from which new roots and shoots sprout;
mints spread via rhizomes. A stolon is also a stem
that grows horizontally from the mother plant and
from which new shoots sprout and root, but stolons
grow either on or above the soil surface, as in the
case of strawberries, or above the soil but below the
litter layer, as poison ivy sometimes does. Root
suckers are shoots that grow from a true root
belowground, either at the base of the plant or away
from it. In this book, including the “habit” and
“root pattern” columns of the Plant Species Matrix
in volume 2, we call any woody rhizomatous or
root-suckering plant a suckering plant if its shoots
arise away from the base of the stem. These plants



198 PART TWO: ECOLOGY

Heart root

FIGURE 5.16. Basic tree root patterns include taprooted, heart rooted, and flat rooted, but patterns vary from there. Adapted from

Kimmins, 1997, and Kolesnikov, 1971.

have a thicket-forming or mat-forming habit. We
also use the term stoloniferous when referring to
root patterns, but stoloniferous woody plants may
also have either thicket-forming or mat-forming
habits. When a tree’s extra shoots form only near
the base of the stem, we say it has a sprouting habit,
whether those sprouts arise from a rhizome, a root,
or the crown of the plant (in shrubs, this is called a
multistemmed habit). A number of trees we discuss

in this book are suckering, .including American
plum (Prunus americana), black locust (Robinia
pseudoacacia), pawpaw (Asimina triloba), American
persimmon (Diospyros wvirginiana), and sassafras
(Sassafras albidum). The best examples of sprouting
trees are the lindens (7%/a spp.).

While genetics may strictly determine root pat-
tern in some plant species, soil and “social” condi-
tions may carry more influence in other, more
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1 foot

F1GURE 5.17. Bur oak (Quercus macrocarpa) prefers
to grow a taproot, as shown at right. The species
attempts to retain its taprooted growth habit
even in the face of dense or impervious soil hori-
zons, but eventually adapts to its conditions
(left). Squares are 1 foot (30 cm) per side. Adapted
Sfrom Crossley, 1940.

adaptable species. Even in species with flexible root
patterns, juvenile tree roots express a characteristic
form that adapts to soil conditions only after a set
time that, again, varies by species. Hence, bur oak
struggles to express its taprooted nature well into
“adolescence” even in heavily compacted soils, but
eventually it adapts to become more heart rooted
(figure 5.17), while red maple roots adapt to soil
conditions almost right out of the seed.” These dif-
ferences in rooting habit and root-pattern flexibility
influence the distribution and success of the species
in different environments. Unfortunately, we know

little about the rooting ecology of most trees,
shrubs, and herbs.
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We do know that these factors influence tree
rooting patterns and depth:*’

* Physical barriers, such as compact layers or
unfractured bedrock, limit rooting depth (figure
5.18).If a layer is unfavorable and roots can get
below it, they may proliferate in the deeper
layers (figure 5.19).

* Roots tend to branch more often in fine soils
than in sandy soils, though clay soils can
become limiting.

* Wetness or poor soil aeration kills roots due
to lack of oxygen and the buildup of toxic

compounds and hence can also limit rooting
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FiGure 5.18. White mulberry is a heart-rooted tree and a min-
gler. Here it encountered resistant horizons at 6 feet (1.8 m),
which it penetrated only in one place. Though its roots grew
into the fencerow at right, it put more energy into growing
into the available soils at left. Adapted from Bunger and Thomson, 1938.

depth. Seasonal high water tables that limit
rooting depth can lead, paradoxically, to
drought stress during periods of low rainfall
because roots are shallow.

Cold soil temperatures slow root growth, so
that deeper layers in cooler climates may not
have as many roots as upper layers, which warm
faster in the spring. The opposite may be true
in southern areas: deeper layers may not freeze,
and therefore deep roots may grow all winter.
Fertile soil speeds root growth and can either
promote more fine roots at all depths, or lead to
root growth only in the fertile layers. Infertile
soils slow root growth and foster shallow fine-
root systems. If water is very scarce, however,
there may be no root pattern differences
between fertile and infertile soils.

Interactions with other plants, such as root
grafting, avoidance, and allelopathy, will change
root patterns. Competition or the dynamics of
the soil food web can limit tree roots to deeper
layers or prevent them from growing into a par-
ticular area (notice the fencerow to the right side
in figure 5.18). Dense planting, especially a
monoculture of loner trees, pushes roots to grow
into deeper layers if they can. Whether that is a
good thing depends on soil, water, and climate

conditions.

» Chemicals in the soil, such as aluminum and
manganese toxicity from acid rain, may limit or
alter root growth. Damaged or poorly developed
soil food webs can lead to poor decomposition
of pesticides or of natural wastes from plants
and soil organisms. These chemicals can inhibit
root growth.*

Dry-summer climates can induce deep rooting as
plants search for water, while plants in regions
with frequent summer showers may tend toward
shallower root systems. John Weaver’s work with
native prairie perennials and vegetable crops
showed very deep rooting, deeper than many
reported tree-root depths in more humid cli~
mates. Weaver concluded that the high evapora-
tion rates and dry summers of the prairie induced
these deep rooting habits: “the amount of water
lost from the aboveground parts reflects itself in
the development and extent of the absorbing
organs.” We must take climatic and soil factors

into account when comparing root-pattern data.

Irrigation can induce shallow rooting, according
to some authors, while other research indicates
that consistently irrigated crops send their roots
deeper, and light irrigation does the opposite.*
When released from water stress, apparently
plants will seek nutrients wherever they can
find them.
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FIGURE 5.19. Even Lf restrictive layers are present (layer B1), tree roots can sometimes proliferate below them. Each circle on this
drawing represents an apple tree root where it crosses the wall of a soil pit in an orchard in upstate New York. Adapted from Ostamp and

Batjer, 1932.

* Plants growing in full sun have more energy
available to promote deep rooting than do those
growing in partial or full shade.

Under good soil conditions, tree roots will grow as
deep as 50 feet (15 m),*" and they commonly grow to
depths exceeding 10 to 12 feet (3 to 4 m) when they
can and the right species are present. Researchers
have found apple tree roots extending deeper than
12 feet (4 m), though some authors claim apples are
shallow rooted. How do these findings fit with the

other findings that most roots lie within 2 to 3 feet
(60 to 90 cm) of the surface? Are these deep roots as
unimportant as some authors suggest?

Deeply Rooted Trees Do It Better

A.T. Sweet did a lot of digging in his day. In the late
1920s he spent several years assessing apple orchards
on different soils in the Ozark Mountains of
Arkansas and Missouri, and then later in western
New York. Oskamp and Batjer complemented his

work with extensive investigations in New York a
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few years later.®? They all correlated the productivity,
health, and longevity of apple trees with the charac-
teristics and layering of the various soils in which
the trees grew. They found that most apple roots
grew in the upper soil horizons. However, trees that
were able to send even a small percentage of their
roots into deep, aerated, moist-but-not-wet soils
grew larger, survived longer, produced more, and
produced more consistently than trees growing in
soills with a limited rooting depth. The deeply
rooted trees withstood the vagaries of weather,
insects, and discase more effectively because they
had access to more resources (water and nutrients),
were able to store more resources in their deep root
systems, and may have been able to grow roots all
winter in the deep soil layers. They probably also
suffered less competition, as well, since these mono-
culture plantings of nonmingling tree roots were
sure to create stress if the trees could not avoid each
other and get their needs met at the same time.

An interesting support to these results is that
researchers have found that at least some deeply
rooted trees can practice “hydraulic lift” during a
drought: the trees pump water from their deep
roots up to their shallow roots and the soil around
them at night and then draw on these reserves
during the day.* Since we know that all roots, not
just fine roots, absorb water and nutrients, we know
that deep roots can function to meet these needs.
“The deeper portions of the root system are often
particularly active as the crop approaches maturity.
Nutrients absorbed by them may produce a pro-
nounced effect both upon the quantity and quality
of the crop yield.”**

So it appears that deep soils are important for
healthy, productive trees even though most roots
grow near the surface. Deep soils allow deeper
rooting, and therefore better nutrition and mois-
ture supplies, and therefore higher and more stable
yields, healthier and longer-lived trees, and better
nutrient cycling for the system as a whole. Shallow
soils have the opposite effects, and trees planted in
them need more space to reduce competition.

Research supports the supposition that manually
deepening shallow soils before planting trees offers
major benefits.*

Shrub Root Patterns: Same as Trees, Plus

Thicket Formers

Most of the points discussed about tree roots also
apply to shrubs: most roots stay in the top layers;
plants express different root patterns depending on
some mix of genetic, climatic, and soil factors; roots
grow on a different schedule than shoots; and
deeply rooted plants resist the vagaries of weather
and other stresses more effectively. Shrubs tend to
exhibit the same tap-, heart-, and flat-rooted pat-
terns as trees, except that more shrubs grow shallow
root systems, and they more frequently grow into
thickets by being stoloniferous or suckering (see
figure 5.20b and ).

Gary Hightshoe’s work indicates that over 80
percent of native shrubs are flat rooted, less than 20
percent are heart rooted, and only 5 percent are
taprooted, with around 5 percent exhibiting more
than one pattern.® Over 50 percent of these native
shrubs spread by stolons or suckers, some more vig-
orously than others. Therefore, when in doubt, it is
probably a safe guess that a shrub has shallow lat-
eral roots. You can tell by the way a shrub grows
whether it is spreading vegetatively.

Suckering or stoloniferous shrubs tend to form
thickets and frequently develop beautiful rounded
forms in oldfields as they spread outward from their
point of origin. Shrubs use these vegetative expan-
sion strategies to expand their territory into high-
competition grassland or meadow environments.
Unfortunately, much of the literature on shrubs calls
them stoloniferous even when they are actually rhi-
zomatous or root suckering or vice versa. While the
growth patterns resulting from rhizomatous
stoloniferous, and suckering habits are more or less
the same, underground rhizome barriers may not
hold back stoloniferous shrubs as easily as they do
rhizomatous or root-suckering shrubs, so the dis-
tinctions can be important for design.
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Adventitious or secondary roots propagate from
places other than the primary seed root or primary
root crown, such as on branches or branch tips that
touch the ground or become buried (as is the case
for currants, gooseberries, and raspberries; see
figure 5.20e), or as “innies” growing from the root
crown or main roots. Floodplain trees such as
pawpaw (Asimina triloba) can grow adventitious
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Ficure 5.20a-F. Kinds of secondary and

expansive root systems of trees and

shrubs. Rhizomes (a) are modified stems

that spread belowground; roots and

shoots grow from them. Stolons (b) are
branch tiplayered  also modified stems; they creep above-
ground or under mulch, but above the
soil; roots and shoots grow from them.
Root suckers (c) are shoots that sprout
from true roots away from the main stem
of a plant. Sprouting plants (d) grow new
shoots from the base of the stem or root
crown. Layering (e) occurs when stems or
branches root where they touch ground.
Tip layering (f) is when a branch tip roots
where it touches the ground.

roots from stems buried by flooding. Shrubs root
from branches and stems more frequently than
trees. This fact makes various forms of layering a
means of plant propagation both naturally and for
human purposes. Layering works well with goose-
berries and currants (Ribes spp.), for example.
Shrubs that grow adventitious roots also frequently
form thickets.
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FIGURE 5.21. Mature taproot system of a ten-year-old horse-
radish plant (4rmoracia rusticana) growing in semiarid condi-
tions and deep soils. Adapted from Weaver and Bruner, 1927.

Since shrubs proliferate during midsuccession
and after disturbance, it makes sense that many of
them use vegetative propagation strategies to com-
pete with grasses and forbs. Allowing thicket for-
mers to form thickets within reason will reduce our
work in management and reduce stress on the
plants that want to grow that way. The challenge is
finding ways to make these patterns work for us
rather than complicating maintenance.

TuE RooTts or HERBS

In contrast to trees and shrubs, one would think
herbs would have much less flexibility when it comes
to reaching out to find supplies. Their diminutive size
and limited resources restrict their ability to go where
no root has gone before, or at least it would seem that
way. Surprisingly, the few studies on herbaceous
perennial roots that our research turned up indicate
these plants really can go places, both deep and wide,
if they want. Yet only certain root structures allow
widespread resource gathering, while others promote
a “stand-and-deliver” approach. Understanding these
structures will help us effectively partner perennial
plants in our polycultures.

Roots, Rbizomes, Tubers, Corms, and Bulbs:

A Brief Anatomy

Herbaceous perennial roots come in six basic pack-
ages, divided into roots and rootstocks. Roots take
two different forms (taproots and fibrous roots),
while the four kinds of rootstocks are actually mod-
ified stems or leaves. We shall briefly define each
kind of root system and list a few of the better-
known edibles that use them:

« Taproots, like their woody cousins, drive strongly
downward, with secondary roots radiating out-
ward from the central tap. Often forming as
thick, fleshy storage organs, they usually contain
high amounts of starch, which is why most of our
root crops come from this category, including car-
rots, beets, parsnips, parsley, horseradish (figure
5.21), burdock, dandelion, chicory, and ginseng.



Structures of the Underground Economy 205

0.5 foot
(15 cm)

-—

FiGurE §.22. Fibrous roots of a three-year-old strawberry
(Fragaria virginiana) in June after flowering and fruiting, in
semiarid, deep soils. Adapted from Weaver and Bruner, 1927.

* Fibrous roots divide into a cluster immediately
upon leaving the root crown. They are sometimes
thin and numerous, sometimes fleshy and thick,
often creating a dense root-ball. We don’t usually
eat the roots of these plants, unless the fibrous
roots grow from a rootstock. Fibrous-rooted plants
include strawberries (figure 5.22) and rhubarb
(figure 5.23). Some fibrous roots swell into thicker
storage organs, as in comfrey and daylilies.

* Rhizomes develop from modified stems creeping
horizontally through the soil. Roofs and shoots
sprout from the rhizome, and “leaves” on this
“stem” usually take the form of scales that protect
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F1GURE 5.23. Fibrous roots of a four-year-old rhubarb (Rheum x
cultorum) plant grown in deep, semiarid soils. Some of the roots
grew beyond 10 feet (3 m), but the plant has many absorbing
roots near the surface, t00. Adapted from Weaver and Bruner, 1927.

the rhizome from the soil environment., Many
woodland plants use rhizomes to creep around
and find resource patches in the forest, creating
large networks of seemingly separate plants.
Though the rhizomes themselves may be at or
near the soil surface, the roots can extend rather
far down. Examples include asparagus (figure
5.24), ginger, licorice, and cattails.

* Tubers, technically the swollen tips of rhizomes,
compose several of our common root crops and
some good uncommon crops as well. Potatoes,
sweet potatoes (figure 5.25), groundnuts, and
Jerusalem artichokes all have tubers.
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F1GURE 5.24. Rhizome and roots of a six-year-
old asparagus (dsparagus officinalis) plant
grown in deep, semiarid soils. Not all of the
very numerous main roots are shown. Adapted
from Weaver and Bruner, 1927.

FIGURE 5.25. Sweet potato (Ipomoea batatas)
tubers and roots in late July in deep, semiarid
soils. Adapted from Weaver and Bruner, 1927.

1 foot
(30 cm)




Structures of the Underground Economy 207

FIGURE 5.26. A jack-in-the-pulpit (drisaema triphyllum) corm
and some of its roots. Corms are swellings at the base of the

stem. Adapted from Llliott, 1976.

+ Corms grow as a swelling at the base of a stem.
Few well-known edibles fall into this category,
though a few native edibles do, like taro (a
better-known tropical food), jack-in-the-pulpit
(figure 5.26), and spring beauty.

« Bulbs, made of layers of fleshy leaves that store
nutrients and water, frequently produce a
fibrous root system from their base. Most know
bulbs such as garlic and onions, while nodding
wild onion (figure 5.27), ramps, Turk’s-cap lily,
and wood lily are less well-known.

We recommend two things here: finding a copy of
Douglas Elliott’s Wild Roots for excellent illustra-
tions of many edible and medicinal roots and root-
stocks, and carefully excavating a few plants once in
a while to get a picture in your mind of the entire
organism with which you are dealing.

Run, Rbhizome, Run: Horizontal Patterns

A plant’s root form is integral to, and strongly influ-
ences, the plant’s means of dispersal. It affects the
horizontal patterns within which the plants grow. In

FIGURE 5.27. Onions, like this nodding wild onion (4ifium cer-
nuum), form bulbs that consist of modified leaves as storage
organs. Adapted ' from Weaver, 1919.

this regard, we could say that rhizomes run, bulbs
divide and conquer, tubers mass, taproots scatter,
fibrous roots clump, and corms colonize.

Not all rhizomes run. Some walk, some crawl,
some cruise. Some die at the back end as they grow
forward. Others just continue to amass stems and
roots along much of their length, forking and
reforking into a crowd, or a smattering, of leaves
and stems that seem like different plants (see figure
5.28). Linking disparate parts of themselves with

~ thizomes, and sometimes stolons, allows the herbs

to cobble together a living on the forest floor, gath-
ering water from one place, nitrogen from anether,
and sunlight from another. They may also move
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Frcure 5.28a—c. Rhizomes like these run in different patterns,
rooting and shooting along the way. If shown, o indicates the
locations of leaves or shoots; dashed lines the locations of
roots; numbers the number of roots along a segment; and dots
the end of an annual growth increment. The “dead source” is
the origin of growth. The varied locations of these different
organs help the plant cobble together a living on the patchy
forest floor. Species shown: a) vanilla leaf (dchlys triphylla), b)
queencup (Clintonia uniflora), c) starflower (Smilacina stellata).
Adapted from Antos and Zobel, 1984.
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like a slow-moving brush fire, using up resources in
one area and then moving on.

Bulbs divide, and redivide, and redivide, often
forming large patches or masses of separate but
related plants—one big, happy family. Hillsides in
Vermont sometimes have delicious ramps (A//ium
tricoccum) growing in huge patches up to 30 feet
(9 m) in diameter. The solid, rich green carpets
scatter here and there along the slopes in the dappled
light and late spring snow. The more they divide, the
more they conquer, and more power to them!

Tuberous plants often grow in masses as new
shoots sprout from tubers each year, creating more
tubers, which then sprout. Jerusalem artichoke
(Helianthus tuberosus) is a classic example, one that
some people have found rather pestiferous. Once
these babies get their tubers full of stored sunlight,
they are hard to get out of the ground, and any little
piece you leave when you dig can come back to
haunt you (pleasantly, we hope!). The easiest time
to eliminate Jerusalem artichokes, or any tuberous
plant if you should want to do so, is usually in
summer after the rush of spring growth is com-
plete, preferably during flowering. Then the roots
are piddling affairs, easily uprooted and lacking
persistence, at least in Jerusalem artichoke’s case.

Taprooted herbs frequently have no means of
transport except by seed, hence they scatter. Many of
these plants are biennials; a number are vines. Many
belong to the parsley family (Apiaceae, formerly the
Umbelliferae), whose umbels of numerous tiny
flowers become umbels of numerous tiny seeds.
Others of this root type derive from the aster family
(Asteraceae, formerly the Compositae) and have
similar flowering and seeding habits. This seeding
habit usually results in drifts of these plants scattered
among other species.

Clumpy roots make for clumpy plants. Fibrous
roots radiate from a core, the same core from which
the shoots propagate. These clumps enlarge over
time. Many clumpers reach a size and age where
they may benefit from being sliced into two or
more pieces and replanted, if that works for the

particular species. Otherwise they devolve, osten-
sibly leaving room for their seed-born progeny to
take their place.

Corms colonize. They may grow standing singly,
at least to start, but they usually spread into clumps,
masses, or carpets. Animals of one sort or another
probably disperse the small numbers of large seeds
many of them produce, but they often also create
offsets belowground that spread into a colony from
one plant standing alone.

Rooting Depths of Herbaceous Perennials

As figures 5.21 through 5.25 show, most of the cul-
tivated perennial vegetables excavated by Weaver
and friends in the 1920s rooted rather deeply (more
than 3 feet, or 1 m), with the exception of strawber-
ries, which generally root shallowly. Note that
Weaver conducted this work in Nebraska and
Oklahoma, both environments with high evapora-
tion rates, and periods of moderate drought during
the studies. The soils were deep, fertile loams with
no major limiting layers, deeply charged with water
from winter rains, and all plants grew in full sun.
All of these factors promoted deep root growth,
and the plants responded to them. The bulk of
these plants’ roots lay in the upper 3 to 4 feet (1 to
1.3 m) of soil, except for the horseradish, and the
deep rooting almost certainly helped these plants to
thrive in this environment.

Weaver found similar root depths for annual
crops such as corn, beets, lettuce, and carrots under
these conditions.”” Of course, the annuals’ roots
spend less time in deep soil than those of perennials,
and this affects plant nutrition and soil nutrient
cycles. Also note, however, that all of these plants
grew in monocultures, so gauging the effect of poly-
culture conditions on root patterns is difficult.

Root-distribution studies similar to Oskamp and
Batjer’s work with apples in New York, but under-
taken in mixed natural forests, indicate the same
“bulk of roots in the topsoil” reality we discussed
for trees. The problem with these studies is that the
researchers did not separate and identify the roots
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they found by species, and they often did not dig
down very far either, which casts some doubt on
these statements.®® However, that doesn’t help us
design underground polycultures; we need species-
by-species root patterns for that. No one, as far as
we know, has studied the rooting habits of most
forest-garden-type plants in a manner like Weaver
(tracing the roots of individual plants), either sepa-
rately or in polycultures. It is safe to assume that
the soil factors that affect tree rooting patterns will
affect herb roots as well. Beyond that, we have to
punt, using our knowledge of soil and climate fac-
tors and the little we know about herb, shrub, and
tree roots. So how do we pull all of this together
into some reasonably coherent approach to peren-
nial polycultures? Let’s start by looking at a well-
studied natural herbaceous polyculture to see what
we can learn, and then discuss all the implications.

RooTs AND POLYCULTURES:
ParTiTIiONING THE DARK WORLD

We talkéd in chapter 4 about how the species in
resource-sharing guilds divide resources among

" themselves to reduce competition by occupying dif-

* ferent niches in time, space, or kind. Vertical layering
of vegetation aboveground is one manifestation of
this principle. It makes sense that forest plants would
do the same thing regarding soil and water resources.
What evidence of root-system partitioning exists?
Unfortunately, relatively few good studies of root
systems exist anywhere, including for temperate
deciduous forests. On this question, John Weaver
comes to the fore again.

Diwviding the Soil Profile:

Prairie and Mountain Forest Observations

At a time when thousands of men were digging
trenches to defend Europe in World War 1, plant
ecologist John Weaver and his colleagues traveled
the dry Western plains and Rocky Mountains dig-
ging trenches, too. But they were mapping the root
patterns of about 140 prairie, savanna, and forest
plant species. They excavated more than 1,150

individual trees, shrubs, grasses, and herbs in a
four-year period.”

In the case of prairie plants, Weaver did not limit
himself to studies of the plants in isolation. He also
studied natural polycultures. This work showed that
the roots of more than half the prairie plants studied
grew deeper than 5 feet (1.5 m), even as deep as 13
to 20 feet (4 to 6 m; they dug some of these trenches
in clay!). The roots of about half the rest grew to
depths between 2 and 5 feet (0.6 to 1.5 m). The bal-
ance, including most of the cool-season grasses,
kept their roots in the top 2 feet (0.6 m) of soil. The
deeper-rooted plants often had little branching and
tew absorptive roots in the upper soil horizons,
leaving that space available for shallower-rooted
species (figure 5.29). This partitioning of the soil by
plants in the perennial polyculture “reduces compe-
tition and permits the growth of a larger number of
species.”” The species’ root patterns also corre-
sponded to their aboveground life history (or phe-
nology): the shallow-rooted species tended to go
dormant in the hotter, drier months, while the
deepest-rooted species tended to be community
dominants. This evidence of resource partitioning in
a natural polyculture is tantalizing when one pon-
ders the possibilities for designing edible forest gar-
dens. What about forests?

Weaver’s work in the Rocky Mountains included
studies of root patterns in evergreen forests (domi-
nant trees included ponderosa pine, Engelmann
spruce, and Douglas fir). There he found that vir-
tually all the forest plants grew most of their roots
in the top 18 inches (45 cm) of soil. This apparently
confirms reports that most plant roots stay in the
top 2 feet (0.6 m) of soil, even in humid eastern
forests and orchards. Could it be that prairies par-
tition the soil while forests do not? We must be
careful here.

Partitioning Limited Resources

At times during the growing season, the arid cli-
mate of the prairie completely depletes water
reserves in the top 4 to 5 feet (1.2 to 1.5 m) of soil.
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F1GURE 5.29. A natural polyculture of prairie species that functions as a resource-sharing guild. John Weaver found that half of

the prairie species he researched had main absorbing roots deeper than 5 feet (1.6 m), one quarter had them between 2 feet and 5

feet (60 to 160 cm), and one quarter had them less than 2 feet deep (60 cm). The deepest-rooted plants were community domi-

nants in the dry season. ddapted from Weaver, 1919.

But winter rains and spring snowmelt usually
replenish the soil’s water reserves. In addition,
many prairie soils used to have topsoil several feet
deep (until Western agriculture came along), so
roots could grow far down without losing access to
living soil. Thousands of years of coevolution may
have also permitted competitive exclusion to create
niche divergence among associated species.

The evergreen forests Weaver studied grew in the
rain shadow on the eastern slope of the Rockies, so
the climate was also dry. Though soil-moisture
levels were never high in the thin topsoils Weaver
found there, the surface 6 inches (15 cm) held the
most moisture, with the soil getting drier with
depth. Frequent summer showers kept surface
moisture replenished, while the trees reduced soil
temperatures, evaporation, and air movement so
the surface wouldn't dry out. As Weaver said, “in
general root position conformed strikingly with the
distribution of soil moisture.””* The obvious vertical
soil partitioning of the prairies and the associated

aboveground plant behaviors, as well as the surface
roots of the mountain forest plants, reflect a
response to a primary resource that is commonly
scarce—water. So, does similar soil-profile parti-
tioning happen in humid-climate forest soils?
Given the paucity of serious studies like Weaver’s
in humid forest environments or any sort of humid
perennial polyculture, we can only speculate and
offer general guidelines at best.

Possibilities of Partitioning in Humid Forests

Obviously, a humid climate will not have the same
resource limitations as an arid climate. We know
that temperate deciduous forest soils tend to accu-
mulate more nutrients than the plants need in a
given year, and that more abundant rainfall is avail-
able to these forests. Therefore, the pressure to sep-
arate niches should be less than in the prairies. In
some cases, there may be a primary limiting factor,
such as water or nitrogen in sandy soils. In others,
a mosaic of limiting factors may change over time.
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Ficure 5.30. The soil zones available to flat-rooted (A), heart-
rooted (B), and taprooted (C) trees. Good polyculture design
will maximize the soil zones used while minimizing competi-
tion between species by partitioning soil resources.

Therefore, resource partitioning will likely take
place in a different form or may be muted. Even so,
there will be some benefit to reducing competition
between species by partitioning resources. What
might it look like?

The limited vertical space available in mostly
thin deciduous forest topsoils compresses, and
probably diminishes, opportunities for partitioning
of the soil profile by roots. Yet annual plants from
early succession within the eastern deciduous
forest region have been shown to partition the soil
profile in both time and space.” In addition, anec-
dotal evidence suggests that at least some native
forest trees locate their main lateral roots in spe-
cific soil horizons.” Do some run their root fans
into the O horizon, while others prefer the A
horizon? The only note Norbert Scully made
about the root pattern of any particular species in
his Wisconsin root distribution study was that the
roots of the vine Virginia creeper (Parthenocissus

quinguefolia) grew almost exclusively in the upper
part of the E horizon.” What other species, if any,
have similar preferences? If we knew such things,
they would help us design polycultures more effec-
tively. Shovels, anyone?

In addition, the different patterns of tree, shrub,
and herb root systems discussed earlier offer the
possibility of vertical partitioning. Taprooted trees
use the soil surface to a large degree, and they put a
large percentage of roots into deep soil. Heart-
rooted plants most often use a shallower portion of
the profile than taprooted plants. Flat-rooted
plants use the shallowest (see figure 5.30).” Besides
helping us match our tree selections to our sites,
this information may help us mix root patterns for
reduced competition and fuller use of the soil pro-
file. The different herb root types probably use ver-
tical and horizontal space differently, as well. All of
these rooting variations probably complement each
other in various combinations if soil conditions
permit (see figure 5.31). Yet we still do not have
much decent information on the rooting habits of
most of the useful edible-forest-garden plants, nor
many replicates of the good data we do have to
determine species variations under different condi-
tions. Shovels, anyone?

The intermingling of roots of most forest trees -
might make it appear that trees do not-partition the
soil much horizontally. However, it is likely that
horizontal partitioning does take place. It is just a
question of at what scale. Two trees may have main
laterals in the same space, but where and when do
they put out their fine root fans? Proper spacing of
plants is a simplistic approach to partitioning the
soil horizontally—one that works. If we get more
sophisticated about it, what limits might we be able
to push? How much more productivity might we
gain? If plants partition the soil and the above-
ground layers vertically, then we should be able to
pack them more closely horizontally, until we start
running into limits set by light and shade tolerance,
as well as total-system water and nutrient demands.
This would allow the root areas to “fold” into one
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Asparagus fibrous, rhizome
Chamonmile fibrous, rhizome
Chicory taproot

taproot

Dwarf comfrey

European pear

Giant Solomon’s
seal

fibrous fleshy
flat root with sinkers

1
2
3
4 Dandelion
5
6
7 fibrous, rhizome

8 Good King Henry taproot

9 Jostaberry heart root

10 Mahalamat flat root

11 Miner’s lettuce fibrous
and chickweed

12 Ramps bulbs

13 Strawberry fibrous

14 Strawberry saxifrage stolons
stolons, fibrous

F1Gure 5.31. This polyculture of trees, shrubs, and herbs shows mixtures of root types in one small space. The species and scheme

are adapted from figure 2.14’s microforest garden (page 44).

another, rather than to add together linearly. Again,
we need more observations to help us test these
theories and to begin to develop guidelines for
design. Shovels, anyone?

There is good evidence of partitioning in time by
spring ephemeral plants, and possibly by the pulses
in growth and shedding of the ephemeral roots of
trees and shrubs. What are the growth and shedding
cycles of various plants with different rooting strate-
gies? Do herbaceous perennial roots pulse to max-
imum extent at their time of flowering, followed by
dieback (as with ephemerals), or is the opposite per-

haps the case, as plants use up resources stored in
their roots to flower and go to seed? We know that
the storage organs of perennial herbs tend to grow
through the season as winter approaches. If so, the
shared soil mass in a polyculture of herbs might
have successive waves of roots from different plants
over the growing season, waves that relate to the
aboveground phenology and survival strategies of
the plants. Might it be useful to plant companions
with our tree or shrub crops whose roots grow and
die in such a way that our main crops have the least
root competition, while still gaining the benefits of
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dynamic accumulation, beneficial insect attraction,
and additional crops?

Animals can more easily diversify niches by kind
than can plants, since they can adapt to use resources
at different levels of the food web. However,
dynamic accumulators and nitrogen-fixers offer
some possibility of partitioning by kind, as they may
depend on a slightly different suite of nutrients than
their neighbors. They may also reduce competition
in the system as a whole over time by improving soil
fertility and reducing scarcity. The disproportion-
ately high nutritional content of understory vegeta-
tion adds to this line of thinking, since canopy trees
might, in relative terms, need fewer nutrients even as
they require more water in response to their full sun
exposure.

Despite the lack of information on root-system
complementarity, it would appear that mixing plants
with different root pattern types, aboveground phe-
nology, and nutritional profiles will lead to fuller use
of the soil profile—and hence, reduced competition
and increased production. We must guess quite a bit
about these realities at this point, but educated
guesses are better than random choices. At least we
have an opportunity to test them, learn from them,
and refine them.

Encines oF THE UnpeErGrROUND EconomY

Now that we have at least some understanding of
how and where the roots of plants live under-
ground, let’s briefly review how they act as the
engines of the underground economy and extend
what we have already discussed.

Nutrients move dissolved in water in the mineral
parts of their cycles, and this makes them suscep-
tible to leaching. Healthy ecosystems conserve and
accumulate nutrients by stripping them from the
soil water and mineral particles and putting them
into three kinds of organic matter—the living, the
dead, and the very dead,” that is living organisms,
active organic matter, and stable humus. Plants and
their photosynthesizing kin, as the ultimate earthly
source of energy that fuels all ecosystem processes

through the organic molecules that store sunlight,”
spawn all of this organic matter. So in healthy
forest ecosystems, nutrients cycle and gather pri-
marily in and on living and dead tissues. This
means that managing nutrients in living systems
fundamentally means nourishing and interacting
with life, not applying chemicals or rock dust.

Plant roots act as pipelines that bring the raw
materials of nutrients and water to green, airborne
factories. The distribution of roots in the soil tells
us that most of the raw materials that plants need
are concentrated in the topsoil under most circum-
stances. However, those few essential roots that
explore the deeper reaches of the dark world stabi-
lize the productivity of the whole system, in part by
replenishing the stores of nutrients lost to the
forces of nature and humanity.

But these pipelines work in more than one direc-
tion. They also distribute energy from the sun to
those places the plants deem fit to spend it.
Different plants spend their energy differently.
Annual weeds direct about 20 percent of their solar
energy into their roots. Grasses direct about 60 per-
cent to their roots. Deciduous and coniferous trees
send about 80 percent of their photosynthate into
their root systems. Plants may exude fully half this
energy into the soil around their roots as sugars,
complex carbohydrates, and proteins.”® Up to 40
percent of a plant’s photosynthate goes' into root
exudates. Why?

Plant Roots and Soil Life:

Mutual Dependence in the Extreme

Root exudates create a booming economy in the
root zone, the area right around the roots of plants
and their mycorrhizal associates. Only a few mil-
limeters to a few centimeters thick, the root zone
contains the most life of any part of the soil: ten to
fifty times the numbers of bacteria and many times
the amount of fungi of soils outside the root zone.”
Between eleven thousand and fifteen thousand
species of bacteria live in the root zone per tea-
spoon of soil, compared to several hundred per tea-
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spoon outside it, and there are several miles of myc-
orrhizal threads per teaspoon of root-zone soil,
compared to several meters per teaspoon outside.”
This commitment by plants of their hard-earned
solar energy to support a bunch of freeloaders down
there in the soil must have a payoff, right> How
important are these little critters to the trees?

Because of this energy transfer, “nutrient retention
and cycling, soil physical structure, and the compo-
sition of the soil community are directly tied to the
presence of plants and (in some cases) to particular
types of plants. This bioregulation of soil processes
and properties by plants benefits plant growth, and
plants and soils become tied together by mutually
reinforcing positive feedback. When trees or eco-
logical equivalent plants are removed from forest
ecosystems for a long enough period, the ability of
soils to support those plants deteriorates.”

In the 1960s, loggers clear-cut a number of
forested areas in the Siskiyou Mountains of south-
western Oregon. Most clear-cuts regenerated well,
but every one of four or five replantings at the
“Cedar Camp” clear-cut failed. Twenty years after
the cutting, ecologists studied the soil structure and
biology at Cedar Camp and found a degraded soil
ecosystem. Cedar Camp soils were structureless,
“like beach sands,” while nearby forests contained
well-structured and aggregated soils with diverse
pore sizes. Greater numbers of bacteria and
harmful fungi, and fewer mycorrhizal fungi, inhab-
ited the Cedar Camp soils. Compounds called
siderophores, which are created by beneficial
microbes and which help plants resist pathogens
and gather iron, existed in much lower numbers.
Populations of mites and other tiny arthropods that
graze on bacteria and fungi were also low.*

The scientists replanted the site, this time adding
about */4 cup (150 ml) of soil from established forests
to the tree holes at planting time. The results were
dramatic (see figure 5.32). “Seedlings given soil from
young forests grew roots faster, formed more mycor-
rhizas and survived and grew better than seedlings
receiving no soil transfers. Soil transfers from older

Ficure 5.32. The Douglas-fir seedling on the left received
150 m] of forest soil in its hole when it was planted at the
Cedar Camp clear-cut; the two at right received none. You be

the judge of the effects on root system growth! Phoro courtesy of
David Perry. Reprinted with permission of the Johns Hopkins University Press.

forests improved seedling growth, but not survival
and mycorrhiza formation. Forest soils (especially
those from younger forests) contained something (or
‘somethings’) that had been lost from the clearcut,
and that loss effectively destroyed system resiliency.”®

The researchers aren’t sure exactly what hap-
pened, in either the problem or the solution. They
hypothesized that the loss of energy from root exu-
dates so changed the food web structure of the soil
community that nutrient cycling caused by grazing
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soil organisms pooping out digested microbes effec-
tively ceased. With no mycorrhizas, the trees had no
other mechanism for gathering nutrients. The loss
of soil aggregates compounded the problems by
altering the physical and chemical structure of the
soil. These and many other factors, including the
harshness of the site, prevented reestablishment of
trees. We don’t quite know how generally we can
apply the results of this work. Some things do
become clear, though.

The mutual interdependence of plants and the
soil community, especially in extreme environ-
ments, is obvious. Soil biology is key to nutrient
cycles and plant health, and plants are key to soil
biology and health. The worse your soils, the more
attention you should pay to soil biology, but even
those of us with decent soils should not garden in
complete ignorance. We disregard the soil commu-
nity at our peril, and our lack of respect can come
back to haunt us. Not only pollution and chemical
additives can damage the soil community, but also
the “simple” change from forest to grassland modi-
fies the soil community immensely, affecting crop
production, crop survival, and our workload.

If the trees are paying so much attention to the
soil microbes, why aren't we? We should not plant
trees. We should plant ecologies.®* This means
polycultures, not only of plants, but also of all the
living elements of a healthy soil food web.

THE SOIL FOOD WEB

With some exceptions, nutrients are input to
ecosystems at rates far below tree growth
requirements, and productivity is closely tied to
nutrient cycling, or the rate at which nutrients

are released from dead organic matter.
—Davip Perry, Forest Ecosystems

Everybody’s interested these days in this notion
of long-term site productivity. I think that once
you scrape away the politics and the rhetoric,

you're going to get down to the fact that the
fauna of the soil is maybe #he most crucial issue
in determining long-term site productivity.

—ANDY MOLDENKE, SOIL TAXONOMIST, AS
QUOTED IN The Hidden Forest, By Jon R. Louma

Each of the thousands of organisms in healthy soil
has its own way of making a living. As with above-
ground organisms, this diversity, paradoxically, ties
these beings together in an interconnected web that
lives and breathes, builds and destroys, grows and
dies. What organisms make up the soil food web,
how do they help us and our plant allies, and how
can we support this web for our mutual benefit? As
we work to mimic natural ecosystems, we must
become savvy to the workings of this most impor-
tant social structure. As motivation for exploring
this unfamiliar territory, let us consider the gifts our
little friends have to give us if we treat them right.

THe Gi1Frts oF A HEaLTHY So1L Foop WEs

When we treat our neighbors and friends with
respect and caring, we position ourselves to receive
the gifts they hold and freely offer to us. These gifts
come from their essence, and they support us at an
essential level. Our buddies in the soil are no dif-
ferent. The following list of seven gifts has been
adapted from the work of Dr. Elaine Ingham.®

Gift 1: Increased Nutrient Retention, Cycling, and
Awailability to Plants

Healthy, happy soils have large, stable, and dynamic
soil-organism “containers” that retain nutrients, as
discussed earlier. For example, bacteria are the most
nitrogen-hungry organisms on the planet, and
fungi can grab and hold up to 95 percent of the sol-
uble calcium in a healthy soil.** Retention of these
nutrients is only half the battle, though.

Once the soil community retains these nutrients,
it needs to release them in the right place at the
right time in the right form. It turns out that our
plant and microbe friends know just how to do this.
If we support them in doing what comes naturally,
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then we don’t have to work so hard at it ourselves.
Mycorrhizas unleash phosphorus tied up in organic
matter and mineral particles and transport it to
plants. Various organisms that graze on bacteria
and fungi release the nutrients stored there. Since
most soil life lives in plant root zones, these nutri-
ents are in the right place. Since these releases come
in the form of mineralized or easily decomposed
bodily wastes, they are in the right form or soon
will be.¥” But what about timing?

Remember the root exudates? Each specific
variety of plant puts out its own unique mix of
sugars, complex carbohydrates, and proteins, which
attract and support a unique mix of soil organisms.
Moreover, the plants vary their menu to encourage
specific organisms at specific times! The plants are
in control of the root-zone community because
they provide the lunch, and that determines the
kind of garbage the guests leave behind. It just so
happens that the lunch guests’ garbage is the plant’s
dinner! The improved nutrient retention and
cycling generated. by a healthy soil food web can
greatly decrease the need for imported fertilizers.
As David Perry notes in the opening quote for this
section, most nutrients enter ecosystems at rates far
below the needs of plants. If we mimic and support
the soil food web, we can reduce nutrient inputs
and rely instead on nature’s recycling system.

Gift 2: Improved Crop Quality

Anecdotal evidence indicates that the improved
nutrition a healthy soil food web supplies creates
healthier, more nutritious crops. Dr. Ingham has
stated that strawberries grown in healthy soil food
webs contain three to seven times more protein than
strawberries from poor soil food webs, and this pro-
tein improves sweetness and flavor dramatically. In
addition, she says that wine grapes colonized with
the wrong mycorrhizas (arbuscular mycorrhizas)
make good wine. Yet when the grapes’ preferred
mycorrhizas (ectomycorrhizas) colonize them, the
grapes not only contain more micronutrients but
also make award-winning wine.®

Gift 3: Pest and Disease Suppression

“In nature, plant disease is the exception, rather
than the rule.” The diverse organisms of a healthy
soil food web include many species that compete
with disease organisms for niche space or directly
consume them. These competitors can mask the
chemical signals given off by plant roots that
pathogens use to find their hosts, physically block
access to plant roots, prevent the pathogens from
getting food resources, or produce chemicals that
inhibit or kill them.” After all, in ecological terms
an enemy of your friend is your enemy, so it makes
sense that organisms dependent on root exudates
would offer some protection to plants.

In a study of cucumber diseases, it took twelve
different beneficial bacteria species to control one
pathogen over the course of one growing season. In
a different growing season, with different weather
and soil conditions, it might take twelve or more
completely different species to achieve control of
this one pathogen.”’ Healthy soil food webs sup-
press diseases and other herbivores by providing
diverse species of beneficials to eat, compete with,
and defeat the bad guys.

‘The vast majority of soil organisms are beneficial.
The good guys tend to have more specialized niche
requirements. Many of them live off root exudates
and cannot live long without plants around. They
tend not to like soil disturbance, lack of oxygen,
excessive wetness, or high nitrate or chemical
levels. Every pesticide tested so far negatively
affects nontarget soil organisms. According to Dr.
Ingham, applying more than 100 pounds per acre
(45 kg per ha) of inorganic fertilizer at once kills off
large portions of the soil food web.”

Meanwhile, the bad guys tolerate a wider range of
conditions, including harshness, disturbance, chemi-
cals, drought, wet, and so on. Many of our standard
gardening practices, therefore, select for the bad
guys. When we try to control them with more harsh
practices, we get more of them in the end. To para-
phrase Edmund Burke, all it takes for evil to triumph
is for the good folks to do nothing, or to just go away.
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Gift 4: Improved Soil Structure: Drainage, Aeration,
Water Holding, Habitat

The not-so-common wisdom says that increased
organic matter content in soil improves the tilth
and structure of the soil, improving drainage, aera-
tion, and water-holding capacity. In reality; it is not
the organic matter content per se but the degree of
aggregation of soil particles that counts. Though
organic matter content s important, soil organisms

are critical for achieving the benefits of good aggre-
gation. We have seen the difference that good com-
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post makes compared to not-so-good compost
when added to soil: good, living compost improves
soil structure much more effectively than dead
organic matter. Why?

It takes the work of many organisms to make
soil aggregates and to shape them into good soil
structure. Tiny bacteria secrete polysaccharide
glues to attach themselves to whatever surfaces they
grow upon. Roots and fungi also secrete polysaccha-
rides. These glues stick soil particles together into
“microaggregates.” Fungal threads bind these micro-
aggregates together into “macroaggregates.” Larger

invertebrates and worms burrow through the

soil, forming these aggregates into visible
crumbs. They also eat soil particles and
poop them out along with more sticki-
ness and more microbes. Each scale of

structure creates “rooms” of different

Fungal

sizes. These rooms provide living
hypha

and hiding spaces for different
organisms, allow air and water to
move in and out more freely, and
at the same time trap more water
more effectively (see figure 5.33).
The high surface area of aggregates
and aggregate interiors improves
nutrient retention by offering more
cation exchange sites.

Ficure 5.33. Soil aggregates consist of
smaller aggregates and soil particles
bound together by organic matter,
microorganisms, and other materials
(all drawn to scale here). They offer
diverse microsites to suit the needs of
various organisms. They hold both air
and water more effectively than non-
aggregated soil and also improve soil
drainage. Microbes are key to creating
them, and microbe populations increase
Actinomycete and diversify in their presence. ddapted from
Sylvia et al., 1998.

50 pm
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Improved soil aggregation also decreases the loss
of soil due to erosion. For soil particles to erode
they must first detach from other particles, and
then they must move. Well-aggregated soils resist
detachment much more effectively, and this makes
the particles harder to transport.

Gift 5: Production of Plant Growth Factors

In the dance of mutual beneficence, both parties get
to play the same game. Plants feed the root-zone
organisms in return for benefits; the more feeding,
the more benefits. Some bacteria produce chemical
compounds that directly increase plant growth,
apparently as a means of getting more root exudates!
These compounds include a variety of hormones,
chelators, and enzymes. Other bacteria—even some
not living inside the roots of legumes—fix nitrogen.
Many of these live in the root zone, using the energy
supplied by root exudates to transform gaseous
nitrogen into the mineral forms plants can use.

Gift 6: Decomposition of Toxic Chemicals

and Pollutants

Who else but the microbes would know how to
degrade the stuft we create? From pesticides and
fertilizers to airborne chemicals “oiling” soils in
urban areas, many pollutants damage the soil food
web, particularly the soil arthropods, nematodes,
and other organisms at higher trophic levels.
Besides the stuff that humans put in the soil, plants,
microbes, and animals also create bodily wastes that
can inhibit growth if they become too abundant.
Creating healthy soil requires the decomposition of
all these toxins. Soil communities with limited
diversity may not contain the organisms necessary
to break down toxins at each stage of decomposi-
tion. A diverse, functioning soil food web contains
sufficient microbes to break them down into just so
much carbon, hydrogen, and oxygen.

Gift 7: A Cleaner Environment
All the gifts above add up to a cleaner environment.
Fewer needed pesticides and fertilizers, better

nutrient capture and cycling, as well as more effec-
tive toxin decomposition all mean less contamina-
tion of groundwater and streams. Reduced erosion
means better water quality as well as healthier soils
and plants. It’s just that simple!

So, just who are these organisms bearing all these
great gifts, and where do they live?

MEeeT Your FrIENDLY
NeicHBORHOOD So1L OrRGANISMS

Soil organisms live within, on, and around plant
roots, in litter on the soil surface, on organic matter
in the soil, on the surfaces of soil particles and
aggregates, and within the air and water in the
spaces between particles.” Like plant roots, the bulk
of the biomass of soil organisms lives in the top
layers of soil, especially the litter layer. However,
Elaine Ingham has found aerobic microbes as far as
10 miles (16 km) below the earth’s surface. She also
says that wherever plant roots go, there goes the soil
food web.”

Bacteria

* These single-celled organisms are usually less
than 4/100,000 inch in size (1 micrometer or
um) and are spherical or rod shaped. Bacteria
and clay particles are about the same size
(figure 5.34). Bacteria attach themselves to
whatever surfaces are available, including the
skin of other organisms.

*-Bacteria work mostly as organic matter decom-
posers, plant mutualists feeding on root exudates,
and pathogens feeding on plant roots or other
organisms. Some “chemical eaters” use nitrogen,
iron, hydrogen, and sulfur compounds as an
energy source, thereby cycling these nutrients
(e.g., nitrifying bacteria, which convert ammo-
nium nitrogen—NH4—to nitrate and nitrite
nitrogen, NOj3 and NO,). Photosynthesizing
cyanobacteria (blue-greens) initiate succession in
bare soil but live in developed soils as well.

* Total bacterial biomass ranges from 1 to 13
tons per acre (0.4 to 5 metric tons per ha) in
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healthy soil—equal to between two and
twenty-six cows!”

* They tend to feed on easily decomposable
organic material (fresh, green matter) or root
exudates, except the dctinomycetes group.
Actinomycetes grow in strands as fungi do and
can digest resistant organic matter (see figure
5.34). Many bacteria decompose toxic organic
chemicals.

* Bacteria store, release, and cycle nutrients, espe-
cially in the root zone; degrade pollutants;
secrete glues that bind soil particles into

actinomycetes

bacteria

ciliate protozoa

clay

hyphae of a saprophytic fungus
mite

mycorrhizal spores and hyphae
nematode

9 organic matter

10 plant root with root hairs

O~ O R W N

11 sand

12 silt

13 water
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0 50 100 ym

FIGURE 5.34. At a larger scale than figure
5.33, one can see how soil aggregates
interact with larger soil life forms,
including plant roots, fungi, and arthro-
pods such as mites. The soil can have
tremendous diversity in a tiny area: while
this drawing encompasses less than 1
millimeter square, it may have sites
ranging from acid to alkaline, dry to wet,

and oxygen rich to oxygen poor. Adapted
Sfrom Sylvia et al., 1998.

microaggregates; compete with disease-causing
organisms; become food for other members of
the soil food web; and produce plant-growth-
regulating hormones, as well as antibiotics.
Some bacteria are pathogenic, but the vast
majority are beneficial.

Fungi
* Most fungi are microscopic multicelled organ-
isms growing in threads called hyphae, which are
20 to 40/100,000 inch (5 to 10 um) thick and a
few cells to several yards long (figure 5.34).
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Hyphae can grow singularly (invisible to the
naked eye), in ropelike bunches called
mycelium, or they can form the fruiting bodies
we call mushrooms. “A single individual fungus
can include many fruiting bodies scattered
across an area as large as a baseball diamond.”
Some fungi grow as single cells, such as yeasts.
Fungi therefore tend to grow in a variety of soil
habitats, including in, on, and around roots, in
the litter layer, through pore spaces, and on
aggregates and organic matter, and sometimes

all of these at once!

Fungi are mainly decomposers, mutualists
(mycorrhizal fungi), and pathogens. Some fungi
trap and kill nematodes, feed on insects, or sup-
press disease-causing fungi. Many can digest
toxic organic chemicals. Decomposer fungi
attack resistant organic matter that other organ-
isms cannot, such as lignin and cellulose in
wood. Some decomposers also act as facultative
parasites, meaning they attack sick or dying
trees and support their death process, though
they will not attack and kill healthy plants, as
do pathogens. Mycorrhizal fungi rarely act as
parasites. Species of all three kinds of fungi fre-
quently prefer certain kinds of wood or trees as

substrates.

Mycorrhizas can strip nutrients, phosphorus in
particular, directly from organic matter and
mineral particles and transport them long dis-
tances to roots. The total surface area of mycor-
rhizal hyphae can be ten to one hundred times
more than the surface area of leaves in a forest.”
They grow most prolifically in the root zone,
where a gram of soil may contain miles of
hyphae, as compared to the yards contained in a
gram from outside the root zone (figure 5.34
does not do this reality justice, as mycorrhizas at
their true density would obscure the roots com-
pletely). “Harvest Mutualisms” in chapter 4
(page 135) discusses mycorrhizas in some detail.
* Most cultivable edible mushrooms are decom-
posers, and many are also facultative parasites.

A few edible mushrooms are mycorrhizal, but
these are very hard to cultivate (see volume 2,
appendix 2 for a table of cultivable mushrooms
and their culture requirements).

Fungal abundance increases through succession,
with forests exhibiting the highest fungal bio-
mass (up to 40 miles of hyphae per teaspoon
[64 km per gram] of soil in coniferous forests).

Because they form an interconnected network,
fungi resist drought better than bacteria, main-
taining growth, decomposition, and nutrient
cycling when bacteria have gone dormant.
Fungi require oxygen: waterlogged or com-
pacted soils cannot support fungi for very long.

Fungi store more calcium than any other soil
organism in the form of calcium oxalate crystals
on their hyphae (figure 5.35). Grazing mites,
springtails, and nematodes make the calcium
available to other organisms.

Fungi decompose resistant organic matter;

store, release, and transport nutrients and water,

F1Gure s5.35. Fungi are critical calcium conservers in soil
ecosystems. They can quickly catch and store large amounts
of calcium by forming calcium oxalate crystals on their sur-
faces. Maximizing fungal biomass in your soil conserves this
highly mobile nutrient that is frequently a limiting factor for
forest garden productivity. Scanning electron micrograph by Alan Pooley,

used courtesy of Kermit Cromack, Oregon State University.
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especially calcium and phosphorus; can strip
nutrients directly from organic matter and min-
eral particles with minimal risk of leaching;
physically bind soil particles and microaggre-
gates together into larger aggregates, thereby
improving soil structure, aeration, drainage, and
habitat; serve as key food sources for other
organisms in the food web; protect plant roots
from pathogens, pollutants, and herbivores;
decompose pollutants; and release organic acids
that weather minerals. Glyphosate herbicide
(Roundup) kills fungi as well as plants.”

Protozoans

* Protozoans are mobile, microscopic, single-
celled animals, several times larger than the
bacteria upon which they primarily feed
(1/5,000 to 1/50 inch, or 5 to 500 pm). All live
within the soil water in pore spaces and the
watery films of particle surfaces. Flagellates, the
smallest protozoans, use one or more whiplike
tails to move their spherical, banana-, or pear-
shaped bodies. Some amoebas can change shape
at will and use this ability to create temporary
“feet” to push themselves around or to encircle
and eat their food. Other amoebas have oval
shells with holes from which they can extend
their feet to move. Ciliates are covered with
very tiny hairs that move in waves like oars for
propulsion. All protozoans require water in
which to live and move (see figure 5.34).
Flagellates eat only bacteria, while ciliates and
amoebas eat bacteria and other protozoans.
Since they eat microbes, they live where the

microbes are, and that’s mostly in the root zone.

Protozoans release nutrients stored in micro-
organisms by grazing upon them; increase
organic matter decomposition rates because
their grazing stimulates bacterial activity; help
control pathogenic bacteria by grazing on them;
become food for larger organisms; and regulate

bacterial populations by predation.
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Nematodes

* These hairlike, nonsegmented worms are 1/500
inch (50 pm) in diameter and 1/20 inch (1 mm)
or less long and not quite visible to the naked
eye (a hand lens helps). Nematodes also live
within the soil water. They are among the most
numerous animals in the world, with up to 10
to 20 million per square meter of surface soil,”
and constitute up to 90 percent of multicellular
soil animals.'” They live and move in soil water
(see figure 5.34).

Nematodes occupy many niche groups. They

act as fungal feeders, bacterial feeders, root
feeders, omnivores, and predators. Plant para-
sitic root nematodes are the most well known

and give the others an undeserved bad name.

Bacterial- and fungal-feeding nematodes release
nutrients when they graze, especially nitrogen,
because they burn a portion of the carbon they
ingest. They also have a higher carbon:nitrogen
ratio (about 10:1) than bacteria (about 6:1), cre-

ating free nitrogen with every mouthful.

Less-disturbed soils commonly contain more
predatory nematodes and fewer disease-causing

species than disturbed or agricultural soils.*

Nematodes regulate the populations of other
organisms by preying upon them; release nutri-
ents from fungal and bacterial storage; control
populations of disease-causing organisms,
including root-feeding nematodes; provide food
for larger organisms; and inoculate soils by car-
rying fungal spores, bacteria, and protozoans on
or in their bodies and dispersing them. A small
number (about 10 percent) of nematode species
damage plant-nutrient and water-transport sys-
tems by feeding on their roots and cause disease

by transmitting viruses in the process.

Soil Arthropods

* The group of animals called arthropods teems
with a wide variety of organisms. In the soil,

these include insects, arachnids (e.g., spiders
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F16URE 5.36. Mites fill a wide range of community niches in both soil and aboveground ecosystems. They grind organic matter,
feed on plants, eat each other, and control populations of other organisms, including pests. They also carry microbes around the

soil habitat and help form soil aggregates by moving through the soil. Adapted from Brown, 1978.

and mites}, crustaceans (e.g., sow or pill bugs),
and myriapods (including millipedes and cen-
tipedes). They range from microscopic mites
and springtails (the Collembola) to millipedes
and centipedes so big you wouldn't want to step
on them. Small arthropods live in the pore
spaces of the soil. Larger ones burrow or live in
the litter layer.

Healthy soil contains many, many species and
numberless individuals of both mites (figure
5.36) and springtails. They are important grazers
of bacteria and fungj and also act as organic
matter shredders. Mites play key predator roles.
A few mites give the rest a bad name by
attacking crop plants.

Arthropod shredders and decomposers include
pill or sow bugs, millipedes, beetles, ants, ear-
wigs, and many insect larvae, as well as mites
and collembolans. Most of these eat feces—
their own and of other animals. Their strategy
s basically to break down organic matter,
moisten it, and poop it out, leaving it for

microbes, protozoans, and nematodes to digest

by the wayside. They will then come along and
eat it again to ingest the released nutrients.
Shredders thus make large or resistant organic
matter available to microbial decomposers and
inoculate the resulting feces—and soil—with
microbes.

Predatory arthropods tend to be larger, though
many mijtes fill this niche. Beetles, both adults
and larvae, compose one of the major kinds of
large invertebrate predators in soils. Centipedes
and spiders also play key predator roles in the
litter and topsoil. These predators help maintain
balance in the food web by controlling popula-
tions of other organisms,

Most arthropods, especially the bigger ones,
engineer the soil by burrowing, creating the
“walls” and “rooms” of soil structure out of
macroaggregates.'” These workers can decom-
press soil squished by feet and some vehicles,'”
though they cannot loosen heavily compacted
soil. The smallest arthropods cannot burrow
effectively and must use the pores created by
other organisms.
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Earthworms and Potworms

Everyone knows what earthworms are; however,
the myths about them do not do justice to their
true food habits. Most people think earthworms
eat only leaf litter or organic matter. Though
they do shred and eat organic materials and
ingest.soll as they burrow, they actually derive
much of their nutrition from the microbes and
small animals that live on and in these mate-
rials. Some earthworms prefer to burrow in
organic layers of soil, some prefer mineral
layers, and others use both. Some create bur-
rows, while others do not.

Earthworms ténd to b(\e more abundant in light
and medium-loamy soils, in irrigated soils, and
in soils with higher levels of organic matter.
They become less common with soil distur-
bance and chemical use.

There has been some recent evidence and con-
cern that exotic earthworm species are now
spreading in the continental United States.
These species rapidly decompose leaf litter, so
the litter layer is disappearing completely in
some forests. This is altering nutrient cycles,
soil microclimates, native plant germination
rates, and bird nesting habitats, among other
things. Please do not release your bait and
vermicompost worms into the environment!
They are most likely exotic species.

Small cousins of the earthworms, potworms or
whiteworms (enchytraeids) grow to %4 inch (15
to 20 mm) or less in size and live as generalist
decomposers and grazers. They help create soil
structure as they move through the soil.
Earthworms and potworms bury and shred
plant residues; stimulate microbial activity by
eating and inoculating soil and organic matter;
mix and aggregate soil; increase infiltration and
water-holding capacity; and provide channels

for root growth.

STRUCTURE AND FUNCTIONS
oF THE So1L Foop Wes

As we did for the aboveground food web, we can
roughly classify soil food web organisms into
trophic levels and community niches by their food
sources and functions (figure 5.37). The organisms
in each community niche perform characteristic
functions that tie them together in a healthy, bal-
anced, functioning ecosystem (see table 5.6).

You will note similarities between the above-
ground food web shown in figure 4.4 and the soil
food web shown in figure 5.37: the spindle shape,
with decreasing diversity as one ascends to higher
trophic levels, and the increasing omnivory as one
moves up the food chain. The functions of the
trophic levels are also similar, though perhaps the
soil food web performs a more complex set.

The numbers of these different organisms vary in
different ecosystems and at different times (table
5.7). More individuals of all kinds of soil organ-
1sms, as well as more species and more functional
groups, typically inhabit forest soils as compared to

104 T'his results in more

agricultural or prairie soils.
diversity and functional interconnection. Soil food
webs with more diversity and functional intercon-
nection offer more of the gifts discussed in the last
section than soil food webs with less. A relative
lack of disturbance over an extended time allows
forest soil food webs to develop more niches and
more links between them. In addition, the ten-
dency for soil fertility to increase as forests mature
provides more resources to support more diverse
soil communities.

Not surprisingly, plant diversity directly affects
soil food web diversity. Since plants form the basis
for the support of most soil organisms through
their root exudates, and each kind of plant supports
a unique flora and fauna with its unique root exu-
dates, the more diverse the plants in an ecosystem,
the more diverse will be the soil food web.'” In
addition, diverse decomposer foods, that is, forest
floor litter composed of various materials from dif-
ferent species, help build diverse soil food webs.
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levels. Each functional group of organisms plays critical roles; we need all of them for healthy soil. Earthworms are generalists
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“Complex litters supported a higher fungal and Though the soil food web is truly an intercon-
bacterial biomass, and a higher abundance of  nected whole, the producer and herbivore levels
nematodes. In particular, abundance and diversity ~ appear to separate into two relatively distinct food
of omnivores and predators were significantly  webs.'” The plentiful “living web” organisms that

higher in complex litters.

»106

live in the root zones of plants depend primarily on
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TABLE 5.6. Community niches and functions of the soil food web. OM = organic matter 4dapted from Natural Resources Conservation Service, 1999.

Niche

Kinds of Organisms/OM

Functions

Producers

* Algae
e Cyanobacteria
e Higher plants

Capture energy and create organic matter.

¢ Capture and store solar energy.

e Create organic matter and add it to the soil.
* Exude photosynthates into the root zone.

Primary Foods

e Fresh and active OM
e Resistant OM

Store and release energy and nutrients.
¢ Provide energy and nutrients to decomposers.
* Store nutrients within and on their surface (cation exchange sites).

o Earthworms

* Ancient OM ¢ Improve soil aggregation, drainage, aeration, and habitat.
Mutualists Enhance plant growth and cycle nutrients.
* Fungi e Protect roots from disease and herbivory.
* Bacteria e Fix nitrogen (bacteria).
¢ Garner nutrients and water for roots.
e Produce plant growth hormones.
e Store nutrients in their own bodies.
e Improve soil aggregation, drainage, aeration, and habitat with binding glues
or fungal hyphae.
¢ Provide food for higher trophic levels.
* Degrade pollutants and chelate toxins and micronutrients.
* Buffer soil pH.
Herbivores; Consume plant roots, especially those of the weak.
Plant * Fungi * Feed on plant roots, root cells, and other parts, promoting disease and death.
Pathogens * Bacteria ¢ Thin the plant community of weak or sick individuals.
¢ Nematodes e Potentially cause significant crop losses.
e Microarthropods « Indicate poor ecosystem balance when overabundant.
¢ Macroarthropods
Decomposers, Break down organic matter. ‘
Shredders * Fungi * Retain and immobilize nutrients in their biomass, preventing feaching losses.
* Bacteria * Create new compounds that are sources of nutrition for other organisms.
¢ Arthropod shredders « improve soil aggregation, drainage, aeration, and habitat with binding glues or
¢ Earthworms fungal hyphae.
* Potworms ¢ Provide food for higher trophic levels.
* Degrade pollutants and chelate toxins and micronutrients.
* Buffer soil pH.
o Convert nitrogen and other compounds into mineral, plant-available forms or
into gases.
» Compete with or inhibit disease-causing organisms.
* Shred organic materials into pieces accessible to microbes.
« Provide bacterial habitat in guts and feces.
« Shredders improve soil structure with fecal pellets and as they burrow through soil.
Grazing Release nutrients by consuming bacteria and fungi.
Carnivores * Flagellates o Release nutrients bound up in herbivores, mutualists, and
¢ Nematodes pathogens as plant-available “waste products.”
* Mites « Limit populations of many root-feeding and disease-causing organisms.
¢ Springtails o Stimulate the growth and activity of fung:al and bacterial populations by moderate

grazing.
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(table 6.2, continued)

e Earthworms

Niche Kinds of Organisms/OM Functions
Omnivores, Control populations and structure soil.
Predators, * Amoebas * Prevent overharvesting of fungi and bacteria by controlling populations of grazers,
Generalists e Ciliates e Larger organisms improve soil structure by burrowing.
* Nematodes e Large organisms carry small organisms long distances, inoculate soil with microbes,
* Mites and promote diversity.
* Arthropods * See page 224 for functions of earthworms.

* Provide food for larger animals aboveground.

wise stated. From Natural Resources Conservation Service, 1999.

TABLE 5.7. Typical numbers of soil organisms in healthy ecosystems. Numbers are per gram (about 1 teaspoon) of dry soil unless other-

A few fungal feeders. A few
predatory nematodes.

Organism Agricultural Soils Prairie Soils Forest Soils

Bacteria 100 million to 1 billion 100 million to 1 billion 100 million to 1 billion

Fungi Several yards. Tens to hundreds of yards. Several hundred yards in deciduous
Mostly arbuscular Mostly arbuscular forest. One to forty miles in coni-
mycorrhizal fungi. mycorrhizal fungi. ferous forests. Mostly ectomy-

corrhizal fungi.

Protozoans Several thousand flagellates Several thousand flagellates ~ Several hundred thousand amoebas.
and amoebas. One hundred and amoebas. One hundred Fewer flagellates.
to several hundred ciliates. to several hundred ciliates.

Nematodes Ten to twenty bacterial feeders. Tens to several hundred. Several hundred bacterial and

fungal feeders. Many predatory
nematodes.

Arthropods (per sg. ft.)  Up to one hundred.

Five hundred to two
thousand.

Ten to twenty-five thousand. Many
more species than in agricultural
sails.

Five to thirty. More in soils
high in organic matter.

Earthworms {per sq. ft.)

Ten to fifty. Arid or semiarid
areas may have none.

Ten to fifty in deciduous woodlands.
Very few in coniferous forests.

plant root secretions for energy, while the “dead
web” decomposers dominate outside root zones.
The dynamic living web includes a wide range of
organisms (mutualists and decomposers) that sup-
port plants in various ways, while the dead-web
microbes exhibit slower growth and more tolerance
for environmental variation, stress, and dormant
periods. Most disease-causing organisms are dead-
web microbes, while most plant-protective organ-
isms are living-web microbes. The majority of
microbes lives in root zones, so grazers and preda-
tors at higher trophic levels that control microbes,
release nutrients, and reduce disease depend heavily
on the living web to support their populations.

Annual plants have a hard time continuously sup-
porting the living web because they die back every
year, while perennials, whose roots sometimes grow
through the winter, keep the living web going year-
round. Perennial plants, especially trees, appear to
be critical for maintaining healthy soil flora and
fauna, so simply using perennials, especially woody
perennials, should help develop and maintain an
active, healthy soil community.

Understanding the functions that the different
organisms play in the soil food web can help us
diagnose specific problems in the garden. A friend
has been adding calcium to his calcium-deficient,
circle-mulched, grass-lane orchard for severa) years,
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yet foliar tests show that it never seems to show up
in his trees. Since fungi store large amounts of cal-
cium as calcium oxalate crystals, it could be that the
orchard soils lack the fungal grazers that would
release this calcium to the plant roets, or that the
trees have insufficient mycorrhizas to transport the
calcium to the roots. It could also be that the cal-
cium is leaching away because, at least according to
Dr. Ingham, grass ground covers favor bacterial
dominance in soil and discourage fungi. We need
more information to assess the problem. We can
obtain it by sending soil samples to a lab to test
both the soil nutrients and the soil food web (see
volume 2, appendix 7 for details).

MaNaGING MycorrHIZAs: A FEw PoINTERS

We can hardly overstate the importance of mycor-
rhizas to healthy ecosystem function. The most
basic and prominent component of the living web,
mycorrhizal fungi constitute up to 70 percent of
soil microbial biomass' and colonize 70 percent to
80 percent of plant species. Researcher and restora-
tion ecologist Ted St. John says:

As the first organ of nutrient uptake, the mycor-
rhizal network mediates nutrient cycling. As the
instrument of rapid root colonization, it determines
the plant species composition of the community. As
the medium of soil structure, it determines the flow
of water, nutrients, and air, directs the pathways of
root growth, and opens channels for the movement
of soil animals. As the moderator of the microbial
community, it determines the metabolic processes
of the soil. In other words, the mycorrhizal network
is practically synonymous with ecosystem function

[emphasis in the original]."”

Known benefits of healthy mycorrhizas include
improved nutrient uptake (especially of phos-
phorus), faster plant growth, increased plant sur-
vival, better drought and disease resistance,
reduction in weed populations, and improvements
in soil aggregation and overall microbiology. Never

measure the success of mycorrhizal development by
plant growth alone, though. Dramatic growth
increases are less likely to occur in the field than in
greenhouse experiments with sterile soil controls.
Even so, the other benefits and the functions myc-
orrhizas perform make them highly important to
forest gardening. Clearly, if we want to mimic forest
ecosystem structure and function, we need to ensure
mycorrhizas thrive. Luckily, that usually isn’t hard.

Most healthy, undisturbed temperate forest soils
contain sufficient fungal hyphae and spores to col-
onize any sterile host plants attempting to establish
in them. Most nonforested soils in forested regions
should have sufficient numbers of spores and active
fungi to colonize sterile host plants, too. Contrary
to the developing mythology about mycorrhizal
inoculants, most sites in the eastern forest region prob-
ably do not need inoculation with mycorrhizal fungi
because native mycorrhizal fungi are already there.
Most mycorrhizal fungi are more selective about
soil and site conditions than they are about plant
host species, so most of our plants should partner
with what is already there. On the other hand, not
all sites have the necessary fungi.

Sites will probably have insufficient native myc-

orrhizal fungi if:

* grading has taken place, especially recently
(earth moving shreds fungal networks and kills
many other soil organisms outright);

» the soil has been tilled or disced two or more
times per year;

* no topsoil exists due to grading or erosion, or
topsoil that was stockpiled for more than a few
weeks has been spread (some spores remain
viable for one to two years, depending on the
manner of stockpiling, but active hyphae die out
quickly without plant hosts);

+ the site has experienced a very hot surface fire
or a fire in the ground;

« chemical fertilizers, pesticides, herbicides, or
other toxics have been applied at any time,

especially fungicides;
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* soils are wet, periodically flooded, compacted,
or seriously overgrazed;

* no vegetation exists, or the land has had long
fallow periods; or

* vegetation consists solely or largely of nonhosts,
such as mustard or goosefoot family plants
(Brassicaceae or Chenopodiaceae) or sedges.
Some authors suggest that annual or oppor-
tunist perennial weeds will have fewer mycor-

rhizas as well.

Some research also indicates that urban and sub-
urban soils have compromised fungal communities
resulting from air pollutants, including elevated
nitrogen levels in polluted rainfall. Further research
is needed to determine the level of damage and
how to make up for it.

Planting radically different plants from the vege-
tation that already exists on site may also be prob-
lematic. An evergreen forest may not have the
proper fungi for herbs and fruit or nut trees, for
example, or a site with diverse deciduous woodies
and herbs may not support fungi for ericaceous
plants such as blueberries and their kin. We would
be wise to group our plants based at least partly on
their fungal associates to aid management and
improve productivity. The basic breakdown here is
between plants that partner with arbuscular mycor-
rhizal, ectomycorrhizal, and ericoid or other more
rare mycorrhizal fungi (see volume 2, chapter 5).

The most common form of mycorrhizal fungi,
arbuscular “Harvest

Mutualisms,” page 135), do not disperse very fast

mycorrhizal fungi (see

or very far. They make their large, hard-to-disperse
spores underground. They move only by growing
into an area through the soil (0.5 to 1 meter per
year when associated with host plants''?) or by trav-
eling on the backs or in the guts of soil arthropods
or earthworms. If a site lacks the right conditions,
arbuscular mycorrhizal fungi may never move in.
While ectomycorrhizal fungi disperse more readily
than arbuscular mycorrhizal fungi due to their
smaller spores, dispersal can take a significant

chunk of time. This time lag after disturbance can
affect plant survival and competition against non-
mycorrhizal weeds. We often create conditions that
militate against mycorrhiza development or destroy
the very fungi we should support.

Consequently, we bear the burden of reinstating
mycorrhizal fungi, especially arbuscular mycor-
rhizal species, when we have caused their decline.
Our gardens also stand to gain the benefits of us
doing so. For example, restoration ecologists have
shown that rapid mycorrhiza development can dra-
matically reduce nonmycorrhizal weed problems,
increase survival after planting, and improve soil
aggregation, drainage, porosity, water-holding
capacity, and biology."" If mycorrhizas are present,
but not in sufficient numbers, such as in urban and
suburban soils damaged by pollution, managing
nutrients and other factors to support the fungi is
probably the best approach. In the other circum-
stances described in the previous bulleted points,
we will probably need to inoculate the soil, the
plants, or both with mycorrhizal fungi. A few
approaches to mycorrhizal inoculation exist,
though as far as we know none have received exten-
sive scientific scrutiny to assure their effectiveness.
Let’s quickly review some key techniques, while
saving how-to details for volume 2, chapter 5.

Since mycorrhizal fungi (especially arbuscular
mycorrhizal species) cannot remain active and
viable without a plant associate, the best approach
1s for nurseries to inoculate their stock and use
practices that maintain mycorrhiza viability
throughout production, sale, and shipping. This
practice is currently rare. However, it provides the
most assurance of mycorrhizal viability after trans-
planting, it increases the chances of plant survival
in the field, and it decreases the need for fertilizer.
It should also improve soil conditions as the fungi
extend into the soil surrounding their partner
plants. We hope that more nurseries will take up
the practice in the coming years.

You can also inoculate by placing soil from a
healthy ecosystem into your planting holes. This
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method has a decent track record of moving native
mycorrhizal fungi to new and deserving plant hosts.
Such “soil inoculation” is, however, also a broad-
spectrum technique for transplanting many dif-
ferent organisms of the soil food web. This
technique may carry disease-causing organisms to
your site. It will also damage the donor site some,
since you need a significant amount of topsoil to
ensure mycorrhizal inoculation—especially if you
are inoculating many plants (see “Native Fungi
Transplants” and “Soil Inoculation” in volume 2,
chapter 5).

Commercial inoculants come in a number of
forms, from powders to pellets to gel mixes, con-
taining propagules such as spores, living mycelium,
or colonized root fragments. Each product may
have a different application method. We cover
these in more detail in volume 2’s chapter 5, under
“Mycorrhizal Inoculation.”

Some have raised concerns about monocultures of
“exotic fungi” spreading through commercial inocu-
lants. Most companies use the same fungi species in
their products. These species, especially Glomus
intraradices, are the most adaptable arbuscular myc-
orrhizal fungi known, working well in most soils in
most regions for most plants. This would seem the
usual recipe for an “invasive exotic nightmare.” So
far, though, scientists have found that these arbus-
cular mycorrhizal fungi usually cannot outcompete
locally adapted natives once the mycorrhizal network
establishes itself and soil conditions improve. In other
words, the generalist species may act as early-suc-
cession mycorrhizas that create the conditions for
their own demise and give way to native species.
The few observations of this dynamic do not mean
that exotic fungi problems will not appear in the
future, but most scientists seem to feel that such a
scenario is unlikely (let’s hope those are not “famous
last words”). However, prudence might suggest
using local soil inoculation as the method of choice
when you need inoculum, if you can afford the time
and can minimize or mend the impact of taking soil
from a healthy ecosystem.

The other soil food web management practices
discussed in volume 2, chapter 5 have little direct
effect on mycorrhizal inoculation as far as we know.
The use of healthy compost or compost tea may not
provide mycorrhizal fungi inoculum, though it will
create better conditions for plants and soil microbes
generally. Compost is an excellent fertilizer to use
after inoculating with mycorrhizal fungi, or to pre-
vent harm to existing mycorrhizas. Chemical fertil-
izers, especially readily available phosphorus, limit
colonization by the fungi. Some kill fungi and other
organisms outright. Native fungi transplants can
effectively inoculate a new site with decomposer
fungi but probably will not transplant mycorrhizal
fungi, particularly arbuscular mycorrhizal species
(see volume 2, chapter 5 for the distinction between
the “soil inoculation” and “native fungal transplant”
techniques). Ectomycorrhizal and ericoid fungi have
been shown to act as decomposers, so a few of their
propagules may be transferred by this method,
though probably not enough to colonize plants.
Most of the plants in which we are interested require
arbuscular mycorrhizal fungi anyway.

Aside from inoculating soils that need it, pro-
tecting the existing native mycorrhizas is the best
approach. Minimizing disturbance, especially large-
scale grading or tilling, is key to this effort. Also
avoid using chemical fertilizers and pesticides, min-
imize compaction, and prevent compaction, water-
logging, and overgrazing. Maintaining permanent
vegetative cover of the right plants is the most basic
thing. Without plants, mycorrhizas are just a bunch
of dead fungi.

InocuLANTS FOR NITROGEN-FIXERS

Nitrogen-fixing plants are a critical component of
any forest garden system, and understanding their
relationship to soil microbes is critical to maxi-
mizing their performance as soil-improving plants.
“Nitrogen-fixing” plants don’t actually fix any
nitrogen themselves; instead, they form a symbiotic
relationship with soil organisms that do the job for
them, exchanging sugars for nitrogen. Without
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those soil organisms present, the plants cannot fix
nitrogen. Nitrogen-fixing microbes can live freely
in the soil but often form a mutualistic relationship
with plant hosts. When this occurs, the plants form
nodules on their roots, within which the bacteria
live. Nodules are small, round, ball- or beadlike
structures visible to the naked eye. In legumes, they
are pink or red inside when actively fixing nitrogen.

Each kind of nitrogen-fixing plant interacts with
certain groups of nitrogen-fixing organisms, some
with more specificity than others. Groups of plants
that can cross-infect each other with the proper
bacteria are called cross-inoculation groups.
Knowing these groups is critical to properly inocu-
lating your nitrogen-fixing plants should you need
to do so. In volume 2, appendix 3, the “Nitrogen-
Fixers” table lists all the nitrogen-fixing species in
the Plant Species Matrix, while the “Nitrogen-
Fixer Inoculants” table provides cross-inoculation
group information for all those species. Within a
cross-inoculation group, each plant species can use
the nitrogen-fixing bacteria of all other members,
with one exception: plants in the cowpea group
cannot cross-infect each other.

Two basic kinds of nitrogen-fixing plants exist:
legumes and actinorhizal plants. Legumes are the
familiar pea-family plants we all know and love.
Actinorhizal plants hail from a variety of plant
families. These two groups form partnerships with
different kinds of organisms, and their inoculation
issues therefore differ in a few respects. We will
treat these two groups separately below.

Legumes (Family Fabaceae)

Most gardeners assume that all legumes fix nitrogen,
when only about 90 percent actually do so. Of the
sixty-two legumes in the Plant Species Matrix, only
two do not fix nitrogen: honey locust (Gleditsia tria-
canthos) and redbud (Cercis canadensis). The nitrogen
fixing bacteria that associate with legumes are all
from the genus Rhizobium. Some legume species can
associate with many different Rhizobium species,
while others will nodulate only with a specific strain.

However, even though the plants may be capable of
associating with more than one Rhizobium species,
all nitrogen-fixing legumes can associate with only
one Rhizobium bacteria species at a time.

With regard to the other side of the legume-
Rhizobium relationship, many species and strains of
Rbhizobium bacteria exist, and most will infect a
number of different legume species from the same
cross-inoculation group. Many rhizobia are present
in healthy soils, so inoculation is often not an issue.
In general, you should inoculate your legumes if you
are growing from seed; if your legumes are from a
cross-inoculation group without local representa-
tives; or if you are planting in highly disturbed, poor,
or “dead” soils.

You can examine legumes in your garden or pur-
chased from a nursery to see whether they have
been inoculated. Inoculated legumes have a deep
green leaf color. Their roots will have nodules, and
these should be pink or red inside (cut them open).
If your legumes do not meet the above criteria, you
should inoculate. Nodules can exist but not be
actively fixing nitrogen: if they are not pink or red
inside, then you should inoculate.

Volume 2, appendix 7 lists several commercial
sources of inoculants. Just make sure to buy the right
Rhbizobium strain for your plants (again, see volume
2, appendix 3). Mix inoculant with seed just before
planting. You can use inoculants in your soil mix
when potting or as a soil amendment when planting.
You can also mix inoculants with water and pour the
mixture on the roots or-root-ball as a slurry, or you
can use 1t as a preplanting soak for plant roots.
Alternatively, you can dig up some soil from the root
zones of nearby legumes in the same cross-inocula-
tion group and work it into the root zone of your
plants in any of the ways described above.

Actinorhizal Plants

These nonleguminous nitrogen-fixers come from
a wide range of plant families and are mostly
temperate-zone plants. What they have in common
is that they interact with members of the genus
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Frankia, a group of actinomycetes—organisms that
are something of a mix between bacteria and fungi.
Most actinorhizal plants will form nodules with a
great many strains of Frankia. Individual acti-
norhizal plants may associate with multiple strains of
Frankia—twenty species or more—at once.
Scientists call the most prolific of these “promis-
cuous,” while other plants are more moderate, pre-
ferring a tighter circle of associates at any given time.

In most cases, many strains of Frankia already
live independently in the soil. Therefore, inocula-
tion of actinorhizal species is not much of a con-
cern. However, if your soil is highly disturbed or
biologically inactive, or if your plants do not appear
to be nodulated, you may want to inoculate just to
be sure. Commercial Frankia inocula are not cur-
rently available, however. Check for nodulation
among other local actinorhizal plants (dig up some
roots and look). If they have active nodules, collect
some soil from beneath them and add it to the root
zone of your aspiring nitrogen-fixers. If you need to
inoculate, be sure to use soil from plants in the
same cross-inoculation group.

SLEEPING BEAUTIES AND PRINCES
CHARMING OF THE UNDERGROUND WORLD

We have discussed the importance of soil microbes
to the underground economy and their increased
numbers and activity in the root-zone environ-
ment. However, especially outside the root zone,
“microbial communities are both numerous and
diverse, but they are largely dormant. Their
inability to move in the compact soil environment
limits their activity to the immediate microsite in
which they reside.”'** Soil microbes have the ability
to create a new generation of organisms in about
twenty hours, yet the actual time it takes them to
do this in the soil averages one to one and a half
years.'® Why? Their activity is limited by condi-
tions frequently inhospitable to their lifestyle. Yet,
even outside the root zone, microbes play key roles
in the soil ecosystem. Thus, microbes are like
Sleeping Beauty, waiting for that wonderful kiss to

wake them up so they can resume their life-
enhancing activities.”* We already know that plant
roots play a critical role in this regard. Who else
activates them and how? Who else plays Prince
Charming?

Soil invertebrates, that’s who. Large soil inverte-
brates include earthworms, of course, but also ter-
mites, potworms, beetles and their grubs, fly larvae,
centipedes, and, to a lesser degree, ants. Smaller
invertebrates include mostly mites and springtails.
The smaller invertebrates digest organic matter
externally by shredding and moistening it, inocu-
lating it with microbes, and pooping it out. Larger
invertebrates have mutualist microbes living in
their guts that break things down on their way
through and also inoculate the feces.

All these animals kiss and awaken Sleeping Beauty

in a number of ways, by:

* providing a rich, moist environment for the
microbes inside their bodies and in their fecal
pellets;

spreading nutrient-rich substrates, that is, feces,
throughout the soil as they move around,
bringing food to the starving microbial masses,
who are locked away in their microsites and

unable to move;

shredding decay-resistant organic matter and
making it available to organisms, including
plants, that would otherwise be unable to access

its resources;

creating a diverse abundance of stable soil struc-
tures (galleries, burrows, and chambers),
improving infiltration, aeration, soil density, and

so on; and

aggregating soil particles with their fecal pellets

and their burrowing activities.

The research indicates that the soil zones affected
by earthworms and other invertebrates are regula-
tors of soil biological processes equal to roots and
root zones. Plants experience much higher growth
rates and better nutrition when soil ecosystems
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have healthy populations of soil invertebrates doing
their thing. How can we foster the development of
these animal communities?

In forest gardening, we have a distinct advantage.
Simply by making a forest garden, you will create
virtually ideal conditions for the Princes Charming
of the underground world. Mulching the soil, dis-
turbing it infrequently, keeping it shaded and moist
with constant vegetative cover, and providing
perennial plants to supply deep, well-developed
root zones will foster all of these organisms and
their activities. In the most extreme sites you may
have to break up preexisting compaction, inoculate
with healthy soil, or undertake other forms of site
preparation to get things started, but after that it
should be a self-renewing, self-regulating, self-
maintaining system.

FuncarL-BacTeErRIAL BALANCE:
A DEerFINING CHARACTERISTIC?

While plants manage soil microbes in the root zone
by controlling root exudates, it is also possible that
the ratio of fungal biomass to bacterial biomass in
the soil as a whole influences the kinds of plants
that can grow there. According to a theory advo-
cated by Dr. Elaine Ingham, important processes of
succession and plant survival depend upon this
ratio: Bacterial-dominated soils inhibit many
perennials and most woody plants, and fungal-
dominated soils inhibit most grasses and annual
weeds. Shrubs and pioneer trees tend to tolerate
bacterial soils but convert them to fungal soils. Soils
can shift from being fungal dominated to being
bacterial dominated in as little as 6 inches (15 cm)
vertically or horizontally."® While there is dispute
about this theory, let’s explore how it might work.
A major piece of this puzzle revolves around the
kinds of organic matter that bacteria and fungi can
decompose. Bacteria thrive on green, easily decom-
posed, high-nitrogen organic material, especially
when mixed into the soil profile. On the other
hand, litter left on the soil surface fosters fungi
because it tends to dry out and lose nitrogen,

leaving a higher carbon substrate. Only fungi can
decompose resistant organic matter, such as woody
roots, branches, and twigs, even if it is below the
soil surface. Tree leaves also tend to contain higher
amounts of resistant organic matter than grasses
and forbs. Nitrogen and coevolution also play
important roles here.

Very early-succession soils—those with only min-
eral particles and no plants or organic matter—have
few or no fungi in them, for there is nothing to
decompose nor any root exudates. Bacteria, specifi-
cally photosynthetic bacteria such as cyanobacteria
(formerly called blue-green algae), initiate succes-
sion by colonizing and beginning to add low-carbon
organic matter to barren soil. This creates a niche
for decomposer bacteria. Eventually the organic
matter and soil biology build to a point where plants
can grow, usually grasses and annual weeds at first.
However, the biomass of bacteria is greater than the
biomass of fungi in early-succession soils. Fungal to
bacterial biomass ratios (F:B ratios) can range from
1:1 in highly productive agricultural systems to 1:10
or 1:40 in native grasslands (ten to forty times more
bacteria than fungi)."® Therefore, bacterial grazers
dominate the soil food web grazing niche, and they
release excess nitrogen when they eat bacteria, in the
form of ammonium (NH4*).

The alkaline polysaccharide glues that bacteria
secrete to attach themselves to soil particles help
maintain a high soil pH, especially in the micro-
zones where bacteria proliferate. Nitrifying bacteria
abound in high-pH environments. They quickly
burn any ammonium nitrogen released by microbe
grazers as a source of energy, converting it to nitrate
(NOj37). Nitrate is therefore the dominant form of
nitrogen in bacterial soils. However, not all plants
will flourish on nitrate as a nitrogen source.
Grasses, weeds, annuals, and some perennials prefer
nitrate nitrogen. Most perennials and woody plants
do not thrive on nitrate nitrogen, though they may
grudgingly survive on it. Therefore, the bacterial-
adapted plants that prefer nitrate more easily out-
compete them.
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Fungi tend to dominate forest ecosystems, with
F:B ratios of 5:1 to 10:1 in deciduous forests and
100:1 to 1,000:1 in coniferous forests. Fungi secrete
organic acids that Ingham claims tend to maintain
a soil pH lower than what nitrifying bacteria prefer.
Therefore, ammonium nitrogen takes prominence
in fungal-dominated soils. Woody plants and most
perennials thrive on ammonium as a source of
nitrogen and can therefore more easily outcompete
grasses and other bacterial-associated plants in
fungal-dominated soils.

This mutual dependence between fungi and
woody plants makes sense. Woody plants create
resistant organic matter containing nutrients that
no organisms except fungi can break down. This
creates mutually reinforcing feedback. Grasses and
other early successional species have adapted to
early-succession environments where the kinds and
amounts of organic matter present do not support
large numbers of fungi. It would follow that the
species of fungi, bacteria, grazers, and predators
within these different soil food webs would also
differ. This means that growing plants in soils with
their preferred F:B ratio should lead to improved
mutualism, disease resistance, nutrient cycling, and
plant health.

Dr. Ingham, who has spent her career studying
soil food webs and is the most vocal proponent of
the above information, says that the F:B biomass
ratio can also determine the rooting behavior of
trees. Apparently, the roots of trees preferring
strongly fungal soil frequently will not venture into
bacterial soils at all. Conventional wisdom says that
competition, or perhaps allelopathic chemicals,
drive orchard tree roots below grass ground covers.
Ingham says that the roots are actually avoiding the
bacteria-dominated surface soils. She also says that
many inhibitory interactions believed due to allelo-
pathic chemicals are really due to these funda-
mental differences in soil food web composition.'"
Such food web differences may play a role in the
success of suckering and stoloniferous strategies in
pioneering shrubs. These plants can carry their soil

food web with them, with backup support from
“behind the lines.” If Ingham’s theory is true, F:B
ratios should be a key criterion for choosing plant
associates for polycultures.

The challenge is that though Dr. Ingham has
done much work on fungal-bacterial balance, this
theory is still controversial. She has so far published
little documenting the soil food web preferences of
various plants. Luckily, native habitat is a good
guide: early-succession species tend to prefer bac-
teria-dominated soils, midsuccession species tend
to thrive in a more balanced F:B ratio, and trees
tend toward fungal soils. Pioneer woody plants,
such as shrubs and pioneer trees, tend to tolerate
bacterial soils but will push them toward fungal
dominance. Native habitat can also guide design
for perennial herbs: woodland herbs probably
prefer fungal soils, while earlier-succession species
probably prefer bacteria-dominated soils. Mixing
plants that prefer bacterial and fungal soils is less
likely to result in a happy plant-soil community.

SoiL Foop WEB SuMMARY

We have spent many centuries using and abusing
the soil without clearly understanding the role that
soil organisms play, as functional groups or as a
whole, in developing and maintaining soil fertility,
structure, and health and in plant protection and
production. Now that we are beginning to unravel
some of these mysteries, the awe-inspiring inter-
connectedness of these belowground ecosystems
becomes palpable. Each kind of organism plays at
least one key role in balancing and maintaining the
soil ecosystem. It behooves us to know our neigh-
bors, to treat them with respect, support them, and
nourish them, both as a whole and as specific func-
tional ‘groups. Then we may receive the gifts they
have to offer. Luckily for us forest gardeners, once
we get a healthy soil food web going, the chances of
it getting out of whack are slim, since we generally
will not be applying chemicals or tilling the soil on
a regular basis.



Structures of the Underground Economy 235

DABBLING IN THE
UNDERGROUND ECONOMY

A large proportion of plant biomass—often more
than half—lives belowground. More than half of
most plants’ energy goes in the same direction. The
vast majority of nonplant biomass lives below-
ground, too, In seething, writhing masses of little
critters we mostly can’t even see. On the backs of
this hidden world we stand and walk, live and die,
grow our food and eat it. All we can really do, in
some ways, is to dabble in this realm that is both
completely within and yet totally outside our grasp.
Yet dabble we must if we are to succeed in our goal
of establishing healthy, self-maintaining, high-pro-
ductivity, forest-mimicking gardens. At the very
least we should dabble with care and respect and so
create the conditions to receive the soil’s gifts
without force or cunning, but with wisdom and
consideration.

Self-renewing fertility depends upon following
the same strategies devised by nature: nutrient con-
servation and accumulation. The most vital plant
nutrients move much faster in ecosystems than
most of us believe, leaching out of leaves in the
rain, falling to the ground only to be absorbed
again, and so on. Stopping these flows is impos-
sible, yet we can plug the leaks from the system as
a whole. The interconnected network of plants, soil
organic matter, and soil organisms conserves and
accumulates nutrients and stops leaching, the pri-
mary nutrient leak from all terrestrial ecosystems.
Selecting dynamic accumulators and nitrogen-
fixers as understory vegetation speeds nutrient
accumulation and can redress imbalances in topsoil
nutrient composition. Abundant vegetation garners
soil water and strips nutrients from the soil, while
organic matter and organisms store nutrients and
transfer them to plants through their roots.

Plants energize the underground economy by

creating organic matter that feeds decomposers and
by exuding photosynthates from their roots to sup-
port the soil food web. Root systems grow and die
at a faster rate than most of us realize, too, adding
large quantities of organic matter to soils and
responding to changing soil conditions rapidly.
Most plant roots live in the top few feet of the soil
profile, but trees whose roots run deeper tend to
live longer and healthier lives, produce more, pro-
duce more consistently, and aid the transfer of
nutrients from the subsoil to the topsoil. While soil
conditions may limit plant root growth, different
species may exhibit different rooting patterns when
conditions allow. Mixing different root patterns in
our polycultures holds the possibility of decreased
competition, more thorough use of soil resources,
and increased forest-garden productivity. Mingling
plants that partition the soil horizontally or in time
also holds this promise. Fuller understanding of
both soil conditions and plant root habits will fur-
ther these goals and allow us to better design our
plant guilds.

The previously unrecognized contributions of
soil organisms to plant production and health
should go unrecognized no longer. The gifts these
beings offer when we treat them well are manifold,
arise naturally out of ecological principles and
interactions, and save us work and energy. Forest
gardens by their nature support the soil food web
more effectively than most other farming or gar-
dening systems. Learning to rebuild the web and to
support it through time will offer us continued pro-
ductivity and health over the long term. Planting
trees, shrubs, and herbs means planting micro-
ecologies along with them. As Ingham says, in a
forest-garden scheme we can “set up a healthy soil,
and let it go, no need to intervene. Unfortunately,
given what we have done to the soil in the last 60
years, a bit of work 1s required to get the organisms
back. But once back, let the plants do the work!”"*®
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Succession: Four Perspectives
on Vegetation Dynamics

Succession is one of the oldest, most basic, yet still in some ways,
most confounded ecological concepts. Since its formalization as the
premier ecological theory by H. C. Cowles and F. E. Clements in the
early 1900s, thousands of descriptions of, commentaries about, and
interpretations of succession have been published, and extended

inconclusive controversy has been generated.

—R. P. McInTosH, “The Relationship between Succession

and the Recovery Process in Ecosystems”

The conclusion to be reached is that it is highly unlikely that a single

theory about succession will apply equally well everywhere.

—J. P KimmMins, Forest Ecology

No matter what forms we observe, but particularly in the organic, we

shall find nowhere anything enduring, resting, completed, but rather

that everything is in continuous motion.

—GOETHE

hanges in plant community composition

and structure over time are about as mys-

terious as the wind: successional forces

tend to “blow” in certain directions but
can go almost any which way depending on the cir-
cumstances. The buildings and landscape patterns
we create change the direction, speed, and character
of the wind in our environments, with or without
conscious intent on our part. Similarly, we can
influence the direction, speed, and character of veg-
etation change, and often do so without consciously
realizing or intending it. In this chapter, we bring
the forces, patterns, and processes of plant commu-
nity dynamics to the forefront so we can work
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directly and consciously as agents of succession.
What is plant succession? What causes it? How can
we work with the process and the forces that cause
it to achieve our own purposes?

Social and personal belief systems have frequently
shaped our ideas of plant community change. The
first formal theories of plant succession used analo-
gies to human development from childhood to matu-
rity and were thereby founded upon a linear
viewpoint. These classical theories and their under-
lying linear perspective persisted through almost sixty
years of debate and study. Then, in the late twentieth
century, three new perspectives on succession devel-
oped in a quick sequence. These new theories looked
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progressively deeper at the dynamics and causes
behind the patterns that the classical theory
attempted to describe. They have moved progres-
sively closer to the messy truth of how and why
ecosystems change. Many people still hold the early
ideas of linear succession and climax. Meanwhile, the
newest theories of vegetation dynamics have begun
their journey from formulation to testing and refine-
ment. Ecologists have carried forward some of the
original ideas that still hold validity, in one form or
another. They have dropped other elements,
including the analogy to human development.

This chapter presents four perspectives on vegeta-
tion dynamics: classical linear succession to a stable
climax; linear succession to a shifting mosaic; non-
linear, nonequilibrium patch dynamics; and a theory
of successional causes that we will call the unified
oldfield theory. It may appear that each of these per-
spectives represents a separate set of ideas, research,
and theories. In reality, they have arisen as a devel-
oping flow, much as the “phases” of succession trans-
form from one to another. Hence, this chapter is
structured in a way that reflects the successional
process itself. We hope that you will see how the
legacies of the earlier theories directed the develop-
mental path of the later theories, just like the lega-
cies of prior ecosystems affect succession in the field.
Each perspective contains elements of the others,
and each is valid under certain conditions: there is no
absolutely right or wrong theory. Each forms a pos-
sible template for forest garden design, and each
helps guide our design and management decisions.

Succession concerns changes over time in the
structure and composition of plant communities at
two scales: at a specific site, and within the landscape
as a whole. For this book, we focus on sites as large as
your backyard, up to several acres at the very most. At
a landscape scale (tens to hundreds or even thousands
of acres), many more dynamics come into play that
relate to succession but that have little bearing for
forest gardeners. We will discuss these larger-scale
issues only to the degree necessary to explain the
emerging paradigm of vegetation dynamics and how

our small sites fit into it. The same applies to ques-
tions of timescale. Vegetation dynamics challenge us
to look beyond our narrow time frames and ponder
the larger picture. These bigger pictures inform what
we do on a small scale in both time and space.

CLASSICAL LINEAR
SUCCESSION AND CLIMAX

Early ecologists studied ecosystems primarily as
static communities until Frederick Clements for-
malized his theory of plant succession in 1916." In
what many now consider the classical view, succes-
sion is an “orderly, directional, and predictable™
progression of plant community types from early or
ploneer stages to a permanent, stable, repeatable
climax. According to this model, each stage has
characteristic species for a given region with a given
climate. Like much of our cultural paradigm, the
classical school viewed ecosystem change through
the lens of linearity. It also fixated on climax as the
“adult form” of an ecosystem for any given region.

Clements believed that plant communities form
a coherent whole, a “superorganism,” that embodies
some of the characteristics of true organisms. He
likened succession to the growth and development
of human beings from youth to maturity. He saw
communities that somehow persisted in “imma-
ture” successional stages as dysfunctional “discli-
maxes.” A number of these ideas endure to this day,
although the evidence supporting many of them is
weak or nonexistent. People still use terms such as
mature, climax, and early succession that arose as part
of this perspective. The organism analogy certainly
persists in popular culture, although it stands on
shaky ground, if indeed it stands at all.

Ecologist H. A. Gleason, Clements’s contempo-
rary, rejected the superorganism theory in favor of
an individualistic view. As Gleason said, “Every
species of plant is a law unto itself, the distribution
of which in space depends upon its peculiarities of
migration and environmental requirements. ... The
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behavior of the plant offers in itself no reason at all
for the segregation of definite communities.”
Gleason believed that randomness plays a central
role in determining which species find their way to
a particular spot. Plant communities, in this view,
simply result from more or less random associations
of species that share similar site requirements and
possess overlapping ranges. A climax forest in the
same region at different times therefore may not
include the same species, or, if it does, it does so by
chance as it interacts with environmental condi-
tions and the tolerances and preferences of plants.
Gleason’s beliefs did not capture the popular imag-
ination as much as Clements’s did and so did not
hold as much currency in popular culture.

The debate between these two theories fueled
succession researchers for a large chunk of the past
century. As a result, few ecologists now believe, and
the data do not support, the superorganism analogy.
However, as we discussed in chapter 4, plants are
not entirely “laws unto themselves” either, but live in
a complex community of interdependent individuals
and species with varying degrees of interaction.
Simple analogies just don’t cut the mustard when it
comes to understanding ecosystems. Ecosystems are
not organisms, and they aren't a random free-for-all
either. As usual, “the ‘truth’ (at least as we under-
stand it today) contains elements of both view-
points, but it is adequately captured by neither.”™

FounpATIONS

Let’s review some key aspects of the classical theo-
ries. We will focus here on those ideas that still
offer value to forest gardeners. However, we shall
also discuss key elements of the classical view that
scientists have since rejected or modified as their
understanding has grown. If we think of these ideas
as if they were species in an abandoned field under-
going succession, then these now-rejected concepts
would be like perennial grasses that may have dom-
inated for a while but ultimately lost out to under-
standings that are, like shrubs or trees, more
sophisticated and more encompassing.

Primary and Secondary Succession

Classically, succession takes two basic forms: pri-
mary and secondary. Primary succession occurs on
lifeless rock and mineral particles with no living or
nonliving legacies from a preexisting plant or soil
community. This happens when glaciers recede,
landslides occur, very severe erosion or fires sweep
through, or heavy equipment moves large amounts
of earth. The initial stages of most primary succes-
sions tend to involve bacteria, algae, lichens, and
mosses, rather than higher plants, and to take long
periods of time. The later stages of primary succes-
sion often follow a scheme similar to that for sec-
ondary succession: from annual herbs to perennial
herbs to shrubs to trees. The organisms initiating
primary succession, or any subsequent successional
stage, are called pioneers. The first trees that grow
in an oldfield succession, such as white or black
birch, white pine, aspen, and so on, are pioneer
trees. The later species are what this successional
theory calls climax species.

Secondary succession takes place when a lesser dis-
turbance disrupts the preexisting plant community
but leaves some sort of legacy that influences the pace
and pattern of succession. Legacies may include
stores of nutrients, organic matter, soil organisms,
plants, or plant propagules (any plant part that can
grow into a new individual). Any of these will speed
the regeneration of the community and influence its
species composition. David Perry calls legacies
“threads of continuity” that “constrain change and
maintain a course leading back to the original com-
munity composition.” The fact that secondary suc-
cessions often have a similar successional pattern of
species in a given region is due, in part, to legacies.

Consequently, primary successions rarely occur,
for the power of biological legacies looms large.
Even the intense disturbance from the 1980 erup-
tion of Washington State’s Mount Saint Helens
resulted in only the volcanic crater itself under-
going primary succession. Within the area hit by
blast deposits and mudflows, ground-dwelling
rodents, fallen logs, surviving roots and seeds, et
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cetera, provided powerful legacies for the new
ecosystem. Within only three years, 230 of the pre-
existing plant species reemerged—90 percent of the
preeruption plants.® Assessment of biological lega-
cies and strategies for dealing with them are a crit-
ical part of forest garden design and management!

The vast majority of forest gardeners will be
dealing with secondary successions. In this case, we
must either commandeer the power of biological
legacies, using them for our own purposes, or over-
come them to direct the system where we want it to
go. The understandings gained from this chapter
should help us to do either of these.

In forest gardening, the most likely event leading
to something close to primary succession will be
intense ground disturbance by heavy equipment.
Even this kind of work usually leaves some legacies
from the prior community, though they can be
minimal. However, formerly forested sites main-
tained as lawn or agricultural fields for many years
may act in some ways more like primary succes-
sions (see “Passing the Baton” later in this chapter).

Patterns of Change in Community Composition
The typical pattern of an “orderly, directional, and

»7

predictable™ successional sequence in the eastern
deciduous forest goes from annual herbs to peren-
nial herbs to shrubs to trées. However, this map
does not include the earliest stages of succession
from bare ground, does not discuss the climax
stage, and does not represent the fullness of varia-
tion that can occur. Let’s look a little more deeply.

Please remember that the “steps” or “stages” we
discuss are, in reality, flows or fits and starts. Periods
of waiting may occur at any point, such as when one
phase reaches “old age” and begins to decay, but the
next stage has not yet started and may not start for
a while. Change may also completely transform a
community in a few years.

Primary Succession
Barren mineral substrate (bare rock or mineral parti-
cles) is a tough environment, and only the toughest

organisms can survive there. Bacteria, lichens, and
mosses form the first living organic matter in these
environments, ‘dominating the scene for years or
centuries, depending on climate and substrate (see
figure 6.1; see also “Fungal-Bacterial Balance” in
chapter 5, page 233 for a discussion of the changes
in the soil food web during succession). Much of the
organic matter created by these successional trail-
blazers erodes away or gets burned in the sun before
it can do any soil building of significance. Eventually,
though, the accumulation of enough organic matter
and organisms creates a living soil.

Once the soil becomes hospitable enough, tough
pioneer plants (often mainly annual and perennial
grasses and weeds) take over and the rate of soil
building increases. These plants build soil by
adding additional organic matter, which prevents
erosion and improves the soil microclimate. Many
early-succession plants are not obligate mycorrhizal
species. However, they can still foster the diversifi-
cation of the soil food web with root exudates and
feed- the soil food web with their root dieback.
Early primary-succession soils tend to contain few
nutrients, especially nitrogen. Therefore, many
early-stage plants fix nitrogen or accumulate or
conserve the nutrients they absorb. This leads to
further soil improvements as they die or drop
leaves. Many early-succession plants also grow
deep, strong roots that help break up hard layers of
soil and bring deep nutrients to the surface.

While soil building continues throughout succes-
sion until climax, the early stages are the most crit-
ical in the development of primary successions.
Skipping stages may lead to faster attainment of
climax but can radically lower ecosystem produc-
tivity over the long run because of poor or incom-
plete soil development. This is especially true if
stages that include nitrogen-fixing plants are
omitted.® Careful attention to all aspects of soil devel-
opment—rphysical, chemical, and biological—is critical
to successful guidance of successional changes, particu-
larly for soils that are barren. Always include
nitrogen-fixers and dynamic accumulators in your
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Ficure 6.1. Primary linear succession to climax involves progressive soil and community development from bare, lifeless earth to

climax forest containing a rich variety of organisms. Here, open circles indicate sun-loving species and dark circles shade-tolerant

species. Secondary succession involves a disturbance that cycles the system from somewhere along the successional continuum

back to any earlier stage except bare, lifeless earth. If the system starts with bare earth completely lacking in legacies from earlier

living systems, it is a primary succession.

forest garden, as discussed in chapter 5, but espe-
cially in the early stages after a disturbance.

Once soil development reaches a certain point,
the pattern of species changes may begin to follow
typical patterns for a given region. However, partic-
ularly in secondary succession, this is one of those
generalizations to which there are many exceptions.

Secondary Succession after Disturbance
Many variations occur within the standard pattern of
oldfield succession to temperate forest (herbs,
éhrubs, and trees), depending on a number of factors:

+ the history of, and species present in, the pre-
disturbance community;

+ the timing, kind, and intensity of disturbance
and the legacies left behind;

* the species present in the surrounding area,
where they are located, and their means of dis-
persal; and

* the vigor and competitive strengths of the
plants established at any given time during the

successional sequence.

Some examples: Pioneer or even climax trees may
dominate a site very soon after disturbance if they
dominated previously, and if the disturbance was
not too intense. Years of agricultural use deplete
fields of the seed banks of forest species, so trees
must disperse from elsewhere, and the herbs and
shrubs will likely persist in the fields longer. If a fire
occurs just after the black birches (Betula nigra)
drop their seed in May and June, but before the
white pines (Pinus strobus) drop theirs in August
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and September, the pines will have an advantage in
colonizing the site. If grasses gain an overwhelming
advantage early in succession, they may be able to
slow shrub or tree colonization to nothing for many
years. They do this both by maintaining bacterial
dominance in the soil food web and by competing
for light, water, and nutrients against woody
seedlings.

The above expresses the reality that secondary
successions tend to exhibit more variability than
primary successions. The factors listed above can
exert greater influence over the course of succession
because environmental constraints and the need for
environmental modification exert less control over
plant colonization and performance. Fewer plants
can survive and compete well on barren, infertile
soils than on fertile soils.

The fact that secondary successions vary more than
primary successions gives us more freedom to design sec-
ondary successional sequences. Secondary succession is
not a cookbook exercise. No single archetypal pat-
tern governs what is ecologically sound. However,
just as with primary successions, skipping stages in
secondary successions can reduce long-term site pro-
ductivity through lack of complete soil development.
Solid soil assessment is key to determining the develop-
mental needs of the ecosystem. Good preparation 1s
essential to achieving a healthy, productive climax.

Climax: Stability, Self-Replacement, and Dynamic
Equilibrium

In the classical view, every ecosystem eventually pro-
gresses to a climax,-a “stable community in dynamic
equilibrium that replaces itself.” Theoretically, cli-
mate factors largely determine the typical species
composition of a given region’s climax community,
so that all dry, wet, and moist sites eventually con-
verge on the same climax plant community. In
regions with adequate rainfall and a long-enough
growing season, the climax is some form of tem-
perate deciduous forest: the “oak-hickory forest,” the
“northern hardwoods forest,” or some other variation
(see figure 6.2). We can use these climax plant com-

F1GURE 6.2. The nine basic “climax” forest types of the eastern
deciduous forest region. While climax theory has been dis-
credited, maps such as this can guide us in our forest garden
design deliberations by offering ecological analogs. The
climax forest types are: 1) Hemlock-white pine-northern
hardwoods forest; 2) Oak-chestnut forest; 3) Oak-pine forest;
4) Southeastern evergreen-mixed southern hardwood forest;
5, 6) Mixed and western mesophytic forests; 7) Beech-maple
forest; 8) Maple-basswood forest, and; 9) Oak-hickory forest.
Adapted from Robichaud and Buell, 1973.

munities as models for habitat mimicry in forest gar-
dening. However, stability, dynamic equilibrium, and
self-replacement are the key criteria in the definition
of climax for all regions.

In this context, stability means ‘“resistance to
change.” Theoretically, once a forest achieves climax,
internal forces maintain the status quo and only very
strong “external” forces can change it. Hence, the
total biomass, species composition, and architecture
of climax forests would vary little over long periods
(figure 6.3), as long as the climate is stable and no
major disturbances occur. This ecosystem stability
results mainly from species self-replacement.

Self-replacement refers to the idea that once
shade-tolerant trees dominate the forest canopy,

their offspring will continually replace them. This
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Biomass

Years

Ficure 6.3. According to early theories of succession and
climax, the total amount of biomass in a forest during succes-
sion was thought to increase to a maximum and stabilize

there. Contrast this with figure 6.8.

effectively excludes shade-intolerant species from
the forest on a continuous basis. Accordingly, the
character, structure, and species composition of the
community would remain essentially unchanged
(equilibrium), though the individual members of
the community would grow, die, and be replaced by
their offspring over time (dynamism). So theoreti-
cally, self-replacement leads not only to stability,
but also to dynamic equilibrium. We should
remember, however, that successional climax is a
theory, not an observed reality. Stability, self-replace-
ment, and dynamic equilibrium are challenging to
measure, and few sites remain undisturbed by
human influences in the present day.

ENvIRONMENTAL MODIFICATION
DURING SUCCESSION

A central tenet of the classical view of succession is
that succession results iz, and at least partly from,
changes in the environment within which the suc-
cession is taking place. While many environmental
changes take place during succession, we will touch
on only three of the most important: soil fertility
(organic matter and nutrient content, especially
nitrogen), the soil moisture regime, and light."

Soil Fertility: Organic Matter and Nutrient Storage

As discussed in chapter 5, the nutrient containers at
the “top” of the soil ecosystem (plants, dead organic
matter, and soil organisms) play critical roles in

building the nutrient content of soils. Since all
forms of biomass increase in all three of these con-
tainers during succession, the amount of nutrients
stored by the ecosystem increases as succession pro-
ceeds. This is especially true of nitrogen, particu-

larly in primary succession.!

Nitrogen 1is the
primary nutrient that limits plant growth in old-
fields and on disturbed sites.”? So we know that
natural successions increase nitrogen storage in
ecosystems over time. What happens if we try to
speed up that process with fertilizers?

Experiments conducted on oldfield successions
suggest that adding fertilizer, especially nitrogen,
tends to increase the growth of early-succession species
such as annuals and grasses (especially perennial,
nonnative grasses) at the expense of midsuccession
herbs and woodies. A single fertilizer pulse allowed
the later-succession plants to eventually rebound,
while continued fertilization led to grass dominance.”
“Clearly more research is needed . . . [but] fertiliza-
tion may indeed be a way of reversing succession in
oldfields.”* Hence, fertilization does not appear to
speed up succession as we forest gardeners might
sometimes prefer. At the same time, researchers have
observed that shrub and tree establishment can
increase the nitrogen and phosphorus content of the
upper soil layers, allowing later colonization by
species with high demands for nutrients.”

It would appear, then, that how the system pro-
ceeds or what form the nutrients come in are as
important as the measured nutrient content in the
soil when it comes to the system’s successional
path. Readily available nutrients (fertilizer) seem to
encourage early-succession plants adapted to rap-
idly corner the market on the flush of nutrients
available after a disturbance.’® Presumably, slowly
released nutrients bound up in organic matter
would encourage species adapted to creating mycor-
rhizas or to allying with other organisms to get
nutrients from organic matter, such as competitor-
strategists, stress tolerators, or stress-tolerant com-
petitors (see “Plant Strategies and Life Histories”
later in this chapter). This is how nature does it, so
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why not us? Mulch, nitrogen-fixers, and dynamic
accumulators would therefore seem important
means to spur succession toward later stages.

Moisture Regime

The idea that successions on dry, wet, and moist
soils eventually converge on a single climatic climax
has little credibility these days. However, ecologists
generally accept that as succession proceeds, wet
soils tend to become drier, dry soils tend to become
moister, and moist soils tend to stay that way. These
effects result from a variety of factors, mainly
increases in soil organic matter. However, they may
take decades or centuries to manifest.

In oldfield succession experiments, researchers
found that, again, grasses responded better than forbs
to broadcast irrigation.” These effects were short-
lived and expensive to achieve, so broadcast irrigation
appears to be an ineffective means of “pushing” a
forest garden succession along or of directing its path,
unless you want to encourage grasses. Drip irrigation
probably works better for our purposes, though it
may have similar effects.

Light and Shade

The assumption of the classical view is that shade
gets progressively deeper during forest succession,
achieving its deepest depths at climax. This is prob-
ably not true because true climax occurs so rarely,
which we will explain shortly. In many natural suc-
cessions, shade is often the deepest at a phase of suc-
cession called understory repression. This phase
occurs when vigorously growing young trees close
ranks as a relatively low, extremely dense canopy. The
depth of shade this creates usually kills the last ves-
tiges of the sun-loving herbs and shrubs that remain
from early succession. The canopy opens up again as
the tree stand differentiates in age and structure, cre-
ating a mosaic of light and shade throughout the
woods. Shade-tolerant plants can then move in to
take over the new territory. We can design such a
phase into our successions to help us transform our
understory from sun-loving to shade-loving plants.

Light and shade conditions also depend upon the
size of the stand. According to British researchers,
clumps of trees must cover at least 16,000 square
feet (0.37 acres or 0.15 ha) to produce enough
shade for woodland herbs.”® Given that they con-
ducted this research in Britain, it is probable that
the minimum area would be larger in the stronger
sun of lower latitudes.

RaTES oF SuccEssioN Vary

How fast ecosystems change during succession
depends upon a number of factors. Nevertheless,
having some estimate of the total time for succes-
sion to climax can give us an idea of what to expect
for our designs.

Factors Affecting Successional Speed

The speed with which plant communities change
depends on several interacting factors, some of which
we can influence, and others of which we can:

* climate and soil conditions;

* the amount of environmental change required
during succession;

* how fast organisms alter the environment;

* the growth rate and life span of dominant
plants;

+ the ability of the existing community to domi-
nate the site and resist invasion; and )

* the intensity and frequency of disturbance.”

Succession goes faster in warmer or well-watered
climates than in cooler or drier climates. Dry, wet,
or infertile sites succeed more slowly than moist,
fertile sites. Not surprisingly, primary successions
take longer to reach climax than secondary succes-
sions because they require more environmental
modification from beginning to end. Plants and
microbes that rapidly produce large amounts of
organic matter or quickly change the soil environ-
ment will speed succession. Fast-growing plants
and plants that produce fast-decomposing organic
matter will also speed up succession. Long—ﬁved
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plants slow down succession, because it takes longer
for them to die and be replaced.

Not only does the total time from initiation to
climax vary, but also the rate of community change
at different successional stages varies. In the eastern
forest, early successional stages often move faster
than later stages, because early-succession plants
tend to be shorter lived than late-succession plants.
However, even these tendencies vary from situation
to situation. Observations in Michigan, Ontario,
and Britain show that it can take fifty years or more
for significant tree establishment to occur in old
fields, even when nearby woodlands toss seed at the
fields every year.” Succession can even stop alto-
gether for long periods.

Work under power lines in New England has
shown that shrub communities with continuous,
thick canopies and dense spacing can resist tree
establishment for over thirty years, and probably
more.”! Herbaceous perennials can do the same, not
only by growing in dense stands, but also by using
allelopathic substances or by associating with soil
organisms that resist fungi and their woody-plant
associates. The initial flora plays a huge role in cre-
ating such situations, as does the intensity of the
dispersal pressure from outside (duration, number
of seeds, species of plant). In the power-line shrub-
lands, the researchers judiciously used herbicides to
kill establishing trees, but once the continuous
shrub canopy formed, they did nothing else.
Obviously, even such a stable shrubland will
change, potentially very rapidly, if severe enough
disturbances occur. It all depends on the species
present, their density and pattern, the age structure
of the populations, and so on.

When we choose plants and the patterns within
which we plant them, we influence the probable suc-
cessional sequence and timeline, whether we know it
or not. The plants’ life span, their density and vigor,
the ease with which their organic matter decom-
poses, their effects on soil fertility, and their level of
competitiveness will all affect the plant community’s
rate of change. Dense, vigorous, or exclusionary

plants tend to slow succession by inhibiting coloniza-
tion by later-succession species. Decay-resistant litter
slows succession; it may build into a germination-
inhibiting mulch, and it may prevent new plants from
gaining access to needed nutrients.

Similarly, our management efforts affect the rate
of succession. Are we continually turning up bare
ground? This sets succession back but also creates
opportunities for new species to colonize. Are we
thinning stands of desired plants when we weed,
which then allows other plants to move in? Are we
assisting the demise of plants by too much or too
little fertilizing or irrigating or by improper
pruning? Such practices injure the individual
plants, but they also may provide openings for new
plants to influence the community’s developmental
direction. The point is this: we can affect the rate of
succession in our forest gardens if we pay attention
to these factors and plan ahead.

Some evidence suggests that a lack of synchro-
nization between the soil and plant communities
may impede successional development or alter its
direction. The soil may be highly bacterial from
topsoil importation or manure or fertilizer applica-
tions, inhibiting plants that require a more fungal-
dominated soil environment, for example.

Estimated Total Length of Successions

While we are on the subject of time in a succes-
sional context, let us look at the bigger picture.
How long does it take for a complete classical suc-
cession to occur? What does this mean for us forest
gardeners?

In cool, humid coastal British Columbia, primary
successions on dry sites may take 500 to 1,000 years
to reach climax. Meanwhile, primary successions in
wet sites (theoretically, succeeding from standing
water to moist climax forest) may take as long as
10,000 years. In contrast, the 100 to 500 years
required for primary succession on moist sites in
that region seems short.”> Secondary succession of
northern hardwood forest in New Hampshire may
take up to 350 years to stabilize.” Presumably,
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warmer climates or sites that are more fertile will
succeed more quickly.

In the face of such estimates, it would appear that
assuming we can grow a “climax” forest garden in
our lifetime is preposterous. In addition, most of our
crop trees are not climax species and are not, there-
fore, self-replacing. Since the term c/imax means a
stable, self-replacing ecosystem in dynamic equilib-
rium, we probably should not use the word when we
speak about designing forest gardens. We suggest
using the term horizon or horizon habitat to denote
the furthest future ecosystem we are designing, and
reserving the word c/imax for times and places
where it is truly appropriate. Who knows? Perhaps
someday we will learn how to design true climax
forest gardens: stable, self-replacing, food-pro-
ducing ecosystems sound great, don’t they?
Nonetheless, since we are talking about forest gar-
dening as a metaphor and about using all stages of
succession to grow food, we can still achieve useful
“forest” mimics in our lifetimes.

MEecuANIsSMS OF CHANGE
IN THE CLassIicAL PArRaDIGM

Ecologists have laid out many theories about the
mechanisms of succession over the years. Here we
will spotlight three that seem to have the most rel-
evance to our discussion.

Passing the Baton: Relay Floristics and
Environmental Modification

As we stated earlier, bacteria, algae, and lichens
form the initial stages of primary succession
because only they can tolerate such extreme envi-
ronments. Over many decades they modify the
environment until mosses can survive. The mosses
accelerate the process of soil formation until herba-
ceous plants can grow. Soil building continues even
as shrubs and trees take over, well into the wooded
stages of succession. Throughout this process, the
soil food web develops in concert, from being bac-
teria dominated to being fungi dominated, as dis-
cussed in the last section of chapter 5.

Observations of processes such as this led to one
of the original aspects of successional theory: the
belief that early-succession species modified site
conditions so the environment became more favor-
able for later-succession species. The assumption
was that later species colonized the site as condi-
tions became favorable, and that they did pot exist
on the site until that time. This “tag team” of plants
modifying a site until they “work themselves out of
a job” then passing on the baton to the next set of
species is called relay floristics (see figure 6.4).

Researchers now believe that relay floristics oper-
ates more during primary successions than during
secondary successions because of the varying need
for environmental modification. Propagule dispersal
and successful plant colonization are also key factors
in relay floristics. Hence, the plants around a given
site help determine the successional pathway taken.
If trees grow nearby and their seeds get blown onto
the site, a primary succession may skip some middle
or later stages, with the consequent risk of lower
ecosystem productivity over the long run.

The Initial Flora Influences the Successional Pathway
Imagine that we stage a footrace that includes
sprinters, middle-distance runners, and mara-
thoners. When the gun goes off, the pack is tight,
but the sprinters almost immediately take the lead.
A little later, the sprinters reach their limits of
training and start to peter out, but the middle-dis-
tance runners are hitting their stride, and the
marathoners are just warming up behind them. If
new runners were to now try entering the race, they
would have a lot of catching up to do; few would
succeed at this strategy. In the meantime, the
sprinters fall gasping to the ground, and the
middle-distance runners take the lead, with the
marathoners still pacing themselves, conserving
their energy. Eventually, the middle-distance run-
ners collapse, and the marathoners finish the race
alone. One or two latecomers might finish the race
too, but generally they would not finish near the
head of the pack.
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WEe could stage this race a number of times with
a different mix of racers—say, all marathoners, or
mostly middle-distance runners with a few
marathoners and one or two sprinters, or any other
combination—and each time the pattern of who
takes the lead when would change. With fewer
contestants starting at the gun, more latecomers
would be able to get in on the race with some
chance of success. The character of the race would

depend upon the initial composition of the pack and the
running strategy for which each racer has trained. In
the case of plants, we call the sprinters, middle-
distance runners, and marathoners by the names of
ruderals, competitors, and stress tolerators, respec-
tively (see the following section, as well as “Basic
Plant Strategies” in chapter 4, page 126).

When legacies of soil and plants exist on a site, the
initial composition of the pack plays a defining role
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in the character of the successional race. Many of the
woodies, perennials, and biennials found in oldfield
successions after the annuals die out were already
there even though we may not have seen them. Either
they grow the first or second year as tiny, unnoticed
seedlings, or the seeds lie in the soil waiting for the
right conditions to sprout. The same is true of at
least some of the shrubs and trees that grow later on.

Most gardeners know about soil seed banks, the
literally millions of plant seeds that lie dormant in
the soil, sometimes for decades, before germinating
when the right conditions occur. Farmers expend
much effort to defend against this seed bank.
Forests contain soil seed banks, too (again, with mil-
lions of seeds per acre), though the species present
differ from those in oldfields. The soil may also con-
tain stem sections, buds, roots, and stumps that can
quickly regenerate whole plants. Because of these
resources, secondary successions can jump from bare
ground to self-replacing climax forest directly, or
they may include any number of other shortcuts, if
the right propagules are present and the soil legacy
suffices. In a clear-cutting experiment in New
Hampshire, 95 percent of the individual plants that
regenerated on the site already existed there in some
form before the clear-cutting.*

We must therefore assume that practically any site
already contains seeds or other propagules of a wide
range of species. These species possess varying life
histories and ages to maturity that determine when
they come to dominate a stand. Annuals appear first
after a disturbance, for example, because they ger-
minate under disturbed conditions and grow
quickly. Perennials appear next because they take
longer to grow to maturity. Also, it may take up to
three years for perennial seeds to experience the spe-
cific sequences of conditions they sometimes require
to germinate. Shrub and tree seeds often prefer to
germinate in less harsh conditions than the previous
plants, so some wait—but some don’t. Once they
sprout, they often grow more slowly and take more
time to develop and dominate than the annuals and
perennials. The theory of initial floristic composi-

tion assumes that the initial flora largely determines
the successional stages the site goes through, and
how quickly (figure 6.4). The initial flora also affects
the ability of additional plants to move in and estab-
lish themselves. We can therefore direct the succes-
sional pathway by controlling or managing the
initial flora.

Our forest gardens will initially include many
plants we did not select that got there before us.
When plants occupy a site, they reduce the ability of
other plants to seed in or spread. Even if other plants
do arrive, they often have a competitive disadvantage
because they got there last. This is not to say, how-
ever, that dispersal and colonization do not occur in
secondary successions. Farm fields, suburban lawns,
and other sites with a long history of continual dis-
turbance will have a more limited initial flora, and
immigration will play a larger role. Neighboring
trees, shrubs, and herbs with numerous seeds can
exert an overwhelming influence, even with a dense
initial flora. Animals also disperse and plant many
seeds. In these cases, however, the newcomers can get
an advantage only if the existing community is weak
or thin, if a disturbance occurs at just the right time,
or if they act as opportunists or supercompetitors.

Cataloging the initial flora in and around a site
offers us the opportunity to plan site preparation and
weed management and to invite desirable species to
stick around. The power of the initial flora gives us
the opportunity to direct succession by densely
planting useful species for each stage of succession all
at once. We can then guide the community to keep it
going in the direction we want. Establishment and
maintenance of the garden as a whole will be made
easier by planting a wide range of successional species
at one time. In that process, we must be aware of the
strategies each species uses to survive and spread.

Plant Strategies and Life Historzes

The theory of initial floristic composition raises
plant strategies and life histories as critical factors
in determining the composition of each succes-
sional stage. As the footrace envisioned above illus-
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Ficure 6.5. The frequency (f) of ruderal, competitor, and
stress-tolerant species varies depending on resource avail-
ability, the level of disturbance, and competition. These fac-
tors change from the beginning to the end of succession such
that ruderals dominate first, competitors second, and stress
tolerators at the end of succession. At point ‘1’ disturbance is
low enough that competition becomes the most adaptive
strategy. At point ‘i’ resource limitations make stress toler-
ance more adaptive than competition. Adapted with permission from
J B Grime, American Naturalist 111:1169-94.  Copyright © 1977 by the
University of Chicago Press.

trates, ruderals, competitors, and stress tolerators
take different places in the successional sequence.
The adaptiveness of the various plant strategies and
life histories varies as succession moves forward,
which assists the change in species populations over
time (see figure 6.5).” All of this is based on the
principle of allocation (box 6.1).

Early-succession plants mostly use the ruderal
strategy. These plants, exclusively herbaceous
annuals and biennials (table 6.1), allocate most of
their energy to reproduction. They live short lives,
yet their seed remains viable in the soil for long
periods. This adapts them to take advantage of dis-
turbed conditions that appear randomly and infre-
quently, and that change quickly. They spend little
energy on resource gathering (root or shoot growth)

Box 6.1: The Principle of Allocation

Different species allocate their limited energy
to different structures and functions in their effort
to survive and reproduce. When genetically coded,
these allocation patterns define an organism’s
adaptive strategy. Each adaptive strategy has
different architectural and behavioral impli-
cations for the plant or animal in question.®

We all must choose where and when to spend our
time and energy. When we develop habits in that
regard, we have adopted a strategy to get us
through life. In plants and animals these strategies
are genetically coded to at least some degree, and
that code determines the organism’s structure and
functions. Does a given plant allocate its energy
mostly to reproduction and dispersal, to growth
and competition, or to defense and maintenance?
Does it have broad environmental tolerances, or
does it have specific, narrow requirements? Is a
given predator a specialist or a generalist? Which
strategy a plant or animal chooses will determine
in which environments it will perform the best. It
will also influence its usefulness to us, both in kind
and in quantity, and how, where, when, and why
we can use that species in our forest garden.
When we choose plants for our garden, we are
choosing to use their strategies. We should make
sure that we manage and use plants in ways that
are in harmony with their essential life strategy
and their resulting architecture or form. Plants
that emphasize reproduction will likely yield more
seed than those that emphasize maintenance or
those that emphasize growth and competition, for
example. Trying to force high yields of fruit from
plants that use maintenance as a primary strategy
will be an uphill battle, while harvesting leafy
greens from a plant that emphasizes growth and
competition makes good sense. However, plant
breeding often alters a plant’s fundamental
strategy and therefore alters its ecology, succes-

sional role, and resource or maintenance demands.
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TABLE 6.1. Selected characteristics of ruderal, competitor, and stress-tolerator plants. 4dapted from J. P Grime, Plant Strategies, Vegetation
Processes, and Ecosystem Properties. Copyright © 2001 John Wiley & Sons Ltd. Reproduced with permission.

Characteristic

Ruderal

Competitor

Stress Tolerator

Life form

Annual and biennial herbs

Perennial herbs, shrubs, trees

Perennial herbs, shrubs, trees

Shoot architecture

Small stature; limited lateral
spread

High, dense canopy; wide spread

Extremely varied

Life span

Very short

Long or relatively short

Long to very long

Leaf and root life span

Short

Relatively short

Long

Flowering frequency

High, sometimes more than
once per year

Typically yearly once established

Intermittent over a long life

Amount of energy
devoted to seeds

Large

Small

Small

Regenerative strategies

Seasonal regeneration in
gaps; many small wind-
dispersed seeds/spores;
persistent seed banks

Vegetative expansion; seasonal
regeneration in gaps; many small
wind-dispersed seeds/spores;
persistent seed banks

Vegetative expansion; persistent
seedling bank

Maximum potential
growth rate

Rapid

Rapid

Slow

Response to stress

Rapid curbing of growth;
energy diverted to flowering

Maximizing vegetative growth

Responses slow and small in size

Timing of nutrient uptake
and photosynthesis

Opportunistic, coinciding with

vegetative growth

Strongly seasonal; coincides with

long period of continuous vegetative

growth

Opportunistic, often uncoupled
from vegetative growth

Energy and nutrient
storage

Litter

Confined to seeds

Most built into plant structure;
some stored for following year

Stored in leaves, stems, and/or
roots

Sparse, not usually persistent

Copious, not usually persistent

Sparse, sometimes persistent

Palatability to generalist

Usually high

Various

Low

herbivores

because disturbed environments tend to exhibit
flushes of nutrients and greater water availability.
Ruderals also have little need for defense: their pop-
up-and-go strategy is a good defense in itself. Their
nomadic habits help them avoid competition but
afford them little opportunity to dominate anything
other than early succession, immediately after dis-
turbance. They frequently grow in masses.

Ruderals prevent fertility loss by capturing and
holding nutrients mobilized by disturbances. They
quickly generate large quantities of organic matter,
mostly because of their number, since ruderal plants
typically have a small stature and limited lateral
spread. We can use them as mulch plants and
nutrient conservers, but we must use them as such
immediately after a disturbance or else the nutrients
they need will leach away. Many common food

crops and cover crops are ruderals, which is why we
need to give them so many nutrients and set back
succession all the time.

As other plants begin to colonize a disturbed site,
or disturbance becomes less frequent, ruderal strate-
gies become less adaptive for plant success.
Competitor plants devote themselves to resource
gathering and rapid growth, with reproduction a sec-
ondary concern. They quickly take up as much space
as possible so they have the best shot at reproducing
later. They generally turn whatever resources they can
grab into plant tissue very quickly but put little
energy into building longevity into those tissues.
They store only what energy and nutrients they need
to get going next year. They spread using all available
means: vegetative expansion (root and shoot growth),
wind-dispersed seed, and seed banking. They some-
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F1Gure 6.6. Few plants fall clearly into one of the three life-
strategy categories laid out by the RCS theory. When you see
disturbance, competition, and stress each as a continuum, you
arrive at a chart like this to describe plant strategies. Species
with intermediate strategies then become competitive stress
tolerators (CS), competitive ruderals (CR), or stress-tolerant
ruderals (SR) Adapted with permission from J.P Grime, American Naruralist
111:1169-94. Copyright © 1977 the University of Chicago Press.

times compete and defend themselves against com-

petition using chemical warfare (allelopathy). They.

can be trees, shrubs, or perennial herbs (see table 6.1).
They frequently grow in clumps and drifts.

As succession continues, living and dead organic
matter bind up more and more free nutrients, and
fewer and fewer nutrients are easily available to
plants. This leaves plants that grow rapidly at a dis-
advantage compared to those adapted to tolerate
resource limitation. Stress tolerators put their
energy into maintenance and mutualism. They
grow slowly because they create tissues that with-
stand the test of time. They can absorb and store
nutrients when they aren’t growing, whereas most
competitors and all ruderals can absorb nutrients
only when they are actively growing. Stress tolera-
tors eventually overtop competitors and shade
them out. They also develop mutualistic relation-

Ficure 6.7. Using figure 6.6 as a guide, we can then classify
plant life forms and see where they fall: A) annual herbs; B)
biennial herbs; C) perennial herbs and ferns; D) trees and
shrubs; and E) lichens. Adapted with permission from J.P Grime, American
Naturalist 111:1169-94. Copyright © 1977 the University of Chicago Press.

ships with fungi and other organisms to help them
overcome resource limitations. On moderately
moist sites with temperate seasons, deciduous trees
are the most adaptive plant life forms. Trees are also
the most stress tolerant, at least partly because they
influence the environment around them so much.
While the above discussion seems pretty cut-and-
dried, the plant world clearly is not. Most plants fall
somewhere between these three points of the tri-
angle, showing characteristics of more than one
strategy (figure 6.6). Some of our common annual
food crops express competitor strategies, even

. though annuals generally fall at the ruderal end of

the spectrum. These we call competitive ruderals.
Stress-tolerant ruderals include plants that colonize
early primary successions on poor sites. We can con-
sider pioneer trees to be competitive stress tolerators.

While it is difficult to locate any one species exactly
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on the R-C-S .diagram, the various plant groups do
tend to fall in certain parts of the triad (figure 6.7).
Perennial herbs form the main exception to this rule,
because their life form is so adaptable. This in part
helps us understand why the different life forms
dominate at the stages of succession that they do. It
can also help us select plants exhibiting the right
attributes for our designed successional sequences.
But where are these sequences going? Do they end at
some stable dynamic equilibrium or not? How valid
is the climax concept?

EmperOR CrLimax Has No CLoTHES

Although generally accepted by plant ecologists
until 1970, the hypothesis that a forest devel-
oped to a fixed climax was difficult to test, and

in fact . . . was incorrect.
—DanieL BoTkin, Forest Dynamics

Many ecologists now consider the classical theory
of a stable, permanent endpoint of succession to be
a nakedly simplistic and perhaps embarrassing fal-
lacy, at least for most forests. We could consider the
three underpinnings of the theory (stability, self-
replacement, and dynamic equilibrium) to be
clothes made for Emperor Climax, ruler of all suc-
cessions. These clothes, of course, turn out not to
exist. Nevertheless, while the emperor may not
have any clothes on, we still have an emperor, at
least for now. He just looks different without all
those robes. Stable, self-replacing climax occurs far
less often than previously thought, and only under
specific conditions. Some forests do achieve it, but
it is not as broadly applicable or controlling as we
used to think. However, all the concepts, theories,
and observations of succession discussed above that
arose during Emperor Climax’s reign remain valid:
primary and secondary succession, legacies, envi-
ronmental modification, timescales, relay floristics,
initial floristic composition, and plant strategies.
In any case, the climax concept still holds some
value. It provided useful structure for ecological
research for many years. It organized vegetation

mapping and classification, which helps us create
habitat mimics for our forest gardens. We can still
use climax as a theoretical endpoint for forest garden
design, even though it’s not always the best, nor is it
the only model out there. What other models exist
for the long-term future of our forest gardens?

The next section explores a second model of veg-
etation dynamics that amplifies our understanding
of successional processes at an ecosystem level. This
model still assumes the linear progression of clas-
sical succession. However, it replaces the theory of
climax as a stable, self-replacing dynamic equilib-
rium with a theory that shares some similarities
with the theory behind typical crop rotations in

organic gardening: shifting mosaic steady state.

PROGRESSIVE SUCCESSION TO
SHIFTING-MOSAIC STEADY STATE

In the late 1970s, a series of long-term, multidisci-
plinary, ecosystem-scale forest-succession experi-
ments came to fruition at the Hubbard Brook
Experiment Station in New Hampshire’s White
Mountains.” These experiments involved clear-
cutting whole watersheds previously covered with
northern hardwood forest (beech-birch-maple).
The researchers then compared the successional
dynamics of species composition and nutrient,
water, and energy flows in the denuded and nearby
untouched watersheds.

At the same time, work began to gel on computer
simulations of forest succession.”® These simulations
formalized complex sets of interacting theories and
assumptions about tree niches, tree growth, competi-
tion, nutrients, and other factors. The acid test of a
computer model is whether it can reasonably approx-
imate the behavior of real forests. These simulations
did so, based on data from real ecosystems, including
the Hubbard Brook experiments. They gave credence
to the assumptions and theories built into the com-
puter program (and supported H. A. Gleason’s indi-

vidualistic theories of plant communities). It also
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offered researchers the ability to “grow” a virtual
forest for three hundred to five hundred years under
different conditions and see what happens.

These two pieces of research elaborated on and
clarified many understandings of the classical suc-
cession model, including the causes of succession,
and especially the dynamics occurring within the
typical early and middle stages of linear forest suc-
cession, for which we have the most real-world
data. Much of what we have discussed in the pre-
vious section remains as part of this second succes-
sion model. However, these two pieces of research
also caused significant shifts in perspective con-
cerning the nature of climax and equilibrium. This
research helps us see the relationship between suc-
cession dynamics at the ecosystem scale and at the
site scale. Understanding this relationship is key to
understanding succession as a whole system.

In this successional model, linear succession leads
to a shifting-mosaic steady state in which any par-
ticular site within the forest undergoes continuous
cycles of succession and disturbance. The distur-
bances in this case come about by the simple death
and replacement of trees in a process called gap
dynamics. Therefore, some portion of the forest is
always at early-successional stages, but the location of
these early-succession sites shifts over time. The
same is true of all other stages of succession, and
this creates a mosaic of patches at different succes-
sional stages, all of which change location as the
system ages. Yet at the landscape scale, the forest as
a whole maintains more or less the same species
composition, energy and nutrient dynamics, and so
on: a shifting-mosaic steady state.

One major difference between shifting mosaic
and classical climax is that while the species com-
position at the landscape scale doesn’t change much
over time, the shifting mosaic includes species from all
stages of succession. Conversely, a classical climax, by
definition, includes only self-replacing species of
late succession, e.g., shade-tolerant trees that can
grow in the shade of their own elders.

Prases aAND DyNAMICS OF
SECONDARY SUCCESSION

Different authors describe the various “stages” of
succession differently, depending on what kind of
system they are describing. Often these descrip-
tions involve ecosystem architecture or what kinds
of plants dominate (the “shrub stage”), the presuc-
cession state of the system (“oldfield”), or some
sense of timing (“midsuccession”). Here we will dis-
cuss the phases of succession in terms of ecosystem
dynamics instead of species, plant types, history, or
architecture.

The Hubbard Brook experiments involved a series
of small watersheds on impervious granite bedrock.”
Researchers left some watersheds untouched and
experimentally manipulated others for comparison.
The impervious bedrock allowed the reasonably
accurate measurement and calculation of energy,
water, and nutrient budgets for each watershed
before, during, and after the experimental clear-cuts.

In the autumn of 1965, loggers cut all trees larger
than about 1 inch (2 cm) in diameter to the ground
within a 38-acre (15.6 ha) watershed that they
named W2. They left all the wood in place and cut
slash and brush to within 5 feet (1.5 m) of the
ground. They built no roads or skid trails in the
process, thus minimizing soil disturbance and ero-
sion. For three subsequent growing seasons,
researchers used herbicides to keep vegetative
growth from rebounding, and then they let the
ecosystem do its thing. The herbicide treatment
allowed the researchers to separate the effects of
nutrient releases due to disturbance from the effects
of nutrient and water uptake by plants during
regrowth.

F. Herbert Bormann and Gene Likens used the
above experiment to define four phases of secondary
succession: reorganization, aggradation (the oppo-
site of degradation), transition, and steady state (see
figure 6.8). To these four we add disturbance as a
key phase defining the sequence of events that fol-
lows. The basic measure used to define these phases
is the total biomass, living and dead, within the
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Ficure 6.8. The four phases of secondary succession as defined
by Bormann and Likens include reorganization, aggradation,
transition, and steady state. Each is defined by the behavior of
the system with respect to the levels of biomass in the
ecosystem. Adupted from Bormann and Likens, 1979. Used with permission.

ecosystem. The assumption here is that there was a
preexisting ecosystem that underwent some form of dis-
turbance, leading to a renewed successional process.
Therefore, this perspective does not apply in whole
to primary successions, though many aspects of it
are certainly relevant.

Basically, it all boils down to this: the story of dis-
turbance and succession 1s essentially the story of
plant communities losing, gaining, and then again
partially losing control over the potentially destruc-
tive forces that nature throws at them.

The Predisturbance Condition:

An Aggrading Ecosystem

The preclear-cut forest of W2 was a second-growth
northern hardwood forest dominated by beech,
sugar maple, and yellow birch (Fagus grandifolia,
Acer saccharum, and Betula alleghaniensis, respec-
tively). Several years of baseline monitoring showed
that when the experiment began the ecosystem was
still recovering from thinnings and cuttings in the
late 1800s and early 1900s. This means the nutrient
containers in the system looked more or less like

those in figure 5.5 (page 180). The system showed

an ongoing increase in the living and dead biomass
at the top of the nutrient container system, which
means it was storing more and more nutrients in
the topsoil and vegetation over time. The system
was aggrading.

Aggradation essentially means that the system is
building abundance. In ecological terms, aggrada-
tion is the building of increased living and dead
biomass, soil fertility, and physical and biological
complexity. An ecosystem can create these forms of
natural capital only by controlling the potentially
destructive forces of water, wind, and solar energy.
Ecosystems exert maximum control over these forces
during the aggradation phase, thereby controlling the
system’s energy, water, and nutrient flows.

Aggrading ecosystems control these forces and
flows by building living and dead architecture. We
discussed in chapter 5 how plants plug nutrient
leaks by directing water through their bodies to
garner nutrients and thereby limit the water avail-
able for leaching away nutrients. Plants accomplish
this essential work by building biological infrastruc-
ture that also controls the flows of solar energy.

Plants convert sunlight to biomass at a very low
efficiency. Only 1 to 2 percent of the solar energy
that falls on a forest gets used in photosynthesis.
However, “the trick that makes this small energy
flux so important is to use it for physical construc-
tion. A temperate forest controls wind, water, and
soil movement by what amounts to mass engi-
neering, and the forces of chaos in a habitat are
checked as the floods of a great river are checked—
by a few subtle engineering works.” By building
biological infrastructure, plants end up using
around 40 percent of the sun’s energy to evaporate
water, pumping it from the soil into the air, thus
gaining control over water, nutrients, and sunlight
in one fell swoop. This coup d’état allows the forest
to build abundance patiently, one leaf, one stem,
one drop of water, one year at a time.” This is what
watershed W2 was doing at the beginning of the
Hubbard Brook experiments.

Then the chainsaws came.



Succession: Four Perspectives on Vegetation Dynamics 257

Disturbance: Loss of Infrastructure
Means Loss of Control
We will discuss disturbance in more detail below;
however, let us briefly consider what we mean by
the word. Pickett and White define a disturbance as
“any relatively discrete event in time that disrupts
ecosystem, community, or population structure and
changes resources, substrate availability, or the phys-
ical environment.”* A disturbance can arise from
any destructive event, such as a hurricane, ice storm,
fire, insect outbreak, the death of a single tree, or
the thinning or clear-cutting of a whole forest.
Environmental fluctuations, such as climate
changes, rising water tables, and the like may also
cause disturbance. In the case of this model of suc-
cession, once the chainsaws and herbicides left W2,
the assumption was that the only disturbances that
would occur within the ecosystem were those gen-
erated from within the ecosystem itself. In other
words, no hurricanes, fires, clear-cutting, or climate
changes—only the normal life spans of trees and the
interactions between them and their environment.”
When the chainsaws and herbicides came to W2,
they took the system in figure 5.5 and made it into
figure 5.3. They destroyed the living infrastructure,
shutting down the water and nutrient controls the
system previously had had. The plants stopped
photosynthesizing, shutting off the energy supply
to the living-web microbes in the soil. The dead-
web microbes, on the other hand, had a veritable
feast. Dead organic matter increased radically, and
to top it off, soil temperatures climbed due to the
loss of plant cover. This sped up everybody’s metab-
olism and led to a dead organic matter feeding
frenzy. In the case of W2, researchers observed a
weight loss of 23 percent in the forest floor as bio-
mass decomposed during three years of herbicide

t.3* Disturbances convert biomass and other

treatmen
resources from one form to another. How much and
what gets converted depends on the kind, timing,
and intensity of the disturbance.

With no plants taking up water and putting it in

the air, Hubbard Brook stream flows increased from

25 to 40 percent overall, and storm flows increased
by as much as 300 percent. The amount of rain
entering the ground increased, helping keep the
decomposer feast going and washing away the
garbage the feasting left behind. Unfortunately for
the soil, that garbage was a large quantity of nutri-
ents previously stored up through many years of
slow, patient labor by the ecosystem. Total nutrient
losses in stream water increased by a factor of eight
during the devegetation period, peaking in the
second year and then dropping off. The drop was
due to the easily available nutrients and readily
decomposed organic matter being exhausted, so that
further decomposition of resistant organic matter
was necessary to rélease more nutrients. It fook only
two years to exhaust the supply of readily available
nutrients in the soil ecosystem.”® Delaying revegetation
after a disturbance leads to large losses of nutrients.
Keeping the plants dead for three years shut down
the natural recycling system of the forest, pro-
longing the disturbance and deepening its impact. It
also altered the microclimate, exposing the rem-
nants of the system to the forces of nature. The
more intense the disturbance, the more the threads
of continuity—legacies from the preexisting
ecosystem—get cut. As Bormann and Likens said:

In a sense, the disturbance opens the [forest]
system to those potentially destructive forces that
are ever-present in its environment: rain, running
water, wind, heat, and gravity. The longer these
forces operate in an uncontrolled way, the more
the ecosystem is degraded, and the longer the
time necessary for the ecosystem to recover to
pre-disturbance conditions, if indeed recovery is
possible.”

Reorganization: Recovering Control by Drawing on
Natural Capital

In the reorganization phase, the ecosystem “comes
to terms” with the disturbance event and eventually
reestablishes control over the water and nutrient
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flows within it. To reorganize itself and reestablish
its infrastructure, the system draws on the natural
capital it had previously built up. The more natural
capital the system has to draw on, the faster it will
recover. The more intense the disturbance, the
longer recovery will take. The greater the nutrient
losses before the beginning of recovery, the slower
the process.

Once a disturbance is over, the processes of
increased decomposition of biomass and loss of
nutrients continue unabated for a time (as long as
supplies last). These processes do have a side ben-
efit, though: easily available nutrients become abun-
dant in the soil water. The soil water is often more
available as well, since there is less transpiration.
Combine that with plenty of sunshine and warmer
soil temperatures and you have a perfect environ-
ment for ruderal plants, whose seeds either have
been lying in the soil for years waiting for just this
opportunity or can blow in from the neighborhood.

Designed for rapid growth, ruderals rapidly begin
taking’ up nutrients, building infrastructure, and
modifying microclimates. Other plants also come
into play: root and stump sprouts, formerly sup-
pressed seedlings, and surviving trees, shrubs, and
herbs all respond to the new conditions. The
marathon of initial floristic composition is on! How
many racers crowd the race track and what kind of
runners they are depend on the legacies left over
from the previous system. They must act quickly to
prevent nutrient losses from mounting, however,
for they have only a few short years before the
readily available nutrients become exhausted.

It can take ten to twenty years for the ecosystem to
again assert the control over the forces of wind,
water, and sun that it once had. This means nutrient
leaks remain large and nutrient plugs small for a sig-
nificant time. As a result, the curve in figure 6.8
shows the biomass level decreasing through the reor-

ganization period, even though there are quick gains’

in living biomass in the early years. Decomposition
still exceeds production, so biomass drops and a net
loss of nutrients and energy from the system occurs.

While the rapid growth of ruderals may make it look
as if the soil is fertile, this can be deceiving. The flush
of vegetation is more a response to nutrient avaz/-
ability and losses than to soil fertility.”

Imagine now that we continually disrupt the
ecosystem over a long period. We release a flush of
nutrients by turning over the soil and destroying
the vegetation, then let it lie fallow for a while as
ruderals take over, only to disrupt it again and
repeat that process. Obviously, we thereby maintain
the system in a state of disturbance and reorganiza-
tion, with the consequent losses of nutrients, bio-
mass, and complexity over time. Trying to maintain
or even improve the natural capital of such a system
takes a tremendous amount of work. This is exactly
what we do 1n conventional agriculture: fight a con-
tinuous uphill battle. We can instead use the
processes of natural systems to build natural capital.

Aggradation: The Period of Peak Control over
Ecosystem Processes

Aggradation is the period of highest stability (i.e.,
constancy of ecosystem functions) in forest ecosys-
tems. Forests in this phase maximally buffer the
vagaries of wind, water, and weather to control the
flows of the key elements essential to ecosystem
health and productivity. The aggradation phase
begins when total biomass levels start to increase
again (fifteen to twenty years after the clear-cutting
at Hubbard Brook) and ends when biomass stops
accumulating (projected to be 150 to 250 years
after the clear-cutting at Hubbard Brook). Biomass
accumulates rapidly at first, then more slowly later
in the phase.

As the ecosystem accumulates biomass, the living
system strongly regulates the flows of energy, water,
and nutrients. The chemistry of drainage waters
varies little even as drainage flow rates vary a lot.
The soil’s resistance to erosion increases dramati-
cally. The cation exchange capacity of the soil
increases as organic matter accumulates, literally
doubling the depth of the forest floor in the first
sixty years.® The ecosystem controls the internal
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flows of water by controlling evapotranspiration and
by increasing the ability of the soil to hold water.
Stream flow rates decrease, reducing leaching and
erosion. Ultimately, the rate of nutrient losses from
the aggrading Hubbard Brook watershed came to
equal or fall below the amount of nutrients entering
the system by atmospheric deposition and the
weathering of rock and mineral soil.”

The aggradation phase may last around two hun-
dred years in northern hardwood forests, building
biomass the whole time. Eventually, the ecosystem
accumulates so much living and dead biomass that
the energetic cost of maintaining that biomass rises
high enough to equal biomass production. This is
when the aggradation phase ends and the transition
to steady state begins.

Transition.: The System Seeks Balance

Little real-world data exists for the last two phases
of succession in this model, transition and steady
state. According to computer simulations, the tran-
sition to steady state starts about two hundred years
after clear-cutting, and may last as Jong as two hun-
dred years.

This succession model assumes a single clear-cut
disturbance that begins a renewed successional
sequence. Consequently, the resulting trees are all
the same age, at least initially. For this reason, we
can talk about the ecosystem in the reorganization
and aggradation phases as if the whole system is in
one phase, for it is. From transition phase on, we
can no longer do that, for the ecosystem begins to
differentiate at two levels: site and landscape.

To understand what occurs in the transition phase,
let’s look at the four phases of succession at both
scales. Imagine you have one hundred plastic plant
pots sitting in your backyard, laid out in ten rows of
ten pots each. Each pot represents a site within an
aggrading forest like the preclear-cut watershed at
Hubbard Brook. You plant one seedling of a self-
sowing annual plant in every pot. One hundred per-
cent of the pots now contain a low amount of living

biomass—one tiny seedling (figure 6.9a).

The plants draw on the accumulated reserves of
nutrients and energy in their pots to begin building
living biomass. The nutrient and organic matter
reserves of the soil in the pots drops as they do so. As
the weeks go by, the plants get bigger. Since all the
plants are the same age, they all reach a moderate
level of living biomass at about the same time, but
some are maturing faster than others. As they age
more and grow more, the variation in size and matu-
rity increases, but they all achieve a high level of
living biomass at about the same time. Then some
plants begin to flower and die, sowing seeds that
immediately sprout and begin growing (figure 6.9b).
When this occurs, each particular pot goes from a
high level of living biomass to a low level of living
biomass and then begins growing living biomass
again. As time goes on, more plants flower, die, and
reproduce, but the age structure of the population
gets more diverse because of their varying growth
rates. The system goes from all the pots containing
roughly the same amount of living biomass to some
pots containing a little, some moderate amounts, and
some high amounts. The percentage of pots at the
different levels of living biomass begins to vary.
Some pots have tiny sprouts, some have flowering
mature plants, others are somewhere in between, and
which pots are in which condition varies over time.
Eventually, the system comes to a steady state where
the proportion of pots at each level of living biomass
more or less stabilizes (figure 6.9¢).

This is what happens in a clear-cut forest allowed
to succeed. In the reorganization phase, every site
in the landscape has low levels of living biomass.
The living biomass at every site within the whole
landscape then grows at about the same rate
throughout aggradation. In the transition phase,
the even-aged structure of the stand begins to break
down as trees die and succession begins again at
particular sites in the landscape. That begins cre-
ating the shifting mosaic.

The decline in total biomass during transition
shown in figure 6.8 occurs because as old trees die,
more and more patches of the forest go back to
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Ficure 6.9a—c. A landscape of plant pots with self-sowing C

annuals in them could follow the pattern of succession laid out
in the shifting-mosaic model. At first (a), 100 percent of the
pots contain low levels of living biomass just after the first
seeds have sprouted. The plants grow at slightly different rates
(b), so that while most pots contain high amounts of living
biomass (green pots), some lag behind at a moderate level
(four leaves), some have already died and gone to seed (dark
pots), and a few of those have already resprouted (two leaves).
Aggradation ends and transition begins as the landscape as a
whole begins to lose biomass. Once the system has come to a
moving stability (¢), most of the pots will contain moderate
biomass, about one-third will have high levels, and a small
percentage will be turning over a new leaf. Each pot continues
to cycle through succession, but the landscape as a whole
maintains about these proportions of successional stages.

earhier successional states of relatively low living
biomass, go through reorganization, and begin
aggrading again. As the transition phase continues,
the proportions of the forest in the various biomass
categories settle toward a sort of moving balance
(figures 6.10 and 6.11). Sites with moderate living
biomass dominate (about 60 percent of the land-
scape). A small percentage of the forest has low
living biomass (just after trees die), and about a

third of the forest contains large old trees with lots
of living biomass. Transition ends and steady state

begins when this process results in relative stability
at a landscape level, even as gap dynamics create
new disturbances every year to keep the shifting
mosaic going. Can you imagine how we might

- mimic this in our forest gardens? Can you see how

Native American agroforestry and slash-and-burn
agriculture (see chapter 1) mimicked this process?
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F1GURE 6.10. A section through a shifting-mosaic forest reveals that the community has shady areas, old trees, and early succession
sites. This allows species from all stages of succession to survive indefinitely. Though midsuccession dominates, there is diversity in
these sites, with varying tree and tree-stand ages and lumpy text