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Foreword

If you go down in the dirt today, you’d better not go alone!
For today’s the day the nematodes have their picnic!

Sung to the tune of “The Teddy Bears’ Picnic”

HEN YOU ARE BORED looking at “soil” from urban lawns, making

up words to popular songs is always good! Soil shouldn’t be so bor-

ing, but urban landscapes mean dead dirt. It means being bent over

a microscope for long hours looking at . . . nothing but inert particles. Boring.
And so, we make up words to songs.

Real soil is active, alive, moving! Critters everywhere, doing interesting
things! No need to invent new lyrics to old songs. No hours staring through a
microscope looking at micrometer after micrometer of borin g—nothing hap-
pening. Instead, after just a few seconds—movement, life, action!

Urban dwellers and other growers have been pouring toxic chemicals on
their soils for years, without recognizing that those chemicals harm the very
things that make soil healthy. Use of toxics to any extent creates a habitat for
the “mafia” of the soil, an urban war zone, by killing off the normal flora and
fauna that compete with the bad guys and keep them under control. Recent
work strongly indicates that toxic chemicals destroy water quality, soil health,
and the nutritional content of your food, because of the loss, eventually, of the
beneficials in the soil. If toxic material was applied only once in your life, the
bad situation we have today would not have developed, but typically with that
first application, thousands of organisms that were beneficial to your plants
were killed. A few bad guys were killed as well, but good guys are gone, and they
don’t come back as fast as the bad guys. Think about your neighborhood: who
would come back faster if your neighborhood was turned into a chemical war
zone? Opportunistic marauders and looters, that’s who comes back in after
disturbances. In the human world, we send in the National Guard, to hold the
line against criminals. But in soil, the levels of inorganic fertilizer being used,
OF the constant applications of toxic pesticide sprayed, mean the National
mﬁma of the soil has been killed, too. We have to purposefully restore the ben-

ehicial biology that has been lost.
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Where will the new recruits come from? You have to add them—bacterifl,

\ todes, earthworms, microarthr opods—backto L soil.
Rngs, protOZDa,fﬂE:jn:hese beneficials, but to make sure that the beneficials get
et O.f Fiy” ?e ckages may need to be delivered. Soil Foodweb, Inc., helps
TEEStathh?:jii care::iblisi the biology that creates the foothold for health to
E{:E:Eb;iilin};size se systems; and this book describes these hal'd.wm'king
members of the front line of defense for your plants. Where -do they live? Who
are their families? How do you send in lunch packs, not toxics, to help the re-

: ?
cmﬁ;lﬂbtgcic your soil’s health. Put nothing on your smi! if you d.'DIl:E know
what it will do to the life under your feet. If there is “no information” about
how something impacts the life in your soil, or if the material has never been
tested to determine what it does to the organisms in your soil, don’t use the
material. If you have already purchased the product, test it yourself.

Toxics are sometimes necessary to roust out a particularly bad infestation
or disease, but toxics should be used as a last resort, not as your first response
to a wilting plant. If you use toxics, then remember to replace the good guys,
and send in some food, immediately.

Reestablishing the proper biology is critical. You may lose a few battles
along the way. But persevere, and you can win. Think strategically: how can
you help deliver troops, foods, medicines, and bandages to the front lines of the
battle between beneficials and the diseases and pests in the most effective way?
The directions, at least to the best of our knowledge, are in this book.

Most people have a great deal to learn when it comes to soil. You need the
information that Jeff and Wayne have put together. They also make their “les-
Wﬂfi" about soil health enjoyable! They present what could be deadly dull and
boring in a way that is exciting and understandable. Instead of your having to
::::i;ﬁ?‘rs and years, staring through microscopes, as my colleagues and ]
o Z fl‘i ;:trhiﬁ;rts l'tII} under!stand soil biology, thﬁis book gives you an
. gﬁher i baok, . ::13 Ei;n::.u The work of many sc1enti5t.5 iS, brough t_ to-
be easily llnders'fonﬂ, A way that allows the complex story of life in the soil to

Thope you will join with us ang hel

g G = to learn how to return health to soil,
and therefore. to tho £ 1 P ea x
wrelore, to the food you eat. The instructions are here,

Dr. Elaine Ingham, Ph.D.
President, Worldwide, Soil Foodweb, Inc.
Www.soilfoodweb.com

Preface

E WERE TY-PICAL suburban gardeners,. Each year, at the beginning
of the growing season, we carpet bombed our lawns with 2 mega-
dose of water-soluble, high-nitrogen fertilizer and watered like
crazy; then we strafed their weeds with a popular broadleaf herbicide. Next. we
attacked our vegetable gardens and flower beds with a bag or two of commer-
cial fertilizer and leveled them with a rototiller until the soil, the color and tex-
ture of finely ground coffee, lay as smooth and level as the Bonneville Salt Flats.
These things we did religiously, as did most of our neighbors. Once was never
enough either. We continued to use chemical fertilizers throughout the season
as if we were competing in the large-vegetable contest at the Alaska State Ea ir—
and at the end of the season we rototilled again, for some mexplicable reason.
When necessary (and it often was), we would suit up into protective cloth-
ing—complete with rubber gloves and a face mask—and paint our birches to
protect them from invading aphids by using some god-awful smelling stuff
that listed ingredients no normal person could pronounce, assuming he or she
took the time to read the incredibly small print on the chemical’s label. Then
we sprayed our spruce trees with something that smelled even worse—some-
thing so strong, one application lasted not one but two years. It was a good
thing we did protect ourselves, as both spray products are now off the market,
withdrawn as health hazards.

Don’t misunderstand us. At the same time we were also practicing what we
considered to be an “appropriate” measure of environmental responsibility
and political correctness. We left the grass clippings on the lawn to decompose
and tilled fallen leaves into the garden beds, and occasionally we let iDDSE:
batches of lacewings, ladybird beetles, and praying mantids—our version of
integrated pest management. We composted. We recycled our NeWSapers and
aluminum cans. We fed the birds and allowed all manner of wildlife to wander
in oyur yards. In our minds we were pretty organic and environmentally con-
Scious (if not downright responsible). In short, we were !“\ie Imtﬂ Ree gdr
dmﬂrS, maintaining just the right balance between better living with chemistry
and at least some of Rachel Carson’s teachings.
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Besides, we were mostly using only water-soluble, high‘ﬂitmgﬁﬂ. fertilizer

be for the environment? It sure made the plants grow. Ap
b CGUJ? t::t only one weed killer, albeit a nonselective, broadleaf one.
gg;aﬂr}e' f}lzzzs?inaﬂy resorted to an insectici.de too, buF wz-xen we considered
what was on the shelves of our favorite nurseries, these didn’t amount to muc h
in our minds. Surely we couldn’t be causing harm wh:en we were :only tl'}flI:tg to
save a spruce, help a birch, or prevent noxious dandelions and chickweed from
taking over the world? |

Central to the way we cared for our gardens and yards was a notion share(
by tens of millions of other gardeners and, until you finish this book, perhaps
you as well: nitrogen from an organic source is the same as nitrogen from an
inorganic one. Plants really didn’t care if their nitrogen and other nutrients
came from a blue powder you mixed with water or aged manure. It is all nitro-
gen to them.

Then one autumn, after the gardens were put to bed and we were settlin g
in for the winter, looking for something to hold our horticultural interest for
the cold months, a gardening friend e-mailed two stunning electron micro-
scope pictures. The first showed in exquisite detail a nematode trapped by a
single looped fungal strand, or hypha. Wow! This was quite a picture—a fun-
gus taking outa nematode! We had never heard of, much less seen such a thin g,
and it started us wondering: how did the fungus kill its prey? What attracted
t{xe blind nematode to the rings of the fungus in the first place? How do the
rings work?

The second image showed what appeared to be a similar nematode, only

this one was unimpeded by fungal hyphae and had entered the tomato root.

This ph ised i :
PROtO Taised its own questions, Why wasn’t this nematode attacked. and

where were the fungal hyphae that killed off the first nematode?

Afuraging, root-eating
Nematode, trapped by a
fungal hypha, Courtesy

H. H, Triantaphylioy,
Reprinted, with Permission,
from http:ffwww.apsnet.orgf,
American Pluqopamnlogical
Society, S, Paul, Minneseta.
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Preface
—————— e

e e

While researching the answers to these questions, we stumbled upon the

work of Dr. Elailne ]l?gham., a soil microbiologist famous for her work with the
life that resides in soil and, in particular, who eats whom in the soil world. Since
some organisms eat from more than one food chain Or are eaten by more than
one type of predator, the chains are linked into webs—soil food webs, Ingham,
an excellent teacher, became our guide to the whole world of complex cn;nmu-
nities in the soil. Through her we learned that the fungus in the first photo-
graph was protecting the plant’s roots; if that wasn'’t enough to make us stop
and think, we learned the plant attracted the fungus to its roots in the first in-
stance! And we also learned what killed the fungus that would have prevented
the nematode from attacking the tomato root.

Naturally, we began to wonder what other heretofore-unseen things were
going on down there in the soil. Might the world revealed to us by tools like the
electron microscopes affect how we care for the plants in our gardens, yards,
and lawns? We have all been dazzled by Hubble images of deep space, incom-
prehensibly far away, yet few of us have ever had the opportunity to marvel at
the photographs produced by a scanning electron microscope (SEM), which
provide a window to an equally unknown universe literally right under our feet.

We looked for answers, and soon realized that while we were out spreading
fertilizer and rototilling our garden beds by rote, an ever-growing group of sci-
entists around the world had been making discovery after discovery that put
these practices into question. Many scientific disciplines—microbiology, bacte-
riology, mycology (the study of fungi), myrmecology (the study of ants), chem-
istry, agriculture—came together in recent decades to focus jointly on under-
standing the world of soil. Slowly, their findings about what goes on in the soil
are being applied to commercial agriculture, silviculture, and viniculture. It is
time we applied this science to things we grow in our home yards and gardens.

With no fungal hyphae barring
the way, a nematode penetrates a
tomato root to feed. Photoagraph by
William Weryin and Richard Sayre,
LUSDA-ARS.
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an or-
e of chemicals. Chemicals, in fact, are what Killed off the y,, o

gal hyphae, giving our nematode friend access to the Unpro-

know the science before you can apply it. At least in this instance, the science is
fascinating, even astonishing, and we try not to make a textbook out of it. The
second section is the explanation of how to work the soil food web to your
soils’ advantage and to yours as a gardener.

What makes this book different from other texts on
phasis on the biology and microbiology of soils—rela
and organisms in the soil and their impact on plants. W
soil chemistry, pH, cation exchange, porosity, texture, :
scribe soil. Classic soil science is covered, but from the |

01l 1s our strong em-
iships between soil
re not abandoning
| other ways to de-
emise that it 1s the
stage where the biology acts out its many dramas. After the players are intro-
duced and their individual stories told, what evolves is a sct of predictable out-
comes from their interrelationships, or lack thereof. In the second half of the
book, these outcomes are formed into a few simple rules, rules that we've ap-
plied in our yards and gardens, as have many of our neighbors in Alaska, where
we initiated these new practices. So have others, throughout the Pacific North-
TvESt in particular, but in other parts of the world as well. We think that learn-
g about and then applying soil science (particularly the science of how vari-
ous forms of life in the sojl interrelate—the soil food web) has made us better
Bﬂdfﬂﬂj& Once you are aware of and appreciate the beautiful synergisms be-
tween soil organisms, you will not only become a better gardener but a better
steward of the earth, Home gardeners really have no business applying po-
sons, and yet apply them they do to the f; \, 1 S ' g :rmrsm
feed to their families g . y do, to the c.md they grow and eat (anc
st tempt:.d meiwn's on which they play. . e
strongly discourage doing so Sit . S t:n e pﬂn; Of o hook m.i 1~
-Atis essential to know the science to really unce

stand the ryles : : ence
+ SUIe, it requires a bit of effort (or the chapter on soil sCIEN<

Preface
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does, anyway), but for too long, for too many gardeners, ey

| | ) erything we needed
to know came in a bottle or jar and all we ha

d to do was mix with water and
apply with a hose-end sprayer: instant cooking meets home gardening. Some

hobby. Well, we want you to be thinking gardeners, not mindless consumers

who react because a magazine or television ad says to do something. If you re-
ally want to be a good gardener, you need to understand what is going on in
. = (e
vour soil.
o

So, here goes. We now know all nitrogen is not the same and that if vou let

# i &l 1 T1F - - e L = L

the plants and the biology in the soil do their jobs, gardening becomes much
easier and gardens much better. May your yard and your gardens grow to their

natural glory. We know ours now do.

15




Part 1

The Basic Science

Electron microscope photograph of organic compost humus (brown), decaying plant

Material (green), and some mineral particles (purple and yellow), 25x. Image copyright
Dennis Kunkel Microscopy, Inc.




Chapter 1

What Is the Soil Food Web and
Why Should Gardeners Care?

IVEN ITS VITAL IMPORTANCE to our hobby, it is amazing that most of
us don’t venture beyond the understanding that good soil supports
plant life, and poor soil doesn’t. You've undoubtedly seen worms in

good soil, and unless you habitually use pesticides, you should have come
across other soil life: centipedes, springtails, ants, slugs, ladybird beetle larvae,
and more. Most of this life is on the surface, in the first 4 inches (10 centime-
ters); some soil microbes have even been discovered living comfortably an in-
credible two miles beneath the surface. Good soil, however, is not just a few
animals. Good soil is absolutely teeming with life, yet seldom does the realiza-
tion that this is so engender a reaction of satisfaction.

In addition to all the living organisms you can see in garden soils (for ex-
ample, there are up to 50 earthworms in a square foot [0.09 square meters] of
g00d soil), there is a whole world of soil organisms that you cannot see unless
you use sophisticated and expensive optics. Only then do the tiny, microscopic
organisms—bacteria, fungi, protozoa, nematodes—appear, and in numbers
that are nothing less than staggering. A mere teaspoon of good garden soil, as
measured by microbial geneticists, contains a billion invisible bacteria, several
yards of equally invisible fungal hyphae, several thousand protozoa, and a few
dozen nematodes.

The common denominator of all soil life is that every organism needs en-
ergy to survive. While a few bacteria, known as chemosynthesizers, derive
energy from sulfur, nitrogen, or even iron compounds, the rest have to eat
something containing carbon in order to get the energy they need to sustain
life. Carbon may come from organic material supplied by plants, waste prod-
ucts produced by other organisms, or the bodies of other organisms. The first
order of business of all soil life is obtaining carbon to fuel metabolism—it is
an eat-and-be-eaten world, in and on soil.

Do you remember the children’s song about an old lady who accidentally

swallowed a fly? She then swallows a spider (“that wriggled and jiggled and
tickled inside her”) to catch the fly, and then a bird to catch the spider, and so
on, until she eats a horse and dies (“Of course!”). If you made a diagram of

19
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Nematodes
Root-leeders

e e

Arthropods
Predators

Fungi
Mycorrhizal fung
Saprophytic fungi

) /I\ Amocbac, fagellates,
and ciliates

\wmnﬁam ~ ﬁw
Ci
A soil food web, USDA-NRCS. e
1] =
s, .
, who was expected to eat whom, starting with the fly and ending with the im- pl
probable horse, you would have what is known as a food chain. lil
- Most organisms eat more than one kind of prey, so if you make a diagram In
4 of who eats whom in and on the soil, the straight-line food chain instead be- ¥
| comes a series of food chains linked and cross-linked to each other, creating a SP

| web of food chains, or a soil tood web. Each soil environment has a different
set of organisms and thus a different soil food web. &
| Hra m.m the m.wn@? graphical definition of a soil food web, though as you by
| MMHH Ewwm_bm, 9.5 and other diagrams represent complex and highly organized o
MSM. Mmh“ﬂamﬂwc“”m, H.m_mﬂonmww@m, and chemical and physical processes. The Mm
» HOWEVEL 1s a simple one and always starts with the plant. =

Plant : |
S are in control 2
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The rhizosphere is an area
of interaction between the
surface of a plant root and
the area surrounding it.
Bacteria and other micro-
organisms as well as soil
debris fill the area. 10,000x.
Photograph by Sandra Silvers,
USDA-ARS.

Root exudates are in the form of carbohydrates (including sugars) and pro-
teins. Amazingly, their presence wakes up, attracts, and grows specific benefi-
cial bacteria and fungi living in the soil that subsist on these exudates and the
cellular material sloughed off as the plant’s root tips grow. All this secretion of [
exudates and sloughing-off of cells takes place in the rhizosphere, a zone 1m-
mediately around the roots, extending out about a tenth of an inch, or a cou-
ple of millimeters (1 millimeter = /25 inch). The rhizosphere, which can look h
like a jelly or jam under the electron microscope, contains a constantly chang-
ing mix of soil organisms, including bacteria, fungi, nematodes, protozoa, and
even larger organisms. All this “life” competes for the exudates in the rhizo-

e L

T

sphere, or its water or mineral content.

|

At the bottom of the soil food web are bacteria and fungi, which are at- :
tracted to and consume plant root exudates. In turn, they attract and are eaten ;
by bigger microbes, specifically nematodes and protozoa (remember the
amoebae, paramecia, flagellates, and ciliates you should have studied in biol- -
0gy?), who eat bacteria and fungi (primarily for carbon) to fuel their metabolic
functions. Anything they don’t need is excreted as wastes, which plant roots are | _

readily able to absorb as nutrients. How convenient that this production of
plant nutrients takes place right in the rhizosphere, the site of root-nutrient
absorption.

At the center of any viable soil food web are plants. Plants control the food
web for their own benefit, an amazing fact that is too little understood and
surely not appreciated by gardeners who are constantly interfering with Na-
ture’s system. Studies indicate that individual plants can control the numbers
and the different kinds of fungi and bacteria attracted to the rhizosphere by the
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exudates they produce. During different times of the growing season, pe

tions of rhizosphere
ient needs of the plant and the exudates 1t produces.

|

bacteria and fungi wax and wane, depending on th

r
Soil bacteria and fungi are like small bags of fertilizer, retaining in
bodies nitrogen and other nutrients they gain from root exudates and o
organic matter (such as those sloughed-off root-tip cells). Carrying on
analogy, soil protozoa and nematodes act as “fertilizer spreaders” by relea

the nutrients locked up in the bacteria and fungi “fertilizer bags.” The ne
todes and protozoa in the soil come along and eat the bacteria and fungi in
rhizosphere. They digest what they need to survive and excrete excess carl
and other nutrients as waste.

Left to their own devices, then, plants produce exudates that attract fus
and bacteria (and, ultimately, nematodes and protozoa); their survival
pends on the interplay between these microbes. It is a completely natural
tem, the very same one that has fueled plants since they evolved. Soil life pr
vides the nutrients needed for plant life, and plants initiate and fuel the cyc

by producing exudates.

Soil life creates soil structure

The protozoa and nematodes that feasted on the fungi and bacteria attracte
by plant exudates are in turn eaten by arthropods (animals with segmente
bodies, jointed appendages, and a hard outer covering called an exoskeleton

Bacteria on a soil particle.
Image copyright Ann West.
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What Is the Soil Food Web?

——

[nsects, spiders, even shrimp and lobsters are arthropods. Soil arthropods eat
each other and themselves are the food of snakes, birds, moles, and other ani-
mals. Simply put, the soil is one big fast-food restaurant. In the course of all
this eating, members of a soil food web move about in search of prey or pro-
tection, and while they do, they have an impact on the soil.

Bacteria are so small they need to stick to things, or they will wash away; to
attach themselves, they produce a slime, the secondary result of which is that
individual soil particles are bound together (if the concept is hard to grasp,
think of the plaque produced overnight in your mouth, which enables mouth
bacteria to stick to your teeth). Fungal hyphae, too, travel through soil parti-
cles, sticking to them and binding them together, thread-like, into aggregates.

Worms, together with insect larvae and moles and other burrowing ani-
mals, move through the soil in search of food and protection, creating path-
ways that allow air and water to enter and leave the soil. Even microscopic
fungi can help in this regard (see chapter 4). The soil food web, then, in addi-
tion to providing nutrients to roots in the rhizosphere, also helps create soil
structure: the activities of its members bind soil particles together even as they
provide for the passage of air and water through the soil.

Soil life produces soil nutrients

When any member of a soil food web dies, it becomes fodder for other mem-
bers of the community. The nutrients in these bodies are passed on to other
members of the community. A larger predator may eat them alive, or they may
be decayed after they die. One way or the other, fungi and bacteria get involved,
be it decaying the organism directly or working on the dung of the successful
eater. It makes no difference. Nutrients are preserved and eventually are re-
tained in the bodies of even the smallest fungi and bacteria. When these are in
_ lease nutrients in plant-available form when they, in

the rhizosphere, they re

rn, are consumed or die.
portant nutrients would drain from soil. In-

Without this system, most im
. - - . LN o - Pt - ; . 2 ==
they are retained in the bodies of soil life. Here is the gardener’s truth:

~ whenyouapplyachemical fertilizer,a tiny bithits the rhizosphere, where itisab-
sorbed, | {rain through soil until it hits the water table.
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2 thief in a crowded marke

or even stop the thief (and i _
deserted, however, the thief will be successful, just as he will be if he is stronger,
' h{: in I“.Il_“'\'ruiL

eb is one that is not being destroyed by pathogenic apg

anisms. Not all so1 . b
hat pathogenic soil bacteria and fungi cause many plap;

| organisms are beneficial, after all, A

a great diversity of organisms. Remember that teaspoop
haps 20,000 to 30,000 different species make up its bil-
p.;;.puizttinn :n numbers and diversity.

ommunity controls troublemakers. A good analogy is
- if there are enough people arou nd, they will catch
t is in their self-interest to do so). If the market is

faster, or in some other way better adapted than those that wor
In the soil food web world, the good guys don't usu
(though it happens: witness the hapless nematode that startc
rather, they compete with them for exudates and other nuti
and even space. If the soil food web is a healthy one, this comp:

catch thieves
this all for us);
nts, air, water,
ition keeps the
pathogens in check; they may even be outcompeted to their death.

Just as important, every member of the soil food web has its place in the
soil community. Each, be it on the surface or subsurface, plays a specific role.
Elimination of even just one group can drastically alter a soil community. Bi rds
participate by spreading protozoa carried on their feet or dropping a worm
taken from one area into another. Too many cats, and things will change. Dung
frt?ml mammals provides nutrients for beetles in the soil. Kill the mammals, or
ellmmatff their habitat or food source (which amounts to the same thing), and
;ruudwun t hav:e as many beetles. It works in the reverse as well. A healthy soil
l?:h::balnfu?i?:l?n;z:i zzmbers to get so strong as (0 .{!cstm}r ‘thc \?’Ei“-

‘ and protozoa, the bacteria and fungl 0B
which they prey are in trouble and, ulti ' €

, ultimately, so are the plants in the ared.

And there are oth

there are _ _

as physi 0 et benefits. The nets or webs fungi form around roots act
physical barriers to iny

hacteria. Bacteria coat sy
tach themselves,

asion and protect plants from pathogenic fungi and

If som erﬂi;ai:fs:ﬂ thoroughly, therle is no room for Dthe'rs to zlt:

y disa g impacts these fungi or bacteria and their num
Ppear, the plant can easily be attacked.

What Is the Soil Food Web?
. :

Special soil fung, called mycorrhizal fungi, establish themselves in a s
biotic relationship with roots, providing them not only with physical };m-
tion but with nutrient delivery as well. In return for exudates. these f1.1r*i]pr"|:t -
vide water, phosphorus, and other necessary plant nutrienis. Soil fntilll?»:;:r
populations must be in balance, or these fungi are eaten and the plant suffers

Bacteria produce exudates of their own, and the slime they use to attach t{;
surfaces traps pathogens. Sometimes, bacteria work in conjunction with fungi
to form protective layers, not only around roots in the rhizosphere but on an
equivalent area around leaf surfaces, the phyllosphere. Leaves produce exu-
dates that attract microorganisms in exactly the same way roots do; these act
a5 a barrier to invasion, preventing disease-causing organisms from entering
the plant’s system.

Some fungi and bacteria produce inhibitory compounds, things like vita-
mins and antibiotics, which help maintain or improve plant health; penicillin
and streptomycin, for example, are produced by a soil-borne fungus and a soil-

borne bacterium, respectively.

All nitrogen is not the same

Ultimately, from the plant’s perspective anyhow, the role of the soil food web
is to cycle down nutrients until they become temporarily immobilized in the
bodies of bacteria and fungi and then mineralized. The most important of
these nutricnts is nitrogen—the basic building block of amino acids and,

therefore. life. The biomass of fungi and bacteria (that is, the total amount of
each in the soil) determines, for the most part, the amount of nitrogen that is
readily available for plant use.

It wasn't until the 1980s that soil scientists could accurately measure the
amount of bacteria and fungi in soils. Dr. Elaine Ingham at Oregon State Uni-
versity along with others started publishing research that showed the ratio of
these two organisms in various types of soil. In general, the least disturbed soils
(those that supported old growth timber) had far more fungi than bacteria,
while disturbed soils (rototilled soil, for example) had far more bacteria than
fungi. These and later studies show that agricultural soils have a fungal to bac-
terial biomass (E:B ratio) of 1:1 or less, while forest soils have ten times Or mOTe
fungi than bacteria.

[ngham and some of her graduate students at OSU also noticed a Cv::jrrela-
tion between plants and their preference for soils that were fungally dominated
versus those that were bacterially dominated or neutral. Since thE‘Pﬂth from
bacterial to fungal domination in soils follows the general course of plantsuc
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what type of soil particular plants preferreg
general, perennials, trees, and shrubs .-

-+ 1o while annuals, Zrasses, and vegetables prefer il

ferfungally don"
jominated by bacterid: ine
e One implication of these findings:

; funei. Remember;
. 1 oria and fungi- Re ; : .
rogen in bacterl ) , o CeT e
trog Jant: when these organisms are eaten, some of the nitrogen is retained by

el : ste in the form of plant-available .
wo : fitis released as wd dble am-
the eater, but much 0

:];mnl':zgjj; tizf;iefl into nitrate (NO;) by special bacteria. When doeg
tﬁis conversion occur?
nated by bacteria. This is
(thanks to bacterial bioslime
to thrive. The acids produced by fungi,
andgreaﬂy reduce the amount of these bacteria. In fungally dominated soils,
much of the nitrogen remains in ammonium form.

Ah, here is the rub: chemical fertilizers provide plants with nitrogen, but
most do so in the form of nitrates (NO;). An understanding of the soil food
webmakesit clear, however, that plants that prefer fungally dominated soils ul-
timatelywon't flourish on a diet of nitrates. Knowing this can make a great deal
of difference in the way you manage your gardens and yard. If you can cause

for the gardener, has to do with the ;.
this is what the soil food web means

the soil environment, this can either remain a5

When ammonium 15 released in soils that are domji-
.because such soils generally have an alkaline pH
), which encourages the nitrogen-fixing bacteria
as they begin to dominate, lower the pH

giﬂ;er-_ﬁmgi--ﬂr'baﬂfﬂﬂa to dominate, or provide an equal mix (and you can—
just how is explained in Part 2) , then plants can get the kind of nitrogen they
prefer, without chemicals, and thrive.

Negative impacts on the soil food web

zers negatively impact the soil food web by killing off entire
-y *“ﬁt' What gardener hasn’t seen what table salt does to a slug? Fertil-
_ 35“113551311‘3? SUCk the water out of the bacteria, fungi, protozoa, 2 nd

M:m .;. s@ﬂ. Since these microbes are at the very foundation of the
Mem*s ; you have to keep adding fertilizer once you start
1€ microbiology 18 missing and not there to do its job, feed-
", mmﬁbaﬂtﬂlﬂ:fﬂngh nematodes, and protozoa ai¢
°ﬂd web disappear as well. Earthworms, for ¢
hd y the synthetic nitrates in soluble nitroge”
eyare major shredders of organic material their
PHttheactivity and diversity of a healthy food web,

f

What Is the Soil Food Web?

e

you not only impact the nutrient system but all the other things a healthy soil
food web brings. Soil structure deteriorates, watering can become problematic

pathogens and pests establish themselves and, worst of all, gardening becomes
a1 lot more work than it needs to be. '

If the salt-based chemical fertilizers don’t kill portions of the soil food web
rototilling will. This gardening rite of spring breaks up fungal hyphae, deci:
mates worms, and rips and crushes arthropods. It destroys soil stdructure and
eventually saps soil of necessary air. Again, this means more work for you in
the end. Air pollution, pesticides, fungicides, and herbicides, too, kill off im-
portant members of the food web community or “chase” them away. Any chain
is only as strong as its weakest link: if there is a gap in the soil food web, the Sys-
tem will break down and stop functioning properly.

Healthy soil food webs benefit you and your plants

Why should a gardener be knowledgeable about how soils and soil food webs
work? Because then you can manage them so they work for you and your
plants. By using techniques that employ soil food web science as you garden,
you can at least reduce and at best eliminate the need for fertilizers, herbicides,
fungicides, and pesticides (and a lot of accompanying work). You can improve
degraded soils and return them to usefulness. Soils will retain nutrients in the
bodies of soil food web organisms instead of letting them leach out to God
knows where. Your plants will be getting nutrients in the form each particular
plant wants and needs so they will be less stressed. You will have natural dis-
ease prevention, protection, and suppression. Your soils will hold more water.

The organisms in the soil food web will do most of the work of maintain-
ing plant health. Billions of living organisms will be continuously at work
throughout the year, doing the heavy chores, providing nutrients to plants,
building defense systems against pests and diseases, lo osening soil and increas-
ing drainage, providing necessary pathways for oxygen and carbon dioxide.
You won’t have to do these things yourself.

Gardening with the soil food web is easy, but you must 5t the life back in
your soils. First, however, you have to know something about the soil in which
the soil food web operates; second, you need to know what each of the key
members of the food web community does. Both these concerns are taken up

in the rest of Part 1.

27




il

Chapter 2
Classic Soil Science

TIME to g0 outside and get a few handfuls of

HIS WOULD BE A GOOD
your yard. Take a good, close look at the soi]

<oil from different places in

smell it, Grind some between
ferences and similarities. When you repeat these observations after you read

this chapter, you will have a different perspective le what 1s in your hands,
The typical gardener knows very little about soil and why it matters. To us,
however, soil is the house in which all the organisms of the soil food web live. It
is the stage for the actors that interest us. You simply have to know something
about the physical nature of soil ifyouare to understand the biology that inhab-
its itand howto use this biology to become a better gardener. After all, an acre of
good garden soil teems with life, containing several pounds (about 1 kilogram)
of small mammals; 133 pounds of protozoa; 900 pounds each of earthworms,
arthropods, and algae; 2000 pounds of bacteria; and 2400 pounds of fungi.
Most of us, if we want things to grow better, simply replace soil that is poor
in quality with good soil. Experienced gardeners know good soil when they see
it: coffee-colored, rich in organic matter, able to hold water yet still drain when
there is too much around. And it smells good. Poor soil is pale, compacted,
drains either too well and won’t retain any water or holds too much water,
sometimes even becoming anaerobic. It can smell bad. If you are going (o Use

the soil fi )]
soil food web, however, you really need to know more. Where does soi
come from? What are its components?

your fingers. Compare the samples for dif-

how can we measure its o o wa can we agree ‘+u:} describe ia1t;.m:i
ool fu vt def C 'aractenstms? Thlsi knowledge will help you ;_1Iu_l_llu~1F
grow in it: good soil mt‘l‘H‘Enes really EG‘Gd soil, in the end, is what yo l.l wis Hi
the plants n Blinsiotis ];:151;& able 'to maintain a soil food web compatible ’Ia'j-llllll
something more abolilt soil :;"—ln :the £n, b will be glad you know @ &
»Something beyond its color and smell.

Technically, sof s 4

the upper layer of the

the ; ] N
loose, unconsolidated, mineral and organic matter i
e tO

earth’ '
hs crust, The standard comparison uses an aPF
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epIescrt fuSiees Tl Caeoft approximately 75% of the skin which represent
. . ) nts
all the water, and another 15%, which represents deserts or mauntainlz—d d
an

too hot, too cold, too wet, or too steep to be usable for growing plants. The 10%

that remains represents all the earth’s soil—soils with the necessary physical

chemical, and biological properties to support plant life. When we take into ac

count the footprints of cities, roads, and other man-made infrastructure

(these, incidentally, usually are sited on some of the very best soils), the surface
area of usable soil is further reduced.
For the moment, the thing that concerns us is the tiny strip of apple skin

that represents the soil in our gardens and yards. How did it get there? What is
ite Why does it support plant growth?

Weathering

Your yard’s soil is in large part a product of weathering. Weathering is the sum
impact of all the natural forces that decay rocks. These forces can be physical,
chemical, or biological.

To begin, the mere action of wind, rain, snow, sun, and cold (along with
glacial grinding, bumps along river beds, scrapes against other rocks, and rolls
in ocean waves and stream currents) physically breaks rocks down into tiny
mineral particles and starts the process of soil formation. Water freezes in rock
cracks and crevices and expands, increasing its volume by 9% (and exerting a
force of about 2000 pounds per square inch) as it turns to ice. Hot weather
causes the surfaces of rock to expand, while the inner rock, just a millimeter
away, remains cool and stable. As the outer layer pulls away, cracks form, and
the surface peels off into smaller particles.

Chemical weathering dissolves rock by breaking the molecular bonds that
hold it together through exposure to water, OXygen, and carbon dioxide. Some
materials in rock go into solution, causing the rock to lose structural stability
and making it more susceptible to physical weathering (think of a Sllgﬂf.‘:“bf
dropped into a cup of tea and then stirred). Fungi and bacteria “15“_‘50“” l_b“t?
to chemical weathering by producing chemicals as they decay their food (fungl

produce acids, and bacteria alkaline substances); besides carbon dioxide, n?u—
which act as solvents. Rock material

crobes produce ammeonia a nd nitric acids, 18
e are almost 90 different

is broken down into simpler elements. Although ther e
icht constitute the majority: OXygeth silicon,

. S ~ . . . r s 18 ; H‘re an
aluminum, iron, magnesium, calcium, sodium, and pntaam:‘m All h *
different combinations these form
form different minerals.

chemical elements in soil, only €

electric charge on a molecular level, and in
electrically charged molecules that combine to
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Organic matter

Weathering breaks rock down into mineral components of one sort ¢
: : O aAn-

other. Soil, however, needs to be able to support plant life—and that requir
c < : £5

S - S s " - _.L \.- i_ Ny ™ ; - -
more than just minerals. On average, good garden soil is 45% mineral in na-

. 0 -oanic matter A .
ture and 5% organic matter, built up as organisms above and in it g0 about

their daily business. As plants and animals on the surface die and are decayed

by bacteria and fungi, they are ultimately conv

. erted into humus, a carbon-rich.
coffee-colored, organic material,

o [hink of the end product of composting,
This valuable material is humus, }

Humus consists of very long, hard-to-break chains of carbon molecules
with a large surface area; these surfaces carry electrical charges, which attract
ar structure of the long
chains resembles a sponge—Ilots of nooks and crannies ti

and hold mineral particles. What’s more, the molecul

1at serve as veritable
condominiums for soil microbes. Once you've added humus and other organic
matter, such as dead plant matter and insect bodies, to weathered minerals, vou

have a soil almost capable of supporting trees, shrubs, lawns, and gardens
but not quite.

Air and water

Minerals and humus make up the solid phase of soil, but plants require oxy-

as well. The voids between

gen and water—the gaseous and liquid phases
individual mineral and organic particles are filled by air or water (and some-

times both).

; Humus has a rich, coffee

X color and is full of organic
$ material. This handful is
about 55% organic matter.
Courtesy Alaska Humus Com-

pany, www.alaskahumus.com
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« between soil pore spaces in one of two ways: by the pull o
v warves DEL . :

Watee O o findividual water molecules on each other, or capy,
gﬁﬁwuri’wthep freely through soils. Picture wate, heiul
5

_'acﬁ'gn; Gravitati;:tn'al wat;f E;:;;UHS the water to the bottom as ¢} jar f
.  jar of gl'aVEt-]:l BE dow of gravitatimml water. As the water ﬁ]la Jhl.:a
up. Large '?ﬁrﬁs prﬂll';?t;hﬁs out the air in front of it. When the wate, ﬂ;.e
pores, it c'h.spl_ac.es azgwpsu?Ply of air to move in. When gravitational water h;z
through l,t aIlQW;;e sponges, it 1S absorbed.
Tﬂﬂtﬁg'i:l};lch z;t- ore spaces contain a film of capillary water that is not inf,.
mégs?b:;:aﬁtg aﬁd s actually left behind after gfﬂ"h"itatiﬂflﬂl 1-*~"':‘tt¢:1' Passes
through. The liquid is bonded tcrgt"ther by th? attraction ‘f’f 1ts fﬂ_ﬂl&ffules for
<ach other (a force known s cohesion, but let’s Ilﬂlf cc}mpln.:ate things) and to
surrounding soil surfaces (a force known as adhesion). This creates a surface
tgnsian,-_-causing the water to form a thick film on the particle surfaces. Capil-
Jary water can“flow” uphill. It is available to plant roots after gravitational wa-
ter has passed by and as such is a major source of water for plants.
Hydroscopic water is a thinner film of water, only a few molecules thick,
which, like capillary water, is attached to extremely small soil particles by virtue

of electrical properties. This film is so thin that the bonds between water mol-
‘ecules and soil particles are concentrated and extremely hard to break. Roots
‘cannot absorb it, therefore, but this film of water is critical to the ability of

many microbes to live and travel. Even when conditions are dry, the soil par-
ticulate surface holds some hydroscopic water; it is impossible to remove i
fr_ﬂn_l .SDil_wiﬂiﬁutfappiying lots of heat and actually boiling it off.
 Justabout half the pore spaces in g0od soil are filled with water. The other
hnlﬁ:m;e filled with air. Water movement pushes stale air out and sucks in ar
%ﬂlﬁ'--ﬂ#ﬂ‘uﬁace*:sg adding water means an exchange of air occurs, which 18
Tpﬂm“:‘ui:l;;:lthy Sffil food web is in place, the metabolic acth’itj_f Y i:ISGii
i‘diiaﬁﬂe'isz'a gﬂﬁa_.. .B?:ygﬁn and cre’ate's carbon dioxide. The presence of L—-fn ,]-{1,
;.mu's_t-_ﬁi..ei&hﬁn'. Slgnt gt fue %ml contains life; however, the carbon d10x1
o R gﬁd '_"“th fresh air to keep life going.
@hﬂngedwi:ﬂ:ﬁ: EE;E:IIHCES are cut off in lots of places, arn‘.d air h 1;0:10;
?mmfpﬂmsmr_ th at1 t; fact, water may not flow at all. Ihescy :m.l ‘1“1“
fﬂlﬂm __uiﬁfhe;ﬁgi] e adequate space between the soil partic
o2 ML the soil can

el . . e diac esUll
Ing in oxyy “less, anaerob, be used up by aerobic metabolic activitis, LUUH'
1 often prog Organisms that cz s

m 1 (ot : =
¢ alcohols and other substances that kill plant root <
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soil profiles and horizons

Soils are expos:ed 1?0n5t0p to the forces of weathering, Rain, for example, will
cause some soil 1mne?'als zu‘nzi organic matter to leach out as the water moves
down through the Slml‘ This _material may hit an impervious barrier and be-
come concentrated in a certain zone or layer. The size of particles may cause a
particular material to be concentrated or be filtered. Eventually, over time, dis-
tinct layers and zones of different material are formed. These can be seen, like
the rock strata in the Grand Canyon’s walls, as you dig down through the soil.
A soil profile is a map of these layers, or horizons.

Soil scientists have attached a letter or combination of letters (and even
numbers) to each horizon that appears in any typical soil profile. For the gar-
dener (thankfully), the top horizons, the O and A, are really the only ones that
count. The Oi horizon contains organic material that can still be specifically
identified (with a bit of training that’s beyond the scope of this book); this is
fibric soil. The Oe horizon has experienced more decay, and while the materi-
als are identifiable as plant matter, you cannot tell which specific plants are in-
volved, even with training; this is humic soil. Finally, the Oa horizon is where
the organic material has decomposed so much that you cannot tell its origin.
It could be from plants or from animal matter. This is sapric soil. All this is
somewhat useful information if you want to know if your soils will create more
decay by-products (like nitrogen) because the process that converts the soil to
humus isn’t complete; or if your soil has been decayed to the point where it ba-
sically just houses microbes that cause decay.

The A horizon lies under the O horizon. Here humus particles accumulate
as water runs through the O horizon above and pulls organic particles down-
ward. Water flowing through this horizon carries lots of dissolved and
suspended materials. This A horizon has the highest organic matter content of
any of the soil horizons and the highest biological activity. This is where the
roofs grow.

Several other soil horizons follow and, eventually, bedrock. You would need
a backhoe to trench through all the horizons under your yard, something that
1s clearly not worth the effort. Often one or more horizons are missing, worn
or transported away by weathering forces, and just as often it is too hard to see
any distinction between layers.

The important thing is to make sure your g
soil—the proper mixture of minerals, organic matte
top layers, in the area where plants grow. If not, you will
You do have or replace it entirely.

ardens and yard have good
r, air, and water—in the
have to add to what
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Soil color
or of what is in your soil, as soil color is sometimes

fic mineral and organic components. Weathering
f iron and manganese minerals, and the bio.
ganic matter are the primary factors in-

Color can be an easy indicat
dependent on the soil’s speci
oxidation, reduction actions 0O
chemistry of the decomposition of or

fluencing soil color.
Organic compon
dark soils; these can accumu
with black color. When iron is a component o
are coated with red and yellowish tints. When manganese oxide is a major
ticles take on a purple-black hue. The presence of

ents in soil are very strong coloring agents and produce
late or can dissolve and coat other particles of soi
f soil, it rusts, and soil particles

component of soil, its par
these colors usually indicates good drainage and aeration.
Gray soils can indicate a lack of organic material. They also often indicate

anaerobic conditions because the microbes that survive in such conditions
often use the iron in the soil, rendering it colorless in the process. Similarly,
magnesium is reduced to colorless compounds by other types of anaerobic soil
microbes.

Soil scientists use color charts to identify, compare, and describe soil con-
ditions. For the gardener, however, color plays less of a role. For us, good soil is
the color of dark coffee—again, mostly because of its organic components.

Soil texture

Soil scientists describe the size of soil particles in terms of texture. There are
three categories of soil texture: sand, silt, and clay. All soil has a specific texture
that enables one to judge its propensity to support a healthy soil food web and
thus healthy plants,
! S::l textlure has nothing to do with composition. If you think the term
sand” applies only to quartz particles, for example, you would be wrong. True,
mo icles are mi :
. tsl san;:l particles are mineral quartz, but all sorts of rock can be weathered
mnto sand: sili : : -
nums:ll? silicates, feldspars (potassium-aluminum silicate, sodium-alumi-
: Icate, and calcium-aluminum silicate), iron, and gypsum (calcium sul-
te). If the sand comes from grgund_u al P SFiai]
idles too ' p coral reefs, it is limestone. Most sil
particles, too, are mineral quartz (only they are much smaller in size than those

found in sandy soils)
sand. Clays,
-l'l:lmerﬂls, hydrous aluminum silicates,
Sium or iron, occasionally substituting

» and silts can have the same non-quartz constituents as

with other elements, such as magne-
for some of the aluminum.

on the other hand, are made up of an entirely different group of

Classic Soil Science

So, the key point for the gardener is that texture has to do with size of par-
ticles only, not the composition of these particles. What size particles, then,
constitute sand, slit, and clay? e

Start with sand. You've undoubtedly been to a beach and know that sand
particles can be seen with the naked eye. They range in size from 0.0625 wg :
millimeters in diameter. Anything much bigger has far too much space be-
tween individual particles to be of any use to gardeners except as gravel for a
path. Sand particles are just small enough to hold some water whenaggms-
gated, but most of it is gravitational water and readily drains out, leaving lots
of air and only a little capillary water. Moreover, the particles of sand are m
enough to be influenced by gravity, and they quickly settle to the bottom when
mixed in water. As to texture, soils with large proportions of sand in themam

gritty when ground between the fingers.

Next in texture size is silt. Sand particles can be seen with the naked eye, but
you will need a microscope to see individual silt particles. Like sand, theﬁecan—
sist of weathered rock, only much, much smaller in size—between 0.004 and
0.0625 millimeter in diameter. The pore spaces between silt particles are much
smaller and hold a lot more capillary water than sand does. Like sand, particles
of silt are also influenced by gravity and will settle out when put in water. The
texture of silt when rubbed between fingers is that of flour.

Clays are formed during intense hydrothermal activity or by chemical ac-
tion. that of carbonic acid weathering silicate-bearing rocks. Clay particles are
readily distinguished from silt, but this time an electron microscope is

A diagram of soil
i textures. Courtesy
Tom Hoffman Graphic
Design.
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iclesare that <mall, the smallest that make up soil, 0.004 5
artic les are “plastic” and somewhat slippery v,

ﬂeeded-—-ﬂ‘fséoi less, Clay partic B
fingers. This is because clay Pfrfl’_ﬂc es absorb and hul-:i lot
are known as hydrous silicate c.ompounds. Besides s);.
and often aluminum, magne?um, and iron as we||.

let’s put things into a more fa.mlhar perspective. If a clyy
d, a silt particle would be a large radig,

hL‘n

con, '

For comparisor |

: | were the size of a marigold see i

Pa:;‘ d grain would be a large garden wheelbarrow. Another way to look 4
and a san

_ .« visualize a gram (about a teaspoon’s worth) of sand, spreag
goil texture 1s ;0 deep; this would cover an area about the size of a silver dollar.
i nne-pémc : ;Elan equal amount of clay one-particle thick, you would
o W:;E tg;:ﬁrcourt-—and some of the stands surrounding it, at that.
neef:;;:t dicﬁ*mncg does texture make? The size of the particles has every thing
to do with their surface area and the surface area of the pore spaces between
individual particles. Clay has tremendous surface area compared to sand. Silt
is in between. Clay has smaller pore spaces between particles, but many more
pore spaces in total. so the surface area of the pore spaces in clay is greater than
silt, which is greater than sand. Incidentally; organic matter, usually in the form
of humus, is comprised of very minute particles that, like clay, have lots of sur-
face area to which plant nutrients attach, thus preventing them from leaching
out. Humus also holds capillary water.

All soils have different textures, but any can be put into a specific category,
depending on how much sand-, silt-, and clay-sized grains they contain. The
ideal garden soil is loam, a mixture with relatively equal parts of sand, silt, and
clay. Loam has the surface area of silt and clay, to hold nutrients and water, and
the pore space of sand, to aid drainage and help pull in air.

Sample your soils

Good ‘o ;

“:;dsgﬁm %011 csr{tams 30 t0 50% sand, 30 to 50% silt, and 20 to 30% clay;

&m 10% organic matter, You can find out how close your soils come 0
ideal, loam. All it takes

of a water soften IS a quart jar, two cups of water, and a tablespoon
12 inches (3ﬂ | er,. Sm:h_as Calgon liquid. You will also need soil from the tOP
it . CelltlmﬂterS) of the areas you want tested. be it your 1-'{;*EEIL‘ik11}lC
tener. pﬂt.itin.the jafp: with tyo cups of water and a tablespoon of water sof-
ticles become s b €05 the jar, and shake it vigorously, so that all the pa”

NS uspended in . b
tle. After a couple of n:nm _the Water. Then put the jar down and let things 96
' ttes, any sand particles in your soil will have settled

S of
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out. It takes a few hours for the smallest silt particles to settle on top of this
sand. Much of the smallest clay-sized particles will W
for up to a day. Organics in the soil will float to the top and remain there for an
even longer period.

Wait 24 hours and then measure the thickness of each of the layers with a
ruler. To determine the percentages of each, divide the depth or thickness of
each layer by the total depth of all three layers and then multiply the answer by
100. Once you know what percentages of each material are in your soil, you can

begin to physically change it if need be. How to do this is discussed in the sec-
ond half of the book.

Soil structure

Individual particulate size, or texture, is obviously an important characteristic
of soils, but so is the actual shape these particles take when grouped together.
This shape, or soil structure, depends on both the soil’s physical and chemical
properties. Factors that influence soil structure are particle orientation,
amount of clay and humus, shrinking and swelling due to weather (wetting
and drying as well as freezing and thawing), root forces, biological influences
(worms and small animals), and human activity. Soil structure types, or peds,
fall into several distinct categories.

When you look at your garden soils, you don't see individual particles but
rather aggregates of these particles. The biology in the soil produces the glues
that bind individual soil particles into aggregates. As they go about their day-
to-day business, bacteria, fungi, and worms produce polysaccharides, sticky
carbohydrates that act like glues, binding individual mineral and humic parti-
cles together into aggregates.

Let’s start with bacteria. The slime they produce allows them to stick to par-
ticles as well as to each other. Colonies are formed, and these too stick together,
as do the particles to which the bacteria are attached. Fungi also help create soil
aggregates. A group of common soil fungi, in the order Glomales, produces a
sticky protein called glomalin. As the fungal strands, or hyphae, grow through
soil pores, glomalin coats soil particles like super glue, sticking these particles
together into aggregates or clumps. These aggregates change the soil pore
space, making it easier for the soil to hold capillary water and soluble nutrients
and recycle them slowly to plants. :

Worms process soil particles in search of food. Individual particles of min-
erals and organics are ingested and ultimately excreted as aggregates; th'ese are
50 large, they are readily identified as worm castings. Consider, too, the impact




B e

GRANULAR

Resembles cookie crumbs and is
usually less than 0.5 cm in diameter.
Commonly found in surface horizons
where roots have been growing.

BLOCKY

Irregular blocks that are usually
1.5 - 5.0 cm in diameter.

PRISMATIC

Vertical columns of soil that might
be a number of cm long. Usually
found in lower horizons.

COLUMNAR

Vertical columns of soil that have a
salt “cap” at the top. Found in soils
of arid climates.

PLATY

Thin, flat plates of soil that lie

horizontally. Usually found in
compacted soil.

SINGLE GRAINED

Soil is broken into individual particles
that do not stick together. Always
accompanies a loose consistency.
Commonly found in sandy soils.

MASSIVE

Soil has no visible structure, is hard

to break apart, and appears in very
large clods.

!:,___!-TL_

Soil structure peds. Courtesy Tom Hoffman

Graphic Design.
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of soil organisms as they make their way through the soil. Each group of ani-

mals has various body widths. As they move, they create spaces in and between

soil particles and aggregates. By way of comparison, imagine that a bacterium

| micrometer in diameter (1 micrometer = '/25000 inch) is the width of a piece

of spaghetti. Fungal bodies are generally wider, 3 to 5 micrometers. Nematodes
(5 to 100 micrometers on average) would be the size of a pencil, perhaps even
one of those thick ones; and protozoa (10 to 100 micrometers) would be the
diameter of an American-style hot dog. Continuing to use our scale, soil mites
and springtails, at 100 micrometers to 5 millimeters, would have the diameter
of a good-sized tree. Beetles, earthworms, and spiders (2 to 100 millimeters)
would have the diameter of really large trees. Imagine how each opens up soil
particles as they go about their daily activities.

Finally, electrical charges on the surfaces of organic matter and clay parti-
cles attract each other in addition to chemicals (calcium, iron, aluminum) in
water solution, acting as bonding agents that hold together soil particles.

Why are we going over this soil structure stuff? Because soil structure is a
key characteristic of good growing conditions. If there is adequate soil struc-
ture, there is ample drainage between aggregates, but also plenty of plant-avail-
able capillary water. The air circulation necessary for biological activity is suffi-
cient. And, perhaps most important, if there is adequate soil structure, there is
space for soil biology to live. Good soil structure withstands torrential rains,
the drying of desert-like droughts, herds of animal traffic, and deep freezes.
Water and nutrient retention is high. Life in and on it thrives.

Poor soil structure results in a lack of water retention, and soil collapses un-
der all the abovementioned environmental and man-made pressures, Little life

is in it, and the serious reduction in fertility drives people to resort to chemi-

cal fertilizers in increasing amounts.

Microscopic view of a
fungus growing on a com
root. The round bodies are
fungal spores, the threaas
are fungal hyphae, and the
green color is from dye-
trr.u:.agm'i glomalin, the glue
‘th:ﬂ holds soil particies
together. Photograph by

Sara Wright, USDA-ARS
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Teaming with Microbes

Cation exchange capacity

us, carry electrical charges. These particles are
called ions. Tons with a positive (f) charge are c‘alled cations a.nd negatively
charged (7) ones, anions. Positively charged particles are electrically attached
to negatively charged particles. This is exactly w-hat happens whian Opposite
ends of magnets attract each other. When a positively charged cation attaches
itself to a negatively charged anion, the cation is “absorbed” by the anion. Even
microorganisms in the soil are small enough to carry and be influenced by

All tiny particles, not just hum

electrical charges.
Sand particles are too large to carry electrical charges, but both clay and

humus particles are small enough to have lots of negatively charged anions
that attract positively charged cations. The cations that are absorbed by clay
and humus include calcium (Ca*™), potassium (K"), sodium (Na"), magne-
sium (Mg*™), iron (Fe™),ammonium (NH4%), and hydrogen (H"). These are all
major plant nutrients, and they are held in the soil by two components of good
soil. The attraction of these cations to the clay and humus particles is so strong
that when a solution containing them comes into contact, the attraction is sa-
tiated and only about 1% of the cation nutrients remains in solution.

There are anions in soil as well. These include chloride (Cl7), nitrate (NO; ),
sulfate (SO, ), and phosphate (PO, )—all plant nutrients. Unfortunately, soi
anions are repelled by the negative charge on clay and humus particles and
therefore stay in solution instead of being absorbed. These plant nutrients are
({ﬂﬂﬂ missing from garden soils, as they are easily leached away in the soil solu-
tion when it rains or soil is watered: nothing is holding them on to soil surfaces.

Why does this matter? The surfaces of root hairs have their own electrical
charges. When a root hair enters the soil, it can exchange its own cations for
those attached to clay or humus particles and then absorb the cation nutrient
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involved. Roots use hydrogen cations (H) as their exchange currency, giving

up one hydrogen cation for every cation nutrient absorbed. This keeps the bal-
nce of charges equal. This is how plants “eat”

The place where the exchange of a cation occurs is known as a cation ex-
change site, and the number of these exchange sites measures the capacity of
the soil to hold nutrients, or the cation exchange capacity (CEC). A soil's CEC
is simply the sum of positively charged nutrient replacements that it can ab-
sorb per unit weight or volume. CEC is measured in milligram equivalents per
100 grams (meq/ 100g). What the gardener needs to know is that the higher the
CEC number, the more nutrients a soil can hold and therefore, the better it is
for growing plants. The higher the CEC, the more fertile the soil. You can or-
der a CEC test to be run by a professional soil lab.

The CEC of soil depends, in part, on its texture. Sand and silt have low
CECs because these particles are too big to be influenced by an electrical charge
and hold nutrients. Clay and organic particles impart a high CEC to soils be-
cause they do carry lots of electrical charges: the more humus and, to a point,

clay present in soils, the more nutrients can be stored in the soil, which is why
gardeners seek more organics in their soils.

There are limits to a good thing. Don’t forget that clay particles are ex=
tremely small; too much clay and too little humus results in a high CEC but lit-
tle air in the soil, because the pore space is too small and cut off by the clay’s
platy structure. Such soil has good CEC but poor drainage. Thus it is not
enough to know the CEC alone; you have to know the soil texture and mixture.

Soil pH

Most of us have a basic understanding of pH as a way {0 meastre liquids to see
if they are acid or not. On a scale of 1 to 14,2 pH of 1 is very acidic and a pH
of 14 is very alkaline (or basic), the opposite of acidic. The pH tells the concen-

tration of hydrogen ions (H", cation) in the solution being measured. If you

have relatively few hydrogen 1ons compared to the rest of what is in solution,

the pH is low and the solution is acidic. Similarly, if you have a lot of hydrogen
ith a high pH, one thatis alkaline.
ed to know much more about pH.
a plant root tip exchanges
ation of hydrogen ions in

ions in solution, then you have a solution w

As a gardener, you (fortunately) don’t ne
You do need to understand, however, that every time
a hydrogen cation for a nutrient cation, the concentr
the solution increases. As the concentration of Ht goes up, the pH goes up=
ally balance out, however, because

the soil is increasingly alkaline. Things usu i
anions, using hydroxy (OFH")

root surfaces also take up negatively charged
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anions as the medium of exchange. Adding OH™ to the solution lowers the piy

(that is, soil is increasingly acidic) because it lowers the concentration of 1+,
Fungi and bacteria are small enough to have cations and anions on their syr.
faces, electrically holding or releasing the mineral nutrients they take in from,
decomposition in the soil. This, too, has an impact on the pH of the soil.

Why is pH a consideration when we talk about the soil food web? The p
created by nutrient-ion exchanges influences what types of microorganisms
live in the soil. This can either encourage or discourage nitrification and other
biological activities that affect how plants grow. As important, each plant has
an optimum soil pH. As you will learn, this has more to do with the need of
certain fungi and bacteria important to those plants to thrive in a certain pH
than it does with the chemistry of pH.

Knowing your soil’s pH is useful in determining what you want to put into
your soil, if anything, to support specific types of soil food webs. And knowing
the pH in the rhizosphere helps determine if any adjustments should be made

to help plant growth.

The rest of Part 1 covers the biology that lives in the soil. You have to appreci-
ate the soil first, however.

Chapter 3
Bacteria

ACTERIA are everywhere. Few gardeners appreciate that they are crucial
to the lives of plants, and fewer still have ever taken them into consid-
eration. Yet no other organism has more members in the soil, not even

close: In part, this is because these single-celled organisms are so minuscule

that anywhere from 250,000 to 500,000 of them can fit inside the period atthr

end of this sentence.

Bacteria were the earliest form of life on earth, appearing at least 3 billion
years ago. They are prokaryotes: their DNA is contained in a single chromo-
some that is not enclosed in a nucleus. Their size, or more precisely their lack
thereof, must be the main reason our familiarity with bacteria is usually lim-
ited to the diseases they cause and the need to wash our hands before eating.
Most baby boomers used a standard-issue 1000 power microscope to study
microorganisms, but bacteria are too small to see in any detail at this power.
School microscopes have gotten better, and some lucky students now do get a
closer look, literally, at bacteria. The three basic shapes, all represented in the
soil, are coccus (spherical or oval), bacillus (rod-shaped), and spiral.

Bacteria reproduce, for the most part, by single cell division; that is, one cell
divides and makes two cells, they each divide again, and so forth. Amazingly,
under laboratory conditions, one solitary bacterium can produce in the vicin-
ity of 5 billion offspring in a mere 12 hours if they have enough food. If all bac-
teria reproduced at this rate all the time, it would take only a month or so to
double the mass of our planet. Fortunately, soil bacteria are limited by natural
conditions, predators (protozoa chief among them), and a slower reproductive
rate than their laboratory cousins; for example, bacteria must have some form
of moisture for the uptake of nutrients and the release of waste. In most cases,
moisture is also required for bacteria to move about and to transport the en-
zymes they use to break down organic matter. When soils become too dry,
many soil bacteria go dormant. Bacteria, incidentally, rarely die of old age, b!i’f
are usually eaten by something else or Killed by environmental changes and
then consumed by other decomposers, often other bacteria.










































































































































































































