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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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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.
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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.

§ @6 o a0 f0 W 200 2 e
PERCENT SAND | -




Teaming with Microbes

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
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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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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

S0l
- L TEXTURE CEC (MEQ/100G)

nds (light colored) 35
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Cation excha i
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J€ capacities for various soil textures. Courtesy Tom Hoffman Graphic Design.
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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.
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Photo composite of the
three basic shapes of
bacteria: coccus, bacillus,
and spiral, 800x. Image
copyright Dennis Kunkel
Microscopy, Inc.
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Bacteria

ial form of diffusion known as osmosis), but in the case of bacteria, cell walls
a5 0SMOLIC barriers.
Molecular transport across the cellular membrane is accomplished in sev-
oral ways. In the most important, active transport, the membrane proteins act

.5 molecular pumps and use energy to suck or push their target through the
cell wall—nutrients in, waste products out. Different proteins in the mem-

brane transport different kinds of nutrient molecules. One way to imagine this
s to think of an old-fashioned fire bucket brigade, in which the water was
passed from its source to the fire: these proteins pass “buckets” of nutrients
into the cell.

Active transport is a fascinating but complicated process fueled by elec-
trons located on both sides of the membrane surface. The gardener should cer-
tainly be aware of and appreciate how bacteria feed but only needs to under-
stand that bacteria break up organic matter into small, electrically charged
pieces and then transport these through their cellular membranes, ready for
use. Once inside the bacteria, the nutrients are locked up.

act

Other members of the soil food web obtain their energy and nutrients by
eating bacteria. If there aren’t sufficient numbers of bacteria in the soil, popu-
lations of these members of the soil food web suffer. Bacteria are part of the
base of the soil food web food pyramid.

Feeding bacteria

Root exudates are favorite foods for certain soil bacteria, and as a result, huge
populations of them concentrate in the rhizosphere, where bacteria also find
nutrition from the cells sloughed off during root-tip growth. But not all soil
bacteria live in the rhizosphere, for, fortunately, organic matter is almost as
ubiquitous as bacteria. All organic matter is made up of large, complex mole-
cules, many of which consist of chains of smaller molecules in repetitive pat-
terns that usually contain carbon. Bacteria are able to break the bonds along
certain points of these chains, creating smaller chains of simple sugars and
fatty and amino acids. These three groups provide the basic building blocks
bacteria need to sustain themselves.

Bacteria use enzymes both to break the bonds holding organic chains to-
.mm&ﬁ. and to digest their food. All this is done outside the organism before
Ingestion. Untold numbers of enzymes are employed by bacteria, who have
adapted over the millenia to attack all manner of organic and even inorganic
Matter. Itis an astonishing feat that bacteria can employ enzymes to break down
Organic matter, while at the same time not impacting their own cell membrane.
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Air and no air

There are two main groups of bacteria. The first, anaerobic bacteria. 2
: C : s : .

live in the absence
ostridium, for example, does not need oxygen to survive

of oxygen; indeed, most cannot live in its presence.
terial genus CI
invade and destroy the inside soft tissue of decaying matter. By-pro,
anaerobic decay include hydrogen sulfide (think rotten eggs), buty;
(think vomit), ammonia, and vinegar. The notorious Escherichia col; |
and other bacteria normally found in the mammalian gastrointestir
(and thus in poorly made, manure-based composts) are facultative an:
meaning they can live in aerobic conditions if they must but prefer an
environments.

Most gardeners have smelled by-products of anaerobic decomp:
perhaps in the garden but certainly in the refrigerator. These are smel
member when composting and gardening with the soil food web |
anaerobic conditions foster pathogenic bacteria and, worse, kill off b
aerobic bacteria, the other major group of bacteria: those that require -

While some facultative aerobic bacteria are able to live in anaerobic «
tions if they must, most cannot. Aerobic bacteria are not normally knc
cause bad smells. In fact, the actinomycetes (of order Actinomycetales,
ically the bacterial genus Streptomyces) produce enzymes that include v
chemicals that give soil its clean, fresh, earthy aroma. Anyone who ha
dened recognizes this smell, the smell of “good soil”

Actinomycetes are different from other soil bacteria: they actually gro
aments, almost like fungal hyphae. Some scientists believe Streptomycess
use their branching filaments to connect soil particles so they, along wit!

Low-temperature electron
micrograph of a cluster of
E. coli bacteria. Individual
bacteria in this photo are
oblong and colored brown.
Photograph by Eric Erbe, digital
color by Christopher Pooley,
USDA-ARS.
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ol pa rticles, become too big to be eaten by their natural predators, the proto-
_oan ciliates, which would engulf and ingest them. Actinomycetes are particu-
Jarly adept at decaying cellulose and chitin—two &mmns:,.ﬂo-&mmﬂ (“brown”)
_arbon noEwo:m&mu the former found in plant wall cells and the latter in fun-
gl cell walls and in arthropod shells. These are not normal foods of other bac-

teria. Actinomycetes are also adapted to live in a wider range of pH than other
bacteria, from acidic to alkaline.

Decay of cellulose

Cellulose, a complex carbohydrate made up of long chains of carbon-based
glucose, 18 the molecular material that gives plants structure. It constitutes half
the mass of plant bodies, and hence half the mass of organic matter created by
plants. Specialized bacteria, like the aptly named Cellulomonas, carry cellulose-
breaking enzymes that they release only when they come into contact with cel-
lulose, as opposed to the random release of enzymes by other bacteria who eat

in a hit-and-miss manner.

Most bacteria reach their limit when it comes to the noncarbohydrate
lignin, another prevalent, molecularly complex plant material. Lignin, the
tough brown component of barks and woody materials, is a much more com-
plex organic molecule than cellulose, made up of chains of interlinked alco-
hols; these are resistant to the enzymes produced by most bacteria and are left

for fungi to decay.

Element cycling

One way of looking at decay is to view it as nature’s recycling system. Bacteria |
in the soil food web play a crucial role in recycling three of the basic elements
needed for life: carbon, sulfur, and nitrogen. For example, CO, (carbon diox-
ide) is a major by-product of aerobic bacterial metabolism. Carbon tied up m.z
Plant and animal biomass is cycled into CO, gas during decay. Photosynthesis

~ inb er plants converts the CO, into organic compounds, which are eventu-

bacteria use the element to

ed from organic materials

_m.._-.,.ﬁ_u_._.m&mﬂﬁm?mEmE,.noEEuEm noawocu%ﬁmwﬂoazn&g nrmao-
Wtotrophs, bacteria that gt energy from the oxidation of m::“_.uﬁ -
Ostim Dortant systems in the maintenance of terrestrial life: living Organi>

Mmake plant-available, water-soluble sulfates. Liberat
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produce the vital organic compounds, the building E:w_a of life—am;in, ang
nucleic acids—using nitrogen. The strong bonds holding atmospher;, s
| gen molecules together make this nitrogen inert for all practicable PUrPOses
and useless for plant needs. For plants to be able to use nitrogen, it has ¢, e
| “fixed”—combined with either oxygen or hydrogen—producing ammq;, i
_h_ (NH,"), nitrate (NO;"), or nitrite (NO,") ions. This important process i , alled
| ___:_ nitrogen fixation. .
It Certain bacteria convert nitrogen from the atmosphere into plant-availap),
il | m_ forms. The genera that accomplish this nitrogen-fixing feat are Azoto/ icter,
| 7_ ___ Azospirillum, Clostridium, and Rhizobium (any one of which would be 2 oreat
_ name for a comic book superhero). Azotobacter, Azospirillum, and Clostridiy,
I | live free in the soil; Rhizobium species actually live in the root tissues of certain
Bl plants, particularly legumes, where they form visible nodules.
| __ __ We don’t mean to suggest you need to memorize the species of soil bacte-
I ria, but we do want you to focus on the fact that nitrogen fixation as well as the
recycling of carbon and sulfur requires the interventions of living organisms.
These are always taught as chemical processes, but they are really biological.

The Nitrogen Cycle &

Atmospheric
nitrogen

Atmospheric Industrial fixation _

fixation Crop harvest ial fertili
and deposition p (commercial fertilizers) | f

Animals =
manures g Volatilization |

and biosolids WO _

3 m...,.h.ar..l 5 e -.h.. ... = ... g ”.uu.“...,“.”.”_.... o pn. 8 _.. L Ay e Y \ ? x—._m.—ﬂ** m== .._..|... _
Microbial ettt St _ _ erosion |
fixationin [ S W

leglmes | RS G R k. _ : |

Denitrification

Nitrate .- _
(NOD.)
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pacteria carry out these POCRSBES in the soil, forming symbiotic relationships
with mﬁanwmn plants or ﬁ._:m:;m symbiotically within organisms. Sounds like a
«e of the biology creating the chemistry to us.

Another part of the nitrogen cycle, the place at which it “starts” in the soil
involves the decomposition of proteins into ammonium (NH 4 ). This mEEo.,.
nium usually figures as part of the waste product produced by protozoa and
nematodes after eating bacteria and fungi. Next, special nitrite bacteria ( Nitro-
somonas spp.) convert the ammonium compounds into nitrites (NO,). A sec-
ond type of bacteria, nitrate bacteria (Nitrobacter spp.), convert the nitrites
1to nitrates (NOs7).

Nitrifying bacteria do not generally like acidic environments; their num-
bers (and hence the conversion of nitrogen into nitrates) therefore diminish
when soil pH drops below 7. Bacterial slime (already mentioned for its ability
to bind soil particles together) happens to have a pH above 7. Thus, if there are
enough bacteria in an area, the slime they produce keeps the pH in their vicin-
ity above 7, and nitrification can occur. If not, the ammonium first produced
by organisms in the soil is not all converted to nitrate form. If the pH is 5 or
lower, very little if any of the ammonium is converted.

ca

Denitrifying bacteria convert nitrogen salts back to N, which escapes into
the atmosphere. Obviously, denitrifying bacteria do not help the fertility of
soil, but they are essential in that they keep the nitrogen cycle moving.

Biofilms

Bacterial slime, or biofilm, is a matrix of sugars, proteins, and DNA. The fact
that bacterial slime in the soil is slightly alkaline not only influences the pH
where it counts most, in the rhizosphere, but also buffers the soil in the area,
so the pH remains relatively constant.

Some bacteria use their film as a means of transportation, literally squirt-
ing this substance as a means of propulsion. (Most bacteria, however, travel
using an astonishing bit of natural nanotechnology—with the aid of one or
more whip structures, or flagella, that resemble and operate like wﬁowmzmﬂm.v
Biofilms save bacteria from desiccation as the soil dries; soil bacteria often live
Ewﬁn sticky globs of biofilms, complete with an infrastructure of channels

Milled with water for transport of nutrients and wastes. Biofilms can also be a
i ganisms, including fellow bac-

000 times more resistant than

efense against antibiotics produced by other or
‘M. Bacteria colonies protected by slime are 1
!ndividual bacteria to antibiotics and microbicides.
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Scanning electron micrograph (SEM) of a
biofilm surface. Insect parts and plant fibers
are embedded in the slime, along with
numerous crystals. Photograph by Ralph Bacterial biofilm on stainless steel, 1
Robinson, www.microbelibrary.org. Image copyright Dennis Kunkel Microscopy

#

Nutrient retention

Bacteria play a major role in plant nutrition. They lock up nutrients that might
otherwise disappear as a result of leaching. They do so by ingesting them while

decomposing organic matter and retaining them in their cellular struci
Since the bacteria are themselves attached to soil particles, the nutrients
remain in the soil instead of being washed away, as is the case with cher pical
fertilizers.

Indeed, these nutrients will be tied up, immobilized inside the bacteria un-
til the bacteria are eaten and reduced to wastes. Since soil bacteria don’t travel
very far, and there is ample source of bacterial food in the root zone, :E nutrl-
ents ingested by the bacteria are kept in the vicinity of the roots. Other 0rgat”
1sms, such as protozoa, play major roles consuming bacteria, releasing excess
nitrogen as ammonium (NH,") in their wastes, which are deposited in 1
rhizosphere, right where the roots can absorb nutrients.

Other benefits of soil bacteriq

"ﬁwmﬂ bacteria produce alcohols that are toxic to plant life and 10
1. These anaerobic bacteria can be avoided when gardening



5 ___ Bacteria 51

e — —

controlling the conditions that allow them to multiply: poor soil texture, lack
of pore space, standing water, and compacted soil. Other bacteria are
pathogens that cause disease in higher plants. The list of pathogenic bacteria is
1 long one, including bacteria that cause citrus canker, diseases of potatoes,
melons, and cucumbers, and fire-blight of pears, apples, and the like. Thou-
sands of bacterial pathogens are in soil, and billions of dollars are spent every
year to protect crops from damage by the culprit bacteria. Agrobacterium
tumefaciens causes galls or tumors to grow on the stems of certain plants. Burk-
holderia cepecia is a bacterium that infects and rots the roots of onions. Some
Pseudomonas species cause leaf curl and black spot on tomatoes.

Despite the presence of pathogenic bacteria, there are more benefits to a
healthy soil bacteria population than not. For example, bacterial activity is also
often responsible for breaking down pollutants and toxins. These processes are
usually aerobic, requiring oxygen to occur. You undoubtedly have heard of
bacteria that can eat oil spilled on a beach in Alaska; there are similar bacteria
that will eat gasoline spilled on your lawn, for example.

Soil bacteria produce many of the medicinal antibiotics upon which we
have come to depend. One can only speculate that since these bacteria have to
compete not only with other bacteria for nutrients but also with fungi and
other organisms, they evolved protective capabilities. For example, Pseudo-
monas bacteria can correct take-all, a disastrous fungal wheat disease, by pro-
ducing phenazines, very strong, broad-spectrum antibiotics. Obviously, many
soil bacteria keep pathogenic bacteria in check, a big benefit of a healthy soil
food web.

All bacteria compete with each other and with other organisms for the fi-
nite amount of food the soil offers and thus keep each other’s populations in
balance. Soils with a high diversity of bacterial types are more likely to have a
larger number of nonpathogenic bacteria outcompeting pathogenic bacteria
for space and nutrients. We are convinced that using the soil food web’s natu-
ral defenses is the best way to keep the bad guys in check. Gardeners need to
appreciate that bacteria are at the front line of defense.

i



Chapter 4
Fungi

vER 100,000 different kinds of fungi are .wﬁoi? and some

suggest a million more arc out ﬁrﬁ.m... waiting to be discove
however, and most gardeners immediately think of
t and coral fungi, and puffballs that appea;

word,
white toadstools, bracke

more on this, later in the chapter). But except for the white thre:

tions of mycelia are usually hidden in the organic matter they are in
of decaying.
Fungi, too, are underappreciated by gardeners, and yet they pl:

in the soil food web and are an important tool for those who gard
food web principles. It wasn’t too long ago that they were consic
| without chlorophyll and included for classification purposes in the

walls from chitin instead of cellulose, among other unique characte
are now placed in their own kingdom in the domain Eukarya.

cells with distinct, enclosed nuclei. Each cell can have more than o

(singular, septum).
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or on the bark of trees (or they know soil fungi from the diseases t}

spore-producing mushrooms, soil fungi are as invisible as bacteriz.
microscope of several hundred power to be seen. Even the visibl:

dom; but because fungi are unable to photosynthesize, and builc
ristics, they

Fungi, like higher plants and animals, are eukaryotes: organisin:

Fungi EEE% grow from spores into thread-like structures called hy
ypha). A single hyphal strand is divided into cells by walls,
The walls connecting hyphae cells are seldom «
GE_E_E cells in the strand, thus allowing liquids to flow
s e hyphae growing in close enough proximity
o uycelia (singular, mycelium ), which you may have seen
g1 reproduce in many different ways not
" Nm the most advanced HuHmﬂﬁm commonly do.

W &mhmgw rﬂ.mﬁ. than a bacterium, the averas®
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Fungi

S

oil may contain several yards of fungal hyphae, invisible to the naked eye; mil-
lions upon millions merge together to produce something as obvious as a king

holete or an intricate Amanita muscaria in all their fruiting glory. These and
)

. Amanita muscaria,
the beautiful but
poisonous fly agaric.

Photograph by Judith
Hoersting.

A diagram of a hypha. Courtesy
Tom Hoffman Graphic Design.
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ms are simply t
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ve over bacteria, and perhaps the re,.
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One major advantage fungi ha

lassified for sO Jong as plants, 1S the ability of fungal hyphae ¢, -
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Barl:
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iy like bacterial cells, whose world is a very finite one, fun gal hypha.
RS e ace measured in feet or meters, distances that for a by, m,,_..;_ﬁ_.ﬁ
- Qmwm_ OMH, aMMM_ unlike bacteria, fungi do not need a film of water i, - ;r_”
Mmmwwmﬁmmdmamr the soil. Fungal hyphae are thus able to bridge gaps 4, o
short distances, which allows them to _Onmﬂm. new food sources w:g (ransport
qutrients from one location to another, relatively far away from its oriciy,
The ability to transport nutrients is another key difference betwee; fings
and bacteria. Fungal hyphae contain cytoplasm, a liquid circulated thro: shout
the septa in their cells. When a hyphal tip invades a nematode, for example, it
drains its hapless victim of its nutrients and distributes them in the hypha| Y-

toplasm and from there through the main body of the fungus. Nutrients are
thus transferred from the tip of the fungal hypha to a wholly new location tha

can be several yards away (think conveyor belt). Once inside the fungus, the
nutrients are immobilized and will not be lost from the soil.

Fungi produce special structures—for example, mushrooms above ground
or truffles below—to disperse spores. Since fungi grow in all sorts of environ-

ments, they have devised some elaborate methods to achieve spore dispersal,
including attractive scents, triggers, springs, and jet propulsion systems. 1o en-
sure survival, fungal spores can develop tough membranes that allow them to
8o dormant for years if the conditions are not right for immediate germination.

As with bacteria, fungi occur universally; some species even exist in the

Fungal spores are pro-
duced in bodies that rise
above the fungus to help
dispersal. coy rtesy T. Volk.

Reprinted, with Permission
from _..:Ezﬁéi,mnm:mﬁb_.m\h
bs.w.._.wnm: w:ﬁovmﬁa_nmﬁmu
Society, st. Paul, Minnesota.
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frozen region of Antarctica. Airborne dispersal of spores helps explain why vi
) : - 2 w : .fﬂ_._m._l
tors from, $aY> Alaska, will recognize species of fungi growing in far om<>
. . S B 5 G -
ralia. while dormant spores can be found around the world they need ”M
o ) b - o
right conditions to germinate and grow. Thus, fungal spores may be fou M
| n

continents away from their source, but they may not be functional because th
conditions for growth are not right. e

Fungal growth and decay

While some fungi prefer the “softer,” easier-to-digest sugars characteristic of
the foods that feed bacteria, most go for tougher-to-digest foods (mainly be-
cause bacteria are better and faster at grabbing and taking up the simple sug-
ars). Fungi, however, win in the competition for more complex foods: they
produce phenol oxidase, a strong enzyme that dissolves even lignin, the woody
n_oE_uoz:.m that binds and protects cellulose. Another characteristic of fungi is
their ability to penetrate hard surfaces. Fungi have perfected apical growth—
that is, growth at their hyphal tip. Apical or tip growth is an incredibly com-
plex process, an engineering job akin to building a tunnel under a river and re-

| quiring great coordination of events. Even before electron microscopes,
scientists identified a dark spot, the Spitzenkorper, in the tip of actively grow-
ing hyphae; when hyphal srowth stopped, the Spitzenkorper disappeared. It
seems this mysterious region has something to do with controlling or perhaps
directing apical growth.

During apical growth, new cells are constantly being pushed into the tip
and along the sidewalls, elongating the hyphal tube. Materials for the growth
of fungal hyphae are supplied to the advancing tip by the cytoplasm, which
transports vesicles loaded with all necessary “construction” supplies. Of
course, it is important to keep extraneous material from flowing into the hy-

pha as well as out while this growth 1s happening. All the while, powerful en-
gfmes capable of dissolving all but the most recalcitrant carbon compounds
are released as the new cells are put into place. Think about it: these enzymes

ire powerful enough to convert lignin, cellulose, and other tough organic mat-
_ yet they do not decay the chitin cell

1 minute. Discount for the moment

eed, which is incredibly fast for such tiny organisms, and compare the
ment of a typical soil bacterium, which may travel

~ fungi can grow up to 40 micrometers

soil, the death of fungi means the
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Dead fungal mqm.zo_m
attached to @ soil particle.
Image copyright Ann West.

qutrients contained within them become available to other member
soil food web. But when fungi die, their hyphae leave a subway system o
scopic tunnels, up to 10 micrometers in diameter, through which air an
can flow. These “tubes” are also important safety zones for bacteria {1
elude protozoa: protozoa are considerably bigger than the tunnels.
Fungi are the primary decay agents in the soil food web. The enzyn
release allow fungi to penetrate not only the lignin and cellulose |
(dead or alive) but also the hard, chitin shells of insects, the bones of 2
and—as many gardeners have learned—even the protein of strong:
and fingernails. Bacteria can hold their own, but they require simpler-|
foods, often the by-products of fungal decay, and often only after such f

been broken or opened up by fungi and others. Compared to fung, !
are in the Minor Leagues of decaying ability.

Fungal feeding

The acidic digestive substanc

phal tips are similar to thos
ach as a vesse]

mouthparts: in
pounds the fun
sis) and active t

Just as they are whep ingested b

then, fungi should be v .ﬁ._umﬂmlm, and later ﬁwmmma. Like bacterx

es produced by fungi and leaked out of their
| € utilized by humans; fungi don’t require @
in which to digest food, however. Like bacteria, fung
Stead, fungal decay breaks up organic materials 1nto
SUS can then ingest through its cell walls via diffusion !

ran : . ~ . hi
Sport. Nutrients taken in by fungi are usually 1mmot

ny-

ctOnl-
j
=)

fdlis

com-

b :..:.J..

lized,
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Excess acids, enzymes, and wastes are left behind as the fungus continues
to grow and as a consequence, &m digestion of organics continues even though
the fungus has moved on, opening up organic material for bacterial decay and
making nutrients available to plants and others in the soil community. Hyphal
mnoﬁr gives a fungus the ability to move relatively long distances to food
sources instead of waiting for its food to come close (though it can clearly do
this, too, as the nematode-trapping fungus proves). Fungi can, for example, ex-
tend up into the leaf litter on the surface of the soil, decay leaves, and then
bring the nutrients back down into the root zone—a huge advantage over bac-
teria, the other primary nutrient recycler in the soil food web.

Soil fungi are usually branched and quite capable of gathering organic
compounds from different sources simultaneously. Once the nutrient material
s inside the cellular membrane, it is transported back through the network of
fungal hyphae that often ends at the root of a plant, where some fungi trade for
exudates. Thus the same fungus can extend hyphae downward and outward,
absorbing several crucial nutrients—phosphorus, copper, zing, iron, nitro-

gen—as well as water. In the case of phosphorus, for example, the propensity
of fungi to gather and transport it over distances is truly remarkable. This min-

eral is almost always chemically locked up in soils; even when it is applied as
fertilizer, phosphorus becomes unavailable to plants within seconds. Not only
do fungi seek out this necessary plant nutrient, but they have the ability to free
it from its chemical and physical bonds. Then they transport their quarry back
to plant roots, where the phosphorus is absorbed and utilized.
Don’t forget that in those instances where a fungus brings food back to a
| plant root tip, it was attracted to that plant by the plant’s exudates. Fung are
good, but the plant is in control.

Fungi and plant-available nitrogen

Some fungi trade nutrients for exudates, but most often nutrients are released

as waste after they are consumed by fungi or when the fungi die and are de-

cayed. Much of what is released is nitrogen. A key tenet of gardening with the

soil food web is that plants can take up nitrogen in two forms, either as ammo-

] ,_l Im ions (NH,*) or as nitrate ions (NO5"). The nitrogen released by fungi is

- E mmonium form (NH,"). If nitrifying bacteria are present, this is converted
Eg Steps to nitrate (NO;5 ).

- theenzymes produced by fungi are decidedly acidic and lower the pH. Re-

-,Eﬁﬂum. _. HmH mﬁHﬁm raises soil mvmu E_”HOMmﬂumﬁbm bacteria mnﬁnwm___w«

o Al o

Uire a pH above 7. As soils become dominated by fungi, the populations of
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has an important implication to gardening with the soj]

1s has a | . . J
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. a 0 ¢ . »
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er to

you pre

explained in chapter 12).

nitrate

Fungal adaptations

Fungi have developed all sorts of clever strategies to make it through life—q;
nematode-strangling fungus proves it. The fungus that developed this very art-
ful and useful adaptation is Arthrobotrys dactyloides. The ring that trapped th
nematode is actually just a hyphal branch, twisted back on itself. These
branches each consist of only three cells, which, when touched, produce a sig-

nal to let water in; the cells then swell to three times their size and the unsus-
pecting victim is killed in a tenth of a second. Pretty amazing—a sophisticated
trapping mechanism developed from an inverted branch using only three cells.
Once again, nanotechnology can only hope to duplicate such a complicated
process. Not only does the fungus figure out a way to kill nematodes, which are
all blind, but it attracts them to its trap in the first instance. In this case, the
fungus releases a chemical that attracts the worm.

Within a matter of only a few minutes after trapping, the tip of a fungal
hypha enters the nematode’s body, secretes its powerful enzymes, and starts

m_umoh.?sm nutrients. As this is exactly what the nematode has been doing—¢at-
ing— . : : £ oS
: rm the worm is usually a real treasure trove of nutrients for the fungus

ese nutri L : 0
trients, of course, are then locked up inside the fungus until the fun-

us is e : : = T
& aten by one of its predators or it trades them for exudates. Then the

nutrie i . .
Hwﬁm are mineralized and again are available to plants.
e fungus Pleurotys ostre

at the supermarket, yseg
drops from the tips of
fungal fall guy),
and within m;

atus, the common oyster mushroom you call DUy
another clever technique to trap food. It emits (0%

ts hyphae; an unsuspecting nematode (our perennia

out . . . -+
and about, Hoow_sm for food, touches a drop with its youth

. A tew hours later, and the fungus 15 inside

It s 11 Some
Bl use adhesives ¢ g; Other mechanisms have evolved as well. 5 *
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ails, much larger microarthropods that are b
: 2 S that are big en
ough to see with

even mﬁﬂ.ﬂmﬁ
I prey and again lock up or

e naked eye Once attached, the fungj digest the
. EEoE:mm plant nutrients.
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what drives soil fungl in the direction of particyl

ar nutrients is still
. : e i an
estion. It is known that some send out filament

open qU i s as 1f they were scouts
looking for nutrients. If you have ever seen a well-trained bird dog look for a

moﬁﬁm bird, you get the i1dea. The dog circles until its nose finds the bird
Some fungl clearly possess tactile- or contact-sensing capabilities that mzoﬂ
them to orient in a certain direction so they can invade their prey or other food
souICe. Others demonstrate the ability to track specific chemicals they know to
he in the vicinity of specific prey.

For the gardener 1t 1 sufficient to know that fungi can find nutrients. When
4 source is found, fungal strands head over to the area and literally settle in, di-

gesting the material, often combining one nutrient source material with an-

other and transporting nutrients back to the base of the fungus. All the while,
other strands “scout” for more food to attack. Nutrients are held inside cell

walls, preventing them from leaching away.

Fungi and symbiosis

Soil fungi also form two extremely important mutual relationships with
plants. The first is the association of certain fungi with green algae, which re-

sults in the formation of lichens. In this symbiotic relationship, the fungus gets

A small branch protruding from the
main thallus of a tree lichen, 140x.

Image copyright Dennis Kunkel Microscopy, Inc.
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tilizes 1ts ﬁvoﬁoﬂ\irmmn powers while the fupg,
or body, of the lichen, in which the pair Jive.
break down the rock and wood upon whj|
s and nutrients for soil, soil microbe.

the alga, which u
up the thallus,
d by the fungus
This creates mineral

food from
strands make
Chemicals secrete

the lichens grow.

mna%_.__msa.o:a are mycorrhizae (from the Greek for “fungus-root™), symbiot
mmmn

tween plant roots a

———

nd fungi. In return for exudates from pla;
r and nutrients and then bring then,
nt becomes dependent on the fungi, and the fungi, i,
turn, cannot live without the plant’s exudates. It 1s a wonderful E@Eu indeed
Mycorrhizae have been known since 1885, when ﬂmnam: mnHmm:ﬂ.EF._._
Bernhard Frank compared pines grown in sterilized soil to those grown in ster
ilized soil inoculated with forest fungi. The seedlings in the inoculated soil
grew faster and much larger than those in the sterilized soil. Yet 1t was only in

the 1990s that the terms mycorrhiza (the symbiotic root-fungus relationship:
orrhizal (its associated adjective) started to creer

associations be
roots, Eﬁoﬁ.rmmm_
back to the plant. The pla

plural, mycorrhizae) and myc
into the agricultural industry’s lexicon, much less the home gardeners.

We're the first to admit that we were blindsided by the subject—and one of
us had written a popular garden column every week for 30 years and never
once mentioned them out of sheer ignorance, a state shared with most garden-
ers. We now know the extent of our ignorance: at least 90% of all plants form
mycorrhizae, and the percentage is probably 95% and even higher. What is
worse, we learned that these relationships began some 450 million years ago,
with terrestrial plant evolution: plants started growing on the earth’s surface
only after fungi entered into relationships with aquatic plants. Without myc-
orrhizal fungi, plants do not obtain the quantities and kinds of nutrients
ummmma to perform at their best; we must alter our gardening practices so as 10!
to kill these crucial beneficial fungi.
wmmﬂwrﬁmww Mﬂwﬂumwﬂm% Mﬂﬁamn._mmwb for fungi because all soil fungi are ,,ap____ y
fungi killed, Cleatly ?MMMMMM o_M mo__w and mﬂﬁ@.m_ E_.umm are ﬂ.ﬂmrm.&. and ,:.:._J
physical alteration of the soil Awoﬂwwm.mo wmmﬂﬂamm., :.HmemEn et uier, “.,_“:w,_

ing, double digging) destroy fungal ny-

phae. Chemi .
tilline si mE_nm_m_n_o S0 by sucking the cytoplasm out of the fungal body. Roto-
1ng mgﬁ;« breaks up the Hd\._.u“—ﬂmm. The

even decrease when fungi are exposed to
taining nitrogenous substances.

fruiting bodies of mycorrhizal fung!
air pollution, particularly that cor”
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Nl Endomycorrhizal fungi penetrating roots.
| mn_”o_._._vﬁo_.ﬂjmmm_ fungi forming a dense white Courtesy L. H. Rhodes. Reprinted, with permission
net around roots. Courtesy Mycorrhizal Applica- from http://www.apsnet.org/, American Phyto- |
tions, www.mycorrhizae.com. pathological Society, St. Paul, Minnesota.

fungi. These actually penetrate and grow inside roots as well as extend outward
into the soil. Endomycorrhizal fungi are preferred by most vegetables, annuals,
grasses, shrubs, perennials, and softwood trees.

Both types of mycorrhizal fungi can extend the reach as well as the surface
area of plant roots; the effective surface area of a tree’s roots, for example, can
beincreased a fantastic 700 to 1000 times by the association. Mycorrhizal fung
get the carbohydrates they need from the host plant’s exudates and use that en-
ergy to extend out into the soil, pumping moisture and mining nutrients from
places the plant roots alone could not access. These fungi are not lone miners,
either., They form intricate webs and sometimes carry water and nutrients to
the roots of different plants, not only the one from which they started. It is

| strange to think of a mycorrhizal fungus n association with one plant helping
- others at the same time, but this occurs.

Finding and bringing back the phosphorus that is so critical to plants
: to be a major function of many B%noﬁww.m& fungi; the acids ﬁwomcnmn_
- Y nﬂur,_mm_ fungi can unlock, retrieve, and transport chemically lo %ﬁ?“@
horus back to the host plant. Mycorrhizal fungi also free up no.w@mh cal-
ium, magne i zinc and iron for plant use. As always, any ujq_muﬂ com-
ed to the plant roots are locked up in the fungt and are r¢-

| ;
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nd wDBmEn fungi _
s and form protective webs and ne _

Pathogenic a

Beneficial fungi com
on with bacteria,
ttract b
arasitic fungal cousins from invading the pla;

agricultural and horticultural crop

pete for nutrient
around roots

acteria and fungi as well); this prey,

ten in conjuncti (and even on leaf surface
sy _
leaves produce exudates that a

f their pathogenic and p
gens impacting
and is beyond the scope of this one. §;

of cereal grains. Rust fungi cause .

some O
The list of fungal patho
long; the topic fills many books

fungi, for example, impact the flowers
eases on wheat, oats, Iy, fruits, and pines. More common garden problen

downy mildew (Plasmopara spp- Sclerophthora spp.), root rots (Phytophtl,

spp.), and white rusts (Albugo spp-)-

Be there a gardener who has not encountered botrytis or powdery mild
1 catch-all name for a group of fungi that infects different plants E:W th _,_ : .
results, an unsightly gray or white powdery fungal growth that cover _M_T ”
stems, and flowers? Most powdery mildew fungi produce airborne %M_-.M

Gray mold fungus (Botrytis
cinerea) attacking a straw-
berry plant. Photograph by
Scott Bauer, USDA-ARS.
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do not require free water to germinate. Given temperatures between 60 and
do an

40F (15 and 97C) and high humidity, these Spores germinate and infect thes
8 ur yard. How about fusarium wilt on tomatoes eir

e ————

hosts 11 o o : , the first thing to sus-
pect when a tomato's start to yellow from the bottom of the plant up? It

e qused by Fusariun qHE@E.mE f. sp. lycopersici, a soil-borne fungus that can
survive for a decade or more in dormant stages. It enters the plant through
oots and invades ﬂm.émﬂ.ﬁ distribution network. Further testament to the
power of fungi is Armilla ﬁ..E mellea (oak root fungus), which causes sudden oak
death—a tiny fungus taking down towering oaks. The fungal activity decays a
ree’s lignin and cellulose to such an extent that the tree dies.
| Pathogenic and parasitic fungi make use of various entry points into
plants, including stomata (the openings on leaf surfaces that allow plants to
breathe) and wounds. And, of course, with all this talk of enzymes decaying
tough-to-digest lignin, it shouldn’t surprise any gardener that some fungi can
dissolve the cuticle and cell walls of the plant it is attacking. If you think this is
difficult, think about the fungi that penetrate bathroom tile, and know that
some fungi can penetrate granite in search of food.
This entire book could be filled with descriptions of fungi that get their nu-
trition at the expense of living plants. This is not our purpose—only that you
realize that soil is loaded with fungi, a concept most gardeners readily grasp be-
cause of direct experience.

Functional overlap with bacteria

- e
Fy
1!

It should be obvious by now that in a healthy soil food web, fungi and bacteria

=i
&
S
L]
|
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houlder much the same work and share many of the same functions. Like
‘bacteria , some fungi produce vitamins and antibiotics that kill pathogens in
the soil as well as in the human body. Remember @m&n.&:? the most famous
turned-antibiotic of all? In 1928, when English bacteriologist Alexander
 returned to his lab after his vacation, he found a fungus had contam-
vetri dish full of Staphylococcus bacteria. It ruined his experiment, #..::
a were found growing near the fungus, and the world of medicine

rucial roles in the soil food web as mmnoaﬁcmw?
| m _UEEQ , and beneficial symbionts, _ﬁ_.ﬁnuamm
As well, their ability to impact soil pH makes them

Portant tool fc r garden with the soil food web.
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Chapter 5
Algae and Slime Molds

LGAE AND SLIME MOLDS are not related; we merely group them ¢

gether because, while they have roles in soil food webs, they generally

don’t affect gardeners. That said, we hope we have already made the

point that the soil food web is a community of organisms playing out a drama:

when one or another character is removed, it may have significant conse-
quences on how the play unfolds.

Algae

Algae are broadly defined as single-celled or thread-like photosynthetic organ-
isms, including seaweeds and even giant kelp. Who hasn’t seen algae in a pond,
river, or lake, at the beach, or, if not there, on the glass of a fish tank? There are
three kinds of algae: marine, freshwater, and terrestrial, the latter often living
in soil, on or near the surface (where sunlight is available), not near roots.
While most algae require very moist conditions, it is surprising to find some
that grow in hot deserts and at the frozen poles—though even these still re-
quire a film of water to survive.

Although algae are closely related to bacteria on the tree of

ten thought of as primitive plants because they are photoauto
ing they take energy from the sun a
like plants, are primary producers,
or other members of the 5ol food

ife, they are of-

trophic, mean-
nd produce their own food. Indeed algae,
not dependent on the soil’s organic matter

: web for their food needs as are bacteria and
fungi. Moreover,

iy . algae _an the specialization that characterizes higher plants,
and, unlike plants, they have no true roots, leaves,
vascular (water- and food-

or stems and don’t have a

~> associate algae with bodies of water, not the raised bed or

Ve
* iR = £




T T m
i

Algae and Slime Molds

: —terrestrial al-
: _ 19 uta 1 water i 0 [ |
quire not only light but a film of water in order to survive. A t

v contain anywhere from 10,000 to 100,000 cells of green

. set there you will find them if there is enough moisture nF
awll

gae Ic >aspoon of

coil M algae (phylum
?_E.%_,_Er yellow-green algae (Xanthophyta), and diatoms (Bacillario-

). At one time algae served as pioneer organisms, growing on moist rock

yhyta N . :
H and, when they died, mc:,__::_:m with weathered rock, and air, and wa-

qurfaces

ter to form early soils. In this important way, algae helped start the succession
f life by E.oi&:m necessary organic matter when there was no other.
0

Diatom skeletons, 445x. Image copyright Dennis Kunkel Microscopy, Inc.

Green algae growing on
the bark of a tree, 40x.
Image copyright Dennis Kunkel

Microscopy, Inc.
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. . functions. This causes rock to immﬁﬂ |
bolic .  rought about by biological activity. Resultant bits of miner,|.
weathering bIO omu._gum_ - ducing soil eventually. This is not unlike th r L .
the dead &mmﬁwm mgefiby lichens—the symbiotic relationship between c¢ .

114

F P 5% .._._..F.

a great example of che,
o ‘....._“

ACC aV

MMMWHMHM:%. The fungus wwoiamm a ?_”555 and wOE.mErmH protected M,_HJ_
ronment 11 which the alga can live w:m.\_ in return, Wn.m?mm wroﬂo%::-_:.._,;_‘_..&
food from the alga. In this relationship, the decay m_u_:.:mm of algae are aideq by
their fungal partners, and the process of weathering is sped up considersp,
Lichens contribute nitrogen to the soil, msm Zsmwmﬂmmm algae (Cyanophyta) ﬁm
the enzyme nitrogenasc to fix nitrogen, either in a symbiotic relationship o,

nonsymbiotically; similar to nitrogen-fixing bacteria. This is how rice plan
can get nitrogen from the water in which they grow.

[ truth, the role of algae in gardening is minor because of their need for
sunlight, which can only penetrate a short distance into the soil. However,
where they do exist in the soil, algae can excrete polysaccharides, mucilage, and
dlimes—all sticky stuff—which help bind and aggregate soil particles. Their
presence can also help to form air passageways in otherwise compacted soil

And algae fit into some soil food webs as primary producers that are eaten by
certain nematodes.

Slime molds

The slime molds are unusual-looking, amoeba-like organisms that inhabit

damp, rotting wood, leaves, manure, lawn thatch, rotting mushrooms, and

other .om.mmin material. They spend most of their lives pursuing bacteri and

yeast in the soil. The few hundred different kinds of slime molds are in man

Wm.ﬁ_ :Wm ?b@ but largely differentiated by the way they eat. Whereas fung!

mm,_wmmﬁ E_mm food nﬁmwnm_? and then bring the nutrients inside the organism
e molds engulf food and digest it internally.

Th T
€ two groups of slime molds—Dictyosteliomycota (cellular slime ™ olds)

and Myxomycota B | |
out __%vaﬁwnﬁm (plasmodial slime molds)—have similar life cycles: th¢Y start
< el b CR . m..n & [ | | L
in the soil mﬁamma germinate into myxamoebae, amoeboid organisms Hi live
gest bacteria, fungi spores, and small protozoa, locking U] the

nutrients they cor fai |
selves are @HM” - mJ& preventing them from leaching out. They the
hat have mand:i > s, and . specialized
ggﬁmﬁgﬁm des nd in particular, spe
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-Some point, for 1o qun. -
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other; up to 125,000 or so form a mass that looks something like a big slug,
togethels

a dollop of Je : ; Pl |
hades of tan, yellow, pink, or red, and are actually quite attractive in their own
she

way. Th . . .
ﬁw&q about 1 inch (2.5 centimeter) thick and can grow to 1 foot (30 centime-
L1

lly, or, in some cases, vomit. These masses are of various sizes, in
e species of one common plasmodial slime mold genus, Physarum, are

ters) Or More wide.

Myxamoebae stage of slime mold on grass. Courtesy B. Clarke. Reprinted, with permission, :
from http://www.apsnet.org/, American Phytopathological Society, St. Paul, Minnesota.

Slime mold swarms can look like dog vomit. Photograph by Tom Volk, University of Wisconsin- Y
La Crosse, www.TomVolkFungi.net. _
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Chapter 6
Protozoa

osT GARDENERS first poked and prodded protozoa as part of a
biology lab assignment, which invariably involved identifying and
sketching cell parts of a paramecium; they may therefore remem-
ber that protozoa are single-celled organisms with a nucleus, which makes
them eukaryotic and therefore, along with fungi, members of the domain Eu-
karya. Protozoa (which term we use descriptively in this book, as shorthand for
a group of non-algal, non-fungal, animal-like unicellular organisms, across
several kingdoms—but don't get us started!) are almost always heterotrophs,
meaning they cannot make their own food. Instead, they obtain their nutrients
by ingesting bacteria, primarily, but also the occasional fungus and, to a lesser
extent, other protozoa.
Paramecia are still the favorite microbe. That’s because these and other soil
protozoa are considerably larger than bacteria, 5 to 500 micrometers versus 1
to 4 micrometers. This may still seem small to you, but in the scheme of micro-

organisms, 500 micrometers is pretty large—so large that under ideal lighting
conditions a paramecium, at least in water, s visible to the human eye. You still
have to look very carefully and certainly will not be able to differentiate any of
those internal or external features you were told to label in school, but without
a microscope you can see them flitting around. Through an electron micro-
scope, unseen detail is observable.

Protozoa are something to stay away from if you are as small as a bac-
terium. By way of comparison, if a single bacterium was the size of a pea, a
paramecium would be as large as a watermelon. This is why bacteria can hide
m_..aﬁ.- most protozoa in soil pores that are too small for the protozod to reach
into. Another way to make the comparison is to go back to that same teaspoonl
of good soil, with its billion-count bacteria—and “only” several thousand

Over 60,000 kinds of protozoa are known and, contrary to any .Rmm&sm_
ithful hope you may have that they only live in pond water, a EEA.”_:Q. of
L live in the soil; however, all do require moisture to lead an active life.
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paramecium as Seem
through an electron :..mm_,?
scope, 130X. Image copyright
Dennis Kunkel Microscopy, Inc.

Given the crucial role protozoa play, a quick review of some school biolog

and then some—is in order.

Amoebae, ciliates, and flagellates
Protozoa come in three basic “models.” First are the pseudopods, single-celleg
animals with amorphous forms most will remember as amoebae. These are
constantly on the move, a feat (if you will pardon the poor pun) accomplished
by pouring their cytoplasm—the soup with all its life parts—into one or more
false appendages called pseudopodia (“false feet”). Pseudopods themselves are
of two types. The first has a shell-like exoskeleton and five predefined holes
(think of a bowling or golf glove), through which the pseudopodia can appear.
The other class lacks any shell or predefined pseudopodia; these amoebac are
relatively large micr oorganisms, and many would be as visible as paramecia if
e i.mam:vﬁ SO transparent. Amoebae lack a mouth and ingest bacteria by sur-
HMMMMWMMMHAM wmm:_@m them in gas bubbles, into which are transmitted
- L€ entire vesicle is then absorbed, and waste products sub-
sequently expelled.
s but still much larger than their bacterial prey. G111
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thiar paramecium is a ciliate protozoarn.
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Protozoa

An electron microscope photograph of an Euglena, 440x. Image copyright Dennis Kunkel

amoeba, 700x. Image copyright Dennis Kunkel Microscopy, Inc.
Microscopy, Inc.

A few flagellates, like euglena (the “classic” freshwater flagellates of pond
water), produce their own food via photosynthesis and are thus autotrophs;
most. however, are heterotrophic, obtaining nutrients from eating and digest-
ing other organisms in the soil.

More symbiotic relationships

As so many of the soil food web organisms do, protozoa form symbiotic rela-
tionships, particularly with bacteria, to such an extent that such associations
appear to be the norm rather than the exception. A classic example is that of
the flagellates residing in the guts of termites, which digest the wood fibers the
termite eats, We now know that the relationship 1s actually a three-way one.
Electron microscopy reveals working bacteria in the gut of the termite as well;
these fix nitrogen from the atmosphere for the flagellates. Not often do you
find a triple symbiotic relationship, though surely more will be discovered as
exploration courtesy of the electron microscope continues.

- Lots of ciliates, too, enter into symbiotic relationships with bacteria. Some
Q_.,_Enm live in sand and “farm” bacteria colonies; and it is the methane-gener-
ating bacteria inside ciliates that are responsible, in part, for the methane gas
that develops in some ciliates as anaerobic respiration takes place.

p————
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Protozoa arc¢d
bacteria in a pret
10,000 bacteria a day)

crobes; these can move 1nto sma | .
bacteria are plentiful. Even after the larger ciliates o1

rive on the scene the still-large population of bacteria provides plenty of
<ustenance for both the original flagellates and the newer ciliates. Finally,
amoebae move through in search of bacterial prey (and also smaller protozoa).
The combined pressure on the bacterial population becomes so great, num-
bers start to diminish. As readily available bacteria become harder to find, the
larger ciliates and amoebae start to eal MOLc of the smaller ciliates and flagel-

lates. This reduces the population of ciliates and flagellates which, in turn, al-

lows the populations of bacteria to stabilize and return to a level that maintains
the soil food web balance.

Why aren’t all the bacteria consumed by protozoa? One reason is that pro-
tozoa are restricted by bacterial slime; this film 1s hard for them to penetrate,

and it lacks the oxygen that they require. Another reason is that the bacteria are
smaller and able to hide in tiny soil pores.

It seems counterintuitive that increasing protozoa @om_s_mzosm most often
results in increases in the bacterial populations upon which they prey. This oc-
curs because fewer bacteria means less competition for nutrients amorns the

m_ﬂﬂwgum bacteria. Not having to compete all the time for food means they can
divide well fed. Likewise their progeny will have something to eat sO they

can multiply % well. If protozoa can keep their own numbers in check; they have
all the bacteria and fungi they need to eat.
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Protozoa

o eNSUTES the survival of both the protozoa and the plants that benefit
e nitrogen and other nutrients released by their activity

ZEmazmmam

of critical importance to the workings of the soil food web are the waste prod-
ucts E,.cmznma when protozoa ingest bacteria or fungi. These wastes contain
carbon and other nutritional compounds that had been immobilized but are
oW Once again mineralized and made available to plants. Nitrogen com-
ﬁocb%, including ammonium (N H,"), are among them. If nitrogen-fixing
bacteria are present (remember, these usually require a pH of 7 or above to
have good populations), free ammonium is converted into nitrates. If not, the
pitrogen remains in ammonium form.

Mineralization of nutrients s crucial to the survival of plants in a natural
system. Our premise is that Dy interfering with or destroying the soil food web,
the gardener has to step in and do extra work, making gardening a chore in-
stead of an enjoyable hobby. If you are not convinced, then consider that as
uch as 80% of the nitrogen a plant needs comes from the wastes produced by
| bacteria- and fungi-eating protozoa. Since bacteria and fungi are attracted by

plant exudates to the rhizosphere, and that is where protozoa consume them,
ahuge source of plant food 1s delivered, right around the roots.

Other soil food web functions

_ protozoa participate to some degree in the decay process by inadvertently
ingesting small particles of organic matter. These are then broken up into
smaller pieces if not totally digested and become available to bacteria and fungl
in the waste stream. And other soil food web members rely on protozoa as One
of their food sources—another reminder that it is a soil food web, not chain,

~ with which we are dealing. Certain Lematodes, for example, are dependent on
- - Protozoa as their food source and have developed specialized mouthparts £o

Detter ingest them. Worms too rely on healthy populations of protozoa. J.ZE.W
Gjmilarly, many mi-

Protozoa in the area, gardens are devoid of worms.
varthropods require a healthy dose of protozoa t0 thrive:
ally, not all protozoa are beneficial. Several kinds eat 0

00od web these are kept in check by other, cannibalistic protozoa: mo.ﬁo
mumamm?mmlnmba remain,

ots, but 1n a

e degree protozoa serve as a food source for
1 the worst of them, crucial characters in a healthy soil food web.
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Chapter /
Nematodes

EMATODES are nonsegmented, blind roundworms that, along vig,
mineralize nutrients contained in bacteria and fung;. Tje;,

protozoa, .
rived from the Greek nema, which means “thread” 4y apt

name is de
descriptor for these microorganisms. Nematodes are considerably larger thqp

protozoa, with lengths averaging 2 millimeters and diameters of 50 microme.
ters (versus 0.5 millimeter for a decent-sized protozoan). Still, most nematodes
are difficult to see without a microscope. When you can see them with the
naked eye, they usually look like moving human hairs. We say “usually” be-
cause the largest known nematode, Placentonema gigantissima, can grow to g
showstopping 30 feet (9 meters). Fortunately, this nematode lives in the pla-

centa of sperm whales, not in soil.

These fascinating roundworms are actually the second most dominant
form of animal life next to the arthropods. Over 20,000 species of nematodes
have been identified thus far, and scientists suggest there may be as many as 1
million species in total. They are everywhere, yet most gardeners know little
about them save the parasitic ones that damage roots.

Our teaspoon of good soil teeming with microbial life averages about 20
bacteria-eating nematodes, 20 fungal feeders, and a few predatory and plant-
eating nematodes, making the total number between 40 to 50 nematodes. The

number of fungi- versus bacteria-eating nematodes is directly related to the
availability of the food sources they require.

Picky eaters

Nematod : : -
¢S are€ major consumers in the soil. All have a long alimentary U act

that runs oy
tode ski w..oE the mouth to the anus, which is located in their tail end. N
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: . . . ~Aec have
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Nematodes

Let’s start with the nematodes that eat living plant material. These plant
parasites usually have :mmn:m..EAm stylets that enable them to puncture plant |
cell walls with ease. Some of _”rm.l.mm root-eating nematodes are ectoparasitic |
(that is they feed on the _.o.oﬁ surface), while others are endoparasitic, entering
into the root 10 feed. Herbivore (plant-eating) nematodes can create lesions in
the root as well as cysts and large bulges that gardeners refer to as root knots.
Obviously; nematodes that eat roots do not help the crop in question.

Next are bacterivores, nematodes that eat bacteria. Here the specialized
mouthpart is usually a hollow tube. A bacteria-eating nematode so equipped
can consume multitudes of tiny bacteria in an hour. Other nematodes are fun-
givores: they eat fungi. This type of nematode also has stylets, for puncturing
the chitin cell walls of fungal hyphae. Like their fellow fertilizer-spreaders, pro-
both these types of nematodes mineralize the nutrients contained in the

s e

toz0a4,
smaller microbes’ bodies, making them once again plant-available.

predator nematodes feed on protozoa, algae (including diatoms), and
other small members of the soil food web—grubs, weevils, wasps, even small
invertebrates such as slugs (the first beneficial nematodes sold for gardening
use was to control slugs). Predatory nematodes eat other nematodes as well,

thus preventing overgrazing of bacteria and fungi and keeping populations of

. =
- ¥
. “-ﬁ--ﬂ‘l:—-_ﬂh—"‘ll—-‘_..-.—r—-

A typical predatory nematode. Photograph by
Bruce |affee, UC Davis.
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Other nematodes are omnivores, eating any and all of the above. ¢

rest fungus spore Some even ingest organic matter and so are direct],
me : . ly |

sponsible for the decomposition of organic matter.

Mineralization and other tricks _

mineralization is the most important thing nematodes (at least the |

Arguably,
bacterivores and fungivores) do for gardeners. Nematodes need less nitrogep, |

than protozoa do; those that eat fungi and bacteria, therefore, release evep
more of the previously immobilized nitrogen into the rhizosphere, in ammo-
nium form. Again, if the populations of nitrogen-fixing bacteria in the area are
low (as they will be when the pH is below 7), the mineralized nitrogen remains
predominately in ammonium form (that 1s, it is not converted to nitrate).
But here’s something new. Because nematodes are bigger than bacteria,

fungi, and protozoa, they require more porous soils in which to travel, and

their numbers will be reduced if the soil is of the wrong texture or if it is too

compacted. Either of these conditions will block nematodes from searching for
nutrients. Unable to search for food, they either die off or move elsewhere, and
the flow of nitrogen available to plants is greatly diminished.

Not just these escapees but all nematodes inadvertently play a role in trans-
porting bacteria to areas far from their origin. This is because bacteria atta ch
to the skin of nematodes and are spread to other areas as the nematode makes
its way through the soil in search of food. Since bacteria themselves have ex-
Wmﬂmq low mobility in the soil, this is a great advantage to them: they can

taxi” to new food sources. It also may be said to help the nematode, who i1
MHWHN wwwom“w&m:m:w eats the progeny wm its fare and increases __E:W.w | _H
- FUNgL, t0o, can hitch a ride on a nematode. Often this 15 5¢
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A fungal spore and tube
has entered the side of this
nematode and is heading
toward its retracted stylet.

Photograph by Bruce Jaffee,
UC Davis.
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through soil until they find the right temperature gradient and continue to
ravel along it until they bump into their preferred food.

. Others find food by sensing particular chemicals associated with them.
Once they are on the scent, they act like heat-seeking missiles, locking in on
their prey and attacking. Our favorite fungus, the one that captures nematodes

in its rings, attracts nematodes with a chemical. Clearly, there are disadvan-
tages to this method of finding food.

In the end, nematodes are incredibly diverse and interesting animals that,
Jike each and every other organism in the soil food web, deserve (and have)
their own books.




Chapter 8
Arthropods

VEN IF YOU DIDN’T KNOW what they were called, you've seen and I,

L YIAT
'Yy

lots of arthropods: flies, beetles, and spiders, for example. No €Xagoer-

tion: arthropods rule the world. Somewhere around three-fourths of 4
living organisms are arthropods. Still, for all their numbers and their Jarge,
size, the arthropods do not lead in terms of biomass: the biomass of nematodes
and even protozoa 1s greater.

Arthropod is Greek for “segmented feet” (actually, arthropods possess seg-
mented limbs and segmented bodies, but you get the idea). In addition to
jointed legs and segmented bodies, all arthropods have in common an exo-
skeleton made from chitin, the same material that makes up the walls of fun-
gus cells. You are familiar with the shells of lobsters, shrimps, and crabs, famil-
iar examples of marine arthropods; their shells are chitin. As with the cuticle-
skin of nematodes, this exoskeleton provides protection and a lightweight
structural frame (an internal skeleton is considerably more complicated and
heavier). As arthropods grow, they shed their exoskeleton and grow a new,
larger one.

Arthropods usually have three (but may have only two) body segments,
starting with a head, or cephalum; then a chest, or thorax; and finally an abdo-
men. Most arthropods live life in three stages. They start as eggs; hatch and live
the early part of their lives in a larval form; and then metamorphose into a very
different form for their adult lives, A caterpillar, to use one famous example, I
the ._Edm_ stage of a butterfly, the adult who will lay eggs to start the cycle 0Vel
MMM.M.MMMMW HHMWM% live all three stages in or on the soil, but many

or two. Of course, any gardener who has fended off ¢
worms fully appreciates that it takes only one stage to damage a plant.
hat

Arthropods range in size from the humongous Alaskan king crabs !
Hicasure a couple of yards across to t
mnwvm to see. Those that can be se
microarthropods;

OI Microscope are

110"

ny mites that require a powerful M
en only under magnification are classified @
those that can be seen easily without the aid of a hand ens
known as macroarthropods.
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pesides being food for other members of the soil food wel soil arth d
. o u ) ropo
m:%o_am:_” to the community as shredders, predators, and soil aerat ﬁq rm
ors. The

wqmmmnnm or absence of certain of these key players can tel] a gardener much

Jbout the health of soils and the plants growing in them

Classifying arthropods

without more than a passing interest in them, most gardeners lump all the
Jrthropods together as simply “insects” or “bugs.” Any given gardener may
know a few of the popular and unpopular ones that inhabit local gardens, but
for the most part, not many more. Part of the problem is that there are too many
arthropods: the phylum Arthropoda is by far the largest in the animal king-
dom—so large that it presents a real challenge for us: how can we the authors
show you the readers how to use the soil food web without overwhelming you
with information? There are just too many kinds of soil-dwelling arthropods to
describe them all, or even come close to doing so, and frankly, there is too much
scientific nomenclature as well. Bear with us for the little we do use.

Gardeners are agreed that using scientific names, usually derived from
Latin or Greek, is truly the only way to accurately identify a plant; but most
have not learned the alphabet soup of words scientists use to classity members
of the phylum Arthropoda, whose members have the greatest impact on the
soil food web. Here, we list the classes, as a start:

Class Arachnida: spiders, scorpions, mites, ticks, and daddy longlegs

A rust mite (Aceria antho-
coptes), 700x. Photograph
by Eric Erbe, digital color by
Christopher Pooley, USDA-ARS.
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Dust mites (Tyrophagus
putrescentiae), 100x.
Photograph by Eric Erbe, digital
color by Christopher Pooley,
USDA-ARS.

Millipede foraging on soil. Photograph
by Frank Peairs, Gillette Entomology Club. Thompson, USDA-ARS.

Female Mormon cricket. Photograph by Michael

Class Chilopoda: centipedes
Class Diplopoda: millipedes

Class Insecta: springtails, silverfish, termites, mayflies, dragonflies, damsel-

flies, stoneflies, earwigs, mantids, cockroaches, walking sticks, grass-

hoppers, katydids, crickets, rock crawlers, web spinners, zorapterans,
psocids, book lice, bark lice, chewing lice, sucking lice, scorpion flies,

fleas, thrips, lacewings, ant lions, true bugs, moths, butterflies, flies,
beetles, sawflies, bees, wasps, and ants _

Class Malacostraca: sow bugs and pill bugs »

=

You are already familiar with many members of the class Insecta. Tens of thou-
sands of different kinds of insects live in and on the soil and plants, as few gar

d : . o
eners need to be reminded. Surely you have seen representatives of one ordc’

of this one class, the order Coleoptera (beetles), as you go about your garde?




Arthropods

RS The predatory beetle Thanasimus
) LTS formicarius feeds on the pine shoot

_ osan subterranean termites feeding on spruce beetle, a serious pest of pines. Photo-
m”wzw_qn_,. wood. Photograph by Peggy Greb, USDA-ARS. graph by Scott Bauer, USDA-ARS.
al

ing chores: with approximately 290,000 species described, it would be hard to
miss them.

Soil food web functions

Most soil arthropods, particularly those that reside on the soil surface, are
shredders. They chew up organic matter in their n@bmﬁb.ﬂ ,.”Em.mﬁ mE. food, cre-
ating smaller pieces. As a result, fungal and bacterial mQ.:ﬁQ is ﬁnammmmm vm..
cause shredding exposes surfaces on organic litter that give bacteria and fungl
an easier avenue of attack.
As EMM shred and move about, arthropods also taxi ﬂ.ﬁo_uu._& life mﬁmnrwm
to their bodies or in the debris they push or carry about. Since most arthropo M
are food for still larger animals, the total distances n.iﬁ.o_umm can vm_uﬂwqu
(consider a bacteria colony eaten by a grub that is then #ﬁmmmﬂm.n_ by arobin -
be truly great. Microbial activity is increased if the taxi takes 1ts faretoa g ;
food source. Still, it is the shredding that is most important. Hﬁo no_msw%_ .
arthropods, mites and springtails, are alone responsible for recy M_EWMHMDMH |
of the leaves and woody debris deposited on a temper ale ZoRs M.mm nmnw liv-
In the face of insufficient dead organic matter, arthropods o mﬂw _M. it
e ing sources of organic nutrients. And even if the supply of mﬁw Hoﬁm Gaole
h _- :_m abundant mﬁoﬁmﬁ to mmﬁwm@ any ﬂmmmOEmEm mHﬁE.O@O um S
o ._._,,._ S, 0ot maggots, nmnm&mmv subsist on I Oﬁ.u.nm mbwﬁoﬁ.. H..ﬂbmwunm“__; s
i -rgwrwu hatch and immediately start eating a_ooﬁ hairs, m,q. éwmm& o)
:féﬁﬁo the roots and stem to the great detriment of thein
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Um_._ﬂ-ﬁm:mmn_ fungus gnat larvae. I _.n_,.,._Tt.

photograph by Whitney Cranshaw, '
Gillette Entomology Club.
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Still other arthropods eat other members of the soil food web in order tq
survive; by removing their fellows, these predator arthropods make room for
other arthropods to fill the emptied niche, helping to create complete digestion
of soil matter. Finally, in much the same way protozoa and nematodes do, some
arthropods eat fung, others bacteria, but this time releasing nutrients on a
larger scale, befitting their greater numbers and size.

Many arthropods carry out their daily routines only on the surface of the
soil. A surprising number, however, live at least part-time below the soil sur-

face. As these arthropods go about their business, they mix and aerate soil
their waste products also add organic matter.

Mites

Several soil arthropods play dominant roles in the soil food web. Among! hem
are mites, of which there are two basic kinds in the soil. The first, oribatid
mites, actually have the highest populations of any soil arthropod, with up to
several hundred thousand per square yard; a primary reason for this is that the
mmﬂm_n oribatid mite doesn’t need a mate to lay fertilized eggs. These Imp® rtant
MMM“MMM.MM“ H HM::SQS.H long. Oribatid mites inhabit soil surfaces, P _.z.m-
bais m E_ e mwmm._wb Mﬁ also live plants, including mosses, and lichens. mo:w_,cﬂ,
eat fungi and &mmm mHHM M mEm.Smmmu i tBon dead springtalls Z.o £ “._
L wnmﬁbm plant matter and, because of their large :_“E_,, |

L Jor recyclers and decomposers in the soil food web. Although _,__,..u,
ey are born and in the later nymph stage, as adults thett

e e and e il sl
£oPHiations (and there can be several hundred gamasid m]

rs in the




Arthropods

ard of soil) are dependent on the mE:mE:Q of their food
, : - o source
ns to be most any other .ﬁ:.::.cﬁca that grazes in the soil. As s r_.
so1l. As such,

and numbers of gamasid mites are considered useful tools in d
N , s in de-

| mn_ﬁﬁ.n. y
| which happ¢

the presence
g soil health: if there are lots of them, their fellows must be plentiful
b

usually means a healthy soil food web. Soft-bodied for an arthropod
| | ; | + . . . C o 3
s well than oribatid mites against predators, however, and are
) )
chemselves Prey to all sorts of other arthropods.

rerminin
m:._n_ ﬂ__.._mﬁ
they fare les

Most gamasid mites act In a manner reminiscent of spiders (with whom

they are often confused—all mites, like spiders, have eight legs): they inject

| their victims with enzymes that dissolve their innards and turn them into a lig-

| 1id the mites then suck. Gamasids subsist on collembolans, insect larvae, and
b ?

sect eggs. Those that live in the soil, as opposed to on its surface, also eat ne-

| natodes and fungt.

Springtails

The springtails (Collembola spp.), another important group of arthropods, are
among the more active insects i1 the soil. You can expect to find up to 100 of
these “soil fleas” per square inch in soils with enough organic material. Rang-
ing from 0.2 to 2 millimeters long, they are often seen as little critters that jump
| into the air when the top layer of soil debris 1s disturbed.
| Springtails lack wings. Instead, they possess a forked tail, or furcula, that
_, folds beneath them but is capable of being straightened in an instant (fluid
| pours into its base), propelling the animal up to a yard backward (hence their
common name), out of harm’s way.
| As with many members of the soil community, springtails have adapted to
| several different kinds of environments. Those dwelling on the surface, for

Springtail showing the
well-developed furcula that
enables these animals to
“jump” up to a meter away
from predators. Photograph
by Michael W. Davidson, Florida

State University.
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<m_omma furculas, eyes, long legs, and antenna,
rts of the soil are blind or near blind a; _

example, have well-de

those that dwell in deeper pd
d a large furcula or long legs, as these would be hindrances in try.|
g

nee
about in search of food. Some springtails, with even more developed “
PP

ing tails, are especially adapted to live among grasses.
A m_u_.mmmﬁmz,m diet consists of bacteria, fungi, and decaying organic 1,
« consumers of nematodes and dead m_::jH |
al INat-

Springtails are also sometime
ter, and are themselves the favorite food of mites.

Termites and ants

Two other abundantly represented members of the soil food web, termites

ants, are not really related even though they look similar. Ants are re _,_Hwa
bees and wasps; they usually have eyes, opaque bodies, a narrow wai _ ‘
legs, and a hard exoskeleton. Termites, by contrast, are blind and I ,; _.H_E,m
cranslucent bodies and short legs. The shredding activity of both th fﬁ..,r_., __J:F
helps decompose organic matter on the soil surface. e

y Termites eat Eom.ﬁq materials containing cellulose. As do other arthropods
where it becomes Mﬁmmvﬂamﬁmm. is brought down into tunnels and burrows,
the construction of EzuM 8 Mmmwmu.ﬂ B e et
ants from other anaoﬁ&wog& g sush both tomie
mites mix surface and ms_umﬂwwo ) Hw_ constructing their homes, ants and fe-
may be mixed a year. In tro wnmmwum soil. In the case of ants, up to six tons of soll
e to e ficing of Wom mmmwmmm_ the contribution ant and termite activ-
tunnels obviously provide a wa w Hmmﬂ.mw than that of worms. Ant and termite

y for air and water to get into the soil and for

other animal
S to move a .
to penetrate the soil: omWME. Sometimes these tunnels make it easier for 001
, , roots will follow
tunnels.

Termite
and ant m
. ounds
material, and as thege EOGHMOHE& on the surface of soil contain subst rface
surface soil mix, Finally, ¢ .m are weathered and break apart, they alter the
y LET 1 u_ N
mite hindguts contain anaerobic bacteria that Pr"

duce
» SO much
SO :
house gas to th that termites are a 1 : S
€ atmosphere major contributor of this £ 1
In su
m, #Umnm.

. use of theij
micro- eir h
Eﬂuo and Emﬂomﬁruowo%m g€ numbers and the varied jobs they E,,_.__,_ 1

r : R
i< ﬁowﬁ_”mﬂnnu both in numb are crucial to any functioning soil food web, and
o . mHm m.,H.H . L i
¥ working but d kind, is an indication that the community

healthy and thriving.




Chapter 9
Earthworms

ARTHWORMS are the most recognizable of all animals in the soil food
web and, as it turns out, one of the most important to gardening. Most
probably the ones you will run into will be a species of Aporrectodea,

Eisenia, OT Lumbricus, unfamiliar generic names for the most familiar of the
7000 or SO species of earthworms common to good garden soils. Technically
earthworms are mmmﬁm:ﬁa worms, or oligochaetes, and grow anywhere from
1 few inches to as much as a yard in length. They include the smaller, less fa-
miliar pot worm (Enchytraeus doerjesi) found in forest soils (gardeners may
not be familiar with pot worms unless they have tropical fish, for which live pot
worms are a favorite food). Pot worms are much smaller than the traditional
garden earthworm, only a few millimeters to a few centimeters in length; they

succeed and replace earthworms in acid forest soils, which earthworms shun.
As unbelievable as it sounds, an acre of good garden soil contains 2 to 3 mil-
lion earthworms (anywhere from 10 to 50 per square foot); this is enough to
do a bulldozer’s amount of work and indeed, this crew is capable of moving an
astonishing 18 tons of soil a year in search of food. In an acre of forest soil, one
might find about 50,000 of their cousins—a large number, but small in com-
parison. Obviously, earthworms do not play as large a role in the soil food web
of forests as they do in that of gardens.

Early European settlers szmwoﬁma many earthworm varieties to the east-
ern coast of North America. The worms rode along in potted plants and ship
ballast and, one would imagine, arrived as valuable luggage cherished by farm-
ers, who knew the high worth worms would have in the new world. Once here,
they moved across the continent in soils that held fruit trees and other nursery
stock. They thrived. The only place in North America European worms have
not done well is in the warm desert of the Southwest. The common night
Crawler (Lumbricus terrestris), for example, which 1s dominant in garden soils
mﬁE sea to shining sea, arrived with the Europeans. Nor i the red wiggler
(Eisenia fetida), a common compost worm, a native (though it is often called
En Wisconsin red wiggler); still, it is a favorite (and rightly so) with those that
Maintain vermicompost (worm composting) bins. All earthworms have the
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e s e

bility to spre .d into new areas, survive, and multiply to tremendous
a pula

tions.
It takes t
of sexual organs. Ea

placed in a small cocoon. E ! hic
once hatched, are usually mature enough to breed in only thye,

themselves, .
four months. When one considers that some worms live for 15 years, breediy,
411 the while, their large populations in soil are understandable. q._.

Worms are a powerful force in the soil. Charles Darwin, who studied thep,
at length (and even wrote a book about them, The Formation of Vegetabl,

Mould Through the Action of Wortms with Observations on Their Habits), aroued

wo worms to produce offspring, although worms carry by},
ch has a slime tube in which to incubate eggs (};

et

dle

ach cocoon contains 15 or more baby worms

that every particle of soil has been through a worm at least once. Whether he
was right or wrong, their role in the soil food web is key. They are intimately
involved in the shredding of organic matter, the aeration of soil, the mmﬁ.&mh-
tion of soil particles, and the movement of organic matter and microorgan-
isms throughout the soil. They also increase microbial populations and aid
plant root growth.

Eating machines

Although earthworms have no eyes, sensory cells in their skin are very sensi-
tive to light. Their mouth, or prostomium, is a fleshy pad that looks somewhat
like an extended lip; it, along with the worm’s pharynx, is extremely muscular,
but there are no teeth.
What does a worm eat? Bacteria, primarily, which is why it should come as
HH . . - . : 3 r
mo ESEpise that soils with large populations of worms are usually bacteriall)
ominated. : s the or-
| ed. Other foods are fungi, nematodes, and protozoa, as well as the @
anic : . : {
ganic matter on or in which these microorganisms live. How does a wort! eatt

The business end of an -
earthworm. Courtesy Tom
Hoffman Graphic Design.




Earthworms

.

| - by pushing m.ﬁm ﬁwm._.ﬁ.._x ou,: of its mouth and uses it and its prostomium

to grab food and _&.Em. = Em&m. its body. In the food goes, and strong muscles
art 0 break it down into particles. Saliva is mixed in, moistening things up

Next, the food travels down the worm’s esophagus into a crop. From ﬁrwm

storage compartment it travels to the gizzard, an extremely strong muscle that

i mﬁim:.x filled with sand and small rock particles. As the gizzard contracts and

oxtends, the food is ground up by the sand, which serves as the “teeth” of the

toothless worm. When the food is sufficiently ground up, it travels to the worm’s

wa_ﬁmﬁ:m. Just before, however, it is mixed with a liquid calcium carbonate.

Given their reputation for recycling organic matter, it is surprising to say

the least that earthworms lack the necessary enzymes to digest it, relying in-

stead on bacteria. All the grinding in the gizzard assures that what food does

qrrive in their intestines is sufficiently small and opened up for the bacteria liv-

| ing there to quickly digest it. Nutrients produced by the bacteria are finally ab-

sorbed into the worm’s bloodstream, and any organic matter that is not fully

digested 15 eliminated. This may be useless waste to a worm, but to a gardener

it is a fantastic soil amendment.

Vermicastings

Vermicastings (the name given to worm poop) are 50% higher in organic mat-
ter than soil that has not moved through worms. This is an astonishing in-
crease and radically changes the composition of the soil, increasing CEC
because of the greater amount of charge-holding organic surfaces. Other nu-
trients, therefore, have the ability to attach to the organic matter that has
passed through a worm.
The benefits don’t stop there. The worm’s digestive enzymes (or, properly,
those produced by bacteria in the worm’s intestines) unlock many of the
chemical bonds that otherwise tie up nutrients and prevent their being plant-
ﬁuﬂ.nﬂﬂ Thus, vermicastings are as much as seven times richer in phosphate
i than soil that has not been through an earthworm. They have ten times the
able potash; five times the nitrogen; three times the usable magnesium;
gﬁwn% are one and a half times higher in calcium (thanks to the calcium car-
‘Yonate added during digestion). All these nutrients bind onto organic matter
Vorms can deposit a _mﬁmmwﬁibm 10 to 15 tons of castings per acre on the
surface annually. This almost unbelievable number is clearly significant to gar=
‘eners: the ability to increase the Lvailability of nutrients without carting in
d adding tons of fertilizer is about as close t0 alchemy as one can get.
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Master shredders

Earthworms are classified as shredders. As they search for m.u_oa, theybreak d....
the leaf litter in the garden and on Hrw _mﬁ:, greatly speeding up the deco-
sition of plant material, directly and Em._:mnzw. They open up leaves and
organic matter, giving bacteria and fungi better mnn..mmm to the nmE:omn (and ot]
nm&or%&mﬁm& and lignin (a noncarbohydrate) in z.am organic matter, Earif,.
worms, then, obviously facilitate the recycling of nutrients back to the plant
the same time, they may also change the composition of the food web compy,.
nity by competing with fungi and bacteria for nutrients, indeed even eating iy,
their very populations. The magnitude of the impact of earthworms is shown by
this simple fact: leaves on the forest floor or in a garden or lawn would norm ally
require one and perhaps two years to decay without worm shredding, but only
three months with it. In some parts of the United States and Canada, forests have
been invaded by earthworms left by fishermen. These have completely altered
the floor habitat, and entire forests are affected as the litter layer is being decayed
far faster than is healthy for the trees and the rest of the soil food web.

The end results of worm shredding and digestion are minute particles of

At

organic litter that microorganisms can eat. Microbial populations in the soil
are also enhanced because some microbes are mixed into worm fecal pellets

during their formation and elimination, creating protected enclaves of fung!
and bacteria.
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parthworms are incredibly strong, a necessity given the amount of burrowing
| they do. While making their way through the soil to feed, worms can move
| rocks thatare six times their weight. Being in the soil provides them with mois-
| ture, temperature control, and protection from birds and other aboveground

?&mﬂoﬁm.
Different kinds of worms make different kinds of burrows, some perma-

qent and others temporary. The temporary burrows are often abandoned after
they become filled with castings and litter; roots grow into these pathways, able
to penetrate deeper than they could by themselves, all the while having access
to nutrients and the microorganisms that freed them. Certain kinds of earth-
worms move up and down in the soil, sometimes as deep as 12 feet. They shred
litter on the surface and pull some of it into their burrows, where it is later de-

composed. In making tunnels, soil from deeper in the ground is deposited on
| the surface. Other earthworms travel horizontally, rarely leaving the top 6
inches (15 centimeters) of soil, but even these redistribute organic matter sev-
eral feet (a meter or so) away, though in the same horizon. Either way, this
movement is akin to delivering food to another area of town and impacts the
entire population of a soil food web. Earthworms also move microorganisms,
whether attached to their own bodies or to the litter they pull underground,
starting communities where once there were none.
Barthworms not only increase a soil’s porosity, but by breaking down and
mixing organics, they also increase its water-holding capacity. Again, think of
a couple of million worms burrowing about in that acre of good garden soil.
Their burrows become significant pathways for water drainage and air passage.
And since some worms move vertically and some horizontally through the
: soil, these pathways can bring water to A1l sorts of underground locations,
whether put to immediate use by plants or stored, for later absorption.

—

- Everyone loves earthworms

Other than birds, a few parasites and parasitic flies, and the occasional mam-
- mal (a mole, a fisherman—a tropical-fish fancier), earthworms have few ene-
- mies. The birds they attract to the lawn eat them., but from a soil food web
- Perspective, all is not lost. Not only does bird guano contain nutrients and
‘Mmicr vorganisms, but bird feet carry protozod, and these are spread about i.wg
the E&r@mﬁ from spot to spot. And, occasionally, a bird will drop a worm 1nto
Anew location (but not the early bird, who always gets the worm).

Ly
da lley
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worms. They shred debris so other orgy,

[ ook at the benefits of earth
can more readily digest them. They increase the porosity, water-holding
b L

ity, fertility, and organic matter of soils. They break up hard soils, create |
paths, and help bind soil particles together; they cycle nutrients and :-:_,___.__ .
to new locations as they work their way through soils in search of food %
a1l these benefits, isn’t it strange to count the gardener as one of the p 3_

of the earthworm? Rototilling and other mechanical methods of turn;
, ning
e or even destroy earthworm tEE_m::_,_._

destroy worm burrows and reduc
cutting them up into pieces that don’t ever regenerate whole worms. And ¢},
gardener who uses chemical fertilizers is literally throwing salt on the w ._ _
these chemicals are salts that irritate worms and chase them out of garden _,____

Nmmoznmm@_m worm population is a clear sign of a healthy moom 59 _
munity. It means organic matter, bacteria, fungi, protozoa, and :Q,h,_?_:___.._,_,_.,":,
all necessary to support a worm population—are in place. With %%m ___ J

base, chances are the other parts of the soil food web are in order as well

e




Chapter 10
Gastropods

HAT GARDENER hasn’t had a run-in with certain members of the
_ order Mollusca? Or perhaps you know them as slugs and snails.
| These gastropods (Greek for “stomach-foot”) are often called mol-
lusks, but whoever bestowed the common name with Greek roots had the right
idea—it is an apt description of what these organisms seem to be: one big foot
that does a lot of eating. Most garden slugs are the size of a fingernail, but some
species grow to 18 inches, fulfilling every gardener’s nightmare. Besides, mol-
Jusks are usually associated with salt- and freshwater creatures, clams and oys-
| ters in particular, not the garden. With some 40,000 species, gastropods are the
| largest group in the order Mollusca.
\ Land snails, from which slugs further evolved, emerged from the sea some
| 350 million years ago complete with the shells developed to protect them from
their water-dwelling enemies and chemicals in salt water. As one would expect
from their appearance and the damage either can inflict to a garden, both slugs
and snails have a similar physiology. The main difference between the two is
the snail’s shell, which is made of calcium. Garden slugs evolved from these
snails over the years and, depending on the species, either entirely or mostly
lost the shell.
Slugs and snails are extremely sus ceptible to dehydration. Here is where the
~ snail has an advantage over the slug. The slug must find cover in a moist area
- 1osurvive dry times. A snail can pull into its shell; seal off the opening by se-
~ creting slime material that hardens into a thick, leathery layer, or operculum;
and remain up to four years inside its sealed-off shell. When the snail is ready
10 emerge, it simply eats its way through the operculum and is good to go-

~ Why would snails evolve to slugs, losing such a wonderful device asa shell?
Clearly a slug has greater

rd shell would not
euptoa mile a

ﬁﬂm a shell has its own distinct advantages.

el

obility and shape control; it can squeeze Into SpAcEs a ha

t, vastly increasing its scavenging range (reported to b : =
).In addition, maintenance of a shell requires access to calcum, rBEbM
¢ areas in which any particular shelled gastropod can live. Slugs, who nee

- .......?..._.._.
i |
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h stricture; their freedom to roam and ab;

are under no SuUc
f food is unimpeded.
nocturnal, probably because this is the i,

less calcium,
get to NEW sources O

Garden slugs and snails are i
highest moisture ot the least amount of drying heat. It may also be that (},;

when they are less susceptible to predators. They spend the day hiding i,
soil or under debris. When nightfall arrives, they move about by gliding

i . ;_.;
single, muscular “foot” through which they secrete glycoproteins—a st
mmEmo?cmmamuawaoﬁﬁzm.

CKy
This slime is manufactured in cells located in the snail’s or slug’s muscy,,
foot and is exuded from the foot’s center. The outer edges of the foot thep
stretch and slide forward over the slime. Slugs and snails are able to stretch
¢0 20 times the length of their bodies. The lubricant later hardens to form pa _7
recognizable by other snails or slugs (and gardeners) or by the same slug re-
turning from foraging. Amazingly, the slime contains chemicals o_u:@x_,:.”r_ﬂ._ S 10
predators, just in case the gastropod is being followed.
Slugs and snails are hermaphrodites, meaning they are capable of self-
fertilization; most cross-fertilize, however, allowing both mates to lay 100 to

200 translucent oval eggs up to six times a year. These are deposited just under
the soil surface, where they can remain for years until conditions, primarily

moisture, are just right. They hatch in as little as two weeks, however, if condi-
tions are right—which they usually are in the garden. Slug and snail juveniles
are tiny, but they are ready to eat like adults and search for food a day or two
after birth. They return to their “nest” each morning for the mu.mm several

|
|
W




Gastropods

——
onths: they become sexually mature after about six months and are full
grown after about two years. y

You might think they are eating only your lettuce and kale crops, but both
cails and slugs also graze on fungi, algae, lichens, and rotting onmm%n matter
Believe it or N0 they don’t graze only on surface plants. It has been Eﬁo:mm
that slugs spend a mere 5 to 10% of their time above ground. For every slug
you see above mBﬁmP three or four are underground, foraging in the soil. Both
snails and slugs possess a radula, a series of chitinous teeth not unlike a wood
rasp, which allows these garden gastropods to grind their food down to very
finy particles. Many slugs and snails are capable of digesting cellulose.

Snails and slugs have a place in the soil food web. They speed decomposi-

tion and decay by shredding their food before they consume it. Like earth-

worms and some of the arthropods, they open up organic matter so that fungi
and bacteria can get at it. Their underground travels create pathways for air,
water, and roots; the slime they produce helps bind soil. They themselves are a
food source for ground and rove beetles (particularly in their larval stages),
spiders, garden snakes, salamanders, lizards, and birds. Some nematodes that
subsist on slugs are now available commercially; these blind worms “heat-sink”
in on a hapless slug, parts of which become a meal for the successful nematode
while the remainder is left to bacterial and fungal colonization and decay.

When gastropods are part of a healthy food web, their numbers are con-
trolled; they do not become the serious pests they can be in a garden where the
use of chemicals and other damaging practices has thrown the system out of
balance.




Chapter 11
Reptiles, Mammals, and Birds

= wON’T SPEND too much time on these larger animals. Many

gardeners are plagued by them, but ﬂ&:&? mice, groundhogs,

rabbits, chipmunks, voles, moles, prairie dogs, gophers, snakes,
lizards—all burrow and travel in the soil, mixing, z.goi.:m, and depositing or-
ganic matter and ?.oi&nm ﬁm?émﬁ and Hmmmgosm Hﬁ.oa water EE air, Still,
most gardeners would just as SOON NEVET SE€ ONE 1N their gardens m.ﬂjﬂ out of
fear (reptiles) or hatred ( groundhogs, rabbits, moles—you name it, if it bur-
rows. And did we mention browsing moose and deer?).

The role these larger animals play in a vegetable garden is very different
from the role they play in other parts of the yard. But wherever they roam, their
role is important and entirely underpinned by microarthropods and microor-
ganisms, which far outnumber them in any soil food web. The dung of all rep-

tiles, mammals, and birds serves as a food source for other members of the
food web community, which recycles it into nutrients. They also carry mi-
crobes on and in their bodies and feet from one location to another, and at

death their carcasses are decayed by soil life.

The activities of larger animals are more easily observed and thus better
known than those of other food web members; but like all forms of life, their

Chipmunks are always
busy, and their activities
affect the soil food web.
Photograph by Paul Bolstad,

University of Minnesota,

www.forestryimages.o rg.
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umbers depend on the habitat and foods they require. The presence of bird
: . g,

| » nmiwns_? ,:,::wiam that larger arthropods, worms, and larvae are about, so
| seeing birds hopping across your lawn or even in your garden should give some

comfort: a food web is in place and at work. Of course, the same can be said of
moles burrowing about the lawn in search of Japanese beetle larvae. You may
qot want to have moles tunneling in your lawn, but since you know how the
soil food web works, you at least know there is a food source somewhere that
is supporting the mole population. This should inspire you to do something
about the moles without resorting to chemicals and poisons.

Where do we humans fit into the soil food web? We have a huge impact on
it, and very often not a positive one. Most gardeners have never heard of soil
food web systems, even though they exist everywhere, and have no inkling of
the role of microbes and arthropods play in them. And, of course, the gardener
hardly ever knows when enough is enough and almost always tips the delicate
balance a soil food web maintains.

Rototilling; spraying with herbicides, pesticides, fungicides, and miticides;
compacting soil; removing organic material from lawns and under trees—all
these human practices affect the soil food webs in your yard and gardens. Once
a niche is destroyed, the soil food web starts to work imperfectly. Once a mem-
ber of a niche is gone, the same thing happens. In both instances, the gardener
must step in to fill the gap, or the system completely fails. Rather than working
against nature, the gardener had better cooperate with it; and this, as we shall
see, does not require a lot of hard labor—not if the gardener understands and

teams up with the soil food web, letting its members do the work.

Robins are great microbial “taxicabs.”

Photograph by Terry Spivey, USDA Forest
Service, www.forestryimages.org-.




Part 2

Applying Soil Food Web Science
to Yard and Garden Care
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Mycorrhizal fungi, extending from a root—and increasing the plant’s ability to obtain
Nutrients and water. Courtesy Mycorrhizal Applications, www.mycorrhizae.com.




Chapter 12

How the Soil Food Web
Applies to Gardening

OoU NOW HAVE an appreciation of the many benefits a healthy, func-
tioning soil food web provides you as a gardener. Of course, what’s good
for cut flower field trials in California will be different from what’s ideal

for row crops in Georgia, but no matter your climate, whatever your soil
type—things will only improve when you put all those fungi, bacteria, proto-
z0a, nematodes, arthropods, and other members of the soil food web to work

for you, 24 hours a day, 7 days a week, to make yours a better yard and garden
and you a better gardener.

First, a fully active soil food web will have better nutrient retention in its
soils. The bodies of all its members hold (immobilize) materials that will even-
tually be broken down into plant nutrients. Every time a fungus or bacterium

is consumed and digested by a protozoan or nematode, nutrients are left be-
hind in plant-available form. And since plants attract fungi and bacteria to
their rhizospheres, the nutrients they provide are in the right location to be
easily absorbed.

Next, a healthy soil food web results in improved soil structure, starting
with the efforts of bacteria that produce slime that binds the tiny individual
soil particles into larger aggregates. Fungal hyphae, worms, insects and their
larvae, and even small mammals travel through soil creating tunnels, big and
small. This results in soils that have the right porosity, resulting in water reten-
tion and drainage as well as aeration, all necessary for healthy plant growth.

Soil food webs provide defenses against disease and those whose popula-
tion growth and habits could throw the web out of kilter. Some members of the
soil food web act like police, hunting down and capturing bad guys. Others act
like doctors, dispensing vitamins and hormones. Fungi and bacteria serve as
barriers around plants, blocking the entry of herbivores intent on getting to
the plant roots, stems, or leaves; they also compete for the nutrients, space, and

even the oxygen the bad guys need to survive.
Finally, soil food web organisms influence soil pH where it counts, right in
the rhizosphere, which determines what kind of nitrogen is prevalent, nitrate

OTammonium. A plant that attracts and receives its preferred form of nitrogen
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optimally. Soil microbiology can even take care of po|, ants
il mﬁ.?ﬂdﬁ _wéu .nd garden chemicals really are, not to mention t} .___::,__
- . Mﬂ : . ; ; 2
which _mﬂ wnﬁ nd in some instances, the water. In a healthy soil o ek
" m m . o o 3
tants .E : thing in the <oil that eats almost anything you can find in ¢
there 1s SOMC¢
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including lots of the stu

ff man deposits there, purposely or inadverteng|y,

New rules

We have developed nineteen Very simple rules to guide the .mmamss- n using
the soil food web (see the appendix mow_. a recap of the Eon :ﬁ.v. Rule #1: some
plants prefer soils dominated by fungi; om&ﬁ.w wwmmm._. wo;m a@d:,_mga by bacte.
ria. Plants need nitrogen to produce amino acids; it 1s crucial to plant growth

O

and survival. This is why inorganic, soluble nitrogen fertilizers do a great job
growing plants even while they are detrimental to the food webs. In water so-
lution, these nitrates (NO;") are readily available to plant roots, which pretty
much act like sponges. As anions, they go into water solution instead of attach-

ing themselves to humus or clays as positively charged cations would.

Two forms of nitrogen are available to plants when there is a healthy soil
food web, nitrates and ammonium (NH,); and—as in most things in life when

there is a choice—some plants prefer their nitrogen as nitrates while others
prefer ammonium.

When nematodes and protozoa consume fungi and bacteria, nitrogen isre-
leased in ammonium form in the waste stream. Ammonium is quickly ox-
dized or converted to nitrates by nitrogen-fixing bacteria when they are pres
ent in sufficient numbers in the soil. This is almost always the case wher the
soils are dominated by bacteria as compared to fungi because the slime pro-
duced by soil bacteria has a pH above 7, the right environment for nitrifying
bacteria. In bacterially dominated soils, nitrifying bacteria generally t hrive.

Fungi foster lower pH numbers because they produce organic acidstode- |
cay oH.mmin. matter for nutrients. If there are enough fungal acids t0 P.;..ﬁ.,,i.},n
pacteriq] slimes, the soil’s PH drops below 7, making the environmen t acidiC

msa_&m ! | i
wmmo_‘m more and more unsuitable for most nitrifying bacter1d. it |
dMmonium remains mEEoEcE

As a gardener yOou must g
excep
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Wwho wants what?

The answer t0 what any given plant prefers is found in the next two soil food
web gardening rules. WS_.m #2 holds that most vegetables, annuals, and grasses
ﬁ%mmﬂ their nitrogen in nitrate form and do best in bacterially dominated soils.
Rule #3 points out that most trees, shrubs, and perennials prefer their
in ammonium form and do best in fungally dominated soils.

These two general rules take the guesswork out of what could have been
one of the most difficult things about starting to garden with the soil food web.
The rules make it easy to figure out what likes what, but once you understand
what is behind them, you will appreciate them even more.

Early succession communities are bacterially dominated. As more and
more organic litter accumulates in the waste products from these organisms
_‘ and the plant life they support, fungal spores finally have enough nutrients at
hand to germinate. With a place to take hold and the resources to support
themselves, the resulting fungi thrive.

nitrogen

Many other factors are involved, but to stick to what concerns us: as plant
life and the soil food web become more varied, fungal numbers increase and
more short-lived plants like annuals give way to more permanent, perennial

grassland plants. More organic matter 1s produced, providing food for ever-in-
creasing fungal populations. Shrubs move in, followed by soft hardwoods, ex-
panding saplings, mature hardwoods, and finally the kinds of conifers you find
| in old growth forests. All the while, fungal biomass grows in proportion to bac-
teria, which cannot possibly compete because they are limited to digesting

il

-..n...“. TPV Ay Llsida : i
Poneer Grasses Small Soft Expanding

Old Growth i
Weeds Shrubs Hardwoods Saplings Hardwoods .

Forest

Plant succession, from the weeds on bare soil to old growth forest. Courtesy Tom Hoffman

Graphic Design.
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nd other carbohydrates—which are in limited supyp|,

. e su ars a . . .
simple sug more complicated plants full of lignin and .

: : ss of
ver-increasing ma y |
¢ Mioving from the beach, so to speak, to grasslands to old growt|

funeal dominance INCreases in the soil each step of the way. Part of t};.
n | | | |

. ﬁwﬂmgm& by the tentative nature of early plant life. It is hard to oy,
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rhizal relationships with plant roots when the plant dies after only 5 .
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riod of time. You might as well live on'y n N0 advantage 1,
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[t appears there is almost the same number of bacteria—100 millio;

billion—in a teaspoon of garden soil, prairie soil, or forest soil. The diff.
in dominance of fungi over bacteria generally has everything to do with t}. In-
crease in fungal biomass, not a decrease in bacterial biomass. Plants that yy4
normally grow near the “beach side” of the continuum prefer bacterially dop,.
inated garden or yard soils and those that grow toward the other end, the o]4.
growth-forest side, do best in fungally dominated soils. The transition occyys
in the prairie plants, which like a balance between the two. This is analogous to

o ]

_.._H.L.,:m_m

your lawn grass, incidentally.
Another way to figure out what kind of nitrogen a given plant will prefer is

to consider how long it lives. If it is only going to be in the ground for a season,
as are vegetables and annuals, then you know the preferred form of nitrogen is
nitrate. Anything in the ground for a year or more is usually going to prefer
greater amounts of ammonium. This makes sense as well. Remember, bacteria
numbers stay pretty much the same in all growing environments: it is the m-
crease in fungal biomass that changes the ratio. Fungi are very fragile organ-

isms and take time to grow. If they are mycorrhizal fungi, which many soil
fungi are, then they have to have a live root with which to associate. The longer

that root is alive, the longer the mycorrhizal fungi will be, so to speak. (It might
not be longer, but rather may have more branches.) And finally, the litter from
plants that live a season or so generally doesn’t have the lignin and cellulose

Em.ﬁ ar€ g0od fungal food sources. It is full of cellulose almost exclusively
which bacteria like. Bacteria reign.

_ GARDEN PRAIRIE FOREST
{100 million to 1 billion | same same
PROTOZOA ”““H_ yards 10s to 100s yards |1 to 40 miles (in @._m@ﬁ
gnqogm_-vo“ﬂ__ﬂmw S . 1000s 100,000s a%\x
ns AﬁOﬂJﬁw of bacteri ~) in @

teaspoon of a and protozoa; lengths of fungal hypha®’

various sojls
; offman Graphic Design.
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B

pungal to bacterial biomass

For some of .Em wwmnwmn mm.nam: m_m nts you might encounter, the preferred fun-
gal to bacterial _.u_ou._mmw o wmﬂou has been observed and measured. To match
_&mmm“, v.\oc can _mnammmm fungi by providing fungal foods or foster bacteria by
ﬁoﬁ&ﬁm bacterial foods; subsequent chapters will explain just how (or see the
appendix for a summary of specifics on ways to accomplish this).

If you are a vegetable gardener, you need to aim for a biomass that has
slightly more bacteria than fungi. More specifically, carrots, lettuce, broccoli,
and cole crops prefer an F:B of 0.3:1 to 0.8:1; tomatoes, corn, wheat go for an
E:B of 0.8:1 to 1:1. Lawns prefer an F:B ratio of 0.5:1 to 1:1. Agricultural test-
ing labs will test your soil and provide you with an F:B ratio.

Trees require a higher F:B ratio. Forest soils, in which many of our landscape
rees and shrubs originated, have a biomass of fungi over 100 times the biomass
of bacteria. Conifers require the most fungally dominated soils with an F:B of
50:1 to 1000:1. Maples, oaks, and poplars require fewer fungi, an F:B of 10:1 to
100:1. Orchard specimens do best in soils with an F:B of 10:1 to 50:1; and some
trees (alder, beech, aspen, cottonwood, and others that originate from riparian
ecosystems) actually do bestin bacterially dominated soils when they are young
and fungally dominated soils (an F:B of 5:1 to 100:1) when mature.

Those of you who enjoy flowers will want to know that most annuals pre-
fer bacterially dominated soils, while most perennials prefer fungally domi-
nated soils. Again, the length of time a plant lives influences the rules.

Shrubs generally prefer a higher fungal dominance than perennials (theyare
long-lived, so this follows our rule). Those native to conifer forests as opposed
to deciduous forests require high F:B ratios: rhododendrons, for example, re-
quire very strong fungal dominance, while a cotoneaster or lilac requires less.

There are more rules to come—but don’t forget Rules 2 and 3, because the
management of nitrogen 1s fundamental to success In the yard and garden.
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Chapter 13

what Do Your Soil Food Webs |
Look Like?

F YOU ARE GOING TO USE the science to which you have just been eXPoses
| Rl € B _

the very first thing you need to know is the current state of the soi] food ,

webs in your yard. Once you have a base established, you can figure o

what needs to be done 1n order to end up with the best possible soil food weh _

for whatever you happen to be growing. |

Take a census

Did we say soil food webs, plural? At this point in the book, this should not be
a big surprise. Different plants produce different exudates that attract different
bacteria and fungi. These in turn attract varying predator organisms. So, as you

would expect, the soil life around the roots of trees on one side of your house
is going to be completely different from what surrounds the roots of your veg-
etables, which is different from the soil life that supports your lawn and possi-
bly even the same trees on the other side of your property.

Areas that have been exposed in the past to commercial fertilizer will have
less soil life than areas kept in a natural state. Parts of your yard that have been
heavily compacted or frequently rototilled will have fewer fungi and worms
than the areas you've left alone. You may have an orchard or a foundation
planting of conifers. It is important to figure out what life makes up the varl-

el soil food webs in your yard. In order to do this, you must go hunting i the
soil and take a census of what is there.

mﬂwm Images 1n this book have forewarned you: you may find things in your
soil t < : e
at, Eu.oa closer examination, will scare the daylights out of you. (In &7
eral we advise against x

level, all 1 : £ the
el life has teeth!) The point is, when you get a good look at so1me of the
microarthropods present in soil he

soil again, Sometimes 1gnoranc

knowledge is not going to hurt
dener. Just remember

there and neyer got h

Putting anything under an electron microscope. At

e g ——— e

, YOU may never want to put your hands 17 i |
: . 5 o e .~ little
e really is bliss; however, in this instance @ !
. tter g4
you and will actually help you be a better s

You put your hands in the soil before you knew what was
urt,

_ =

—
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you will want to repeat the following procedures with soils from each of
- ey O ’ d _r r . = U |
your mﬁ.&m:m and lawn areas, and even around specific trees and shrubs. We

is dozens of times in our o . ,.
have done th ur own yards, and what we find never fails

to mmﬁo:mmr us.

Find the b1gger animals first

Start by digging a hole in the soil at issue, about 12 inches (30 centimeters)
square. Use a mﬁm% or trowel—it doesn’t matter, and measurements don't have
to be exact. Put all the soil you dig up onto a tarp or in a box so you can then
sift through it, looking for the bigger animals you might find in the soil:
worms, beetles, insect larvae—any living organism you can see with the naked
eye and pick up without having to resort to tweezers. Keep track of what you
are finding.

None of us are trained at identifying all the organisms in our soils, and
frankly the variety of them is so great as to be beyond the scope of this book.
Do your best In making identifications. Seek help from others. In time you will

-~

become sufficiently proficient for the purpose. This 1s new stuff, and just being

exposed to it will make the learning experience easier. It didn’t take us very long,
and it won't take you long to become familiar with soil food web organisms.
If you find worms or their castings,it1s a good sign. Remember that worms

serve as foods for small mammals and eat bacteria, fungi, protozoa, and the
occasional nematode. If worms are in your sampling, most probably a whole
set of soil food web organisms are busy at work in that soil—and it’s probably
good, rich, organic, nicely textured soil, at that. Similarly, the presence of mil-
lipedes and centipedes, beetles, spiders, springtails—even a few slugs and
snails—indicates a healthy soil food web. If you find these, you have a good
head start. You are already teaming with microbes, not to mention macro-
arthropods and worms.

To make sure you are really capturing what is in your soils, however, you
need to set soil traps. Many soil food web organisms roam at or above the .mEc
face of the soil for all or part of the day. To count as many of these as possible,

RTHROF 500-2000 10,000-25,000
| EARTHWORMS | 5-30 10-50 10-50

Courtesy Tom Hoffman

Z¢35mq of visible organisms in a square foot of various soils.
Graphic Design.
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A simple trap will allow you to take a census of the larger animals in your soil. Courtes, |

Tom Hoffman Graphic Design.

you will need to bury a @;m:iimmm container in the soil so that its lip is at
ground level. If you are in rain country, prop up some kind of cover (an open
umbrella will do) to keep water from getting into the trap. Next, pour in half an
:ch of animal-safe automotive antifreeze or toss in a mothball or two, and leave

it alone for several days to a week. Make as many traps as areas you are tcs ing

Unsuspecting gastropods and macroarthropods will fall in these simple
traps to be counted later. Give traps a visual check every now and then to see
what has been captured. If you have kids or pets, skip the antifreeze and use
mothballs at your discretion. Both are used to kill entrants to the trap (so they
don’t eat each other and mess up the census); they are not attractants, so they
are not absolutely necessary. By the end of the week, you should find a few of
the larger arthropods such as beetles, millipedes, and centipedes. You ! ght
also find some slugs and even a worm or two.

Take inventory of all your traps. Traps empty? This means you need do
a lot of work to restore the soil food webs in your yard. If few of the larger par-

ticipants 1n soil food webs are present, some link or links before them on the
food chains that make up the web are missing.

Count the smaller organisms

Surveyin : | i
o ﬂHHBWMTM.ﬁEwﬁHONH&HO@O&m requires a different kind Owﬁwm@lm Berlese fun-
» (& s - =
atter Giovanni Berlese (1863—1927), the scientist who invented 1t

You can easj N
e m.;% make your own Berlese funnel. First cut the bottor” off 2
r-sized plastic bottle, .

the kind soda or juice comes in. Turn the bottle S

&%m ﬁﬁ& 2 . ) _
is N -
window scre .mmnE.m down (this is the funnel). Next, Emnm a 2-inch-squat* E
ening with openin : . - = ¢~ 3 milll-
EmﬁmHmV inside the b . g8 m@muHOEEmHm_% /16 tO L/g inch (1.5 10 - |
e ottle so it settles in the neck Nothing larger than the open”
€ Screen will settle thy ough : &

.
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Next, set the mouth of the bottle into a quart-sized container. The con-

. _ar has two purposes. The first is to act as a repository to collect the organ-
s that fall into 1t through the screen and down the neck of the funnel. The
mmnoum is to hold the funnel and give it stability. It is, after all, an upside-down
soda pottle and doesn’t balance very well. We use large, recycled yogurt or cot-
tage cheese containers because they are just the right size to hold such a bottle
and are really easy to come by.

The next step is to fill the funnel with soil and duff, the organic debris that

i on the top few inches of many soils. Start with a particular garden or your
lawn and sample down to about 8 inches (20 centimeters).

If you want to do things a bit more scientifically, pour a bit of antifreeze or
| ethyl alcohol into the holding container so it just covers the bottom. Either of
| these will kill all the organisms that fall in so they don’t eat each other before
you get to observe your catch. You can skip this step with no fear of the critters
leaving the container; the plastic is too slippery. A few organisms will be lost to
cannibalism, as the feeding frenzy that goes on in the soil continues in the con-
tainer: this can be a morbidly fascinating show.

Next, apply heat. This gets the life in your mixture to move from the soil
(where it is perfectly comfortable) down into the container. Suspending a 40-
to 60-watt lightbulb over the open end of the funnel (or placing it under an ex-
isting light source of similar wattage) accomplishes this. The top of the funnel
should be about 6 inches (15 centimeters) from the source of the heat. Be care-
ful: you can have the best soil food web going, but if you burn the house down
by overheating the materials in your Berlese funnel, your spouse is not going
to be happy no matter how well the garden turns out.

Turn on the bulb and leave the Berlese funnel undisturbed for at least three
days. Its light and heat will drive the soil organisms down through the screen
into the wading pool in the container. Some folks put a few mothballs on the
top of the soil instead of using the heat from a lightbulb with the same results:
amini-stampede of microarthropods and other organisms into your observa-
tory. You can peek as often as you want, but don’t stop the process for a mini-
mum of three days (a week is best) if you expect to get a1l the life you can Into
the container.

Now it’s time to count your catch. Your best bet is to look at the container’s
fontents with a magnifying glass or a MacroScope, a monocular that allows you
EHE@ back at arm’s length but view the trapped microarthropods and occa-
| ﬁaﬁ&..mﬁﬁowo& as if they were only a couple of inches Or SO from your eyeball.

~ What astonished us (and frankly, despite all the research we have done for

"1 book, remains just as amazing) the first time we did this were the number
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of living things W¢€ saw—mites, the larval stages of a half-dozen anin,

beetles, springtails, and mor . .
One might expect this to be true when the subject matter involves m;
but as lifelong gardeners (w
lot of time digging around in the soil), we thought we knew what was i,
there. How wrong this proved to be. We are pretty sure you will be equali.
amazed and feel the same kind of astonishment.

Since populations of micro- and macroarthropods are different in diffe,.

e. We simply had never seen most of these |

ho have lived a fairly long life and spent ap, .

ent areas and since it is important to have at least a general idea of what is nor.

mally in your soil food web, you may need to contact your local cooperatiye
extension or other governmental agricultural agent for information on wha

you have collected. You can also contact the nearest university. And mar

IV Te-

-

sources are available on the Internet.
Admittedly, these censuses are not perfect. You are catching what happens

to be going by at the time the traps are set, but it is a snapshot of at least the
obile members of the soil food web. A diverse and numerous population of

microarthropods in the catch basin of a Berlese funnel is a good sign things are |

on track and suggests good populations of microorganisms too are present, |
Similarly, a lack of diversity and numbers should cause some concern; you'll

need to do some work to return them.

“Counting” microorganisms

How do you assess the population of microorganisms, which are, after all, the
major source of nutrient retention and cycling in the soil food web? The num-
bers of nematodes, protozoa, bacteria, and fungi will help tell you wha nutri-
wEm are available to your plants and the ability of your soils to mineralize a1 !
EH.E.Q_UE% these nutrients. If you know what is in the soil, you know what 18
EﬁmmEmi_uE when it comes to the microorganisms, we will be the first to ad-
E.m that you will not be able to determine precisely what is i your soil, even
with a powerful microscope. You will be able, however, to identify nematodes;
some ﬂdﬁo.mom, and algae, and at least see (but not identify) bacteria. Exact
measuring is best left to the professionals.

%oswmmmwﬂwwﬂ M_“MMWM MNWm m.bmﬁ..mznmm. If you found lots of earthwor iﬁu
Sl SSHELY likelihood that your soils contain good bac H - |

Populations and more, because these are what worms ¢! F_M:q,

ome ¢ g
el soils and mulches, you can see evidence of fungh eithel
1a (where there is decayi

of mushrooms. If yoy already

. s . - +he forn
g organic matter) or fruiting bodies 10 the for”
3 m.._r..w_._ﬁw..

care for your property without the use %1
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ides, m:_._mmnamm, and salt-based fertilizers, and you know that organic matter
laced in your yard and gardens decays rapidly (within six months in a tem-
ate zone), you have yet another strong indication that the base members of
oil food webs are at least fairly healthy.

P
mqm_.

S
your | | |
You may not want to, but you can measure some nematode populations to

, certain degree. First, take a Berlese or kitchen funnel and put a hand’s-length
section of mcummnm_ tubing over its smaller end; clamp the tubing shut with a
large paper clamp. Next, collect a few handfuls of soil and mix them with
aﬁEo&:ﬁ& water, forming a thick but soupy mud. Fill the funnel half full
with the mud, and then pour more water in, so it covers the mud and then
some. The Jematodes will sink into the funnel’s neck. After 24 hours, quickly
open and close the clamp, and examine the concentrate you've just released
with the best magnification you have. A microscope and a few drops on a slide
could produce a great show.

But again, to get a really accurate assessment of microbial populations re-
quires the training and the sophisticated lab equipment of a professional. Tra-
ditional soil tests determine elemental deficiencies in the soil (NPK tests) and

measure the soil’s pH and CEC. These are useful, but for soil food web pur-

poses, quantifying the amount of fungi and bacteria, especially; is critical.

It is pretty easy to get soils tested for nematodes by almost any lab that does
agricultural soil tests; and protozoa can be seen in relatively inexpensive
microscopes. If you have good numbers of beneficial nematodes and low-to-
1o bad guys, you know you have good nutrient-cycling capabilities. The same
is true if you have lots of protozoa. But what you also want to know, from any
lab that tests your soil for biology, are biomass numbers. How much fungal
biomass is there in the soil? How much bacterial biomass 18 there? This is where
the nutrients are stored—in the bodies of fungi and bacteria. This information
will determine which type of organisms dominate in your soils and in what
ratio they exist.

More and more agricultural testing labs are recognizing the value of test-
ing soils for their microbiology. You should be able to find a lab to take care of
Your needs (an analysis of a compost sample, courtesy Soil Foodweb, Inc.,
Www.soilfoodweb.com, concludes this chapter). Armed with the results of
J@E own visual surveys and such microbiological lab tests, you will know what
ahnﬁqm in your soil and, by implication, what isn’t there. Next, you need to
?_ﬁrmﬁ you can do to maintain and support existing members of the com-
Nunity, But rest assured: whoever is missing can be activated by soil food web

¥
F

>AdenIng techniques.
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Soil Foodweb, Inc
728 SW Wake Robin Avenue,
Corvallis, OR 97333 USA
Phone: (541) 752-5066

Fax: (541) 752-5142

e-mail: info@soilfoodweb.com

Organism Biomass Data : :
Sample Unigue Dry Weight Active Total Active Total Total
# ID of 1 gram Bacterial Bacterial Fungal Fungal Hyphal Protozoa Nematode
Fresh Biomass Biomass Biomass Biomass Diameter Numbers/g Numbers
Material (Mg/g) (Mg/g) (Lg/g) (ug/g) (um) Flagellates Amoebae Ciliates #/g
363 NW Vermi 0.31 188 4,002 46.0 4,928 2.75 1,136,894 146 682 1,831 48 1
364 KIS-Thermal 0.30 468 2,193 LA 5,959 3.00 469,291 19,478 1.857 67.2
Bold Both Too wet: Both Both Both Both Community Excellent protozoan numbers. Good numbers
Means Low allow Excellent. Excellent. Excellent. Excellent. of This material will provide and diversity.
material to disease- a good inoculum of protozoa
dry out a bit, suppressive when applied to the soil. Possible
to prevent fungi switchers present.
anaerobic present in High ciliate numbers indicate Need to maintain
conditions. both. good structure in the compost. adequate fungi
The aggregates may be to protect plants.
anaerobic on the inside,
but as the anaerobic materials
diffuse out of the aggregates,
they encounter aerobic conditions,
as indicated by the high numbers
of flagellates and amoebae.
This indicates a broad diversity
of microsites, and therefore
excellent diversity of bacteria and fungi.
Desired 0.45 - 15 - 100 - 15 - 100 - (A) 10000 + 10000 + 50 - 20 -
Range 0.85 25 3000 25 300 100 30

Mature compost should have activity between 2 to 10%.

grown. Desired range given here is for a 1:1 compost.

Immature compost can have activity ranging from 10 to 100%.
e, 2.5 indicates community is mainly ascomycete, typical soil fungi for grasslands,

Fungal activity and biomass depends greatly on the plant being

A- f;);::]a.'tdiam?ter of 2.0 indicates mostly actinomycete hypha
ete i indi ity i i
rs of 3.0 or higher indicate community is dominated by highly beneficial fungi, a Basidiomycete community.

Season, moi ' :

i sampler?:;:rt;':t};:";”i organic matter must be considered in determining optimal foodweb structure.

One report is sent to the ;aﬁ?n;e:;g::;:mt':er tlléaga, irrigation are not included on the submission form, sender's locale is used.
o : n the submission form.

All submissions receive free 15 minute consultation call 1-541-789-€0RR




Immature compost can have activity ranging from 10 to 100%. Mature compost should have activity between 2 to 10%.
Fungal activity and biomass depends greatly on the plant being grown. Desired range given here is for a 1:1 compost.
A - Hyphal diameter of 2.0 indicates mostly actinomycete hyphae, 2.5 indicates community is mainly ascomycete, typical soil fungi for grassiands
diameters of 3.0 or higher indicate community is dominated by highly beneficial fungi, a Basidiomycete community. '
Season. moisture, soil and organic matter must be considered in determining optimal foodweb structure.
If sample information, such as pesticide, fertilizer tillage, irrigation are not included on the submission form, sender's locale is used
One report is sent to the mailing address on the submission form. '
All submissions receive free 15 minute consultation, call 1-541-752-5066

00363: Mature compost from NA, Smell: Mild.

For use in tea brewing.
00364, Mature compost, mild odor

Sample Assay Notes
363 Activities Actinos present
363 e Good diveristy and hyphae diameter ranging from 1.5 to 8.0

364 = Great diversity with diameter ranging from 1.5 to 20 and mostly 3 and lots of long hyphae




