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Pick up a pinch of healthy garden soil, about the size of a coin. What do you see? Dark, crumbly earth that

smells like a forest after rain. Now look at it under a microscope. That one pinch can hold hundreds of

millions of bacteria, even a billion, plus thousands of other tiny creatures.1 Fungi, protozoa, rotifers,

nematodes, microarthropods and, if you’re lucky, a tiny enchytraeid (a potworm, a small white cousin of the

earthworm). And they don’t just live side by side. They’re connected. They eat, make, release, build and

protect.

This is the soil food web.

Why a “Web” and Not a “Chain”?

In school we learn about food chains: “The grasshopper eats the grass, and the bird eats the grasshopper.”

Underground, things are messier. There’s no neat line that runs from A to Z.

The soil food web is more like the internet. Each point links to many others, and everything is connected. So

connected that we, the top predators at the peak of the food pyramid, depend on single-celled bacteria

living somewhere in the ground. The bacteria have no idea they’re helping us. They just like the sugar from

the roots. But they are the hidden cushion that all life above ground rests on.

There’s no top and no bottom in this web. Carbon and nutrients travel along countless paths, from root to

microbe to predator and back to the root.

Think of the soil less as a bag of chemicals and more as the digestive system of the land. Once you see it

that way, you’re already halfway to understanding it.

A Beautiful World Underground

The soil has plenty of heroes besides bacteria and fungi. Let’s sort them into three groups. But remember:

none of them works alone. They all depend on one another.

Group One: Decomposers and Miners

Bacteria are the speed champions. Near busy roots, a bacterial population can renew itself in less than a

day.2 They pull the nutrients they need out of the soil by breaking down rock particles and dead organic

matter.

Fungi are masters at breaking down tough materials such as cellulose, lignin (the woody part of plants) and

chitin, and at freeing up nutrients.3 Their white threads, called hyphae, run through the soil and bind crumbs

of soil together into clumps called aggregates.4 In healthy soil, these threads can add up to tens of meters

in a single gram.5
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Group Two: Predators and Grazers

These are the protozoa (single-celled hunters such as amoebae, flagellates and ciliates) and the nematodes

(tiny worms, most too small to see). They can’t eat root exudates, the sugars and other compounds that

roots leak into the soil. Instead, they hunt bacteria and fungi. When a protozoan eats a bacterium, it

releases the extra nitrogen as ammonium (NH₄⁺), a form plants can take up through their roots.6,7 Without

these predators, much of that nitrogen would stay locked inside the bacteria.

Group Three: The Engineers

Earthworms and enchytraeids. They swallow soil along with its bacteria, fungi and bits of organic matter.

Their gut secretions bring the soil closer to neutral pH as it passes through,8 and their castings come out

packed with microbes, which speeds up the release of nutrients that plants can use.9 You could call

earthworms the digestive tract of the soil.

Invisible Life

How Many Are Down There? (Numbers That Take Your Breath Away)

In healthy, living soil (forest soil, say, or an old field left to rest), here are the numbers:

Bacteria: One gram of soil (roughly a teaspoon) holds 100 million to 1 billion bacteria.1 At the high end,

that’s more than the number of people in the United States and Canada put together, in a single

spoonful.

Fungi: The fungal threads in that same gram can stretch tens of meters.5 Add up all the threads under

one hectare, and they could circle the Earth at the equator many times over!

Bottom line: The fungi alone on our planet outweigh all the animals several times over.10 Much of that life is

under your feet. It isn’t just “dirt.” It’s the digestive system of all the land on Earth.

Organism Number in 1 gram

Bacteria 100 million – 1 billion1

Fungal threads (hyphae) tens of meters or more5

Protozoa (amoebae, flagellates) up to 1 million11

Nematodes up to 100 in farm soil, several hundred in forest soil12

Rotifers and other microscopic animals up to about 40 in the top layer of forest soil13

Now multiply that by the number of grams in your garden bed. In the top layer of soil (15–20 cm, or 6–8 in)

on one hectare (2.5 acres):

Bacteria: about 2 tonnes of living bacteria (roughly a ton per acre, about the weight of two cows).14
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Fungal threads: The top 15 cm (6 in) of a hectare weighs roughly 2,000 tonnes. So even at just 1 meter

of thread per gram, the threads laid end to end would run about 2 million kilometers. That’s about 50

times around the equator. In rich soils with tens of meters per gram, it’s hundreds of times.5

In one hectare of healthy soil, there are enough fungal threads to wrap around the Earth at the equator

again and again.

And that’s not counting the worms, insects, mites and millipedes. One square meter (11 sq ft) of good soil

can hold up to 200 earthworms or more.15 Together, a healthy worm population can pass the whole top 15

cm (6 in) of soil through their bodies in 10 to 20 years.16

All of this is an army that works 24/7, with no paycheck, no days off and no breakdowns.

We Know Only a Tiny Fraction

Here’s the catch. Classic microbiology grows bacteria in Petri dishes, but most soil bacteria simply won’t

grow in the lab.17 Scientists estimate that less than 1% of the microbes seen under the microscope in soil

have ever been grown and studied.18 With the classic methods, we only ever meet the small part of this

world that adapts easily to lab life.

This idea is key to understanding the soil food web. We’re trying to understand a hugely complex system

while seeing only the tip of the iceberg. The bacteria that can’t be grown in the lab make up this hidden

mass. They do vital but poorly understood jobs: they break down organic matter, build soil structure and

work with plants. Once you realize how little our old tools could see, the focus shifts. Counting species

matters less than understanding how they work together.

This hidden majority keeps the system in balance. New DNA-based methods are opening up a whole

unexplored world. One early study found about 4,000 different kinds of bacteria in a single soil sample.19

But let’s stop for a minute and take in just how much we don’t know.

How much is still a mystery? Imagine how many hundreds of thousands of kinds of bacteria and fungi live

beneath our feet, unnamed and unstudied, yet doing work the whole planet relies on.

We’re standing at the door of a “black box” that hides the factory of life. And here lies the central conflict

of our time. Harsh chemical farming works on the idea of “wipe out everything that lives” and treats soil as a

dead growing medium. We take a different path. Our mission is not to destroy but to bring back to life. By

feeding these unknown but vital bacteria and fungi, and by rebuilding the links of the soil food web, we can

bring about a real change. We can grow food that is truly alive.

This isn’t just farming. It’s a return to the roots of our existence.

The Journey of Organic Matter: From Leaf to Humus

Organic matter gets into the soil in many ways: fallen leaves, dead roots, grass clippings, manure, compost,

straw, root exudates, and the dead bodies of microbes and worms. Along the way it passes through several

stages, and each one matters for fertility.
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First Stop: Fresh Residues

It all starts with things you can recognize. A leaf is a leaf. Grass is grass. A root is a root. They still have their

shape and color. They hold sugars, starch, proteins, cellulose and water, everything microbes love most.

This is the easiest, fastest food for soil life. Bacteria and fungi pounce on it. They tear molecules apart,

release energy, use it to build their own bodies, multiply, die, and get broken down in turn. At this point, the

soil is having a real feast.

Fresh organic material is like a hot lunch for the soil. It arrives, it gets eaten, and it gives energy to the

whole system.

This stage lasts from a few days to a few months. It depends on moisture, temperature, oxygen, what the

residues are made of and how active the microbes are.

Second Stage: Organic Matter After the First Breakdown

Once the easiest, tastiest parts are gone, what’s left is the stuff that didn’t break down right away. It’s a

coarser, tougher mass: cell walls, lignin, waxes, tannins, chitin from dead fungi, and the remains of microbes.

By now it no longer looks like a leaf or a bit of straw. It turns shapeless and dark brown. It still holds a lot of

energy, but that energy is hard to get at.

This is where a new cast takes the stage: the specialists in tough compounds. Fungi (especially the

mushroom-forming group called basidiomycetes), actinomycetes (thread-forming bacteria that give soil its

earthy smell) and slow-growing bacteria. They’re in no hurry. Their job is to patiently chew through the

toughest molecules and free up what the first eaters left behind.3

This isn’t lunch anymore. It’s digesting the toughest stuff. The work is hard and slow, but without it the

next stage can’t happen.

Third Stage: The Birth of Humus

Humus is the finish line. It’s what the whole process was for.

Humus is organic matter that has been through the furnace of microbial processing and come out tough

and long-lasting.

For a long time, scientists thought humus was a special kind of giant, nearly eternal molecule. Newer

research shows it isn’t. Humus is the most broken-down, most processed part of soil organic matter, and it

still breaks down, just slowly. What makes it last for decades or even centuries is protection: it sticks to clay

and mineral particles and hides inside soil crumbs where microbes can’t easily reach it.20,21 Along the way it

glues soil particles into crumbs, holds water, binds minerals, feeds plants and stores carbon.

Humus smells like earth. It’s black, soft and crumbly. Under a microscope it looks like a sponge: a huge inner

surface that holds on to water and nutrients like a magnet.

Most important of all, humus is a reserve. A reserve of carbon, of life, of future harvests. Soil rich in humus

can bounce back on its own. Soil without it is fragile, and fertilizer alone can’t make up for what’s missing.
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A Conveyor Belt You Must Never Stop

These three stages aren’t separate events. They’re one continuous conveyor belt.

Fresh residues → Partly decomposed organic matter → Humus

Organic matter enters the soil all the time. As long as it keeps coming, all three stages run at once. In one

spot things are just starting to break down. In another the tough stuff is being digested. Somewhere else

humus is building up.

But the conveyor can break. Stop adding organic matter, and the food runs out, the microbes dwindle and

the process grinds to a halt. Cut off the air, and the first stage slows down, the second never starts and

humus stops forming. Add chemicals that kill microbes, and you cut every thread at once.

Soil fertility is the speed at which organic material turns into humus. The faster and better this process

runs, the stronger and healthier your land will be.

What This Means for You

Understanding this journey is the key to managing your soil.

You can’t make humus directly. All you can do is supply the raw materials and set up the conditions for

nature to make it.

The more varied the organic residues, the more balanced the diet for the whole web.

The longer organic matter stays on the surface or in the top layer, the more naturally it breaks down.

The less you disturb the soil, the more smoothly all three stages work together.

Your role isn’t that of a plowman, a chemist or a gardener in the old sense. Your role is that of a conductor.

You set up the conditions, set the rhythm and supply the materials. The heavy lifting is done by soil life.

From Bare Ground to Ancient Forest: The Four Stages
of Soil Life

When you look at an abandoned field overgrown with orache (a weedy relative of spinach), dandelions and

quackgrass, you may see a “mess.” Nature sees an orderly sequence. Nature hates empty space. Each step

prepares the soil for the next one.

This is called succession, the natural process by which land heals itself. Once you understand it, you’ll stop

fighting “weeds” and start working with them as allies.

A note on the numbers below. The fungal-to-bacterial ratio (F:B ratio) compares the weight of fungi in the

soil to the weight of bacteria. Soil labs measure some of these ratios, but most of the stage-by-stage

values below come from the soil food web model taught by soil biologist Dr. Elaine Ingham. Treat them as a
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rough guide, not exact targets. Real soils vary a lot. Field studies do back up the overall direction: on bare

ground left behind by a retreating glacier in Washington State, the soil community shifted from bacteria-

dominated to fungus-dominated as plants moved in over the decades.22

Stage 1. The Bacterial Field. Bare Ground and the First Settlers

On bare, disturbed ground, whether it’s a plowed field, an empty lot after construction or bare clay, there’s

very little life. There’s almost no organic matter, no humus, and fungi have little to live on.

The first plants that can survive here are weeds and other annuals. They live fast, so they can grow and set

seed while the soil is still poor. Many of them lean mostly on bacteria.

The F:B ratio at this stage: about 0.1 : 1 or lower (in other words, ten or more times as many bacteria as

fungi, by weight).

Who arrives first? Bacteria and annual “weeds.”

Bacteria are the toughest. They don’t need complex organic matter. They can live on the simple sugars

that plant roots release.

Annuals (orache, chickweed, dandelion, wild mustard) sprout in no time. Their roots are shallow, but they

release sugars into the soil and feed the bacteria.

What happens at this stage:

Bacteria multiply and start breaking down whatever is there.

Grass roots loosen the top layer, opening the first channels for water and air.

Plants die back, leaving organic matter on the surface.

This isn’t “fertility” yet. This is “starting the engine.”

Stage 2. Organic Matter Builds Up. Humus and Worms

Every year the plants die and fall to the ground. Bacteria and worms eat them. The organic matter slowly

turns into humus, the dark, long-lasting material that holds moisture and feeds the soil.

Little by little, the plants live longer. Perennial grasses move in. They need slightly more stable soil. The F:B

ratio rises to about 0.5 : 1 to 1 : 1 (bacteria and fungi are now nearly equal).

Then come crops (corn, sunflowers, tomatoes and so on). Productive farm soils run at about 1 : 1 or a little

lower.23

Who arrives: Earthworms, millipedes and the first saprophytic fungi (fungi that feed on dead material).

What happens:

Humus builds up, and the soil darkens.

Structure appears: the soil turns crumbly and full of pores.

Moisture lasts longer.

Perennial grasses take over, and they grow more roots.
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This is the “building up savings” stage. Organic matter turns into fertility.

Stage 3. The Fungi Arrive. Shrubs Appear

Fungal spores are present in almost every soil. But fungi need food and peace to thrive. Once there’s

enough coarse organic matter and the soil is left undisturbed, they finally take hold. Fungi aren’t “invaders.”

They come in to handle the last, toughest stage of processing.

Who arrives: Saprophytic fungi, which break down coarse material (branches, stems, the roots of

perennials), and more mycorrhizal fungi (fungi that partner with living roots).

Shrubs need more soil structure and more fungi to bind soil crumbs together and gather phosphorus.

F:B ratio: roughly 5 : 1 – 10 : 1 in the soil food web model.

What happens:

Fungal threads run through the top layer, binding soil particles together.

Shrubs appear: currants, viburnum, serviceberry, hazel. Their roots partner with fungi.

The soil stops drying out, and annual weeds give way to perennials.

This is a transition stage. Bacteria and fungi start working together, and the soil becomes “alive” in the

full sense of the word.

Stage 4. Forest. A Fungal Ecosystem

When enough humus has built up and the shrubs have made shade and a sheltered microclimate, the trees

arrive. Apples, pears, oaks, nut trees. Under trees, the soil needs to be loose, moist and well structured.

Who arrives: Mycorrhizal fungi that live in partnership with tree roots.

F:B ratio: In broadleaf forests (oak, maple, beech), about 5 : 1 – 10 : 1. In conifer forests (pine, spruce, fir),

100 : 1 or more.24

And finally, old conifer forest that hasn’t been touched for hundreds of years. Here the fungal-to-bacterial

ratio can reach 1000 : 1.25 The soil under a forest like that is full of fungal threads, with bacteria scattered

through it.

What happens:

The fungal network becomes the backbone of the whole food supply.

Trees feed the fungi sugars, and the fungi supply the trees with phosphorus, water and micronutrients.26

The soil becomes a stable, self-renewing system.

The forest needs no help from us. It feeds and protects itself.

This is the finale. A forest is one of the most resilient forms of life on land.

Weeds are not the enemy. They’re the first construction crew to show up on an empty lot. They make

organic matter. Next come the worms, which turn that organic matter into humus. Then the fungi arrive

and tie everything together into one web. Only then come the trees, at the top of this pyramid. If you plant
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an apple tree in bare clay, you’re skipping three stages. If you work with nature, you’re simply speeding up

its own process. Don’t fight weeds. Use them as a tool. They’re your allies on the road to the forest.

Why Is That?

Because fungi build soil. Their threads run through the ground, glue particles into crumbs and create pores

for air and water.27 Fungi break down tough organic matter: lignin (in bark and wood) and cellulose.28

Without fungi, the forest would drown in its own fallen leaves and wood.

Bacteria are the fast-moving army. They work best on simple sugars. Weeds release simple sugars, so they

suit fast bacteria. An oak releases more complex compounds, so it suits slow, powerful fungi.

Succession table (F:B ratio, rough guide)

Ecosystem stage Examples Fungi : bacteria ratio

Bare ground / disturbed soil After construction, plowing, fire 0.01 – 0.1 : 1

Early annuals Orache, chickweed, shepherd’s purse 0.1 – 0.3 : 1

Grasses and perennial grasses Quackgrass, fescue, clover (early on) 0.5 – 1 : 1

Row crops Corn, sunflowers, tomatoes about 1 : 123

Shrubs Currants, raspberries, wild roses 5 – 10 : 1

Young trees Birch, aspen, willow (broadleaf) about 5 – 10 : 129

Mature trees Oak, beech (broadleaf); pine (conifer) 5 – 10 : 1 broadleaf; 100 : 1 or more conifer24

Old growth Old conifer forest, 200+ years 100 – 1000 : 125

What This Means for Gardeners and Farmers

Everything.

If you plant tomatoes in soil with an old-forest ratio (1000:1 in favor of fungi), they’ll grow poorly. They

need more bacteria. The soil is too “fungal.”

If you plant blueberries (a woodland berry that likes fungal soil) in a freshly tilled bed with a 0.1:1 ratio

(bacteria in charge), they’ll struggle. They need fungi.30

If you dig or till the ground under an apple tree, you tear up the fungal threads and push the soil back

toward bacteria.31 Apple trees don’t like that. That’s why many organic orchards avoid tilling.

How can you tell?

You can send a soil sample to a lab that checks soil life under a microscope. Or you can look at what’s

growing. Gardeners have long read weeds as clues. Treat them as hints, not proof: one or two weed species

don’t diagnose a soil on their own, but a whole patch of plants that like the same conditions tells you

more.32 In the author’s experience:
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If your plot has orache and chickweed, you likely have bacterial soil (early succession).

If it has nettles and goutweed, it’s likely in transition.

If it has horsetail and sorrel, the structure is probably poor and there are few fungi.

If it has moss and wood sorrel, it’s closer to forest soil, more fungal.

The Irony of Modern Farming

Decades of plowing, herbicides and heavy synthetic fertilizer push many fields toward a bacterial state,

with few fungi left.31,33,34 Yet most farm crops, corn and wheat included, rely on partnerships with

mycorrhizal fungi.35 Then farmers wonder why they need so much fertilizer.

Fungi aren’t being put back. And without fungi you lose soil structure, a big share of the plant’s phosphorus

supply and stored carbon in the soil.

Fertilizer alone won’t fix that. Those fields need their fungi back. The good news is that fungi start returning

quickly: in a Dutch study of 26 former farm fields, fungal biomass rose within the first two years after

cultivation stopped.36

Who Really Feeds the Plant

For a long time we thought of the plant as a self-made provider. A root reaches down, finds a bit of clay or

sand, sucks the minerals out of it, and that’s that.

That’s what the textbooks said. That’s what we learned in school. But it’s only a small part of the story.

Three Great Discoveries

1. The fungus-root (mycorrhiza): discovered in 1885

German biologist Albert Bernhard Frank was studying tree roots. He noticed something strange: the roots

were wrapped so tightly in fungal threads that you couldn’t tell where the root ended and the fungus

began.

Frank coined the word “mycorrhiza” (from the Greek mykes, fungus, and rhiza, root).37 He proposed that

this was no accident but a partnership that helps both sides: the fungus helps the root get water and

minerals, and the root pays in sugar.

At first, much of the scientific world opposed him.38 How could a fungus help a tree? Fungi were known for

rotting things and living as parasites!

Frank died in 1900, long before his idea was fully accepted.39 Over the following century, researchers found

that most land plants, roughly 80% of plant species or more, form mycorrhizas. That includes nearly all trees

and most grasses, crops and shrubs.40

Today we know forests as we see them depend heavily on mycorrhizal fungi. The fungi gather phosphorus

from places roots can’t reach and pass it to the tree in exchange for sugar.26 One major review estimated

that these fungi, together with nitrogen-fixing bacteria, supply up to 75% of the phosphorus plants take up

each year, and in temperate and northern forests up to 80% of their nitrogen.41
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2. Nitrogen-fixing bacteria: discovered in 1888

In 1886–88, German scientists Hermann Hellriegel and Hermann Wilfarth showed that legumes with root

nodules take nitrogen from the air, and that they need something living in the soil to do it.42 Then, in 1888,

Dutch microbiologist Martinus Beijerinck isolated the bacteria from legume root nodules. These bacteria

do something remarkable: they turn nitrogen gas from the air (N₂) into ammonia (NH₃), which the plant can

use.43

Before this work, people thought legumes somehow enriched the soil on their own. Hellriegel and Wilfarth

showed it took a living partner, and Beijerinck found it: bacteria. He named them Bacillus radicicola

(“dweller in the root”). A year later, Frank gave the group the name we still use, Rhizobium.44

Today a whole genus of bacteria, Beijerinckia, carries Beijerinck’s name.

3. The plant pays in sugar: proven in the 1950s–80s

Researchers such as the Swedish scientists Melin and Nilsson, the British ecologist David Read and their

colleagues showed, in a series of clever tracer experiments, what Frank had suspected all along. British

botanist Jack Harley, who co-wrote the standard textbook Mycorrhizal Symbiosis with Sally Smith in 1983,

helped pull the evidence together.

In 1953, Melin and Nilsson fed a nitrogen compound carrying a traceable label to a fungus. The label

turned up inside the pine seedlings the fungus was attached to. Nutrients really were flowing from

fungus to tree.45

Later, plants were given carbon dioxide with radioactive carbon (C¹⁴). The labeled sugar moved down

into the roots and then out into the fungal threads.46

In 1984, Read’s team showed that this labeled carbon could even travel through the fungal network from

one plant to another.47

The circle was complete. The plant feeds the microbes sugar. The microbes help feed the plant minerals.48

The most striking part is how much the root relies on its partners. Roots do some mining of their own. They

release acids and enzymes and change the pH right around them, and grasses even make their own iron-

grabbing compounds.49,50 But on their own, roots mostly take up water and nutrients that are already

dissolved and ready to use, a bit like a drinking straw. Fungal threads and microbes reach much farther and

unlock much more.

So who does most of the mining?

Bacteria and Fungi.

They’re the main miners of the underground world. They release acids, enzymes and special molecules

(siderophores, “iron hooks”) that pry nutrients out of clay, sand and rock:50

nitrogen (from the air and from organic matter)

phosphorus

potassium
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calcium

magnesium

iron

sulfur

and a dozen more micronutrients

Without bacteria and fungi, much of these minerals would stay locked inside rock crystals for a very long

time.

So what does the plant do?

The plant does what bacteria can’t: it catches sunlight and turns it into sugar.

And that sugar is the paycheck bacteria and fungi earn for mining the periodic table for the plant. Grain

crops send 20–30% of the carbon they capture below ground, and pasture grasses 30–50%.51 Much of that

builds and runs the roots themselves. But a real share leaks out into the soil to feed microbes. Not because

plants are generous. Because otherwise the bacteria and fungi won’t come. Once they’ve moved in around

the roots, they live on that sugar and gather what the plant needs, in a kind and beautiful partnership.

A simple list: who mines what

Nutrient Who mines it for the plant

Nitrogen (N) Bacteria (nitrogen fixers, ammonifiers)

Phosphorus (P) Mycorrhizal fungi and special bacteria (phosphate mobilizers)

Potassium (K) Bacteria (potassium mobilizers)52

Calcium (Ca) Fungi (hyphae leach it out of particles)53

Magnesium (Mg) Bacteria and fungi (break down crystals)

Iron (Fe) Bacteria (release siderophores, “iron hooks”)

Sulfur (S) Sulfur bacteria

Copper, zinc, manganese Fungi and bacteria (crack open minerals)

What Can the Plant Do on Its Own?

Less than you might think. On its own, a plant can:

1. Drink water and the nutrients already dissolved in it. Yes, roots can do that.

2. Catch carbon dioxide. Through its leaves, with the help of the sun.

3. Make sugar. That’s photosynthesis.

4. Get a little nitrogen from the air. But only if it’s a legume, and even then only with the help of bacteria

living in the nodules on its roots.

For almost everything else, it leans heavily on bacteria and fungi.
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Every Plant Has Its Own Team

This is where it gets beautiful.

Each plant species gathers its own particular mix of bacteria and fungi around its roots.54 The tomato

strikes a deal with one group. The apple tree with another. The birch with a third.

They don’t choose on purpose, of course. It’s how things worked out over millions of years of evolution.

Each plant’s root exudates draw in the microbes that suit it, so the crowd around a tomato’s roots is

different from the crowd around an oak’s. Gardeners often put it this way: each plant hires the miners it

needs most.

Just as every restaurant has its own head chef.

When you plant something in sterile soil (or in a pot of store-bought potting mix with no life in it), it goes

hungry, even when there are plenty of minerals around. There’s no army of miners to unlock that food.

What Science Says

Sergei Winogradsky, one of the founders of soil microbiology, and the scientists who followed him learned

to study soil microbes where they live, not just in lab dishes. Later, Dr. Elaine Ingham and her colleagues

counted fungi and bacteria directly under the microscope. Ingham found that annuals and row crops tend

to favor bacteria-rich soil, while trees and perennials favor fungus-rich soil.55 Her model set rough targets.

For tomatoes, about 0.5–1 (slightly more bacteria). For apple trees, about 5–10 (fungi clearly in charge). If

you find 0.1 under a birch, something such as tilling or fungicides has likely damaged the fungal network.

In Teaming with Microbes, Jeff Lowenfels and Wayne Lewis champion compost tea (a liquid brewed from

compost) as a way to put microbes back into tired soil. Many growers swear by it, and there is research on

their side. A review of the experimental evidence found that compost teas sprayed on plants can suppress

some plant diseases, with results that depend a lot on the compost used and how the tea is brewed.56

Controlled trials are still few and results vary, which is why good compost and careful brewing matter so

much.57 Treat it as a promising experiment in your own garden, not a guaranteed fix.

Flip Your Thinking

Here’s the main thing to remember from this chapter:

The plant doesn’t feed itself from the soil alone.

Bacteria and fungi help feed it.

And the plant pays them in sugar.

We thought the plant was a lone hero. It turns out it’s the mayor of a city. It runs things, organizes, sets up

the conditions. But the coal is dug by little invisible miners underground.
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Why Grasses Have Bacteria and Trees Have Fungi

This is one of the most important questions in practical gardening and farming. The answer shapes what

you plant, how you feed it and how you heal your soil. It all comes down to feeding strategy and pace of

life.

One honest note first. This is a useful simplification, not an iron law. Most grasses and crops also partner

with mycorrhizal fungi.40 What changes is the balance: fast plants lean more on bacteria, and slow, woody

plants lean more on fungi.

Bacteria (the “Fast and Many” strategy):

What they are: Tiny single cells.

How they eat: They release enzymes straight into the water around them. They need dissolved food

(sugars, simple amino acids).

Speed: In the lab, some bacteria divide every 20 minutes or so. In real soil, a bacterial population turns

over in days to weeks, and near busy roots in under a day.58 Their numbers jump the moment there’s

moisture and warmth.

Fungi (the “Far and Thorough” strategy):

What they are: Many-celled threads (hyphae) that grow like a spiderweb.

How they eat: They push into solid materials (rock particles, bark, plant fibers) and absorb nutrients

through their thread tips. They don’t need a film of water to live in the way bacteria do; they need

contact.

Speed: They grow more slowly. Fungal biomass in soil turns over up to ten times more slowly than

bacterial biomass, over weeks to months,59 and a fungal network can spread over large areas and last for

years.

Grasses (and all annual plants) evolved to lean on a bacterial environment.

Grass has a fibrous root system that looks a bit like a scrub sponge. Most of it sits in the top layer of soil,

about 30 cm (12 in), though some roots go much deeper.60

Grass grows fast and pumps simple sugars into the soil (root exudates such as glucose, fructose and

sucrose). This is perfect food for bacteria.

Grass’s main request: “I need fast NITROGEN to grow green leaves!”

Bacteria are champions at turning organic matter into nitrogen plants can use, and they do it fast. That’s

why grass teams up with bacteria in the rhizosphere (the thin zone of soil right around the roots). Bacteria

multiply quickly, break down organic matter and release nitrates (NO₃⁻), the form of nitrogen most grasses

and row crops prefer.61

Trees (and perennial shrubs) evolved to lean on a fungal environment.

A tree has deep roots and a long life. It needs to draw water and phosphorus from deep down and to

deal with hard food (leaf litter, wood, rock).
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Trees can’t replace their roots every year the way grass does. So they “hire” fungi. Fungal threads grow

through solid particles and reach farther than a root ever could.

The tree’s main request: “I need PHOSPHORUS and MOISTURE, and I need to make it through the

winter.”

Fungi supply phosphorus and water, and the plant pays them in sugars and fats (lipids). Research shows

that plants feed fatty acids to their mycorrhizal fungi, which can’t make their own.62,63

Tree roots release more complex compounds that suit fungi. Fungi slowly break down tough organic

matter (lignin, cellulose) and gather phosphorus, potassium and micronutrients from minerals. In forest

soils, most nitrogen stays in the ammonium form (NH₄⁺), and many trees, especially conifers, take up

ammonium more readily than nitrate.64,65

The Bottom-Line Contrast

Grass feeds bacteria so they’ll quickly cook it a nitrogen “lunch” while the sun is high.

A tree feeds fungi so they’ll build an underground “pipeline” for water and phosphorus that lasts for years.

Root Exudates

A plant doesn’t decide, “I want bacteria” or “I want fungi.” It simply releases what it releases, and the

microbes follow the scent on their own.54

Type of plant What the roots release
Which microbes

they attract
Why

Grasses (cereals,

annuals)

Simple sugars (glucose,

fructose, sucrose)

Bacteria Bacteria eat simple sugars fast and release

nitrates

Trees, shrubs,

perennials

Complex organic acids,

polyphenols, tannins

Fungi Fungi slowly break down complex organic

matter and mine minerals

What this means in practice

1. If you have a lawn or a vegetable garden (grasses, annuals), your goal is to boost bacterial activity. Add

compost rich in bacteria, don’t dig deep, and use fast cover crops (mustard, phacelia).

2. If you have an orchard (trees, shrubs), your goal is to boost fungal activity. Add fungal compost (such

as Johnson-Su compost), mulch with bark, sawdust and wood chips (that’s fungal food), and don’t plow

or dig.

3. If you have a mixed plot, create zones. Vegetable beds are bacterial. The root zones around tree trunks

are fungal.

Cheat sheet

Feature Bacterial soil Fungal soil

Who dominates Bacteria Fungi

Typical plants Grasses, cereals, annuals, vegetables Trees, shrubs, perennials
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Feature Bacterial soil Fungal soil

Root exudates Simple sugars Complex acids, tannins

Form of nitrogen Nitrates (NO₃⁻) Ammonium (NH₄⁺)

pH Bacteria do best near neutral (about

6.5–7.5)66
Fungi tolerate a wide pH range; fungal soils are often, but not

always, more acidic

Best mulch Grass, straw, crop tops (fast

organics)

Bark, wood chips, sawdust (slow organics)

Fungi : bacteria

ratio

<1:1 >1:1 (up to 1000:1)

But Why Did It Evolve This Way?

That’s a question worth a million years of evolution.

Grasses live fast and bright. Annual grasses have to grow, set seed and die in one season. They need fast

food: nitrates, which bacteria deliver right away. Simple sugars from the roots attract bacteria, the bacteria

provide nitrates, and the grass grows and sets seed. All in 3–4 months.

Trees live slow and long. They can’t count on quick bursts. They need a stable, long-term environment that

doesn’t dry out, overheat or swing in pH. Fungi help create that kind of environment. Their threads bind the

soil into crumbs, hold water and gather minerals year after year. A tree is in no hurry. It builds its body over

decades.

Grass is a sprinter. A tree is a marathon runner. Different strategies, different chemistry, different partners.

Why Trees Chose Fungi and Grasses Chose Bacteria (Speed vs. Reliability)

Here’s how the two partnerships compare side by side:

Feature Bacteria (allies of grasses) Fungi (allies of trees)

Speed of work Very fast (hours to days). Slow (weeks to years).

What they

deliver

Fast nitrogen (for green leaves). Many minerals, mainly phosphorus, plus water and

zinc (for the trunk, bark and winter).67

How they hand

it over

Bacteria release nutrients into the soil when they

die or are eaten. The grass helps itself.

The fungus connects directly with the root and

trades nutrients right at the root cells.

What the plant

pays

Simple sugars (quick energy). Sugars and fats (long-lasting energy).

Attitude to

digging

Love it! Dig the soil, add oxygen, and the bacteria

boom.

Hate it! Dig the soil, tear the fungal threads, and the

fungus suffers.31
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The Irony of Modern Gardening

Many gardeners put nitrogen fertilizer under their trees, thinking they’re helping. But heavy nitrogen tends

to shrink the mycorrhizal fungi a tree depends on. One large review found nitrogen fertilizer cut mycorrhizal

fungi by about 15% on average.68 Over time, ammonium-based fertilizers also make soil more acidic.69 The

tree leans more and more on the gardener’s fertilizer. The gardener adds more. And the cycle repeats.

The right approach: each group of plants has its own ecosystem and its own set of bacteria and fungi. Our

job is to give each plant access to this extraordinary life and the chance to connect with it.
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Notes

Each number matches a small number in the text. A source used more than once keeps the same number.

1. Tugel, A. J., Lewandowski, A. M., & Happe-vonArb, D. (Eds.). (2000). Soil Biology Primer. Soil and Water Conservation Society. Gives
100 million to 1 billion bacteria per teaspoon of productive soil.

2. Rousk, J., & Bååth, E. (2011). Growth of saprotrophic fungi and bacteria in soil. FEMS Microbiology Ecology, 78(1), 17–30.

https://doi.org/10.1111/j.1574-6941.2011.01106.x Reports bacterial turnover of 12–19 hours in the rhizosphere and days to weeks in

bulk soil.

3. Floudas, D., et al. (2012). The Paleozoic origin of enzymatic lignin decomposition reconstructed from 31 fungal genomes. Science,

336(6089), 1715–1719. https://doi.org/10.1126/science.1221748 White-rot fungi are the main decomposers of lignin.

4. Tisdall, J. M., & Oades, J. M. (1982). Organic matter and water-stable aggregates in soils. Journal of Soil Science, 33(2), 141–163.

https://doi.org/10.1111/j.1365-2389.1982.tb01755.x Roots and fungal hyphae bind particles into larger aggregates.

5. Leake, J., Johnson, D., Donnelly, D., Muckle, G., et al. (2004). Networks of power and influence: the role of mycorrhizal mycelium in

controlling plant communities and agroecosystem functioning. Canadian Journal of Botany, 82(8), 1016–1045.

https://doi.org/10.1139/b04-060 Describes mycorrhizal mycelium exceeding tens of metres per gram of soil.

6. Clarholm, M. (1985). Interactions of bacteria, protozoa and plants leading to mineralization of soil nitrogen. Soil Biology and

Biochemistry, 17(2), 181–187. https://doi.org/10.1016/0038-0717(85)90113-0

7. Tugel, A. J., Lewandowski, A. M., & Happe-vonArb, D. (Eds.). (2000). Soil Biology Primer. Soil and Water Conservation Society.

Protozoa release excess nitrogen as ammonium, usually near roots.

8. Robertson, J. D. (1936). The function of the calciferous glands of earthworms. Journal of Experimental Biology, 13(3), 279–297.

https://doi.org/10.1242/jeb.13.3.279 Found that worm castings are more neutral than the surrounding soil because of gut secretions.

9. Tugel, A. J., Lewandowski, A. M., & Happe-vonArb, D. (Eds.). (2000). Soil Biology Primer. Soil and Water Conservation Society. Notes
far more microorganisms in earthworm casts than in the material they eat, and faster nutrient cycling.

10. Bar-On, Y. M., Phillips, R., & Milo, R. (2018). The biomass distribution on Earth. Proceedings of the National Academy of Sciences,

115(25), 6506–6511. https://doi.org/10.1073/pnas.1711842115 Estimates fungi at about 12 Gt C versus about 2 Gt C for all animals.

11. Tugel, A. J., Lewandowski, A. M., & Happe-vonArb, D. (Eds.). (2000). Soil Biology Primer. Soil and Water Conservation Society. Gives
roughly 1,000 to 1 million protozoa per teaspoon.

12. Tugel, A. J., Lewandowski, A. M., & Happe-vonArb, D. (Eds.). (2000). Soil Biology Primer. Soil and Water Conservation Society. Gives
under 100 nematodes per teaspoon in farm soils, 50–500 in grassland and several hundred in forest soils.

13. Devetter, M. (2009). Spatiotemporal dynamics of soil rotifers in a South-Bohemian beech forest. Pesquisa Agropecuária Brasileira,

44(8), 1027–1032. https://doi.org/10.1590/S0100-204X2009000800035 Highest density was 43 rotifers per gram in the upper
layer.

14. Tugel, A. J., Lewandowski, A. M., & Happe-vonArb, D. (Eds.). (2000). Soil Biology Primer. Soil and Water Conservation Society. Says a
ton of bacteria may be active in each acre, about the mass of two cows.

15. Tugel, A. J., Lewandowski, A. M., & Happe-vonArb, D. (Eds.). (2000). Soil Biology Primer. Soil and Water Conservation Society. Gives

50–300 earthworms per square yard in US cropland and 100–500 in grassland and woodland.

16. Tugel, A. J., Lewandowski, A. M., & Happe-vonArb, D. (Eds.). (2000). Soil Biology Primer. Soil and Water Conservation Society. Says
earthworms can turn over the top six inches of soil in ten to twenty years.

17. Amann, R. I., Ludwig, W., & Schleifer, K.-H. (1995). Phylogenetic identification and in situ detection of individual microbial cells
without cultivation. Microbiological Reviews, 59(1), 143–169. https://doi.org/10.1128/mr.59.1.143-169.1995

18. Torsvik, V., & Øvreås, L. (2002). Microbial diversity and function in soil: from genes to ecosystems. Current Opinion in Microbiology,

5(3), 240–245. https://doi.org/10.1016/S1369-5274(02)00324-7 Source cited by the BioNumbers database for under 1% of soil
microbes cultivated.

19. Torsvik, V., Goksøyr, J., & Daae, F. L. (1990). High diversity in DNA of soil bacteria. Applied and Environmental Microbiology, 56(3),

782–787. https://doi.org/10.1128/aem.56.3.782-787.1990 DNA-based estimate of about 4,000 distinct bacterial genomes in one soil

sample.

20. Lehmann, J., & Kleber, M. (2015). The contentious nature of soil organic matter. Nature, 528(7580), 60–68.

https://doi.org/10.1038/nature16069 Argues soil organic matter is a continuum of progressively decomposing compounds, not
distinct stable humic molecules.
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21. Schmidt, M. W. I., Torn, M. S., Abiven, S., Dittmar, T., et al. (2011). Persistence of soil organic matter as an ecosystem property. Nature,

478(7367), 49–56. https://doi.org/10.1038/nature10386 Argues persistence depends on soil conditions and protection rather than

molecular structure.

22. Ohtonen, R., Fritze, H., Pennanen, T., Jumpponen, A., & Trappe, J. (1999). Ecosystem properties and microbial community changes in
primary succession on a glacier forefront. Oecologia, 119(2), 239–246. https://doi.org/10.1007/s004420050782 The microbial
community shifted from bacterial- to fungal-dominated along the successional gradient.

23. Tugel, A. J., Lewandowski, A. M., & Happe-vonArb, D. (Eds.). (2000). Soil Biology Primer. Soil and Water Conservation Society. Gives

about 1:1 or somewhat lower for highly productive farm soils.

24. Tugel, A. J., Lewandowski, A. M., & Happe-vonArb, D. (Eds.). (2000). Soil Biology Primer. Soil and Water Conservation Society. Gives
5:1 to 10:1 for deciduous forests and 100:1 to 1,000:1 for coniferous forests.

25. Tugel, A. J., Lewandowski, A. M., & Happe-vonArb, D. (Eds.). (2000). Soil Biology Primer. Soil and Water Conservation Society. Gives
100:1 to 1,000:1 for coniferous forests.

26. Smith, S. E., & Read, D. J. (2008). Mycorrhizal Symbiosis (3rd ed.). Academic Press.

27. Tisdall, J. M., & Oades, J. M. (1982). Organic matter and water-stable aggregates in soils. Journal of Soil Science, 33(2), 141–163.

https://doi.org/10.1111/j.1365-2389.1982.tb01755.x

28. Floudas, D., et al. (2012). The Paleozoic origin of enzymatic lignin decomposition reconstructed from 31 fungal genomes. Science,

336(6089), 1715–1719. https://doi.org/10.1126/science.1221748

29. Tugel, A. J., Lewandowski, A. M., & Happe-vonArb, D. (Eds.). (2000). Soil Biology Primer. Soil and Water Conservation Society. Gives
5:1 to 10:1 for deciduous forests.

30. O’Neill, E., Brody, A. K., & Ricketts, T. (2023). Inoculum source dependent effects of ericoid mycorrhizal fungi on flowering and

reproductive success in highbush blueberry (Vaccinium corymbosum). PLOS ONE, 18(4), e0284631.

https://doi.org/10.1371/journal.pone.0284631 Blueberries inoculated with their fungal partners were more likely to flower.

31. Six, J., Frey, S. D., Thiet, R. K., & Batten, K. M. (2006). Bacterial and fungal contributions to carbon sequestration in agroecosystems.
Soil Science Society of America Journal, 70(2), 555–569. https://doi.org/10.2136/sssaj2004.0347 Reduced or no tillage shifts soil

communities toward fungi.

32. Samuel, N., & Marble, C. (2023). Weeds as Indicators of Soil Conditions in Lawns and Landscapes (EP634). EDIS, University of
Florida IFAS Extension. https://doi.org/10.32473/edis-EP634-2022 Cautions that one or two weed species are not diagnostic on
their own.

33. Tugel, A. J., Lewandowski, A. M., & Happe-vonArb, D. (Eds.). (2000). Soil Biology Primer. Soil and Water Conservation Society. Notes

frequent tillage may reduce mycorrhizal associations.

34. Platonycheva, Yu. N., Polyakova, N. V., & Berchuk, A. V. (2011). Izmenenie agrokhimicheskikh i biologicheskikh parametrov svetlo-

serykh lesnykh pochv v zavisimosti ot ispol’zovaniya [Changes in agrochemical and biological properties of light-gray forest soils
depending on land use]. Agrokhimicheskii Vestnik, (5). https://cyberleninka.ru/article/n/izmenenie-agrohimicheskih-i-biologicheskih-

parametrov-svetlo-seryh-lesnyh-pochv-v-zavisimosti-ot-ispolzovaniya Cultivation raised bacterial numbers and lowered numbers of
soil fungi.

35. Tugel, A. J., Lewandowski, A. M., & Happe-vonArb, D. (Eds.). (2000). Soil Biology Primer. Soil and Water Conservation Society. Says
most trees and agricultural crops depend on or benefit from mycorrhizae.

36. van der Wal, A., van Veen, J. A., Smant, W., Boschker, H. T. S., Bloem, J., Kardol, P., van der Putten, W. H., & de Boer, W. (2006). Fungal

biomass development in a chronosequence of land abandonment. Soil Biology and Biochemistry, 38(1), 51–60.

https://doi.org/10.1016/j.soilbio.2005.04.017

37. Frank, A. B. (1885). Über die auf Wurzelsymbiose beruhende Ernährung gewisser Bäume durch unterirdische Pilze. Berichte der

Deutschen Botanischen Gesellschaft, 3, 128–145.

38. Trappe, J. M. (2005). A.B. Frank and mycorrhizae: the challenge to evolutionary and ecologic theory. Mycorrhiza, 15(4), 277–281.

https://doi.org/10.1007/s00572-004-0330-5 Notes Frank’s ideas were initially opposed by much of the scientific community.

39. Trappe, J. M. (2005). A.B. Frank and mycorrhizae: the challenge to evolutionary and ecologic theory. Mycorrhiza, 15(4), 277–281.

https://doi.org/10.1007/s00572-004-0330-5 Notes that conclusive proof of his main hypotheses took many decades.

40. Brundrett, M. C., & Tedersoo, L. (2018). Evolutionary history of mycorrhizal symbioses and global host plant diversity. New

Phytologist, 220(4), 1108–1115. https://doi.org/10.1111/nph.14976 About 72% of flowering plants are arbuscular mycorrhizal; about 8%

are non-mycorrhizal.

41. van der Heijden, M. G. A., Bardgett, R. D., & van Straalen, N. M. (2008). The unseen majority: soil microbes as drivers of plant diversity
and productivity in terrestrial ecosystems. Ecology Letters, 11(3), 296–310. https://doi.org/10.1111/j.1461-0248.2007.01139.x

42. Hellriegel, H., & Wilfarth, H. (1888). Untersuchungen über die Stickstoffnahrung der Gramineen und Leguminosen. Berlin.

https://doi.org/10.5962/bhl.title.27102

43. Beijerinck, M. W. (1888). Die Bacterien der Papilionaceenknöllchen. Botanische Zeitung, 46. Reports isolation of Bacillus radicicola

from legume nodules.
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44. Frank, B. (1889). Über die Pilzsymbiose der Leguminosen. Berichte der Deutschen Botanischen Gesellschaft, 7, 332–346.

45. Melin, E., & Nilsson, H. (1953). Transfer of labelled nitrogen from glutamic acid to pine seedlings through the mycelium of Boletus
variegatus. Nature, 171(4342), 134. https://doi.org/10.1038/171134a0

46. Wu, B., Nara, K., & Hogetsu, T. (2002). Spatiotemporal transfer of carbon-14-labelled photosynthate from ectomycorrhizal Pinus

densiflora seedlings to extraradical mycelia. Mycorrhiza, 12(2), 83–88. https://doi.org/10.1007/s00572-001-0157-2 Labeled carbon
reached the fungal threads within days.

47. Francis, R., & Read, D. J. (1984). Direct transfer of carbon between plants connected by vesicular–arbuscular mycorrhizal mycelium.

Nature, 307(5946), 53–56. https://doi.org/10.1038/307053a0

48. Jones, D. L., Nguyen, C., & Finlay, R. D. (2009). Carbon flow in the rhizosphere: carbon trading at the soil–root interface. Plant and

Soil, 321(1–2), 5–33. https://doi.org/10.1007/s11104-009-9925-0

49. Dakora, F. D., & Phillips, D. A. (2002). Root exudates as mediators of mineral acquisition in low-nutrient environments. Plant and Soil,

245(1), 35–47. https://doi.org/10.1023/A:1020809400075

50. Hider, R. C., & Kong, X. (2010). Chemistry and biology of siderophores. Natural Product Reports, 27(5), 637.

https://doi.org/10.1039/b906679a

51. Kuzyakov, Y., & Domanski, G. (2000). Carbon input by plants into the soil. Review. Journal of Plant Nutrition and Soil Science, 163(4),

421–431. https://doi.org/10.1002/1522-2624(200008)163:4<421::AID-JPLN421>3.0.CO;2-R Cereals move 20–30% of assimilated
carbon below ground and pasture grasses 30–50%; much of it stays in roots or is respired.

52. Etesami, H., Emami, S., & Alikhani, H. A. (2017). Potassium solubilizing bacteria (KSB): Mechanisms, promotion of plant growth, and
future prospects – A review. Journal of Soil Science and Plant Nutrition, 17(4), 897–911. https://doi.org/10.4067/S0718-

95162017000400005

53. Landeweert, R., Hoffland, E., Finlay, R. D., Kuyper, T. W., & van Breemen, N. (2001). Linking plants to rocks: ectomycorrhizal fungi
mobilize nutrients from minerals. Trends in Ecology & Evolution, 16(5), 248–254. https://doi.org/10.1016/S0169-5347(01)02122-X
Fungi release organic acids that free nutrients directly from minerals.

54. Badri, D. V., & Vivanco, J. M. (2008). Regulation and function of root exudates. Plant, Cell & Environment.

https://doi.org/10.1111/j.1365-3040.2008.01926.x Root exudates help maintain a species-specific rhizosphere community.

55. Remembering Elaine Ingham, whose soil science research informed the modern gardener. (2026, March 5). Anchorage Daily News.

https://www.adn.com/alaska-life/gardening/2026/03/05/remembering-elaine-ingham-whose-soil-science-research-informed-the-

modern-gardener/ Obituary column summarizing Ingham’s findings on bacterial versus fungal soils.

56. Scheuerell, S. J., & Mahaffee, W. F. (2002). Compost tea: Principles and prospects for plant disease control. Compost Science &

Utilization, 10(4), 313–338. https://doi.org/10.1080/1065657X.2002.10702095 Review of evidence that compost teas can suppress
plant diseases; results depend on production methods.

57. Cahill, A., & Chalker-Scott, L. (n.d.). Compost Tea: Miracle Cure or Marketing Gimmick? Washington State University Puyallup
Research and Extension Center. https://wpcdn.web.wsu.edu/wp-puyallup/uploads/sites/403/2015/03/Compost-tea-fact-sheet.pdf

Finds few controlled, replicable studies supporting compost tea claims.

58. Rousk, J., & Bååth, E. (2011). Growth of saprotrophic fungi and bacteria in soil. FEMS Microbiology Ecology, 78(1), 17–30.

https://doi.org/10.1111/j.1574-6941.2011.01106.x Reports soil bacterial turnover of days to weeks, and 12–19 hours in the rhizosphere.

59. Rousk, J., & Bååth, E. (2011). Growth of saprotrophic fungi and bacteria in soil. FEMS Microbiology Ecology, 78(1), 17–30.

https://doi.org/10.1111/j.1574-6941.2011.01106.x Finds soil fungal turnover times up to an order of magnitude longer than bacterial

ones.

60. Jackson, R. B., Canadell, J., Ehleringer, J. R., Mooney, H. A., Sala, O. E., & Schulze, E. D. (1996). A global analysis of root distributions for
terrestrial biomes. Oecologia, 108(3), 389–411. https://doi.org/10.1007/BF00333714 Finds 80–90% of roots in the top 30 cm in
temperate grasslands, tundra and boreal forest.

61. Tugel, A. J., Lewandowski, A. M., & Happe-vonArb, D. (Eds.). (2000). Soil Biology Primer. Soil and Water Conservation Society. Notes

nitrate is preferred by grasses and most row crops.

62. Jiang, Y., Wang, W., Xie, Q., Liu, N., Liu, L., Wang, D., Zhang, X., Yang, C., Chen, X., Tang, D., & Wang, E. (2017). Plants transfer lipids to
sustain colonization by mutualistic mycorrhizal and parasitic fungi. Science, 356(6343), 1172–1175.
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This was a taste. Grow Like a God walks you through all 5 Laws of

living soil and how to create new life in your garden, step by step,

with every table, recipe and guide.
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