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the rain washes it off or the 
wind blows it away like a 
dustbowl. It is often said that 
the network of microbial life 
in soil exists to help hold the 
earth together and prevent 
it being washed away. The 
truth is very different, for 
the multitude of microbes in 
dirt actually consume it. The 
fungi and other microscopic 
life forms oxidize the organic 
components that make earth 
what it is. It isn’t washed 
away or blown off into the 
air; it is metabolized away 
leaving nothing but sand be-

hind. And it is farming that does the damage. Once 
soil is tilled, the air has access, and once the oxygen 
gets into the dirt layer the microbes go into overdrive. 
Agriculture destroys soil. It doesn’t just move some-
where else, it vanishes. 

The world within dirt is astonishing. There’s a ton 
of life within an acre of ground. A quarter of all the 
species of living organisms in the world live in the soil. 
People are familiar with the larger creatures that live 

We dismiss it as dirt. 
Well, people call it dirt, 

but to me it’s a paradise, rich 
in complex life and harbor-
ing all manner of mysteri-
ous creatures. Whatever you 
think about soil, if you want 
to appreciate it you should 
best do so soon. Dirt won’t 
be here long. It’s evaporating 
before your eyes; give it half 
a century and most of it will 
be gone. And why? Because 
microbes like to consume the 
organic component of soil. 
They metabolize it, convert-
ing it to carbon dioxide and 
water vapor, and it simply floats off into the air. It 
leaves nothing behind. Nothing. It’s gone, and when 
it’s gone, it’s gone forever. People worry about the air, 
they are concerned about global warming, they fret be-
cause water supplies might run low. That’s only part 
of the story: it’s the soil that’s vanishing. And without 
dirt, the cycles of life as we know them would end.

Science misunderstands soil. It is seen as the prod-
uct of geological processes, which disappears when 
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Our Disappearing Dirt
Soil is not some plain substance we step on but a habitat for hungry microbe communities 
working diligently to make it vanish forever — spurred on by harmful human intervention.

Ciliates are common in soil communities, where they graze on the 
innumerable bacteria, which are usually abundant. It has been  
estimated that there are some 6,000 different species of soil  
bacteria, and there are hundreds of species of protozoa, all  
serving to recycle nutriment.
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in the earth, like earthworms. Charles Darwin wrote 
a successful book on worms, The Formation of Vegeta-
ble Mould, Through the Action of Worms (1881), which 
sold more than 6,000 copies within a year of publica-
tion (considerably more than his famous book On the 
Origin of Species, when that first appeared.) But most 
of the living organisms that make soil out of minerals 
are microscopic, and bacteria are the most abundant. 
There can be hundreds of millions in a single gram 
of soil of which the most abundant are Pseudomonas, 
Agrobacterium, Clostridium, Mycobacterium, Corynebac-
terium, Bacillus, and Micrococcus. Of the bacteria in 
dirt, many genera (e.g., Pseudomonas and Corynebacte-
rium) include pathogenic species, and Mycobacterium 
is the genus that includes the causative agent of tuber-
culosis, though that species does not inhabit soil, and 
the occasional cases of infections with nontuberculous 
mycobacteria (NTM) are not usually contracted from 
contact with dirt. 

The most dangerous of those genera to humans 
is Clostridium. Common in soil is C. botulinum, which 
produces the most dangerous toxin we know. A nano-
gram per kilogram of pure botulin can kill an adult 
human, so a teaspoonful (4 g) is enough to kill every 
human today. It works by blocking nerve transmis-
sion, as everyone who used to frown (but doesn’t any 
longer since their Botox treatment) knows from expe-
rience. Gas gangrene is caused by C. perfringens, and C. 
tetani produces tetanus. All these bacteria are anaero-
bic, and even a trace of atmospheric oxygen kills them, 
so they hibernate in sealed spores that can survive 

boiling. As a result, the bacteria cannot cause disease 
in the healthy body but multiply only when growing 
in oxygen-free dead tissue. Tetanus is a killer, with 30 
cases each year in the U.S., and the only sure way to 
prevent it is through vaccination, which confers virtu-
ally 100% immunity. We all need 10-year boosters of 
tetanus vaccine, because casual cuts or gardening in-
juries may introduce these abundant bacterial spores 
to the wound and — if the damaged tissues become 
oxygen-free — then the bacteria can begin to multiply. 
Children are routinely given combined tetanus, diph-
theria, and pertussis vaccine (Tdap), and we need to 
ensure that the vaccinations are kept up-to-date. 

The ubiquitous C. difficile1 is conventionally cat-
egorized as a hospital-acquired infection (which I dis-
cussed in “An Evening with Brian: The Disease Revo-
lution,” The Microscope, 51:4, pp 209–220, 2003) though 
recent research has revealed it is abundant in soil, and 
about half the strains isolated from dirt are new to sci-
ence. Many instances of the infection may not come 
from cross-infection at all but from spores in dirt. 

NURTURING THE SOIL

The majority of bacteria in soil have evolved to 
keep the cycles of nature turning. When dead plant 
matter falls to the ground it will quickly undergo bac-
terial decay, ready to be recycled as nutriment for next 
year’s growth (think how soon fallen leaves vanish in 
the fall), while huge numbers of shed leaves are drawn 
underground by earthworms. Bacteria also create ex-
tra nitrogenous fertilizers by converting atmospheric 
nitrogen into soluble compounds — the process of 
fixing nitrogen. Many of these species are free-living 
bacteria of the rhizobium group, while a host of oth-
ers colonize the root surface and live there, fixing ni-
trogen for their host plant. Enterobacter, Klebsiella, and 
Azospirillum are examples; some species of Pseudo-
monas also fix nitrogen. Many produce antimicrobial 
molecules that may yet prove to be important in the 
treatment of infections. Some surveys of soil bacteria 
have shown that 75% contain genes of the kind re-
searchers associate with antibiotic production, and the 
malacidins are one recently discovered class of antibi-
otics currently under investigation. They quickly kill 
methicillin-resistant strains of Staphylococcus aureus 
(MRSA), for example. Streptomycin, chlorampheni-
col, and tetracycline are among the antibiotics isolated 

Mycorrhizal fungi penetrate the cells of a root to deliver nutriment from 
the surrounding soil. Most of the fungus exists as a fine tracery of  
mycelium. The fruiting bodies are the toadstools we see in autumn. 
Those are expendable and represent only a small part of the fungus.

1This species is conventionally pronounced as if the word difficile 
were French. People say “diffy-seal,” but that is incorrect. It is based 
on Latin (not French), so it should be pronounced “diffy-chillay,” 
like saying “defeat” (without the “t”) and “Chile” together. 
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from actinomyces, which are abundant in earth. They 
are mycelium-forming microbes that are usually con-
sidered to be a halfway house between true bacteria 
and fungi. They are abundant in soil and are impor-
tant agents in the process of composting. These organ-
isms break down organic matter into solutes that are 
amenable to reabsorption by growing plants, and they 
also produce antimicrobials that control the spread of 
plant pathogens. It is actinomycetes that give soil its 
characteristic odor, which is due to an irregular ses-
quiterpene molecule produced by Streptomyces. This 
compound gives off the scent of freshly watered earth 
known as petrichor. The word looks like it comes from 
the ancient Greeks, though it was coined as recently 
as 1964 by two Australian microbiologists, Isabel 
Bear and Richard Thomas (“Nature of Argillaceous 
Odour,” Nature, 201:4923, pp 993–995, 1964).

Fungi are remarkable organisms, half-plant, half-
animal. They look like plants, and they appear in plant 
books, but what’s so fascinating is the halfway house 
they occupy in the web of life. Fungal hyphae contain 
elongated ribosomes that are similar to those found 
in animals and which contain amino acid sequences 
that are reminiscent of those found in muscle. Rather 
than having cell walls comprising complex molecules 
like cellulose, which we find in plants, they are made 
of chitin — the same substance that makes up the 
exoskeleton of insects and other arthropods. Fungi 
evolved from microbes known as opisthokonts, in 
which the motile cells are characterized by a single, 
posterior flagellum. Does that description sound fa-
miliar? It should. Human sperm are propelled in 
precisely the same way. A fungus has more than you 
might expect in common with animals. 

The fungi we see, such as portobello, shiitake, oys-
ter, and button mushrooms are just the fruiting bodies 
emerging from colossal colonies of hyphae that form 
a massive mycelium that’s hidden from view. Many 
help to give soil its texture and bind together the min-
eral components, and they are a crucial component of 

the cycle of life. Rather than taking in food, and digest-
ing it, they exist within their food source and digest 
it all externally. They have given us some unexpected 
benefits. The mycoproteins that many see as a future 
alternative to meat (e.g., the Quorn brand) are all cul-
tured forms of fungi discovered in earth. They offer 
nutriment surprisingly similar to steak, though with 
less fat and more fiber. Many soil species are able to ab-
sorb heavy metal ions such as cadmium, copper, lead, 
mercury, and zinc and then concentrate these danger-
ous elements in their fruiting bodies. As the fruiting 
bodies eventually die, the toxic metallic ions are re-
moved from the fungal mycelium, so this is essentially 
an excretory mechanism, just as I have described in 
vascular plants (“A New Theory on Old Leaves,” The 
Microscope, 61:3, pp 121–129, 2013). I believe that these 
fungi could act as phytoremediators and could help 
us reclaim contaminated soils. Fungi often grow in as-
sociation with roots, and frequently colonize plant tis-
sues where they exist as symbionts. The plant provides 
moisture and protection, and supplies the fungus with 
carbohydrates, while the fungus offers metabolic by-
products that fertilize the plant. This association is 
known as a mycorrhiza, and note that it’s the fungus/
plant combination which is connoted by this term, and 
not just the fungus.

MORE EXQUISITE CREATURES

Apart from the microbes, there’s a host of other 
multicellular species that are of microscopic dimen-
sions. Most abundant are the minute nematodes, which 
standard texts claim were discovered in the 18th cen-
tury. Not so. They were drawn with precision by Rob-
ert Hooke and first published in his book Micrographia 
of 1665. These curious little transparent worms are 
predominately eutelic, meaning that adults of any one 
species, and each organ within the body, contain the 
same number of cells. Microscopic nematodes share 
this property with rotifers, which we also find in soil. I 

Nematodes are multicellular, though 
many soil species are not much larger 
than single-celled protozoa. They 
are said to have been discovered in 
the 18th century, but here is Robert 
Hooke’s engraving of nematodes, 
published in his celebrated book 
Micrographia of 1665.
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say they are “predominately” eutelic, because the rule 
is not as immutable as they say. Recent research has 
shown that, even though it holds true within the body, 
it isn’t so in the epidermis. So small are these creatures 
— often less than 1 mm in length — that they rely on 
simple diffusion for gas exchange and have no need 
for circulatory or respiratory organs. Nematodes are 
important in maintaining the complex communities 
that exist in soil, and one of these species, Caenorhabdi-
tis elegans, is widely used as an experimental animal in 
developmental studies. It was my late colleague Syd-
ney Brenner at Cambridge University, who had first 
proposed that C. elegans would be a suitable organism 
for study back in the 1960s. He went on to establish 
the Molecular Sciences Institute in Berkeley, CA, and 
there are now thousands of laboratories worldwide 
studying his soil nematode. 

Bdelloid rotifers are also widespread in soil com-
munities, with Macrotrachela, Habrotrocha, and Mniobia 
being among the most common. Rotifers are exquisite 
little creatures that are immediately recognizable from 
the anterior mastax, which appears to be incessantly 
chewing at food particles, while a whirling corona of 
cilia makes the rotifer look like a microscopic twin- 
rotor helicopter. The earliest microscopists called them 
wheel animalcules. All the standard accounts remind 
us that Antony van Leeuwenhoek was the first to de-
scribe them in 1687, and I reconstituted some of his 
dried rotifer specimens in 1982 (though we did not see 
if they actually came back to life). Credit should also 
be given to the Rev. John Harris of Oxford University, 
whose vivid description of the movement of a bdelloid 
rotifer is instantly recognizable. In a paper for the Roy-
al Society of London on July 7, 1694, Harris wrote: “I 
saw an Animal much like a large Maggot, which would 

contract itself up into a Spherical Figure and then 
stretch itself out again; the end of its tail appeared with 
a Forceps, like that of an Earwig.” Delicious! Watch one 
of these creatures move and the description is perfect. 
Harris deserves more recognition. Not only were his 
descriptions of microscopical life lively and vivid, but 
he was (like all microscopists) a person with boundless 
enthusiasms for a myriad other subjects. 

Rotifers are each comprised of about 1,000 cells, 
which are specialized into organs of nutrition, diges-
tion, and movement, with a minute brain and nervous 
system. Food from the mastax passes into an esopha-
gus that is furnished with calcified trophi that act as 
grinding teeth. Although the rest of the rotifer is eas-
ily degraded and quickly disappears after death, these 
trophi persist and can be found as microfossils, so we 
can identify the presence of rotifers even when the 
body has long since disappeared. These tiny, transpar-
ent creatures are fascinating to study. Like the nema-
todes, most are less than 1 mm in length and they exist 
exclusively in an aquatic habitat. Aerated, dry soils are 
naturally inhospitable places for these species, though 
they can survive for decades in a dehydrated state and 
rapidly revive when the water returns. 

Of similar dimensions are the tiny tardigrades, 
discovered in Germany by microscopist Johann Au-
gust Ephraim Goeze in 1773. He dubbed them “water 
bears,” the term by which they are commonly known 
today. Four years later the noted biologist Lazzaro 
Spallanzani, who went on to spearhead the demise of 
the theory of spontaneous generation, gave them the 
name tardigrade. There are more than 1,000 species of 
these curious little eight-legged animals, unrelated to 
any other forms of life and probably the remaining de-
scendants of animal genera (like Aysheaia) known only 
as fossils. They are widely present in soil and can be 
found on the tops of mountains, at the bottom of the 
sea, in hot mud volcanoes, polar icefields, and tropical 
rainforests. Few people had heard of them until recent 
research showed how extraordinarily resilient they 
are. Tardigrades can survive almost anything — des-
iccation, starvation, freezing, radiation, dehydration, 
etc. — and nothing seems to kill them, for they simply 
enter a quiescent hibernatory state until conditions 
improve. There are even tardigrades on the surface 
of the moon. Israeli scientists recently launched their 
Beresheet spacecraft, the first privately funded lunar 
lander in history, with a payload containing some tar-
digrades. On April 11, 2019, the craft suffered instru-
ment failure and it impacted the lunar surface at over 
300 mph. Tardigrades can withstand temperatures up 
to 150° C and down to –272° C, are unaffected by ion-

Like microscopic nematodes, rotifers (like this specimen of Philodina) 
have the same number of cells in a given organ for each member of a 
species. Rotifers are often found in soil communities, where they feed by 
grazing on larger microbes, including the chlorophyte algae.
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izing radiation that would inactivate a normal living 
cell, tolerate dehydration, and survive storage in a 
vacuum. I have no doubt that (even on the moon) they 
remain viable. One day, astronauts will likely recover 
samples of those lunar tardigrades, which scientists 
will restore to life. Meanwhile, they are familiar to ev-
ery soil scientist, and you will find tiny tardigrades 
wherever you go. 

Protists, the true microbes, are also abundant in 
soil. There are ciliates that exist in the minute water 
pockets, amebae that are active in moist dirt wherever 
you look, and minute flagellates that browse through 
films of water. They range from 20 µm to 500 µm long 
and they all feed on bacteria that are less than 2 µm 
in size. Unlike bacteria, they are not rich in nitrogen. 
The diminutive dimensions of bacterial cells mean 
they have no spare room within the cell; their cyto-
plasm is concentrated and they contain higher levels 
of nitrogen compounds than soil-dwelling nematodes 
and grazing protozoa require. Protozoan cells, for ex-
ample, contain 10 times more carbon than nitrogen, 
whereas in bacteria the ratio is closer to 3:1. As these 
organisms graze on bacterial growths, they liberate 
unwanted nitrogen in the form of ammonium (NH4

+), 
which provides nourishment for other microbial spe-
cies and also fertilizes the vascular plants whose roots 
are nearby. Decomposition is incomplete, because the 
levels of oxygen in soil, notably when wet, are ordinar-
ily too low for carbon compounds to be metabolized 
to form carbon dioxide (CO2). As a result, these micro-
bial communities act as a carbon sink, and the soil in 
temperate latitudes contains a vast amount of seques-
tered carbon. Of the roughly 3,200 gigatons of carbon 
in terrestrial ecosystems, nearly 80% is held within the 
soil. Most of it is organic, though about one-third is 
inorganic carbon in minerals such as calcite, dolomite, 
and also as carbonates and elemental carbon. There is 
10 times as much carbon held in the oceans, though 
the amount in soil is three times as much as we find in 
the carbon dioxide of the atmosphere. 

And this is where the problems begin. Wet or near-
waterlogged environments and peat bogs are rich in 
microscopic wildlife, and have always acted as a vast 
carbon sink. When humans came along, they cultivat-
ed the soil and so they drained off the excess water. 
Once air gets in, the delicate balance of recycling with-
in the soil is destroyed, and the innumerable aerobic 
organisms can multiply at a rapid rate, metabolizing 
far faster than they normally could. They proliferate 
in colossal numbers and, with vastly increased oxygen 
availability, oxidation of the sequestered carbon rapid-
ly accelerates. That trapped carbon is rapidly oxidized 

and the CO2 is released back into the atmosphere in 
huge amounts. Now the dirt is more manageable, and 
so the humans could plow it. This brings even higher 
levels of exposure of the soil carbon to atmospheric 
oxygen, and so organic decomposition explodes into 
action. As the bulky organic components are oxidized 
to carbon dioxide and water vapor (CO2 and H2O), the 
soil shrinks, and the ground level starts to sink. Half-
fossilized tree trunks that were underground emerge 
tall, and small rocks appear to grow bigger, and we re-
alize that they are actually huge boulders once buried 
in the deep layers of natural dirt.

FERTILITY OF THE FENS

Perhaps the best place to see this mechanism at 
work is in the Cambridgeshire fens, near my home in 
England. Thousands of years ago the silt deposited by 
the slow, meandering rivers that drained the land af-
ter the last Ice Age caused the flow to back up, and the 
land became saturated with excess water. Mosses like 
Sphagnum grew in abundance, and a deposit of peat 
began to form as each year’s growth of vegetation fell 
into the swamp and built up a deepening layer of rich 
organic matter. There once were ancient oak woods in 
the region, and the newly saturated soil of the spread-
ing fens deprived their roots of the atmospheric oxy-
gen they needed to survive. The trees began to die, fall 
into the swamp, and their remains became partly min-
eralized. There was too little oxygen in the saturated 
swamp for them to decompose. Ten thousand years 
ago the whole area of eastern England, almost half a 
million hectares in size (over a million acres), changed 
from being a forest landscape into a vast swampland 
dotted with lakes and collapsing trees that would lie 
forever preserved — until humans came up with the 

These minute, eight-legged tardigrades occur in every environment and 
are remarkably resilient. They are unrelated to any other animal family, 
and may be a descendant from the long-extinct Lobopodia. This is 
a specimen discovered in a sample of dirt. The head is on the left.
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idea of farming the land. 
The largest of those lakes was Whittlesey Mere, a 

lake measuring 24 mi. around its shoreline yet no more 
than 6 or 7 ft. deep; it was the biggest lake in England 
outside the Lake District and the area became popular  
with wealthy tourists. There was a vast number of 
shallow-draft vessels plying their trade, plant life was 
abundant, the air was filled with garrulous waterfowl, 
and the waters teemed with fish. Most of today’s set-
tlements in the area were originally islands scattered 
across the fens. For instance, the great cathedral city 
of Ely was the island where their contribution to the 
Crown exchequer was paid in the form of eels. These 
super-abundant nourishing fish were a staple item of 
diet, and valuable. They were also the only form of 
meat that could be eaten during Lent. The fens provid-
ed this fishy currency and Ely, literally meaning “eel 
isle,” became fabulously wealthy. By 1375, its towering 

cathedral, almost 200 ft. tall and the skyscraper of its 
time, was nicknamed the “ship of the fens.” It stands 
to this day, towering impressively above the land.

The fenland of that time was busy with teams of 
men harvesting the reeds to provide thatch for hous-
ing (my home is thatched with those same reeds), with 
shallow-draft boats carrying fisherfolk who gathered 
up the copious shoals of fish, others hunting wildfowl, 
so a whole way of life was flourishing that had little 
cultural contact with the outside world. The layers of 
peat that had built up across the area over thousands 
of years were more than 15 ft. deep. Rich, black, sod-
den with water, and packed with semi-decayed veg-
etation, this was a huge store of carbon and organic 
matter. People were cutting the peat and using it as 
horticultural compost. It was the richest and most fer-
tile soil anywhere in the world. When dried out, the 
peat contained so much carbon as to be a valuable 
fuel, and so it was burned to cook food and to heat 
homes in winter. Peat, processed by microbes, was a 
major source of power and influence. 

And it was also microbes that underpinned the 
emergence of today’s capitalist society. England, like 
the whole of Europe, was for a thousand years a feudal 
society with money collected for the Crown by agents 
sent out to extract whatever they could from wealthy 
families. There was no set scale; and the liability to 
pay was neatly exploited in the 1400s by John Morton,  
the bishop of Ely, who is remembered for a canal he 
had extended to drain part of the fens, known to this 
day as Morton’s Leam. Morton was an educated man 
(he obtained a degree from the University of Louvain), 
who traveled in France and eventually became Lord 
Chancellor in charge of running all the royal estates. 
He used to visit the wealthy families, demanding 
revenue for King Henry VII, and first founded the 
principle described by Joseph Heller in his celebrated 
novel Catch-22. Morton decreed that, if his collectors 
arrived at a settlement where the Lord lived frugally, 
it was obvious that he had spent little money, and so 
could clearly afford to give generously to the King. On 
the other hand, if he found a ruling family living a life 
of great extravagance, then their opulent way of life 
meant they could also afford to donate large sums. Ei-
ther way, they were forced to pay handsomely to the 
Crown. His mantra of “I’ll catch you either way,” with 
its resonances in our present-day idea of Catch-22 is 
not the only way we should remember Bishop Morton:  
he turns up occasionally in historical plays on televi-
sion, most recently the Netflix series “Borgia,” where 
he is played by David Gant. 

And then, capitalism emerged. During the 1600s, 

Top: Fenland environments are rich in peat and are subject to seasonal 
flooding. The layers of peat extend down to underlying clay. The English 
fens sustained hunter-gatherers and fisherfolk whose livelihood ended 
when rich speculators drained the ground and converted it to farmland. 
Bottom: A religious center has existed on Ely, literally the “eel isle” of 
England, for 1,300 years, and work on the present cathedral began over 
1,000 years ago. The area became wealthy because of the verdant 
fenland that surrounded it, and vast quantities of eels were transported 
to London.



31

CRITICAL FOCUS | BRIAN J. FORD

England was moving away from the arbitrary power 
structure of a feudal system and towards a more cen-
tralized government in London. The wealthy land-
owners were beginning to realize that capital mat-
tered more than the labor of their serfs, and in 1660, 
the Tenures Abolition Act brought about the final end 
of feudalism in England. It did away with the ancient 
practice of socage, which obliged landholders to pay 
the Crown for owning their land and introduced the 
payment of excise duty for the first time. Nobody re-
alized the fact (and we still don’t recognize it today), 
but they were actually putting a tax on the work of 
microbes. Duty on alcoholic drinks was a prime target, 
along with excise to be levied on tea, coffee, and choc-
olate; all commodities that owe their flavors — and 
their market appeal — to processing by microscopic 
life forms (explained in “Beer and Pizza: A Slice of  
Ancient Life,” The Microscope, 64:4, pp 173–185, 2016).

SOILED CAPITALISM

As capitalism took hold, soil became recognized 
as a valuable resource, just waiting to be exploited. It 
had commercial value — not just as a means of sup-
porting the traditions of an ancient way of life but as 
an item of commerce. The landowners around the fens 
realized that the more land they owned, the wealthier 
they would become. Marshy land, if it could be re-
claimed, added to personal wealth. In 1620, the first 
serious attempt to drain the fens wholesale and con-
vert them to farmland began, and in 1630, the Duke 
of Bedford realized that it was time to exploit the rich-
ness of this deep, dark dirt so he gathered a group 
of wealthy speculators together under the name of 
the Gentleman Adventurers. Their aim was simple: 
to drain the fens and secure vast new tracts of land, 
which they could exploit for a profit. The processing 
of peat by microbes, with their new supply of oxygen 
as the land was prepared for cultivation, meant that 
this was the richest soil in the world, and the land-
owners knew they could become even wealthier by 
harnessing it for the production of food.

They weren’t the first to dig canals to drain the 
fens; there are suggestions that drainage ditches were 
dug in the stone age, and the Romans constructed ca-
nals and raised causeways to help travel across this 
sodden landscape. Canals originally dug by the Ro-
mans still exist today (Morton’s Leam was originally 
a Roman canal). But those canals had been excavated 
to assist people’s movements and to protect homes 
from seasonal flooding, not to exploit the earth. Spec-
ulators now saw the commercial potential of this fab-

ulously rich earth as a source of income. The Dutch 
had already used raised banks of earth and carefully 
managed canals to control the flooding of the Low 
Countries, so they were brought in to mastermind the 
drainage. Their greatest authority was Cornelius Ver-
muyden, and he planned vast projects, including the 
construction of a canal that was 40 ft. wide and 11 mi. 
long. That canal is known to this day as Vermuyden’s 
drain. English workers would not drain their land, 
so this huge canal was excavated by imported French 
laborers using wooden spades, and it is impressive 
even today. Once the levees had been raised and the 
canals dug, Vermuyden had Dutch wind pumps in-
stalled to drain the flooded enclosures. As a boy, I 
remember seeing some 30 Dutch windmills visible at 
one time on the drive to the coast; there are only 30 
now remaining in the whole of Cambridgeshire.

Once the Dutch intervened, land reclamation be-
came a major enterprise, and the fenland landscape 
and its ecology rapidly disappeared. That ancient 
way of life was disrupted, and communities were left 
destitute: their fisheries vanished, abundant wildfowl 
were gone, the reed marshes were drying out as well-
dressed Londoners claimed the huge tracts of fertile 
land that were now exposed to the air. The locals were 
incensed and did everything they could to stop the de-
velopment. They attacked the developers’ workmen at 
night, they set fire to reedbeds to drive them away, 
and they blocked off every newly excavated drain 
they could find. The speculators called the protestors 
Fen Tigers and employed armed gangs to keep them 
at bay. This was not a short-lived campaign; the Fen 
Tigers continued to attack and disrupt the develop-
ment for 200 years. Who can blame them? An entire 
way of life was being systematically disrupted, and a 
vast wild wilderness of indescribable beauty and im-
mense biodiversity was destroyed. More to the point, 
the microbiology had been irreversibly altered. 

With air now penetrating far below the land sur-
face, because of human intervention, microbial activ-
ity was able to oxidize the organic components and 
metabolize them thousands of times faster than be-
fore. The wealthy developers thought they were creat-
ing new land, but that’s only half of the story — the 
aeration of the soil meant that it began to evaporate 
as it was consumed by the microbes and its buried 
secrets started to emerge. Locals noted that the occa-
sional branch of a half-fossilized oak tree, buried for 
thousands of years, began to appear over the surface, 
and as time went by, the rest of the buried tree slowly 
followed. This “bog oak” is hard and feels like a rocky 
specimen, but although it is mineralized, it needs mil-



32 THE MICROSCOPE  69 (2022)

lions more years to become a fossil. It can burn, rather 
like lignite, and has been widely used in East Anglia as 
a fuel. This oak’s hard woody substance is attractive, 
and I am certain it would make an excellent building 
material. Sometimes it is sold for the construction of 
artwork or the manufacture of specialist furniture, 
and as such it commands a high price. In the fens 
it was cheap and burned like coal, and its aromatic, 
peaty aroma wafted across the countryside in winter 
like the smoke from a peat fire. Those partly digested 
trees are themselves the result of microbial process-
ing, and gigantic specimens continue to rise from the 
ground like ghosts from 10,000 years ago as microbes 
consume the surrounding sod. 

It is always said that these buried remains emerge 

from the ground because the land shrinks as it dries, 
but that’s simplistic. A very different mechanism is 
also at work; the organic component is being oxidized 
as it is consumed by microbes so the soil is actually 
disappearing into thin air, not just shrinking. As the 
ancient lake of Whittlesey Mere was being drained in 
the 19th century, one of the engineers decided to dem-
onstrate the disappearance of the land. He was Wil-
liam Wells of nearby Holmewood Hall, and in 1848, 
he drove a solid oak post into the ground so that its 
top was level with the surface. Within a year it was al-
ready sticking up inches higher than the surrounding 
land, and it was decided to create a more permanent 
marker. One of the cast iron pillars designed for the 
glass Crystal Palace, the centerpiece of the Great Exhi-
bition in London of 1851, was brought to the site and 
was driven deep down into the ground until its top 
was flush with the surface. Within two years, it was 
sticking out more than a foot above the ground and it 
stuck out 8 ft. higher than the surrounding landscape 
after just 30 years. Within a century it was in danger of 
being so exposed it might fall over. Another iron post 
was driven into the ground in 1957, and iron stays 
were attached to the original post to keep it upright. 
Both were officially declared as “listed buildings” in 
1988 to ensure they remain untouched, and they have 
date labels riveted down the shaft, to demonstrate 
how the land has sunk away. The land at the edge 
of the nearby water courses is some 13 ft. below sea 
level, making this the lowest point in England. Hardly 
anybody visits the site, though hundreds of thousands 
head out to see the highest hills. Those posts demon-
strate the power of microbes to manipulate our envi-
ronment, and a reminder of the way that speculators 
took command of a pristine wilderness and put it to 
use, to make money. 

America subsequently did the same with the con-
quering of the prairies and the introduction of vast 
farms. Both developing nations eliminated the natural 
landscape and harnessed it as a resource to generate 
wealth. We can all argue that the production of food 
on a huge scale was essential for society, but it was at 
the expense of nature and biodiversity. Currently, the 
global media are incensed at the way rain forests are 
being torn down so that the land can be developed for 
agriculture. 

Nobody is going to argue with the need to con-
serve and restore natural environments, but we would 
do well to realize that the developers in the Amazon 
and across the great swathes of Southeast Asia are do-
ing no more than we have done. They have stripped 
out virgin forest to plant wealth-creating crops, includ-

Top: Drained and intensively farmed for centuries, England’s present-day 
fenland has lost almost all its wildlife, and native vegetation is restricted 
to a few isolated areas. Now we see similar assaults on rainforests in 
South America and Southeast Asia, who are emulating our example.  
Bottom: The mineralized remains of ancient forests emerge like ghosts 
from the dwindling fenland soil as oxygen gains access to the peat and 
microbes metabolize it. This pile of bog oak was hauled from a fenland 
field for use as firewood, though souvenirs made from it can command 
high prices.
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ing oil palms. This is what England did for centuries, 
and it is how this small island became, at one point, 
the wealthiest and most powerful nation (today, it is 
the fifth wealthiest). Although England decimated its 
land in order to become rich, I cannot see that we have 
the right to insist that developing nations preserve 
their natural environment and eschew the chance to 
become wealthy. The land developers in Brazil, for 
instance, whom we condemn as money-grubbing op-
portunists, are doing precisely what we have already 
done. How can we justify condemning them to retain 
their primitive lives, living in jungle huts, while we 
preen ourselves in our air-conditioned homes and hop 
into our cars for the shopping mall?

LOGGERS TO THE RESCUE

Meanwhile, the illegal loggers hauling out mag-
nificent mature trees for the international furniture 
trade are actually helping in the war against global 
warming. Once felled, seasoned, and made into  fur-
niture, the timber from those massive trees retains 
its store of carbon. Left alone, those enormous trees 
would eventually die and decay, releasing all their 
stored carbon dioxide to our over-burdened atmo-
sphere. Curious it may be, but those loggers are help-
ing the environment, not hindering it. We can vividly 
visualize the role of microbes when we look in the 
tropical rain forests, because there is no soil. Living as 
we do in temperate zones, where peaty soil builds up 

around the roots of woodland trees, we would instinc-
tively assume that tropical forests were thigh-deep in 
wet, warm peaty soil. But because of the warmth, rates 
of decomposition and organic recycling are rapid, and 
plant matter is broken down and digested by microor-
ganisms at incredible speed. Beneath your feet, as you 
explore tropical rain forests, you will find occasional 
shed leaves. But if you move them to one side with the 
edge of your boot, you’ll see there is no soil beneath, 
for all you find is sandy clay. Every scrap of organic 
matter has already been recycled, for this is a realm in 
which humans are intruders. What matters most are 
the microbes (“Cloudy with a Chance of Microbes,” 
The Microscope, 64:1, pp 27–39, 2016).

Fens are also found in the U.S. Paw Paw Prairie 
Fen Preserve in southern Michigan is a 135-mile drive 
from Chicago. The English fens are of low pH, whereas 
this American example is alkaline, but like its British 
counterpart, Michigan’s beautiful fenland was always 
rich in wildlife. It was once slated for residential de-
velopment but, in more enlightened times, the South-
west Michigan Land Conservancy acquired the land 
just as development was starting, and so the Paw Paw 
preserve will remain in its natural state. Meanwhile 
in England, a group of five major environmental and 
wildlife organizations launched the Great Fen project, 
designed to recreate the original landscape. They have 
been purchasing adjacent farms and allowing them to 
flood, then planting water-reeds, sphagnum moss, and 
other marshland plants. And here is a crucial differ-
ence: Paw Paw is conserved, just as it was, whereas the 
Great Fen is an attempt to create a new fen to replace 

In 1851, an iron post (right) was driven into the soil at Holme Fen near 
Peterborough, until its top was flush with the surface. As microbes 
consumed the soil the land sank, and in 1957, a second post was 
installed in case the first one fell. The posts reveal the rate at which the 
dirt is being oxidized away by microbial activity.

Exploring the Amazon rainforest offers memorable encounters with 
wildlife like this two-toed sloth. English forests were once rich in wildlife 
— bison, bear, lynx, wolves, wolverines, and moose — all of which were 
exterminated as farming advanced and capitalism progressed.
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the old one. But it won’t; the original fen was deep in 
peat and it took millennia of microbial action to create 
those huge layers. The Great Fen features cultivated 
reed beds grown like rice, and though it may look like 
a fen from above ground level, the soil beneath will 
take at least 1,000 years to return to anything like its 
original state. A fen is identified, not merely by the 
plants that grow above ground level, but by what has 
been going on beneath. Nobody shows much interest 
in the microbial populations, yet they are what matter 
above all.

And it is those microbes that bequeathed to us the 

deep layers of peat that farmers now use to produce 
the best vegetable crops and the most succulent cere-
als. The richness and fertility of this soft soil is a farm-
er’s dream. I visited a farmer recently who showed me 
a line of freshly germinating seeds in soil so dark in 
color that it absorbs solar infrared and is as warm as 
an incubator. He had planted those seeds the day be-
fore, and they were germinating within 20 hours. In 
the middle of a row there was a weed. Your instinct 
would be the same as mine: stoop down and pull it 
out. Not the farmer: he nudged it with the side of his 
boot and it fell sideways out of the ground, as though 
it had been resting in a bed of feathers. This  soft soil is 
succulent and nourishing, but only because the micro-
bial communities are digesting its organic content, rel-
ishing in the unexpectedly high levels of oxygen that 
we have introduced. We are slow to grasp the reality 
that this soil is dissipating, and it won’t be here for 
much longer.

When we moved to Cambridgeshire over 30 years 
ago, the local fields were more than a yard deep in soft, 
glorious, nourishing black peat. Four or five years ago 
I noticed that the furrows from a farmer’s plow were 
revealing occasional streaks of clay. By now, many 
of those fields are mostly clay, with little of the peat 
remaining. The rest has vanished, and it won’t be  
coming back. Attempts to restore the soil are of limited 
success. Agriculturists like to put slurry from pig farms 
back onto the soil, and sometimes use the residue of hu-
man excrement collected from the city sewerage treat-
ment plants. They call this “municipal sewage sludge” 
(MSS) and claim it acts as a “soil conditioner,” but it 
doesn’t do that. These top dressings act as a fertilizer 
for the plants and provide many of the elements that 
plants require, but they also bring to the soil potential-
ly dangerous heavy metals such as chromium, nickel, 
cadmium, lead, zinc, copper, and thallium. They can 
also introduce a range of pathogenic bacteria, includ-
ing Salmonella, Listeria, enterotoxigenic and entero-
pathogenic variants of Escherichia coli, Campylobacter, 
Clostridium, and even Yersinia, the genus that includes 
species implicated in arthritis, Crohn’s disease, and bu-
bonic plague. MSS is the most conspicuous means of in-
troducing antibiotics into the environment with strep-
tomycin and tetracycline topping the list. Research in 
Brazil revealed adenovirus, hepatitis A, rotavirus, and 
polio in human sewage sludge, while investigations at 
Imperial College, London, suggest that at least 143,000 
organic contaminants can be found in sewage sludge, 
including perfluorinated compounds, polychlorinated 
alkanes, polychlorinated naphthalenes, organotins, 
and polybrominated diphenyl ethers. Many believe 

Vast tracts of rainforest in Southeast Asia have been destroyed, and wild 
areas from the 1970s are now nothing but oil palm plantations. Global 
campaigns are trying to stop this development, but these developers are 
following the example we set in the Western world.

Illegal loggers fell mature forest trees and haul them off to be used in 
manufacturing furniture. Paradoxically, this helps to keep the carbon 
content contained. Left to nature, the dying tree would return all its 
stored carbon to the air, but this way it remains safely stored.
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that sludge is the perfect way to recycle our wastes, 
but wastewater treatment establishments are the ideal 
environment for the propagation of resistant bacteria 
through horizontal gene transfer. Utilizing MSS on 
farmland may seem like a good idea — until you delve 
deeper into the microbiology.

ALTERNATIVE FARMING

One answer is to raise crops without soil. Attention 
has turned to hydroponics, where plants are grown 
in a nutrient liquid bath. This has given rise to verti-
cal farming, a system of growing plants in tall towers 
rather than flat on the ground. More recently, we have 
seen the emergence of aeroponics, where the roots of 
growing plants are suspended in moist air, with sprays 
of misted nutriments feeding them all they need. This 
refinement of hydroponics gives the roots greater ac-
cess to dissolved oxygen from the atmosphere, which 
is said to encourage faster growth. To the public it 
seems like a miracle, and farming without soil has 
been widely touted as being the obvious way ahead, 
but it has its downside. The vital chemical constituents 
of plant-growing soil are put there by bacteria and fun-
gi or are added by the farmer; in these hydroponic sys-
tems everything must be provided by a supplier from 
a complex chemical factory, which itself consumes 
large amounts of energy. Unless the composition of the 
irrigating liquid is correct, the grower stands to lose an 
entire crop. There is also the risk of disease destroying 
the plants. Energy usage is another drawback. Electri-
cal lighting is required because sunlight is no longer 
beaming over the leaves. Along with the required air 

conditioning, circulating pumps, humidifiers and all, 
it is easy for a hydroponic unit to consume more than 
100 kW/h per month for every square meter of the sys-
tem. In nature, sunlight provides over 1 kW per square 
meter for nothing, while the microbial populations of 
the soil process the organic component into nutriment 
for the growing plant without human intervention and 
at no cost. In the artificial, indoor farms, we have to 
provide all that. And it’s costly. 

We should understand that soil is not a substance, 
but a thriving community that needs food to function. 
A teaspoon of soil can contain hundreds of millions of 
bacteria, yards of fungal hyphae, and scores of nema-
todes and rotifers, all interacting in ways we cannot 
comprehend and which we show little interest in un-
derstanding. Between them they can fix nitrogen, con-
vert wastes into nourishing solutes, and recycle last 
year’s dead leaves into next year’s nutriment, but they 
themselves need nourishment. 

The Iroquois tribespeople found an answer to this 
thousands of years ago. They cultivated a trio of crops 
together that they called the Three Sisters: maize, 
beans, and squash. The stalks of corn plants were a 
strong support from which the beans could grow, 
and being legumes that fix nitrogen, the beans pro-
vided nourishment to help the maize plants grow tall. 
Meanwhile, the squash vines controlled the evapora-
tion of water from the soil, while their ground cover 
discouraged the growth of weeds. It’s a wonderfully 
ingenious idea, and is far better than our brutalist ap-
proach to agriculture. 

In nature, the cycles of plant and microbial life are 
perpetuated as a self-sustaining system, but conven-
tional farming depletes the soil because it takes away 
the crop and returns nothing to take its place. We can 
replace all the chemical constituents of soil we can 
think of, but we rarely consider the organic compo-
nent on which the habitat relies. In Britain in the 1950s, 
a few visionaries began to plow into the ground waste 
leafy matter that would help to regenerate the organic 
component of the soil. From this has sprung the con-
cept of regenerative agriculture, which seeks to boost 
the organic component of dirt. In just this way, or-
ganic farmers utilize composted plant matter to enrich 
their soil. Some are using green manure, the practice 
of growing a crop that — instead of being extractively 
harvested — is plowed back into the soil to replen-
ish it. That misses the point! Although fibrous plant 
matter is being plowed in, the essential biochemicals 
it contains are largely being returned to the ground 
from whence they originated. There’s no need to grow 
a crop specifically to use as manure — we should be 

Paw Paw Prairie Fen Preserve in Michigan is an example of a Midwest 
American fen. Once slated for housing, the land was taken over by the 
Southwest Michigan Land Conservancy and will be preserved for future 
generations to experience this unusual habitat.
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returning every scrap of our harvest, apart from what 
we need. 

Take sugar beet as an example. It was first grown 
in the U.S. in 1880 and is currently cultivated exten-
sively in the plains of Wyoming, North Dakota, Ne-
braska, and Colorado, which provide more than half 
the sugar consumed in the States. Each year, some 30 
million tons of sugar beet is lifted from American soil, 
and from that 7 million tons of pure sugar is extracted. 
Much of the pulp that remains after sucrose extrac-
tion is used as animal feed, while some is dried and 
burned. In many countries (like Russia), it often goes 
to landfill. But reflect on the figures: they show that 
America is left with 23 million tons of waste, to which 
we have to add the leaves that were removed early 
on in processing. The total is about 25 million tons of 
surplus plant material. This should be returned to the 
soil. All the discarded vegetation should be composted 
and plowed back into the farmland. Instead of remov-
ing all the vegetation from the field, we should keep 
only the sugar; the rest of the plant matter should be 
returned to where it originated. All we need is the su-
crose, while nature and her microbial inhabitants back 
in the soil require the rest. Until we start to boost the 
composition of soil with recycled organic matter, we 
will inevitably run the dirt down until only insoluble 
minerals remain. 

The United Nations Food and Agriculture organi-
zation (FAO) calculated that within some 50 years all 
our topsoil will be exhausted, unless depletion can be 
slowed. One answer is to reduce the introduction of air 
into soil, which allows the microbial populations to re-
turn to their natural rate of recycling, and a few farms 

have been experimentally cultivating crops with-
out plowing, an approach known as no-till farming.  
Others try to avoid pesticides and conduct what we 
call “organic farming,” but this still depletes the soil 
and it makes crops difficult to raise, since pests have 
evolved to spread from plant to plant. When the world 
was wild, biodiversity was high, and plants of any giv-
en type were scattered far and wide among innumera-
ble disparate species. This made it difficult for pests to 
find their next host. Once we started to farm the land 
and sowed seeds of the same crop across acres of open 
countryside, it made life unimaginably easy for any 
plant pest to spread. Instead of being some distance 
away, your next victim was right next door, along 
with thousands more. Farming is such an unnatural 
thing to do, and it always harms the environment. 

If we are to grasp what goes on in soil, we need to 
understand that, and to recognize that the agricultural 
habitat is founded, not on geology, chemistry, and 
physics, but on the myriad microorganisms of which 
we never hear. If we don’t, then the organic compo-
nent of the dirt around us will dwindle away until 
only minerals remain. It has already happened. Right 
across the Sahara Desert we find breathtakingly beau-
tiful examples of rock art that commemorate a lost 
way of life, a period when there was lush vegetation 
growing everywhere and lakes were dotted across the 
landscape. 

But some 8,000 years ago, farmers moved in, and 
their rearing of grazing livestock and raising of crops 
triggered that inevitable imbalance that disturbed the 
microbial communities, and the soil became deplet-
ed. Within 4,000 years  the organic component of the 
soil had been consumed, and the Sahara Desert was 
born. Climatologists like to say that rainfall patterns 
just changed, and that’s why the desert appeared — 
but they cannot explain why. Untrammeled exploita-
tion of the earth provides the answer. Microbes have 
always maintained an equilibrium between water, 
earth, and air. Disrupt that, and we’re lost. So much is 
now known about the geology of weathering, the min-
eral components of soil, the physics of erosion, and 
the chemical cycles that occur in the ground. Now we 
need to visit the microbes. Science should prioritize 
how those communities function, how they interact, 
and how we can nurture them so that they can be left 
alone to do their necessary work. 

We need a new approach to science, if we are to 
protect the soil for future generations. Every arable 
farmer should have a microscope, because chemistry 
and physics cannot show us the way. It is the microbes 
that have the answer.

Rock paintings from the Ennedi cave in Chad remind us of the luxuriant 
landscape and prolific farming that was widespread 8,000 years ago. 
Cultivating the land in northern Africa subsequently played a major 
part in reducing the region to desert. Overuse of modern farmland also 
depletes the soil.


