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Preface: why?

The word ‘textbook’ is a bit pompous. Yet
many come from the passions of authors
wanting to pass on their worldview and
enthusiasms, reflected in the facts. But the
relative importance of individual facts
changes as understanding grows, and the
amount of information increases. A huge
volume appears in articles, books and web-
sites on almost everything, and although
there is a lot of repetition, the amount is
nonetheless daunting. In the five years
between 2010, when the last edition of this
book appeared, and 2015, 26 596 papers with
‘freshwater’ appearing in the title or key-
words were published in peer-reviewed jour-
nals. The complete literature on freshwaters
for the five years will amount to several times
this, perhaps as many as a quarter of a mil-
lion articles.

Textbooks have to change to reflect this.
Once they could be nearly comprehensive
but remain of modest size; increasingly
they have become near encyclopaedias, off-
putting in bulk. I have come to the view with
so much information, including most formal
journal publications, available on the net,
that a textbook should become a guide book,
with the advantage that guide books can be
much more attractive to read than encyclo-
paedias, and still give the fundamentals
necessary for understanding. This is the fifth
edition of this textbook. The previous edi-
tions have grown bigger and bigger so I
decided to write a shorter fifth. Faced with so
much information, however, this proved
trickier than I had thought, but at least I have
more or less held the line. I have had to be
ruthless in avoiding giving several examples

of everything, so as not to offend anyone, and
I have had to discard some topics and many
references that were dear to my heart and
survived several previous editions. But a
book is to be read. I have tried to make this
one as accessible as I can. The web can be
used for further reference.

Photographs taken from the first space
missions in the late 1960s are said to have
jolted our perceptions of our planet and
ourselves. They showed a distant, delicately
blue planet with wispy clouds. It was Planet
Ocean rather than Planet Earth and the
images inspired the environmental move-
ment with the fragility that Earth appeared to
have. That message of fragility is both right,
when it comes to the conditions that make
for a comfortable human existence, and
wrong when a study of Earth’s geological
history reveals the vicissitudes that the bio-
sphere, albeit occupied only by microorgan-
isms for most of the time, has survived. The
fragility message, though, has been forgotten.
A plethora of beautiful satellite photographs
that are too distant to reveal the details of
destruction has diluted it. Many human
activities continue to exploit the Earth’s
resources because of a roughly 200-year-old
flawed economic model that assumes that
lunches are free if the bill is not tendered
immediately.

Environmental scientists and some econo-
mists have repeatedly pointed out that our
present economic system can only be tempo-
rary, but the message has been ignored. We
are ruled by those who know little outside
the parochial worlds of finance and politics.
Winston Churchill wrote that scientists

xiii
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Preface: why?

should be on tap but not on top. Most would
not wish to be on top, but the tap seems
to have been screwed shut; and we must
seek droplets of compromise from political
plumbers determined to keep it that way.
Science, an account of the workings of energy
and matter, and politics, that of the workings of
human societies, are intertwined and it would
be foolish to pretend otherwise. There has
been no sentence, in any scientific book, ever
written, that has not been immediately charged

with the subjectivity of its author. But the self-
critical, peer-policed world of academic inves-
tigation and experimentation, which I offer you
here, gives the closest we have to objectivity,
and is far superior to the nebulous and often
self-serving dogmas of political theory, not
least when it comes to the environment in
which we must live. Our problem is to change
the politics to reflect the science.

Brian Moss



The world as it was and the world as it is

1.1 Early ecological history

Our planet is old, around 4.53 billion years
on current estimates, but we humans are
very young. Only about 100000 years have
passed since we emerged distinctively as
Homo sapiens from our previous ancestors.
They had had comparatively little effect on
the planet, and so did we until the last 15000
years or so. Before then, the planet changed
slowly but continually, under natural geologi-
cal forces: volcanic eruption, plate separation
and continental drift; natural cycles in the
Earth’s orbit around the Sun; and small
changes in the rate at which the Sun emits
energy. Its surface changed just as much
because the inevitabilities of evolution were
producing a succession of organisms that
altered the chemistry of the atmosphere and
oceans. Around 2 billion years ago, an atmos-
phere that had previously been free of molec-
ular oxygen was steadily oxygenated because
one group of bacteria, the Cyanobacteria
(Fig. 1.1), had evolved the ability to use water
as the hydrogen donor needed to reduce car-
bon dioxide in photosynthesis, and released
oxygen as a by-product.

This created problems for a biosphere
maintained by anaerobic bacteria, because
free oxygen was toxic, but one consequence
appears to have been the evolution of the
eukaryotic cell, in which, through processes of
symbiosis, host cells, probably Archaebacteria,
engulfed other bacteria whose enzymes could
function deep in the combined cell, away from
the increasing oxygen concentrations in the
environment. Oxygen then built up steadily

in the atmosphere until concentrations were
high enough (Fig. 1.2) for diffusion to be able
to support bigger, multicellular organisation,
between 500 and 600 million years ago.
Multicellularity allows specialist systems to
develop and was rapidly adopted. Multicellular
systems could cope with conditions on land,
and a biodiversity previously confined to
water was joined by one that could take
advantage of very high oxygen concentrations
in the air. Oxygen is not very soluble in water
(see Sections 5.2 and 5.3). On land there was
also a greater supply of light energy (water
absorbs the Sun’s radiation very quickly; see
Sections 7.2 and 7.3). In turn, these enhanced
conditions allowed the eventual evolution of
mammals that could start to modify condi-
tions to their own ends through a high brain
capacity. We were born.

The Earth is well supplied with the twenty
or so elements that natural selection has used
to produce and maintain living systems, but
it has limited supplies, in available form
at the surface, of some of them. The stock
must be recycled. Moreover, liquid water is
essential for living cells to function, and,
from the end of the Hadean Period 4 billion
years ago, when Earth had cooled suffi-
ciently for water to condense from the
steamy atmosphere of volcanic gases, there
was established a water cycle. The essence
of this is that water, evaporated from the
oceans and land surfaces through solar
heating, moves upwards or polewards in
the atmosphere, cools and condenses. It
falls as rain or snow, and runs off the land
and back to the ocean.

Ecology of Freshwaters: Earth’s Bloodstream, Fifth Edition. Brian Moss.
© 2018 John Wiley & Sons Ltd. Published 2018 by John Wiley & Sons Ltd.
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1 The world as it was and the world as it is

Figure 1.1 Cyanobacteria, which are now ubiquitous in soils, fresh and salt waters, had a pivotal role in the
history of the biosphere. They evolved the ability to use water as a hydrogen donor in photosynthesis, thus
releasing molecular oxygen as a by-product. Individual cells of cyanobacteria (inset) are generally very small
(around 1-2 um) but may aggregate in much bigger filaments and colonies, sometimes occurring so
abundantly as to colour the water prominently, as in this temple tank in Nepal. Ancient fossils suggest that the
range of forms of cyanobacteria have not changed greatly since they first evolved. (Reproduced with
permission of K. J. Irvine. Inset reproduced with permission of Matthew J. Parker.)

Carbon dioxide (bars) Oxygen (bars)
First recognisable L 100
102 fossils
Cyanobacteria
evolve
- —4
109 10
Multicellular
organisms
- 108
1072 - 0
| — 10712
10 I I
4000 3000 2000 1000 Present

Millions of years before the present

Figure 1.2 Reconstructed changes in oxygen and carbon dioxide concentrations in the Earth’s atmosphere
over geological time. The envelopes indicate the variation calculated from different geological models, but the
trends are clear. Major events in evolution are also shown. A bar is the unit of atmospheric pressure. Current
total pressure is close to 1bar (or 10° on the logarithmic scale used). (Based on Mojzsis 2001.)
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Figure 1.3 Linkages among parts of the freshwater system, the catchment area of the land, the atmosphere

and the water cycle.

In doing so, it is retained for a time in a
continuous system of hilly streams and riv-
ers, groundwaters, pools, wetlands and lakes,
and then in floodplain rivers and estuaries
that connect them with the coastal seas
and oceans (Fig. 1.3). Water dissolves a huge
range of substances and carries them with it
during the liquid phases of this cycle. Some
are absorbed by aquatic organisms; others,
like nitrogen compounds, are converted
quickly to gases by bacteria and returned to
the atmosphere, and yet others contribute to
the saltiness of the ocean or are precipitated
out into sediments and newly forming rocks.
Recycling of these latter elements is long
term. Movements of the Earth’s plates against
one another raise new mountains over mil-
lions of years and weathering slowly re-
releases substances usable by organisms.
Recycling of many essential elements, how-
ever, has to be much more rapid and depends
on biological processes. Water thus acts like

a bloodstream for the Earth (Fig. 1.4), its
rivers and lakes the equivalents of arteries
and veins, its evaporative surfaces a sun-
driven heart that pumps the water around,
and its basins, especially lakes and wetlands,
its digestive and excretal systems, foci of
biological activity that shuttle dissolved sub-
stances between organisms and the water.
There appears to be some overall linkage
of these activities, though we have no idea
how it is achieved. The oxygen and carbon
dioxide concentrations in the atmosphere
and the saltiness of the sea have been main-
tained for a long time within limits that allow
the persistence of liquid water and of multi-
cellular organisms, despite geological forces
that could threaten this. Carbon dioxide
remained between 190 and 260 ppm by vol-
ume for at least a million years until very
recently — a period that included a number
of advances of the polar and mountain gla-
ciers — and oxygen concentrations have been



4 | 1 The world as it was and the world as it is

Figure 1.4 Seen from space, the freshwater systems of the Earth support the analogy that they are the
bloodstream of the biosphere. The many mouths of the River Ganges shown here discharge into the Indian
Ocean. (Reproduced with permission of USGS EROS Data Center Satellite Systems Branch.)

Table 1.1 Composition of the Earth’s atmosphere, compared with those of its closest planets, Mars

and Venus. Equilibrium Earth is calculated from chemical models that assume that all possible reactions are
allowed to run to equilibrium. Present-day composition is as measured on Earth, and for Mars and Venus is
deduced from spectroscopic measurements. (Based on Lovelock 1979. Reproduced with permission of Oxford
University Press.)

Venus Equilibrium Earth Mars Earth as it is
Carbon dioxide (%) 98 98 95 0.03
Nitrogen (%) 1.9 1.9 2.7 79
Oxygen (%) Trace Trace 0.13 21
Argon (%) 0.1 0.1 2 1
Surface temperature (°C) 477 290 -53 13
Total pressure (bars) 90 60 0.0064 1

around 21% for at least as long. Carbon diox-
ide was prevented from rising much higher
through the storage of carbon compounds in
waterlogged soils, peats and lake sediments,
whilst gases produced by living organisms,
such as methane and dimethyl sulphide,
react with oxygen and temper its concentra-
tion downwards. Much higher oxygen con-
centrations would promote uncontrollable
forest and grassland fires and indeed this
had happened earlier in geological history.

The chemistry of both seawater and the
atmosphere is maintained in a non-equilib-
rium state by the activities of living organ-
isms (Table 1.1). Without them, we would
have a much hotter planet and possibly no
liquid water, and then only with a crushing
atmospheric pressure. But how this system
is maintained in an apparently orderly way is
a mystery. There appears to be cooperation,
but cooperation and natural selection do not
easily fit together.



1.2 The more recent past

We know a great deal about the ecology of
our planet but the detail is greater for the
past few million years, and particularly for
the last few tens of thousands of years, than
for any time previously. This latter time
embraces the final melting back of the ice
sheets that had advanced and retreated over
the previous several million years. As ice
advances, it bulldozes the land surfaces, wid-
ens pre-existing river valleys and changes the
former courses of rivers. It scrapes out new
basins for eventual lakes, and changes the
outlines and depths of previous ones if they
were large enough for their basins still to be
recognisable. When ice melts, enormous
amounts of fractured rock, gravel, sand and
finer sediments wash out from under the gla-
ciers, and may be deposited as moraines or in
extensive washout plains. Organisms from
previous periods of retreat, when the land
was exposed and ecological communities
developed, do survive, but they are a small
proportion of the former communities.

We are not talking about a few metres of
ice and snow, the consequences of even a
severe blizzard. Over the land in the upper
forty degrees of latitude in both the south-
ern and the northern hemispheres, we must
imagine ice several kilometres in thickness.
We must hear the deafening noise of crash-
ing bergs and roaring floods at the ice front;
and towards the Equator, we must see lands
that were frosted in winter, melting only in
summer for their rivers to flow. Closer to
the Equator, there was not such devasta-
tion, but it was cooler and wetter: one of
the reasons for ice to advance is that the
Earth’s orbit is slightly farther from the Sun
than at other times and its tilt on its axis
slightly less extreme. Heating and evapora-
tion were reduced; droughts were still fre-
quent in arid areas, but lakes were bigger,
rivers flowed more prolifically. And eventu-
ally, from a reservoir of species in the now
warmer lands, came a steady migration of
organisms polewards as the ice retreated
and the now temperate and polar lands
were re-exposed.

1.2 The more recent past

The final advance of the ice and its melting
back did not completely re-set ecological his-
tory, even for the temperate and polar lands,
but particularly not for the regions that were
not covered by ice. There continued a long
process of evolutionary change since the
times that they too may have been devastated
by even more severe glaciations some hun-
dreds of millions of years before, and particu-
larly following the impact of collision with a
large meteor in what is now Mexico 66 mil-
lion years ago. At that time, the continents
were approaching their present positions but
were still on the move. North and South
America had not yet joined up, India was yet
to smash into Asia and cause the upthrust of
the Himalayas, and Australia was only just
separating from Antarctica and moving
equatorward, whilst Antarctica moved far-
ther south. The land surfaces that were to
become the present tropics and warm-
temperate regions were mostly ancient,
having been subjected to millions of years of
weathering down to flat plains (Fig. 1.5),
whose soils were deep and had been leached
for long periods, in contrast to the glaciated
regions where new soils were formed from
rock freshly plucked and scoured by the
ice (Fig. 1.6).

There were to be immense consequences
for freshwaters, because the minerals that
leach out from the soils determine the nature
of the water that fills the basins. And cutting
across this simple picture of ancient, un-iced
surfaces and new just-glaciated ones, was
the legacy of past plate movements. There
were (and still are) huge mountain chains
along the western edges of the Americas,
continuing across the arc of the Aleutian
Islands around the far side of the Pacific
through Russia and Japan, and dwindling
into South East Asia. Sixty-six million years
ago, the Himalayas were yet to form, but the
Carpathians, the Alps and the Appalachians,
formed by earlier plate collisions, were still
high features. In many places, even under the
ice, the effects of plate movement continued
to be reflected in volcanic activity. The flat
continent of Africa acquired, only a million
or two years ago, deep basins, the rift valleys,
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Figure 1.5 Mount Conner, Northern Territory, Australia. Ancient land surfaces have been planed flat by
erosion, often have deep but infertile soils, from which minerals have long been leached, leaving only bright
iron oxides and quartz with little organic matter. Such landscapes are now mostly found in the warm
temperate and tropical regions. (Reproduced with permission of Gabriele Delhay.)

Figure 1.6 Youthful landscapes are those where rock has been exposed by volcanic action or scoured and
ground by ice. Soils are shallow and still forming but are rich in minerals, which leach to the streams and rivers.
In glaciated landscapes like this near Cader Idris in Wales, with Cregennan Lake in the foreground, the
northerliness and dampness of the climate also promotes the build-up of organic matter in the soils.

in which rest the East African Great Lakes.
Volcanoes continued to erupt, leaving iso-
lated high mountains, Kenya and Kilimanjaro,
for example, with dozens of streams and
small tarns. Lakes like Kivu (Fig. 1.7) were

formed as lava flows dammed the rivers.
Nothing has rested for very long.

We enter the last 20000 years, even the last
few million years, on a still changing stage but
one that would be easily recognisable to a



1.3 Characteristics of freshwater organisms

Figure 1.7 Fishing on Lake Kivu, which is shared between the Democratic Republic of the Congo and Rwanda.
The lake was formed by the damming of the River Rutshuru sometime before 15000 years ago, when the
Virunga volcanoes to the north erupted and filled the rift valley between Lake Edward and Lake Tanganyika
with lava flows. This changed the drainage so that the lake overflows now to the south whereas previously the
flow was northwards into Lake Edward. The lake is very deep and does not mix from top to bottom and so has
accumulated very large stocks of carbon dioxide and methane in its deeper layers. (Reproduced with

permission of Steve Evans.)

modern biologist. The groups of organisms
that are now familiar to us were by then already
dominating. We are not dealing with trilobites
and dinosaurs, huge trees of the fern families,
or even exotic microorganisms. Indeed there
has been a great turnover in individual species
and genotypes, even over a hundred thousand
years, but all the groups with which we are
now familiar were established before the dis-
ruption of the meteorite collision 66 million
years ago. In freshwaters, the bacteria, algae
and protozoans, though now reclassified into
seven or so new kingdoms that would be unfa-
miliar to a biologist trained just twenty-five
years ago, are old groups.

1.3 Characteristics
of freshwater organisms

The freshwater invertebrates have been
dominated by the annelid worms, molluscs,
crustaceans and insects for many millions of
years, and the flowering plants, birds and

mammals had established their dominance
over the ferns and mosses, amphibians and
reptiles long previously. But it is, and was, a
highly changing world. Freshwaters contain
only a very small proportion of the world’s
water. Most water is contained in a set of
linked oceans that has been a permanent
body of water (though greatly changing its
shape) since water first condensed out of the
atmosphere around 4 billion years ago. The
next most abundant source is in the polar
and mountain glaciers, then the soil and
groundwaters. Only a tiny fraction, a per-
centage point or two, is stored in lakes or
flowing through rivers at any one time, but
with the even tinier proportion in the atmos-
phere, this water maintains the movements
and exchanges of nutrients and minerals
throughout the land. Its amounts in any
given place are basically determined by cli-
mate, but within the climatic zones, weather
has an immense effect. There are droughts
and floods; lake levels can rise and fall;
streams, even rivers, can move sideways,

7
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Figure 1.8 Freshwater animals often produce structures that allow them to survive drought or other difficult
conditions by reducing their metabolism in protective shells or spores. A-D are cysts of protozoans; E and F are
resting eggs of tardigrades (water bears). G shows dispersive structures (gemmules) of a freshwater sponge; H
is a resting egg of a freshwater shrimp (Eulimnadia); and J and K the resting eggs of rotifers. L and M are side
and front views of a statoblast of a bryozoan. (Based on Pennak 1985. Reproduced with permission of Oxford

University Press.)

even dry up, and there is little detailed pre-
dictability from year to year. The loss and
re-formation of the entire system in the
polar and temperate regions during the
recent glaciations is a manifestation of this.
Unless it lives in a particularly big lake, a
freshwater organism can rely on little. Its
habitat may be very different next year.
Freshwater communities are well adapted
to change and disturbance. They might
produce resting stages to survive a dry
period; they might be very efficient at dis-
persal as spores or cocoons (Fig. 1.8) or by
flood or on the wing. They generally have
high tolerance of varying habitat condi-
tions and they invest more energy in repro-
ductionandreplacementthanin developing
liaisons among different species, in breed-
ing colours or elaborate behaviours. When
these features are prominent, the organ-
isms will usually be in one of the more sta-
ble basins: a large, deep tropical lake for
example. In contrast, marine organisms
can rely on a permanent water body. Tides
vary but highly predictably; ocean currents
involve such huge volumes of water that

they can be relied upon; and below a shal-
low surface layer is a steady habitat, tran-
quil even, that supports multicoloured
animals that have developed many mutu-
ally supportive symbioses (Fig. 1.9). As in
freshwaters, the open-water planktonic
habitat in the oceans is hazardous, but the
bottom is steadier and that is where most
of the biodiversity lies. Marine organisms
are generally fussy. It is much easier to
maintain a freshwater aquarium than a
marine one.

1.4 Freshwater biodiversity

Freshwaters are sometimes thought of as
Cinderellas when it comes to richness of
diversity. Apparently they have many fewer
species, though not necessarily families, than
the land, or especially the oceans. But the
more valid comparison is in richness com-
pared with extent of habitat. Freshwaters
occupy a tiny proportion of the land space or
total water space, but have broadly comparable
diversities in terms of order of magnitude



Figure 1.9 Marine animals are
frequently brightly coloured compared
with freshwater ones. The ocean is a
much more predictable habitat than
freshwaters and investment in warning
or breeding colours is worthwhile,
whereas in freshwaters, more energy

is invested in reproduction in a habitat
where death rates are often high.
(Reproduced with permission of

Mark Peter.)

1.4 Freshwater biodiversity |9

Table 1.2 Relative biodiversity of fishes in marine and freshwater habitats. NA, not applicable. (Based

on Cohen 1970; Horn 1972; and Balian et al. 2008.)

Area Volume Mean Species number  Species per  Species per
Habitat (millionkm?)  (millionkm®  depth (percentage) millionkm?  million km?
Fish
Oceans 361 1371 3.8km 18000 (58) 49.9 13.1
Freshwaters 1.5 0.13 87m 13000 (41) 8667 100000
Total animals
Oceans 361 1371 3.8km 349000 (26.8) 967 255
Freshwater 1.5 0.13 87m 126000 (9.7) 84.000 969200
Land 149 NA NA 827000 (63.5) 5550 NA

toland or marine biota (Table 1.2). Speciation
has been much more vigorous in freshwaters,
perhaps because of the continual moderate
and occasionally high disturbance that they
experience. The continually shifting habitat
means continual evolutionary adjustment.
Freshwater fish are especially diverse.

After the ice retreated, there was plentiful
water flow in the rivers, and on flat, long-
eroded landscapes, irregularities held water

and created extensive networks of shallow
wetlands or deeper ponds and lakes. Rivers
meandered over wide floodplains, carrying
silt from the uplands, depositing it in the
spring or wet season floods, and creating a
mosaic of habitats. The land was covered in
natural vegetation: forests of many kinds,
grasslands in drier areas, deserts in the most
arid. But most deserts had some vegetation
and plant-lined ephemeral streams ran
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through them. Estuaries, mangrove swamps
and salt marshes made linkages with offshore
sea grass meadows, coral and algal reefs and
eventually the deeper ocean. It was the con-
tinuous bloodstream needed to maintain a
functioning biosphere. Rich in species, rich
in the processes it sustained, magnificent in
its extent and scope, it stitched together the
land systems into a continuous, unbounda-
ried whole. Its continuity allowed migrations
of animals to take advantage of seasonal
availability of fodder; its undisturbed forests
stored water and mitigated flooding, main-
taining habitats wet even during low rainfall
periods.

Large amounts of organic matter were
washed from the land as leaf litter, twigs,
downed timber and dissolved substances,
and processed by stream, river and lake com-
munities. Some of this material was respired.
Other material was stored in sediments and
peats, and the rest washed downriver to be
processed in the ocean. The freshwaters also
effectively controlled the Earth’s nitrogen
cycle, as well as being significant influences
on the carbon cycle. Although there is plenty
of molecular nitrogen available in the

atmosphere, it is only available to the bio-
sphere when fixed into amino groups by bac-
teria that occur in waterlogged soils, root
nodules and other places where oxygen is
reduced to low levels. And when they have
been fixed and taken up, recycled and
decomposed, ammonium and nitrate ions
are used by bacteria, again in waterlogged
places, for the release of energy, and returned
to nitrogen gas in the process. The flood-
plains, with their productive communities,
were extensive features of every river and
their high fertility, from plentiful water and
accumulated silt, attracted large flocks of
birds and herds of mammals (Fig. 1.10),
which daily moved between the drier uplands
and the plains, redistributing nutrients and
dung. Even close to the edge of the retreating
ice, the herds were very large.

The system was controlled by evolutionary
processes capable of responding rapidly
when necessary. It managed itself even as a
naturally changing climate altered the com-
positions of the communities. There are sev-
eral features necessary for independent
existence, adjustment and repair of ecologi-
cal systems: relatively scarce nutrients are

Figure 1.10 Bison in Yellowstone National Park, USA. Floodplains, fertilised by eroded silt from upstream and
with rich, damp grasslands and wetlands, attract large herds of grazers, where such animals are still protected.
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Figure 1.11 Homo sapiens progressively differentiated from common ancestors with the other great apes,
through a complex of Paranthropus, Australopithecus and several other Homo species. We were in essentially

our present form by only around 100000 years ago.

conserved in biomass and the risk of them
being lost to the ocean by leaching and
washout is minimised; physical characteris-
tics like river flows are determined by natu-
ral climate and fall into patterns, albeit
variable ones, to which organisms adjust
through natural selection; food webs are
intact, with top predators always present;
and the system is extensive and intercon-
nected. Only natural barriers like mountain
chains and tracts of ocean interrupted a
potential free flow of organisms. It was
an Eden that required no cash budget and
functioned indefinitely.

1.5 A spannerin the works?

But even as this system was emerging from
the effects of the ice, it was threatened. For
13 million years, hominoids had been dif-
ferentiating from great apes and steadily

speciating. Several Australopithecus and
Homo species developed, all of them omni-
vores or meat-eaters, and by 100000 years
ago the three or four coexisting Homo spe-
cies collapsed into a single species, Homo
sapiens: ourselves (Fig. 1.11). Homo had
survived the glaciations, emerging from
tropical refuges to recolonise the temperate
regions in the warmer periods between the
many small and large advances of the ice,
and finally followed the ice margin into
the Arctic. Before the start of the Holocene,
11700 years ago, we had a foothold on every
continent except Antarctica but we were just
one among dozens of effective predators. We
had, however, a number of advantages owing
to our very large brain to body ratio, a cere-
bellum within the brain complex that was
large enough to allow a degree of planning
and foresight, and a sophisticated ability to
make tools and manipulate our environment
rather than merely react to changes in it.
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As the Holocene unfolded, we were increas-
ingly to change the world, completely igno-
rant at the time that we could alter the
biosphere in ways that would bring severe
problems only a few thousand years later.
Indeed for most of our history we have per-
ceived ourselves as a force for the good,
rather than a spanner in the works.

Climate was still changing 15000 years
ago, and this confounds interpretations, but
strong evidence suggests that our first major
impact was to hunt out and make extinct
many of the other larger mammals that had
survived the ice alongside our immediate
ancestors. We were, and are, very effective
invasive species; we had our own predators
but we learnt to use shelter, fire and weapons
to dominate them. We were highly mobile
and could soon construct boats and primi-
tive bridges and slash convenient routes
through dense vegetation. We learnt to cache
food and to extend our range through the use
of animal skins as clothes. Other mammals
had the protection of size and strength, but
they did not have guile, and only our low
numbers at first delayed the extinctions that
were to characterise the later part of the
Pleistocene and early part of the Holocene.

The evidence lies in archaeological remains
including cave paintings and petroglyphs
(Fig. 1.12), in the huge quantities of mammal
bones preserved in the wind-blown soils of
Alaska and Siberia and in the spore and pol-
len changes seen in lake sediment cores from
that time. Analysis of lake sediments is an
important tool in understanding freshwater
ecology (see Section 12.7). The cores show
initially rich deposits of a very easily recog-
nisable fungal spore, Sporormiella, which
comes from a fungus specific to the dung of
large wild herbivores (Fig. 1.13). Over a few
hundred or thousand years, the spores in
cores yet examined from North America,
Madagascar and Australia became scarce
whilst the amount of charcoal deposited in
the sediment steadily increased. As the plant
biomass of the grasslands was less grazed
and more of it dried in the late season, grass-
land fires were fuelled. Perhaps also, we used
fire to drive the last of a dwindling source of

Figure 1.12 Cave paintings, and petroglyphs cut
into rock surfaces, of large mammals and hunting
scenes abound from the late Pleistocene. This
exquisite engraving of a sleeping antelope is one of
around 15000 from a small area at Tin Taghirt in the
Tassili nAjjer mountains in southern Algeria. It was
cut probably around 9-10 thousand years ago.
(Reproduced with permission of Linus Wolf.)

prey into traps for slaughter. Traditional buf-
falo jumps were used in Canada until the
sixteenth century CE.

About 9000 years ago, in the Middle East,
Meso-America and China and not long
afterwards on other continents, the hunter-
gatherer humans realised that a more settled
existence was possible, at first by attracting
game towards their camps, or by locally
planting seeds of favoured food plants that
they had previously gathered. The details of
how husbandry and agriculture began are
inevitably few and vague, but there is no
doubt that these were to be planet-changing
moves. Domesticated stock is easy prey to
wild predators, so removal of these became
paramount. Cultivated fields contain attrac-
tive, nutritious food that must be protected
from wild herbivores, which must be elimi-
nated. Cultivation allows human popula-
tions to increase, for food supplies are
greater and reliably harvested. It encourages
societies to become more hierarchical, work
to become more specialised and exploita-
tion more efficient, for there are needs for
labourers, supervisors and investors. Tillage
disturbs soils and increases the loss of nutri-
ents and other elements from them through
exposure to rain (Fig. 1.14). The soils become
less productive and cropping rates can be
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Figure 1.13 Evidence of the effects of large herbivore populations comes from lake sediment cores, illustrated
here for lakes in Indiana (USA; left), Madagascar (centre) and Australia (right) for periods corresponding to
major loss of large herbivores. The numbers of spores of the dung fungus, Sporormiella (illustrated), are shown
relative to the amounts of charcoal particles. Sediments have been dated using the carbon-14 method.
Sometimes these dates are calibrated against tree-ring data, so that cal. ka BP means ‘calibrated thousands of
years before present’‘Present’is set at 1950 CE; yr BP means years before present, without cross calibration.
The calibration generally makes only small differences. (Left, based on Burney et al. 2003. Reproduced with
permission of AAAS. Centre, based on Gill et al. 2009. Reproduced with permission of National Academy of
Sciences, USA. Right, based on Rule et al. 2012. Reproduced with permission of AAAS.)

maintained only by fertilisation; at first by
the fresh silts that entered the floodplains
where cultivation began in damp soils, but
on the higher land only by adding animal
manures, and later inorganic fertilisers. But
agricultural systems do not have the many
subtle ways that a biodiverse natural ecosys-
tem calls on to retain and recycle nutrients.
They are leaky and so for the freshwaters
a process of nutrient pollution, or eutroph-
ication inevitably began when agriculture
developed.

Meanwhile, as populations increased
through the advantages of permanent settle-
ment, more land needed to be cleared.
Agriculture, once begun, was unstoppable. It
generated a need for more of itself and social
structures that began to embrace larger and
larger settlements. As the fields became
more extensive, roads became necessary; as
the proceeds built up, land became valuable,
ownership became an issue; armies were
born to defend the spoils. The hunting camp
of the Mesolithic 9000 years ago became the
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Figure 1.14 Natural vegetation conserves its nutrient
supply, but agriculture replaces it with a leaky system
where soil is exposed to rain, the annual crops do not
have the retention mechanisms that perennial
woodland has and where continual losses of nutrients
must be replaced by fertiliser, which compounds the
problem. Nutrient pollution (eutrophication) is
inevitable whenever natural vegetation is disturbed.

city-state of the modern period. There were
pressures to make agriculture produce more.
Fertiliser was increasingly used but also
chemicals that defended the crops and the
domesticated stock from diseases that mul-
tiplied in plants and animals that were
themselves no longer tempered by natural
selection for survival, but under human
selection for high productivity. Inevitably
such substances, designed to kill, had effects
on the remaining semi-natural lands as they
spread as aerosols or even vapour and even-
tually reached the freshwaters. Some pesti-
cides are now detectable even in seabirds in
the remoter areas of Antarctica.

Land that was naturally wet and had borne
the river floods was coveted for more agri-
culture, and drained. The propaganda grew
that this was land that was inconveniently
sometimes flooded and needed to be

defended by pumps and embankments, and
displaced the understanding that it was the
river bed, occupied for only part of the year
but necessary for the river to be able to cope
with varying flows. In some years the water
supply failed for the storages had been
destroyed. And so, farther upstream, reser-
voirs had to be created. Some were needed
also to supply domestic water to where the
cities, almost always clustered by the rivers,
had burgeoned and polluted the water with
sewage and other wastes. Reservoirs mean
dams and dams block the passage of fish,
some of which have life histories that require
movements between the headwater rivers
and the ocean. Reservoir management also
disrupts natural flow patterns so that the life
histories even of invertebrates are unable to
cope. By the twenty-first century, with more
and more human pressures, there is nothing
ecologically pristine that is left, but about
25% of the land surfaces masquerade as
‘close to natural’ though they are far from it.
The rest has been manifestly converted from
biome to anthrome: human-dominated and
managed systems. Geologists are formally
considering naming the recent period as
the Anthropocene, in which the surface
of the planet is shaped to a considerable
extent by human activity rather than solely
by the natural forces of the past.

1.6 Politics and pollution

The citizens, as their cities expanded and gave
the visual impression of self-containment,
have become less and less aware of their
dependence on natural processes. The com-
position of the atmosphere was of little con-
cern as lifestyles became more isolated, and
luxuries came to be regarded as necessities.
A huge range of chemicals was manufactured
to serve these purposes; there are probably
at least as many ‘unnatural’ chemicals in the
freshwater system as ‘natural’ ones but it is
impossible to be sure. There may be as many
as a million different substances, mostly
organic and at very low concentrations, in
unadulterated waters anyway.



