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Who looks upom river in aneditative hour and is not reminded
of the flux of all things?
Ralph Waldo Emerson






Of Microscopes and Monsters
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et us start with the familiar: about 1500 species of flowering plants have been

recorded from Britain and Ireland, along with about 600 mosses and liverworts,

three native conifers and seventy species of fern. By com&es00 species
of algaed the simplest of all planthave been recorded from freshwaters along with a
further725seaweegifrom around our coastlinéhese figures are almost certainly under
estimates of the true situation as many algae are micrasdopansequently, far less
obvious as well as harder to identify than larger.plant®nservative estimate would
probablybe to doul# the existing figure for freshwater algae, which means that four out
of everyfive plant species recorded from Britaohlagland is an alga.

The superlatives continue. The smallest of these algae are less than a thousandth of a
millimetre long, whilst the largest seaweeds may have fronds extending over ten metres in
length. A single drop of water from just belowsthiéace of Windermere time spring
containsabout 2000 individuals of the most commalga and a twenty kilometre stretch

of the River Wear, my local river, contains abotrillion individual®of the most

abundant species alone. Algae suspendedarothel d s oceans are resp
half d all the poductivityon the planet

Yetmost peopl&now almost nothing about them.

The journeys described in this book started in the seventeenth century in the town of Delft
in the Netherlands A drapenamed Anton van Leuwenhoalglose friend of the painter

Jan Vermeer, invented the first microscope. It would, presumably, have been a useful tool
as he checked the quality of the fabrics he was buying, but it also piqued his curiosity and
he used hiprimitive microscope to peeradlt sorts of materials including his own sperm

and drops of water from the canals that surrounded Delft. He communicated his findings
with the Royal Society in London andso doing, he became the unwitting inventor of
microbiology.

Were van Leuwenhoek to walk into a modern biological laboratory, he would be amazed at
how far his original idea has been developea atadnification achievable, at the clarity

of the resulting images and at our ability to capture #iegedigital cameras and video
equipment. However,aslern science prides itself on being a dispassionate, wholly
objective method for understanding the world aroundndsthe price we pay is
sometimes a loss of the awe and wonder that van Leuwenhitttkave experienced.

So, rather thastartthis bookwith some background information on the biology of algae,

to help you understand what follpwa/ant to approach the microscopic world by first
considering the dinosaurs.

No-one has seen a lividgposaur. A few specialists have examined their bones and, from
this evidence, built up a picture of what a living dinosghthmave looked like. More
importantly, from 1830 onwards, scientists have worked with artists to convey a vision of
the prehstoric world to the wider public. For a child growing up in tMiesttgentury

Europe, with access to television programmes sWallkiag With Dinosaamg Dinosaur



PlanetTyrannosaurus Rex may seem almost as real as a lion or an el&blaanie
havehereis a curious symbiosis between science and art, to create a world that is imagined
but not entirely imaginary. Why not, | wondered, apply the same approach to
microscopic organisms and reconstruct the worlds they inhabit from the higiy artifi
views that scientists see when they peer into their microscopes. Maybe this will breathe
life into what comes across, too often, as curious shapes with long, technical names? In
the process, maybe, | will be able to explain the importance ofideis aspect of
Britai mBtery.natur al

The artists responsible for the reconstructions of dinosaurs and their habitats have taken
us on journeys through time. y Btarting point for what is a journey where we traverse

not just time and space but alsale, is to ask you to see the microscope not as a shiny
piece of apparatus in a sterile laboratory, lihe &sttle whch Alice encountered when
shefollowed the White Rabbit intes burrow. A bottle wdse label consists of just two
words:

Drink Me.



Fig. L Locations of sites described in this book: 1. River Wear, Wolsingham; 2.
River Team, Causey; 3. River Skerne, Coatham Mundeville; 4. Wastwater; 5.
Upper Teesdale; 6. Round Loch of Glenhead; 7. River Wylye, Kingston Deverill;
8. River CoquetChew Street; 9. River Nent, Nentsberry.
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“ourneys have to start somewhere, and this one [l

at Wolsingham, a market town in Weardale, or
edge of the northern Pennines with a front st

lined with houses made from the local Millstone ('L:' '
A 0B6 road |l eading off} =
hill then flattens, until an ugly metal cantilever br;
takes it across the River Wear. Stand on the
and look upstream and you can see the Pennin
rising above the trees that line tliver. Look the
other way and the valley broadens out as it flows across the plain of the Durham Coalfield
towards the North Sea at Sunderland.

Ecologists are creatures of habit, returning to the same location time afféigip@nt

on the River W& is one such place for meAn element of pragmatism lies behind the

choice it i s |l ess than anlcénpakkra@aneadysathael f r om n
dondt need to | ug sampl eAldoibis dasyeoget o thiler met er s
bank (no fences or walls to cross, no nettles to fight through) plveitinere ishallow

enough, and the bank low enough, to make getting in and out straightf@utatittere

is a deeper reason behind these many returtynfisitingthe sme site again and again,

| get to see theiverin all its moods | have seen ih winter, in summer, in drought, in

flood. Slowly, over time, a picture of how the plants and animals that live there knit
together formed in my mind: who thrives whemtvdeason each organism prefers.

Some of this | could have gleaned from books| btifi need to experienceniyself

because wordsscientific prose especidlliias no vitality. When | read a scientific paper

which contains new ideas, or on thasmasions when | had a new idea myself, | could

bring myself t&Wolsinghan® or even just summon up images ofriberin my mindd

and see if the idea might work when tested agasuisk aiready knew.

There is one more reason why the Wear at Wolsinghdeal for my purposes. My

work over the past twenty years has invdlvedo ki ng at the effect t
have on freshwaters. The central concept, now enshrined in EU legislation, is that a river

with a healthy ecosystem is a sign thdodtlaé population is using that river in a sensible

and sustainable manned. Sust ai nabl ed6, in this context,

to a river that will prevent future generations from using it as whedocus for my

work has been tdiscove the point at which human use of a river or lake crosses a
threshold from O0sustainabled to oOunsustaines
t he UKOs ot hegulaterstorunderstandteéenréasohs, and to bring the river

back to a sustainable state. The Wear at Wolsingham is certainly not a priétine river

there are lead mines in the fells, and the river also contains sewage from a small town and
several villagagsteamad but it has clear water, a rich variety of plant and animal life,
including salmon and sea trout, and repredent®any British riveran ideal of what a

river could be. Understand the ecology of the River Wear at Wolsingham, in other words,
andwe may learn some lessonsavapply to rivers elsewhere in the country.



Standing in the Wear at Wolsinghamfasigcold watepressing against my waders, th

rich variety of plant and animal Wifasnot evident. There are fish, but theselaséve,
fastswimming species that are difficult to spot. In order to see the rest of the life here we
need to adjust our focus. Pick up a cesibkrl stoneluring the warmer parts of the

year and you may see a flat indi&et creature scuttle to @rside as you turn it over.
These are thgivenile stagesf mayflies, and are quite common in clean rivers, but they
tend to inhabit the edges and undersides of the stones, protected from the current and
hidden from the sharp eyes of predatory troOn the top surface during the summer
monthsthere are tiny (about a centimetre long), cylindrical agglomeratjcanselaind

sand particles whithrn out, on closer inspection, togretective shelters for the larvae

of another type of inseétthe cadis flies. Imagine these as caterpillars (they are close
relatives of the butterflies) busily feeding until the day when they pupate theor t
emergence of the adult flies.

On what are they feeding? We now need to adjust our focus again. ligHercads

no more than a centimetre in length, then its food is likely to be at least one or two orders
of magnitude smaller, which means that we can no longer rely on the naked eye, or even
on a magnifying glass, but need to turn to a microscope.

This krings with it an added complication: we can no longer view the orgarsgms

The top surface of a cobble is often slimy to the touch. If we want to see what makes this
thin slimy film so interesting to a caddis larva we have to remove a posgftongwith

a toothbrush is an effective method) then put a drop of the gunk we remove onto a glass
microscope slide, lay a very thin piece of glass, called a coverslip, on top of this, and then
put the slide plus coverslip under the microscope. Itghlgdisruptive process for the
organisms involveakin to taking all the plants out of a garden, laying them out on the

Fig. 2. The field biologist at work: examining stones for attached algae.



patio, and then asking someone else to imaginethghgarden actually looked like.
Individual organisms can be described, d@witographear countedbut we have little
idea of what the submerged microscoqidd actually looks likeThere are microscopes
that can be taken into the field but, iyos$his examinatiomas totake place back in the
laboratory.

| mentioned in the previous section that if we understood the ecology of a river, we could
learn lessons that could then be applied elsewh&me.use a medical analogy, my
colleaguesandlwee t rying to understand what const.i
we could prescribe treatments that could b
In many cases, the prescription will be tighter regulation of existing sources of pollutio

such as the sewage works which discharge into our rileescosts for any such
improvements will then be passed onto consumers via their water bills. The tough
requirements of new environmental legislaboid translate into increased costs for the

average household of upftb0Ofor the average household over the rextéars. As

one of the scientists involved in doing the work there is, obviously, a heavy responsibility

to make sure that tighter r&gion actually brings tangible ecological benefite

challenge is that water quality in Britain has improved greatly over the last two decades.
There are now fewer rivers that look or smell obviously polluted to the yayraan
experienced biologisooking closely at the plants and animals, will often find indications

that the pollution is still there, albeit less obviously.

And here is the crux of the problem: my colleagues and | were good at distilling the
ecology of rivers into graphs andlégaband making a reasoned case to our fellow
professionals, but the impact of this work was now going to affect the pockets of almost
everyone. What is more, people were now going to be paying for benefits that they might
not even notice. As | tried tapdain my work to family and friendseblised thak

needed to try to explain how freshwater ecosystems worked, and why they would benefit
from extra investment.

A new phrase has entered the vocabul ary of
se viceso6 are defined as the benefits humanl
example: it is tempting for a professional biologist sucatassee these as repositories

of rare and unusual organi sms, iaomdd vteo sl ap o
when justifying expenditure. However, our rivers provide us with drinking water, they
transport away our waste materials, their water can be used to irrigate fields or to cool
industrial plants and we all use rivers and their immediaba®ftideisure, even if only

for walking the dog. Al l of these are oe
regul ators such as the Environment Agency
with respect to the services that rivers providasto How much water can farmers be

allowed to removéor irrigation, for examplds e f or e ot her oecosystenm
angling) starts to suffer?

Angling is a good example: many people gain pléasdessential relaxatdthrough
fishing. Afew, even, find their livelihood from this activity which is intricately connected
with the river ecosystem. The fishcBise tothe top of a food chain, sustained by



organisms that are, in turn, vulnerable to the activities cindém the substansewe

discharge to rivers. Everything is connected but, in the case of rivers, few of these
connections are obvious. It takes place not just below the surface but also, for the most
part, at a scale that we cannot see with the naked eye. The detdke ismhall number

of specialists who do wunderstand river ec
decisions that affect many people, simply because the debate has become too esoteric for
lay people to follow. Rather than just communicate to feldd@sgipnals, Wantedto

look at the process froandifferent perspectivand try to breathe some life back into our

sterile data, in order to hédypeople understand where their money was going.
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The first of these microscopic journeyes
involves a sample collected from the R
Wear inFebruary2009, when the water ws
still bitingly cold and the trees lining the riverb =
were still gaunt leafless skeletons. The under'_. ”‘%iv' '
world, howeverwas suysrisingly rich, with a two o \/\
three millimetre thick slimy film on top of th
submerged cobbles. itti8g in front of my -,
microscope a few hours later, | dipped a pipette
the brown gunk that had settled to the bottom of the sample bottle and wahdrew
millilitre or so, then gently squeezed the bulb of the pipette to deposit one drop onto a
glass slide. | carefully lay a thin glass coverslip over the drop, letting its weight flatten the
drop out to form a thin film. | put the slide under my micr@scepung the lowest

power objective into place apédemgthrough the eyepieaajusted the focus until the

image was crisp. What | could see, atrba@@nification, was some brownish patches of

varying densities and hues, within which light glifitedfew angular rock crystals. In

the spaces between these patches were tiny, barely resolvabigeragdits. | swung

the next objective into pgkand adjusted the focus again. My sample was now magnified
400times The brownish patches wetdl there, resolving now into agglomerations of

material of indeterminate origin but the tiny ndi@ebjects were now clearer. They

had distinct, mostly symmetrical outlines, sometimes contained one or more distinct
spheres and a yelldlnown stucture. These wemei cr osc o pi diatanmggae c al
the distinct symmetrical outlines were the
the spheres are droplefsa carbohydrate which acts as an energy atdr¢he yellow

brown structures are chloroplasts, the emgoras of photosynthesisWhen the sun
shineseven in earlfebruary t hese chl oroplasts use the su
carbon dioxidento carbohydrateand the surface of the stenen the river bed are

covered with tinpubbles othe oxygen forrad as a bgroduct. We expect plants to be

green but the diatoms are more clasddyed to the brown seaweeds than to land plants

and the green of the chlorophyit masked byother pignents (which act as
oturbochargersod for t lya thmkhodthe caddysrliess theé i ¢ 0 en
cattle of the underwater worldtbé River Weathen the diatoms form the pastures on

which they graze. Another expectation is that plants staionary, yet many of the

diatoms | can see in this santplbe boatshaped ones especialpre moving around,

gliding first in one direction, then stopping and glafirig a different direction.

In order b appreciate the beauty and diversithieotliatoms one really needs even more
magnification, and | have the potential, on my microscope, to increase fraim 400
1006. But, to make the most of this enormous magnificadtiai| need to add
chemicals to burn away all the soft organic matthe sampleand then mount the

empty silica cell watlgat remain on a slide using special cement. Mihga done this,

| can see that each of the tiny frustules is covered with regular patterns of yet finer lines,
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the whole giving the impressimna miniscule piece of crystal glass. Evenat 460

see a dozen different forms: some shaped like tiny clubs, the line of symmetry running
along the long axis; others like segments of an orange, with a line of symmetry running
across the centreline

It is common to find thirty or more species at any site and the River Wear at Wolsingham

is no exception. Howevass | searched across the slide, recording what | saw, it became

clear thabnly a few of these species were abundavhen | had courd about 300

individuals, | sat back and looked at my list, and then started to think about how these

must have been organised before | had scraped them off their stone. The lowermost
diagram on Figuf@and Figuré are the outcomes of these meditati@n the left hand

side of Figre5t h er e i s theclubshmped telisvhiohfbelong to a species called
Gomphonema olivadeaah cell sits at the end of a long stalk and these stalks, plus all of

the other organic and inorganic detritusabatimulates in these thin films on the tops of

rocks shades the rock surface, putting tho
disadvantage. Those diatoms which are able to move around can move up and through

the matrix ofGomphonesiams and o#r detritus and search out areas where they are

best able to grow. They can sit at the top of the film and soak up as much of the weak
winter sun as they can and, if@@mphonemd us hé gr ows more, so t he
their position. Sometimesgtklimy film that grows on rocks in the spring has dark

brown, almost black patches on it and if you scrape them off carefully and look at them
under the microscope, they are composed almost entirely of a species of gliding diatom
calledNavicula lanceolat

There were also a few chains of green cells of a different algd]ataliedzonatevhich

is much more closely related to the land plants than the diatoms. This species is extremely
well adapted to the cold waters of early Spring: When kecetumonth later, it formed

bright green slimy patches on the submerged stones, sometimes even extending into long
flowing tendrils. People have done experiments in the laboratory to show that it does
actually grow much better in cold water than in \@adnwhen | returned in early April

all but a few weary fragments had disappeared.

Fig. 3. Top left: The River Wear at Wolsingham, looking downstream from the

bridge; top right: a cobble from Thropton Burn, Northumberland, showing the

dark brown patches of diatoms common in early Spring (with a pound coin to

indicate scale); centre left: the view down the microscope looking at the February

sample; bottom: schemt i ¢ vi ew of t he bGombphonema: a) (ol
olivaceum b) cells of Navicula lanceolata c) Achnanthidium minutissimum; d) a

filament of Ulothrix. The vertical bar is 10 micrometres long (one micrometre is

100¢ of a millmetre).
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Fig.4. A question of scale: a. shows
growths of diatoms (Gomphonema
olivaceur) from a stream in County
Fermanagh in Apri 200{photo:

Lydia King); b. shows the same
sample viewed under the microscope
at high magnification, with the
yellow-brown chloroplast clearly
visible; c. shows the same species
after cell contents had been removec
and it has been mounted onto a
slide, revealing the fine
ornamentation on the cell surface.
The vertical bar is 10 micrometres
long (one micrometre is 10000f a
millmetre) (photo: Micha Bayer)
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Fig. 5. The underwater landscape of the River Wear in February, with individual

motile cells of Navicula lanceolatamo v i ng t hr ou g lGomphonesmch e s 6 of
olivaecum There are some cells of another diatonchnanthidium minutissimum

in the foreground, and a filament ofU/othrix zonatain the background.
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m not the only ecologist who came te ghbject as a refugee fleeing from the
physical sciences survived school days with a fascination for the natural world
intact but perpetually befuddled by all but the most basic equatiomgever,
when contemplatiniife in rivers, | canndbut noticethe sheebrute physical force of
water. 1the River War in flood is powerful enough to sweep mature trees downstream,
how can a tiny algal cell survive? In order to answer this, we need to understand a little of
the physics of water. We also need to learn to see the world from the perspective of a
microsc@ic organism.

Agai n, |l etds start from the familiar: y ou
water than it is to walk on dry land. You can feel your thigh muscles working to overcome
the resistance offered by the water. You also know thabffert® support so that a

human body can float at or near the surface. These properties relate to the greater density
of water compared to air. Imagine an even denserdlyidnd of treacle for example

you would expect this to be even harder tgentbrough. You might expreshe

difference between water and treacle as a differeihedr inscosity. The relevance to

our present topic is that viscosity is as much a property of the size of the organism as it is
of the density of the fluid, semall organisr@ such as thblaviculavhich we met above

- may find it as hard to move through water as we do to move through Trequlé.it

another way, we cannot look at a microscopic organism as it moves and assume that it is
experiencing the worild the same way as we do.

But how, given the enormous power of a river, can this rich undecaat@unity avoid

being swept away by the currertfdw canthirty or moredifferentspeciesurvive and

thrive whilstclinging on rocks in stretchesriokers wha | struggle to keep my footihg

The answer, again, is that the world that these organisms experience is very different to
ours. Most importantly, the velocity of water in a river is not uniform. The water pushing
against my waders may bevimg at half a metre per second or more but this velocity
drops as it approaches a surface. Right at the interface between water and a solid surface
there is so much frictional drag that the current velocity is zero and there is a narrow layer
of water dtectly above the surface where the frictisa great that the currenstsl very
close to zero.The thickness of this oOboundary | a\
including the current velocity but we are talking here of a layer considerddalg kss t
millimetre thick. Nonetheless muchiteg microscopic life | will be describisgne or

two orders of magnitude smaller than a millimetre and can live quite conmfottedly

0 b o und ar Riverl badg a&e aften very heterogeneous araigaebbulders, even

patches of plants, can create sheltered areas where the current velocity is lower than in the
main channelnd algae and other life can proliferate.

Rivers such as the Wear at Wol singham are
rol I i ng st one Lgokirtgareunds you roticertbassifush the larger stones

that tend to have growths of submerged mosses and the largen dtgamand this

illustrates another principle of the physics of rivers. The size of staaa the moved
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byarivei s det er mi ne dwdeyflowirng lovwraarsurfaceé geresatppitift

as air flowing over the wings of an aeroplane dbts stress is large enough, particles

are set in motion. The greater the current veltatgreater the size of particle that may

be moved. At normal flow conditions, it may be just sand particles that can be moved in
this way but when the river is in spate, then cobbles and even boulders can be moved.
The shear stress can also wor&ctliy on the algae growing on the stones too: as the
current velocity increases, so the boundary layer shrinks and the algae are subject to greater
stress. There are, in other words, fairly brief windows of oppodtaoitynore than a

few weeks for aae to grow on submerged stones in the Wear before the British climate
intervenes, the river floods and the communities of algae are ripped away or their substrata
oveturned. In order b survive in these habitats, organisms need to lgdastg
oppottunists who can colonise a baugfaceyuickly.

N

Fig. 6. Removing attached diatoms from a stone by brushing with a toothbrush
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changes in the algmmmunitiegrowing on the stones. As the water warmed

up and Spring gave way to Summer, | started to see some interesting changes in
the algae. Whereas my sample ffebruaryhad contained many of the bdisiming
Gomphonerabng with motile diatomsuch asNavcula the summer samples were
dominated by a different species of diatom altogéitiemanthidium minutissielomgy
with some long, slender blyeen filaments.  Thachnanthidium tiny: about a
hundredth of a millimetre long, and is attachedeacstibne surface by a stalk, much
shorter than that dbomphonem# is also a fagfrowing species and, therefore, a typical
diatom of disturbed habitat¥ou have probably seen howadch of open land is quickly
colonised by plan® we might call #m weed$ and ecologists recognitat some
plantsd Rosebay willow herb for exampae welladapted to establishing themselves in
such situations. Achnanthidium minutissimuome of the algal equivalents of these
oruderal 6 species because it grows fast
importantly, there are so makshnanthidiurells upstream from Wolsingham that there
are always going to be a few dislodged a#llggdiiown in the current and settling on the
stones.

D uring 2009 | visited the River Waawolsingham every month and recorded

One other difference between the ston€gbruaryand June is that | could see, with the

naked eye, tiny invertebrate larvae on the stone in June buFeltuiaryand here is

another clue to elgin why the composition of algae had chadgéuhanthidiuma low

growing species compared to @mmphonemaoarticular, and grows so fast that it is less
susceptible to the attentions of grazing invertebrates. This is analogous to the grasses
know from terrestrial habitats, which are addptgcbw despite heavy grazing. So, over
the course of two or t hr eGomphoenema) Naandlh s aw

Ulothrix replaced by a short, tightlyr o p p e d 0t ur f @chndnthidiumm at e d

minutissimmu

The othe consituents of thisnderwatetandscapaevere bluegreen filaments. These
belongto a group of organisms known as {giteen algae, or Cyanobacteria, which were
amongst the very first organisms to appear on this planet. , Fiosisdlsin appearance

to species that can still be found today have been found in rocks over 2000 million years
ago,over 1700 million years before the dinosaurs walked the earth. But my interest in
theseparticular Cyanobacteria has less to dahdthevolutionary history than with what

they areelling me about life the River Wear.

Fall

t

The term oOCyanobacteriad needs a Ilittle e
described them saw simple unicellular or flamentous organisms that appeseedle

other algae but had distinct bireen coloration due, it was later found, to a different

type of phot os y®to these that give tdiatons dheih yellogwe r

col our . He ngree e nh ea Ingaaree6 ocbd ngesupt dowdwver, appl i e

as more observations accumulated, it became clear that there were also properties of other
algae that blugreen algae did not share. For example, the pigments responsible for
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Fig. 7. Top left: a chironomid larva from the River Weaain May 2009 (length
approximately 1 mm); middle left: a cobble from the same place inlyucovered
with caddis larvae; middle right: the view down the microscope in de; bottom:
schematic view of the algal community in Joe.
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photosynthesis are, in masgaepackaged into chloroplastsin bluegreen algae, by
contrast, there are no such inclusions and
other biochemical machinery are spread throughout the cell. In evolutionary terms, this is

a primitive characteristic, which bigieen algae shared with bacteria. Indeed, the current
thinking is that the lineage of all modern plants actually started when a prgaitisen

ingested an ancestor of the ljueen algae and instead of digesting it, dsachehe
energyproducing capabilitied the celffor itself. As knowledge of the biology of blue

green algae increased, so other baltteriproperties were found and eventually, from
approximately the late 1970s onwards, scientists came tothegeams being more
closely aligned to bacteria than to plants,
of emphasising this.

Cyanobacteria are common as part of t he 0]
suspended in water. Many have #paldility to produce toxins, and this has brought
Cyanobacteria to public awareness as warm summers lead to their prolifédsaion
consequence, dogs and cattle that lap water from the edge of a lake have been killed and
people engaged in water spsuish as swimming and canoeing have developed rashes. In
one particularly tragic case, water from a lake contaminated with these toxins was used in a
kidney dialysis machine. The toxins were, presumably, originally produced by the algae as
a means of dateng grazing animals and it is possible that some of the Cyanobacteria that
we find in rivers and streams also do this, though there is little evidence. However,
looking down my microscope, | can see a different explanation for relative success of blue
green algae here: the larva of alibng midgebelonging tahe familyChironomice is

moving around the drop of water trapped under theerslp, feeding relatively
indiscriminately on the diatoms and other organic matter. It is about halfedrenillim

long, so bears the same relationship to a dethofinthidiums does a cow to a blade of

grass. The filaments of blyreen algae are, however, much harder for it to manipulate

into its mouth parts and | wonder if this is at least part of senredythese arable to

thrive at this time of year?

Two months later there was very heavy rainfall in the region, and the River Wear flooded.
Whole tree trunks were swept downstream and the road between my village and Durham
became impassable forraeti | had assumed that this would have devastated the algal
communities in the river but when | next went to collect a sample, | was surprised to find
a thick coating of algae on the cobbles, and a very diffdkectiazo of species The
chironomidsand caddis flies were notable by their absence: | assume that both they and
their algal food supply had been scoafeds the stone®lledand bumpedround the

river bed Howeverthe algae, with their ability to multiply rapidly, especially in the
relatively warm waters of the summer, tevered verguickly. Astheir numbers
increased, so it was fgsbwing species that could exploit the light which were at an
advantage, and my August sample was domyatetividuals otsmall, motile diatom
calledNitzschia archibaékuberantly scrambling over each other in a comptitieach

the availabléght  Over the next couple of months, the slegrewing invertebrates

had returned and the status guas resumed. But it was a salutary lesson for me: until
this storm | had thought that | was beginning to understand the forces that shaped the
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algae in the River Wear. By the autumn, my musings were laced with a renewed sense of
humility.

Fig. 8. The underwater landscape of the River Wearidung wtho bus hes o6 of t
cyanobacterium Homeothrix varians and individual filaments of Phormidium
scatter ed amo nAghmanthidium entnaissimam, with scattered cells
of Encyonema silesiacum In the distance, chironomid larvae graze on the algae.
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dyllic is a difficult word. It has the
different meaning. Whilst the definitmd o1 deal 6 i n my dicti on
that answers to ooneds highest conceptior
is 0a short description, Il n verse or prose
rustic | i f e éther wordg an ideaised View of sural life.nWeardale, viewed
from my position on the bridge at Wolsingham, fitted the bill almost perfectly.

The painter Joseph MatowilliamTurner (17758 1851)visited this area several times,

and the rivers of north east England feature in many of his landscapes. Most of his early
paintings featured an antiquity of somedBedrnard Castle and Egglestone Alabieyv

kilometres to the south on the RiVees wre both visited by himarly in his career

Both were ruins, conveying a sense of brooding melancholy that was popular at the time.

His famous painting of Durham Cathedral, overlooking the River Wear further
downstreamon the other hand, has a senisgrandeur mingled with this reverence for

the pastHigh Forcethe waterfall on the upper Teleg,contrast with thesied a taste

for the subl i me: the experience of a natur
seltpreservation.

Look at gpainting byClaude Lorrain (c. 1604.682) who epitomised an earlier school of
landscape paintingnd you will see an idealised landscape, not necessarily one that exists
anywhere outside the artistds | magdenmati on,
and tranquility. Look at a landscape by Turner and you may be able to identify an actual
place, even locate the precise spot where Turner must hawgsatly, you can walk

beside the River Wear or River Tees close to the locations he pdintedder why

Turner had not chosen this or that location as a sublfjdatrrain imagined a landscape,

then Turner selected a viewpoint from amongst the many that he passed. A landscape is,
in other words, the result of an interplay between artistisaedvironment. Or, more
pragmatically, between an artist, his environment and his perceptions of what his
customers expected a landscape painting to convey. An ideal landscape, an idyllic
landscape: both are human constructiamyiew of a world tered by man, but a view

that has been, in turn, filtered and selected to match certain aesthetic premises.

In my study in Durham there is a copy of the Water Framework Directive-thegenty

pages of Eurospeak that has slipped, almost unnoticed by the majority of the British
public, into our legislation (as is the case, it must be admitted, for most Bunigean

laws) yet which has created the context for my professional life over the past decade. Itis
also why, as | look acrédeadale, | am thinking about Turner and Claude Lorrain.

The purpose of the Water Framework Directive is to govern the wayatbatis
managed across the European Union. It recognises that, in a smaljajeriatdy
continent that extends from the Arctic Circle to the -ggdhiregions of the
Mediterranean, clean water is a scarce resource that needs to be managéidticasefully
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Fig. 9. Making a wet mount: transferring a drop of sample from a vial to a glass
microscope slide.

who use rivers as a conduit for their waste matter, or who pump water from a river for
irrigation or as a coolant for their industries were allowed to continue unregulated, those
who live downstream and who want to purify it and pipe it into homes fonglrior

those who want to canoe on it, swim in it or fish in it might find that these activities are
compromised. So, to fall back on a rather tired cliché, the Water Framework Directive
aims to create a level playing field across the European WUirdoes this not by setting

out regulations on how we use water but, instead, by setting some basic rules about the
plants and animals that you should expect to find in a river orTakepresence of a

healthy ecosystem, in other words, indicatesvéhatust be managing the river or lake
reasonably well, just as a singing canary told the miners that the air was safe to breathe or a
food taster told the king that no one had poisoned his food. The European Union, in
other words, letoy do what you li&kwith a rived pump industrial effluent in, pump out

water for irrigation or whatevér so long as the ecology conforms to the Water
Framework Directiveds prescription.

And here is the link to Turner: téarwmerWater F
should conform to an oideal 0. Turner | oo
are striving, instead, for the perfect lake or river (or, for that matter, estuary or coastal

water). The formal term that the Water Framework Directive gseso e c ol ogi cal s

which it defines as:

7

e an expression of t he qguality of t he
ecosystems associated with surface waters. (Article 2, clause 21)

N
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In practical terms, this is assessed as the difference between seleainva river or lake

when we visit it or take a sample, and what we would expect to see if there was little or no
human impact on that water body. The Water Framework Directive defines five classes of
ecological status: high, good, moderate, poobahd Of these, high and good are
deemed to be acceptable; however, if the ecological status of a water body is moderate,
poor or bad, it will need to be brought back to at least good ecological status. High
ecological status corresponds, more ortéted® ideal state, whilst good ecological status

is defined as a state where the ecology deviates

€ only s [thgtlrassbciatedfwitio the surface water body type under
undi sturbed conditions. o (Annex V, Tabl e

All of this sounds a reasonalilesomewhat idealistic at the level of a broad principle.
What the Directive has asked us to do is to find the point at which the hand of man
overrules the hand of nature in forming the freshwater wgddit leaves us with a

number of problems. kodo we define what we mean by a river or lake with little or no
human i mpact ? What, exactly, doowwat mean
extent is this ideal state something that can be defined andeché@asan objective

fashion? How dwve tell the difference between changes caused by man and those that
occur naturally inriversP s t hi s i deal not, l i ke Turner
partly defined by our expectations? And, finally, how do we achieve this goal of all water
bodies having no more than a slight change in their ecology in a way that allows modern
society to continue to function?
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ompare and contrast: if the River Wear g

Wolsingham represents a stream in something |

to its natural state, then perhaps this journey sk =
now continue to a river where the hand of man is much | v‘xs,\'; _
evident? | have travelled about thirty kilometogth from | \‘

Wolsingham and am standing beside the Causey Burn '
flows east then north across County Durham, becom
River Team and finally joins the River Tyne near GateshBR&ing some twenfive

metres above the stream is a shuik sirglespanned bridge, stretching from one side of

the narrow gorgéo the other. This is Causey Arch and it is the oldest railway bridge in
the world, dating from 1726 and introducing us to some of the industrial features that have
shaped this part of tiveorld and which continue to exert an influence on the rivers and
streams of the area.

Causey Arch carried a waggon@vaypredecessor of the railwaysross the valley in

which Causey Burn runsScrambling up a steep footpath ammdsing the arch found

myself looking at a replica of one of these wagons, which were filled with coal and hauled
by horses from the pits to the staithes beside the Tyne where it was loaded onto colliers
for the journey by sea to London. But my journegmuat concerrcoal; at least, not
directly. Causey Arch gives us some context for the stream that flows afalheythe
bottom: it speaks of the long history of mining, taking us back to the earliest days of the
Industrial Revolution, and explaining reasons whyepseipled in this part of County
Durham

This is now a tranquil wooded valley, traversed by footpaths and busy with walkers and
climbers at weekends. Close to the river, however, an odour oflintpeey
Appearances are deceptive: in the six kilometres between me and the source of Causey
Burn, the river receives effluent from the sewage works serving the north side of the town
of Stanley and the village of Tanfield Lea. There are also two indtetgmbed a pipe

which discharges water pumped out of the abandoned mines as well as sundry other
minor sources of pollution. All this into a riess tham quarter of the size of the River

Wear at Wolsinghanit is a good place to see what a pedluiver looks like.

Leaning down to pick up a stone, | can see that, unlike the smooth, slippery surface that
most of the cobbles ®Yolsinghanpresented, this one has a tangled mat of fine,-bright
green filaments, mixed with a quantity of fine sill rib a few of these filaments
between my thumb and forefinger, and look at it through my handlens, | can see each
filament to be somewhat finer than a human hair and to be sparingly branched along its
length. This is a filamentayreenalga whose saific name i€Cladophora glombérdta

which is more commonly known to anglers and others with an interest in the aquatic
worl d, as oOblanket weedo.

On my first visit in 1983 there wasCGladophoafall. The only plants | saw there were
aquatic mossésrming beardike fringes on the more stable stones. Water managers
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usually regar@dladophora glomerdia a nuisance as well as being a sign of polluted water
so its absence in 1983 and presence now would seem, at first glance, tioaintieate
burnat Causey Ardmad deteriorated in quality

Cladophora glomésada extraordinarily successful plant in freshwaters across the globe,
especially where man has inadvertently fertilised the water, either with sewage or
agricultural runoff. ltdoes however, have an Achillesd hee
cannot tolerate is heavy metals and the presence of a batterytwactalymetres
upstream from where | am standing was enough, thanks to thehzeffuent that it
produced, to kee@ladophort of this part ofCausey Burn Closure of the battery

factory in 1996 ended thmcpollution and, thereafteZ]adophonas able to thrive again

in the river. Studyirjand managing pollution is often like peeling away the layers of

an onion d remove one pressure on the environment simply means that another,
previously masked, now comes to the f&reen after the battery factory clogedysey

Burn was still a small stream draining a depsplylated area of west Durham. The
sewagevorks at East Tanfield continut® pour n treated effluent and thern wasstill

a long wa from being the idyll thtte Water Framework Directiggpects our rivers to

be.

The filaments o€ladophgnahich seem so fine and fragile when removediiemater

and viewed with the naked eye are, viewed under the microscope, aboettadvant
millimetre acrossseveral times larger, in other words, thanAttteanthidiuend
Gomphoneosdls that we saw in the River Wear. Gardeners know thatrgdaond to
fertilisers differently, ar@ladophoisione of those plants that likes to live in nutrient

water. The effluent from a sewage works is really a very dilute manure, but one that is
constantly replenished, so there is no shortageriehtaihere And agCladophogaows

over the more stable substrates, so the algae which we found inmaturasstream at
Wolsinghan® species adapted to living without this constant supply of dilute fértiliser
nowfind themselveshaded by dersecanopy ofCladophdiiaments.

They respond in one of two ways: as we saw in the spring sample from the Wear, many
diatoms are motile and are able to exploit this property to move through the dense matrix
of Cladophofitaments plus silt particlédsat theytrap and the network of bacterial and
fungal filaments that also grows here. Howewen you look closelynder the

Fig. 10 Top: The River Team at Causey Arch; middle left: cloagp, showing the
river bed smothered with blanket weed C/adophora glomeraty middle right: a
single cobble from the River Team, showing th&€/adophorafilaments; middle left:

a view of Cladophorafilaments under the microscope; bottom: a schematic view of
Cladophora on a stone in Causey Burn, showing intertwed filaments of
Microspora amoena epiphytic diatoms (Cocconeis placentulaand Rhoicosphenia
abbreviadd and cyanobacteria Chamaesiphon incrustans plus, moving through
the matrix of flaments and organic and inorganic particles, motile cells of the
diatoms Craticula, Naviculaand Nitzschia.
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microscope, you will see that @ladophof#aments are themselves covered with algal
cells: many are diatoms, mostly with a low, likpairofile, belonging to a species called
Cocconeis ptatzbut there are also some very short filandgast a few cells lordgof a
Cyanobacterium calledhamaesiphon incrust@ndew genera of algae seem to be
particularly weldapted to living this pighgck existence: these are the epiphytée of
subaquatic world, comparable to mistletoe and ivy in terrestrial forests.

Not all the stones here are covered GitllophoraFew of those smaller than a fist have

any at all and, when | take a sample and view it under the microscope, | cahege that
are covered witGocconeis placgetiteltmpetike diatom that, in the previous paragraph.

was an epiphyte ddladophora | soon see why this species is so abundant: scanning
across the slide, | see another small invertebrate larva grahm@lgae. This is the

larva of another type of midgmulium The adults are the black flies which swarm on
river banks on summer evenings and which (unlike the adult chironomids) bite humans.

Fig. 11. The underwater landscape of the River Tea. Filaments of Cladophora

glomeratadominate this view. These, in turn, are colonised by smaller alg@e

prostrate, elliptical cells of Cocconeis placentulaand upright, curved cells of
Rhoicosphenia abbreviata The tangle of filaments also traps seutient particles

and motile diatoms such asViizschia paleamove through the dense tangle of algal
filaments and organic and inorganic particles in search of light.
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They lay eggs on the river bank from which the larvae hatch. Unlike the chironomid
larvae,simulidae are sessile, spinning a web on a submerged surface, then attaching
themselveso thisusinga ring of tiny hookat the ends of their abdomenThey then

feed by sifting the water using cdike mouth parts and capturing particles which may
either be decayed organic matter or tiny algae. On the day | was examining the surface of
stones from the River Team, d@ienuliunwvas bent over double as it busily used these
combs to find sustenance amongst the bedtwslling algae. The lpwtreamlined

growth form ofCocconeis placenadla it resistant to this grazing.

Modern science seems to have dwiih tendency to reductionism. We focus on one

group of organisms and, as we try to isolate one or a few of the many variables that can
affect thee, we inadvertently ignore other factors. As a biologist interested in how
pollution affects streams and rivers, it is tempting to interpret the differences between the
Wear at Wolsingham and the Team at Causey in terms of the chemical environment: the
low nutrient concentrations at the former favoukelnanthidium minutissiriginer
concentrations of nutrients at Causey fa@maconeis placenBua the truth is always

more complicated. Different grazers have subtly different effects on the algae, the
establishment ofladophohanges the environment on the larger stones, turning the
open opasturesod | descriddkdofadr eMotl ssG ,n gadhradn
other algae to adapt. And then there are the smallercstesestable, more likely to be

turned during a spafewhich are never stable enoughG@dophota establish, where

different algae are able to thrive. thiis patchiness, this heterogeneity, that ensures that

the ecology, even of quite polluted rivers, is so diverse. And, through this diversity, there
is resilience, because there will always be a few individuals able to thrive in response to a
change inanditions, whether natural or rraade. So | can visit the Team, the Wear or

any other river, over and over again and never find the exactly the same group of
organisms twice. Rivers are, in short, predictably unpredictable, and unpicking the
reasons whl find a particular set of organisms at any particular time and place is part of
their fascination.
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he word oOopollutiond has becodasribisgp ubi qu
environmental damage that it is easy to forget its long amdeskrypredates

modern concerns. An edition of the Shorter Oxford Dictidrarythe 1930s
defines the verb oOopolluted6 as foll ows:

1 To render ceremonially or morally impure; to profane, desecrate, to sully, corrupt.
2. To make physically impure, foul or filthy; to dirty, stain, taint, befoul.

oOPol | ut i o n éinddstrial vantage is uspatlysexpressedmething that can be
measured, yet the casual walker beside a polluted river or skreien wdve an irate

sense that something is owrongo. 't i s of
the case of sewage pollution) or choking green algae, in the case of some other types of
poll ution. 't i s this i ntatualignd nwstclaselye ns e 0
with the definition of pollution in its broad sense as defined here. In theology and
ant hropol ogy, this sense that something is
been upset or desecrated or whose purity has been vidlagee.are, for example, 52
references to opollutiondé in King James?®d
Testament and mainly relating to the manner in which sacrifices were presented to God.

In the book of Numbers, for example, God is speakitigettsraelites before they enter

the Promised Land:

oDo not pollute the | and where you are.
atonement cannot be made for the land on which blood has been shed, except by
the blood of the one who s iNener3x 336

Definitions of ritual poll ution 0aagenseext end
that an OrthodoxJewor high caste Hindu would still recognise. Similarly, Muslims
subject themselves to a ritual wash before praying as a symbol af elagdime dirt of

the physical world to prepare themselves for their encounter with God.

The Oxford English Dictionarydés first recol
is attributed to Florence Nightingale in 1860. It is significant thiaappsned at the
height of Victoriads reign when, on the o

empire the world has ever seen whilst at home millions still lived in overcrowded and
squalid conditions. Three cholera epidemics had ravagedntng @eer the past 30

years: the first had killed 31 thousand people out of a total population of about 16.3
million in Great Britain. 20 years wearlie
introduction to Londond6és sl ums:

OA dirti er edplacerhe maé never sedn.c The street was very narrow
and muddy, and the air was impregnated with filthy odours. There were a good
many small shops; but the only stock in trade appeared to be heaps of children, who,
even at that time of night, were dnagvin and out at the doors, or screaming from

the inside. The sole places that seemed to prosper amid the general blight of the
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place, were the public houses; and in them, the lowest orders of Irish were wrangling
with might and main. o

The evoluton ot he meaning of the term opollutioné
passage where the filthy disé@seing odour® the miasmasf the ancient® are

intermingled with the loose moralakin to the older idea of pollution as something that

is moraly impure or profane. What is perhaps significant is that the plight of the poor,

urban slundweller was finally thanks to social reformers such as Florence Nightingale

and Dicken$ receiving serious attention.

The London to which they were directingirtfattention wa growing at a phenomenal

rate. Already a city of over a million people at the start of the nineteenth century, it had
doubled by 1850 and would double again before the end of the century. Much of this
growth was due to immigration fréine countryside as the Enclosure Acts and the Corn
Laws reduced the numbers employed in agriculture. So high was the death rate in cities
that urban populations could not replace themselves by reproductioandlomere
sustained by the constant flowiminigrants from the surrounding countrysidéhe

sheer bulk of excrement that was produced by this population was approximately doubled
by the animal population: not just the horses which pulled coaches, carts and cabs, but also
domestic fowl, cattle amugs whose protein supplemented an otherwise meagre and
unhealthy diet.

Much of this excrement found its way, eventually, via open drains and sewers, to the
Thames and its cumulative effect was sufficient to wipe out the salmon fishery that once
flourishedn the river between Putney Bridge and Greenwich. Even eels, the hardiest and
most resistant of fish, were reported to be dying due to the lack of oxygen in the water.

The idea that disease was causeddsmas | i t er al | y o0b athedaysr 0, h ac
of Hippocrates and Gal, largely due to the lack of a credible alternative. Air became
poisoned byemanationgrom rotting animal and plant material, the soil and standing

water. As a predictive framewarnkasmasgork reasonably well: theadef miasmdss

its root in Mediterranean regions where ma
Latin, rather than Greek, root) was endemiceas with stagnant wateerey ideal for

mosquitoeso lay their eggs. In temperate regions, it wase#pss lof rotting excrement

and manure which were especially responsible farigbmabut low lying areas beside

rivers such as the Thames were also noticeably moister and danker than higher ground
such as Hampstead. Ltying areas encouraged the aotation of excrement and

polluted waters, decredgbe opportunities for collecting drinking water from fresh

flowing streams and increddee risk of wells becoming contaminated by sewage.

It is only wherviewed with the benefit of hindsight thaasnsappear hopelessly naive
largely because-poe was able to find a causative link betméesmasd the diseases
that they were supposed to cause. What was it in the composition of the air around
miasmdbat was responsible for the diseases? Ithigathat propelled a generation of
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Fig. 12. Lowering a coverslip onto a slide.

chemists, including Joseph Priestley and Asitaurent Lavoissier, into studies which led
to the discovery of the major constituents of air during the late eightekntheteenth
centuries. The diseasmising agents, however, remained elusive.

One of those wondering about the causes of cholera was a medical doctor called Arthur
Hill Hassall (1817894). He was,ike many Victorians of his classl time a polyrath:

whilst he pursued his medical training in Dublin, he also explored the coast of Ireland and
made himself an expert on a group of mar i n
which we now know as s@monesorals and other animals that resepiaidgs. Back

in London, he practised as a physician for a few years and then took himself off to Kew
Gardens to train as a botanist and slowly taught himself about freshwater algae. His
hunch that the key to understanding the causes of cholerahleywiatdr Londoners

drank led him to sample the reservoirs and rivers that the wateniesnuiged to supply

the citywith drinking water Hassly peering down his microscopaw a myriad of
strange organisms and thought he had solved the mystery.

He pubished his findings ifihe Langetescribing the organisms he found in each sample

and accompanying these wiiligrams, each in a circular frame, as if to simulate the view
down the microscope, and crammed with the bizarre (and, to the Victoriantysensibil
appalling) organisms he had fourithere are several recognisable algae in these pictures,
along with protozoans and nematode wormldassall had made an important step
forward in that he had ascribed the cause of cholera to biology ratbbethigtry, but

the algae and protozoans that he had drawn were not, themselves, the cause. That would
have to wait until 1885, when Robert Koch first discovered the bacterium responsible.
Hassall had, quite simply, got it wrdrg, in the process, hadkickstarted the study of

algae in Britain. His plates, too, played a role in establishing the link between drinking
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water and disease in the eyes of the general Ipisbhdiawings were even waved around
in a parliamentary debate to emphasis thesppatt e of Londonds dri nki

Hassall was one of a group of reformers concerned with public health in the middle of the
nineteenth century who managed to establish the link between drinking water and disease
His mistake in pointing to the algag possible diseasausing organisms was
understandable: his microscope was extremely crude by modern staptieats
technology was less advanced and he relied on daylight rather than high intensity bulbs to
illuminate his specimeand more pertineiy, the bacterium responsible for cholera is an

order of magnitude smaller trewrenthe smallesalgae that he found. ig—rror, made in

good faith, is not uncommon in ecology. We make observations and then try to derive
plausible explanations. Blu tworlds we deal with are so complicated that alternative
explanations for the phenomena we observe
case, he could not see them).:itisnofiHateourpr oc e s ¢
conclusions arnecessarily wrong, but nor do we have assurance that they afhisight

leaves ecologists vulnerable to criticism by others, often with their own vesteddnterests
promote
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f Hassall and his colleagues were beginningus

understand the effects of pollution on rivers in @

middle of the nineteenth century, tivemy are there
still so mangtreamssimilar tothe River Tearall over the |
UK? | was pondering this question a®dd beside the, '\'-"-u\_
River Skerneabout thirty kilometres south from Caui :
Arch. Until a few years ago, everyone saw the River S S
every time they looked at a five pound note, because these used to bear a picture of
Stevensonds L oconmée Brugeon the Stscktonragdarkingtan S k
Railway We are a few kilometres above that point, and just a kilometre or so below
Newton Aycliffe sewage works.

There are two parts to the answer: the first is that one outcome of the work of Hassall and
hiscolleagues is that we no longer drink untreated water from rivers or lakes. The second
part of the answer is stream ecosystems are efficient natural waste disposal units. If a leaf
falls into the stream from an overhanging branch, there are investdtataivill shred

this up and eat. The leaf will pass through their digestive systems and what is not
absorbed by their bodies wildl pass out as
particulate organic mat ttesd smalloshrimps,Faguatd o . M
relatives of the woodlouse and midge larvae espuidligat this FPOM and break it

down further. Bacteria will, in turn, use the tiny molettidesesult as their energy

supply and, eventually, the leaf tissuesenmiééduced to carbon dioxide and water. The
stream ecosystem is, to use a domestic analogy, a very dilute compost heap.

Il f you have a compost heap, youodl |l Know tF
peelings and other vegetable trimmings, laaswgarden wasteOur waste becomes, in

turn, food for earthworms and wood lice as well as for bacteria and fiegin

gardeners will also tell yhiat piling on too many grass clippings in one go will mean that

the bugs that break down the wastenake compost will use up all the oxygen and will

produce an anerobic, smetigss, rather than the fine, crumbly compost you expected.

Some experts suggest you turn the contents of a compost heap from time to time in order

to make surthat even the deepghyried organissnget occasional gasps of fresh air.

The same principles apply to rivers: the leaves and other vegetation that fall in naturally are
gradually broken down, partly by invertebrate animals (earthworms in the compost heap,
invertebrate larvae in the stream) and partly by bacteria and fungi. The whole system is
delicatehpbalanced as oxygen is used up bysthenicroorganismso it is replenished

partly by natural diffusion into the water from the air and partly byatie qhd algae

that live in the stream. As the material is broken down, so the nutrients that they
contained are released for the plants and algae to absorb to fuel their own growth.

Knowing this we can start to understand sewage from an ecologjeaitper It is no
more tharconcentrated FPOM. It swamps the natural capacity lodidtexia, fungi and
invertebrates the water to break it down and, in the process, uses up the obtygen.
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in other wordsp f a st f o o doono brnger des the stream seceive a balanced
diet, rich in leavesduivalent t@ r o u gih augaavo diejsand so those invertebrates
that are adapted to shredding and eatieagedged out by the myriads of invertebrates
which feast on the FPOM.

In the midnineteeth centurywhen Hassell was workjrigyitish rivers were in a parlous

state. The problem was not just that people were moving to cities but also that mains
sewers were replacing the traditional oni gt
countrngide for use as fertiliser. The sheer quantity of sewage dumped in the Thames
creaed a significant problem for navigation, quite apart from the fears associated with
miasmas.

At about the same time as Robert Koch was discovering that bacterighauchhash

caused cholera were the Oenemy®@naably t he wa
William Dibdin (185@ 19250 wer e di scovering that they we
breaking down the enormous quantities of raw sewage dumped into theaRiesr ath

t he ti me.gldedwab thacreadeson Bn area by the Thames at Batieng,

conditions that these bugs liked, inua concentrated fordhthe first sewage worksn

order to let them break the sewage down for lisfocussedll thenatural processes

which broke down organic matter in rivers into a single site creating, in effect, an
enormous aquatic compastmanureneap. And this, in essence, is what happertseat t

sewage works at Newton Aycliftest upstream from where | ammgiag Howeverthe

process is never 100% successfdlraditionally, the water industry assumed that the

natural capacity of the river itself would finish off the job for them. The stretches of

rivers immediately downstream from sewage works wegtgrthedominated by animals

feeding on the FPOM, and have high numbers of bacteria and fungi. All this activity
needs oxygen, so one of the standard measures of the scale of organic pollution in rivers is,

Fig. 13 Top left: The River Skerne at Coatham Mundeville; centngght: a tuft of
Vaucheriafrom the Skerne;centre left: the view down themicroscope; bottom: the
arrangement of Vaucheriamat of entangled filaments, mostly growing vertically, to
create a mictrioscompiand faorresnd which ot her a
can see the inorganic particles (a.) which are trapped within thaucheriamat as
they are washed downstreamTwo types of epiphyte can be seen. There is
Cocconeis placentuldb. 0 seen both from abee and in profile) which lies flat on
the surface, like a limpet, and alsarhoicosphenia abbreviat{c. d seen from the
front and the side) which grows vertically from the surface.  Motile diatoms
belonging to the genusNavicula (d. 8 from above; one seeffrom the side is just to
the right) move in and around the vertical filaments around which chains of cells
of the diatom Melosira varianse.) are entaggled.

The filaments of Vaucheriaare about a tenth ofa mi | | i metre across,
exaggerated thescale of the diatoms to make the diagram clearer. The Cocconeis
(b.) is about a hundredth of a millimetre across in realityC
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simply, to measure this obiological oxygen
to the source, but a few kilometres downstream this process of breakdown should be
complete and the river should, in theory, have recovered.

Standards have improvand water companies now are expected to manage their sewage
works to a much higher standard than before privatisation but, still, as | look into the
Skerne at Coatham Mundeville, | can setaleeBigns of a sewage works a few kilometres
upstream. fere i s an old water industry adage t/|
and a stream such as the Skerne simply does not have enough water in it to dilute the
effluents from a mediusize town such as Newton Aycliffe adequately. The altemative i

to improve the sewage works, but that will increase the utility bills for local residents.

And, standing on the narrow bridge over the Skerne at Coatham Mundeville, rather than,

like me, in the river itself, they might wonder if this was worthwhile.

The view from this bridge is a typical pastoral British landsgapdle limestone hills

rising in the distance and willow trees overhanging the stream. Perhaps, like at the River
Team, there is sometimes a slight odour of decay hanging over thritnheigverall
impression is something approaching the rural idyll we examined earlier.

Just as at the River Team, impressions change when | take a closer look and, once again,
the river bed is covered with bright green tufts of algae. From adisEynenight be

confused with th€ladophoraaw at Causey, but closer inspection shows these to have a
felty texture, and that the filaments, rather than trail in the water, are actually growing
vertically. This growth form makes them natural sediraps and | need to rinse the

sample | collected for some time under the tap before | am left with a handful of bright
green felt which | can then tease apart and put under my microscope. The differences
between this andladophoaae now slightly merapparent: the filaments are wider and do

not appear to be divided into distinct cells. Rather, they have the appearance of a sausage
skin, about a tenth of a millimetre in diameter, the interior of which are lined with tiny,
bright green chloroplasts.n@he outside, there was a scattering of attachedcsitege

algae on which some midge larvae were grazing, along with various organic and inorganic
particles.

So there are some differences betw&eadophorand Vaucheridut, from a visual
inspectioralone, enough similarities for them to be regarded as relatives for a long time. |
have a copy of George West and Felix Frits
and this include¥aucheriwi t h t he green algae (&aéyhnical
The most recent Flora, on the other hand, paischeritnto a separate group: the
Xanthophyta. West and Fritsch lived in an age where the classification of algae was based
mostly on direct observation. The modern algal scientist has a muchoobikjger

including biochemical analyses which reveal that the photosynthetic pigWernikearfa

are quite different to those Gfadophoaad that, rather than accumulate the products of
photosynthesis as starch (as the green algae and all highelopMaucheriand the

other Xanthophyta store these as a different compound, called chrysolmainarin. Colour,

in other words, is an unreliable barometer of affinities within the freshwater algae, in the
same way that you would not classify a whaldisis just because it possessed fins. If
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you were trying to name a plant you had found in a terrestrial habitat, you would find that

the books tend to focus their attention on the flowers. Trying to name a plant you found

in a woodland from just the \ea is not easy and, in effect, alMawrcheria offering us

is these vegetative padtthe equivalent ahe leaves. Unfortunately, many freshwater

algae rarely form reproductive orgdtish e equi val ent ofwhieh hi gher
makes it hal to tell different species apart. Just focussing on what we can see with a
microscop also hides a number of clues to their affirdt@mseply technical stuff but, to

cut to the chase, these linlaucheriand its relatives to the diatoms and, perhaps
surprisingly, the wracks and kelps of our seashores, rather than to green algae such as
Cladophora

| went back to the River Skerne a few weeks later to collect another sample and most of
the Vaucheridad diappeared, witiCladophoraore evident.  Thinking back, | also
remember times when the River Team had been coated with felt caviaetshefja

rather than the usu@ladophoraMy best bet is that the habitMaucheriaas well suited

to the long peod of warm, dry weather that had preceded my first vidile growth

form of Vaucheries even suited to short periods out of the water: the dpaskéd
filaments act as wicks to conduct the water from the base of the tuft up to the growing
tips. Howeverheavy rain in the period between the two visits had washed it away, and
the more firmhattached growth form ofladophotead taken over.This is mostly
speculation. There is much that we still do not know, even about relatively common
freshwatr algae.
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Fig. 14 Inside aVaucheriad f o r fiem thedRiver Skerne at Coatham
Mundeville.
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COwhyhaveIcalledthisbooikOf Mi croscopes and Monster !
shouldbesel x pl anat ory, but how do Omonsterso
\—colleague wrote a paper and, as | had done some of the analyses that supported the
work, he included me as aardghor. Hesent me a proof to check before publication but,

as it was written in Dutch, | could not be of much help. What | did notice, as | scanned

through the text, however, was repeated us:«
a very particular meanidghuge, often imaginary and usually ferocious beasts, far
removed from the microscopic algae | thought we had written aibblonst er 6 i n
Dutch, | was toldme a n't osampl ed. I ntrigued by thi
Dictionary and looked up the etymology of the woedMo nst er 6, I l earnt,
English word derived from the Latin omonst

The idea behindhis was that strange apparitidmsalformed animals, misshapen bidths

were sent as warnings of an impending catastrophe of some sort. And so the link to the
Dutch word for oO0sampledé became much <cl ear el
similarderivation. The samples environmental scietditgst givais insights about the

state of a river or lake and #hes turn, help us to predigbrophesy, if we stay with the

apocalyptic them@@w h at mi ght h a@gomething. f\Wewaotkidow,fod t

examplejf there is a risk that fish are likely to die due to lack of oxygen on a warm
summer eveningyr that swimmers or canoeists are likely to get skin rashes after
swimming in a lake.Ar t hur Hi | | Hassall C blleer onlay s aw
microscopic scale; The bizarre appearance of the algae and other life that he depicted
along with his suspicion that these were responsible for cheteialycfittedboth

senses of the word.

We need a short diversion at this point, @deoto understand how water pollution is
measured in the UK. During the early part otanger, the environment wasiaority

concern. Ecologists, by and large, knew about the major environmental challenges but
there was little political will to invéstpractical solutions. During the late 1980s this
started to change: in the UK, the unexpected success of the Green Party in the 1989
elections for the European Parliament signalled a rise in public iterest later, the
establishment of the Naial Rivers Authority (NRA), a-pyoduct of water privatisation,
signalled a greater willingness on the part of Government to tackle the challenges that the
aquatic environment presented.

There were biologists in the water industry before this poittielpwrere biplayers in a

world where engineers and chemists generally ran the show. At this point, biologists
could, for the most part, look at the plants and animals living in a river and assess the scale

of pollution. Often, this coincided with whiaé chemists knew, but sometimes the

biologists would find evidence of pollution in a river which the chemists thought to be free

from contamination, and this would precipitate some forensic work to track down the
source d perhaps a factory that emptidd tanks infrequently, and which was,
consequently, mi s s ed visit y Chelmists canhreeasutiget 6 s mo n
concentration of a particular substance to the nearest part per billion but only if they had
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set out to look for that substance and it wwathe water at the time they took their
sample. The plants and animals that live in the river, however, are exposed to all the
contamination in a river, including the substances the chemicals did not suspect they
needed to measure, all the time, nbbjushe day that they collect their sample.

Biologists in the water industry gradually became aware of the potential of using ecology to
assess the state of the river from the 1960s onwards. Hdweebelogy, at this time,

was essentially descriptared most effective when applied on a lscale. The new
legislatiorcreated a national body for water management, and therefore a need to make
nationwide comparisons, and also to start to develop an ability to predict as well as just to
describe. lmther words, the prE989 biologist could use the invertebrates present in a
river to rank the biology of that river on a scale, roughy1 wher e 0106 i s bad
excellent quality. If a biologist collected a sample from above and below w@dwag

he might find the upstream sample scored 6 and the downstream sample scored 4. He
might conclude that the sewage works was causing some pollution although,-in the pre
NRA days, he would have worked for the organisation that had responsillittih fo
managing the sewage works and enforcing the legislation. Not surprisingly, many UK
rivers were in a poor state.

However, the biologists who used these simple indices all over the country also realised
that riversapparently free from pollutiomere not allgiving the same result. A chalk

stream in southern England, for example, consistently had more diverse invertebrate
faunas and higher scores than even an unpairgach draining the Pennine&nother

facet of the same problem was thairiliertebrates found in the headwaters of any river

are not necessarily the same as those found in the reaches close to the tidal limit. This
means that a biologist could not make a direct comparison between index values calculated
from two samples evenfiom the same river without knowing more about the locations

they were collected from. This is not a problem when the biologist was concerned
primarily with the effect of a single source of pollution on a river because he or she could
evaluate the ressildownstreamelative to those upstream. But suppose the upstream

site &, itself, polluted? How much better could that site be? There are, in other words,
benefits from converting our relative estimates of biological qualitgbsutute

measures of the condition of river ecology. Or, to put it another way, to find a way of
guantifying the o0ideal 6 state described in

This was a question that occupied the minds of a group of scientists based in the Dorset
laboratory of the Frhwater Biological Associati(fRBA) during the midl980s. Up

until this point | have tried to describe stream ecology in qualitative terms, in order to help
you to visualise the worlds that | am describing. However, the FBA team had the
advantage notguof having some highly experienced invertebrate ecologists working on
the problem, but also, in Ralph Clarke, a talented statistician. He was able to take the
various observations that his ecologist colleagues made about the sites they were sampling
0 easily measured properties such as the altitude, width, depth and strean® lzardiness

use these to predict the value of indices if there was no pollution present at that site. If
you divide the value of the index you calculate after analysis of &reantpke site you

are studying by the oOexpectedd val ue, base:t
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observed sample is the same Eaobgicall@Qealitypr edi ct
Rati o6 or EQR) i s one. this isla indication ithat yduro we r t
invertebrates are not as healthy as you should expect, and you can start to hunt for
possible reasons. Clarke and his colleagues had, inadvertently, laid the foundation stone
for the Water Framework Directive which wooltie into force a decade later.

Thenext challenge, however, isto work outhaav get from the present
to the ideal or Oexpectedd state. Al most
building new treatment facilities orrafiag treatment processes, with implications for

capital investment programs or running costs. Sewage works were, by the early 1990s,
managed by private companies and the price they charged their customers was a politically
sensitivesubject. Decisioosn how t o manage a river had di
bills, particularly as both regulator and water companies were overcoming a long period of
underinvestment.

Water quality did improve in the early 1990s as a result of the stronger legislation.
However, as we saw in the River Team, managing pollution is like peeling away the layers
of an onion, and the improvemetdssewage treatment revealdter, hitherto hidden,

problem. The high concentrationspbbsphorus and oth&utrientsin rivers vas not
addressed by this legislatioBack in chapter 3 we saw bubbles of oxygen on stones
caused by thea | g ae busy converting t he sunods e
photosynthesis only occurs, however, during daylight hours. During warm summer nights,
on the other hand, the prolific plant growth that results from abundant noarestsk

so much othe oxygen out of the wathiat fish canin effect, suffocate There was no
willingness to address this on a broad scale as the capital investieentonieuild the

plant to remove phosphorus was huge. However, in 1991, a new piece of legislation, the
Urban Wastewater Treatment Directive (UWWTD), came out of Brussels, creating the
imperative for the NRA to tackle this issue. Unfortunately, theebmaéebased

methods for assessing rigeologyin which the NRA had invested so much money, were

not very good at detecting these effects.

And so | inadvertently stumbled into this scene: a Fellowship at the University of Durham
that seemed at oneipbto be going nowhere now had a focus: maybe there would be
ways of using the algae in rivers to help us understand the scale of risk that excessive
nutrients presented to a river? The French had already devised some methods for using
diatoms to evaltawater quality but in a fairly general manner. | looked at their methods
and started to tweak them in ways that focussed patrticularly on nutrients. The outcome
was an index which the NRA (whailolvedinto the Environment Agency in 1995) and

sister gencies in Scotland and Northern Ireland could use. When my Fellowship ended, |
bought myself a secehdnd microscope and continued the work as a freelance
consultant.

The Water FrameworkDirective in effect, requires all Member States in the EU to
perform what amounts to a ©a ghedkistrof tieMo TO6 t
properties of a river that should be inspected, and some guidance on what constitutes an
acceptable state, as we saw in chapter 7. So all the EU members had to find ways of
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measuring the different components of aquatic ecosystems in ways that are relevant to
their circumstances. In the case of UK rivers, we had a foundation, not just for the
invertebrates and diatoms but also for the larger plants of rivers. No lonper was
biology a subsidiary tool for water management: it now played a central role in decision
making in the aquatic environment. The next step, for all of us, was to work out exactly
what that natural state of any river should be.
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That Causey Burand the River Skerne grelluted is incontrovertible. The
guestion that this observation prompts
What are the properties we are looking for that define a clean river? | have made
the comparisondre between #sesites and the River Wear at Wolsingham, but how do |
actually know that the Weatr, itself, is clean?

For the first half omyc ar eer , rivers were defined as 0
whether or not we could measure any pollutankeir water. The preferred state was,
obviously, ounpol |l ut e do®,goyatdo tatksi sdeifd nae dn dy:
of undesirable properties.had mused on these topics a few years earlier whilst sitting in

a hospital whilst my fathexcovered from a heart attack. At the entrance to each ward

there was a handwasinspicuouslglaced on the wall for staff and visitors to use. More
handwashes were placed at strategic locations around the ward and avdédgimesand

of auxiliary @ff seemed to be constansiwabbing and wiping everyface Butthe

cleaning alone did not make him betteste isin other wordsmore too h e athah h 6

ocl eanllfi nesls®dandé i s defined by analomilysence,
that is fit enough to live a normal life.

From the 1990s onwards, momentum developed amongst ecologists to apply similar
phraseology to the environment. The roots of this thinking came from the work of James
Lovelock, whose Gaia theory suggestece#init should be treated as a sopganism,

with the different components interacting to provide the same kind of control over global
processes as a body can exert over its component parts. Pollution, to take this metaphor a
little further, was akindo 0si cknesso. The metanpdmer | s s
living on a crowded island such as Britain as the twentieth century slipped into the twenty

first could be forgiven for wonderirgb o u t exactly what a Oheal 1
have looked like.

One of the surprises of the Water Framework Directive was that it had told us that
oOheal thyd coincided wetgdve very few detits om How thd c o n
define Oubnedyiosntdurseme vague statements about
ant hropogeni c al undistudbdd istatenvsas the réference agairestt whichh i s

all water bodied marine and freshwat@had to be measureth e sear ch for oOr e
c o ndi has ecome one of the major intellectual challenges of the last decade, if only
because so much of Europe has been settled and exploited by man for sbhing.

answer is to define how healthy a river or lake is by reference to those water bodies that we
already know to be healthy, just as a doctor haglatpmnined idea of what a healthy

body should look like and how it should perform. Yet this, in turn, begs another question,

and one that is much harder to answer: where do we find these healtby lakes on

this crowded island? And that, in turn, takes us to the remotest corners, where the human
footprint is barelgliscerniblein order to sample the diversity of life that these contain.

This information would then allow us to form a wéwhe properties to which all rivers

and lakes should aspire.
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| had tried to articulate these ideas to my father whilst we were visiting whisky distilleries

on Islay after he had recovered from his heart attack. | had taken the opportunity of being

in aremote corner of the country to visit Loch Losditich my colleagues and | had
decided was a good candidate foearp r i sti ne oreferenced6 | ake
scientist, |1 searched for a suitable metaphor and finally told him that | was engaged in t
search for the perfect lake.

This implies, in turn, a different sort of journey: if we are to usepisiaglake such as

Loch Lossit as Aenchmark for lakes elsewhere in the country, we are also making a
journey backwards in time (because, wauggestindg,och Lossirepresents a condition

that many other lakes had once enjoyed) and a journey forward in time (because, if
appropriate measures were taken, these impacted lakes could once again attain this state).
This restoration is, in factsala requirement of the Directive although it is unlikely to be
cheap. It will involve tighter controls on how sewage works are managed, for example,
which may result in higher water bills. 1t may mean closer regulation of farmers and
industry, which Wiaffect their costs and, in turn, the prices we pay for their goods. So
there is a further challenge in the Water Framework DirertipBed rather than spelt

outdt o explain to the wider world exactly wi
river has failed to meet the required standards and what benefits will accrue to a
community from the expenditure required to nurse that river back to health.

Reflecting back now, the genesis of this book lay in that pilgrimage My lskgehad

slippal, more by accident than desigrio an obscure academic backwater which meant
that | knew a lot about a group of organisms that most people barely, if ever noticed.
Over the years, a series of twists and turns in environmental politics had méant that t
backwater, thigroup of organism&and my own work on thefhwere going to have an
effect on everyoneds pocket s.

Fig. 15. Examining a specimen
under the microscope
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nd so | came to WastwaterlUnder the shadows o

Scafell Pike and Great Gable, Wastwater is one ¢ j

most remote lakes in Englandrhe only habitation ir (/ Qs}' &
the catchment are a small hamlet, Wasdale Head, two kilo 0 }
to the northeast of the lake, a couple of campsites amd /

o
—
-
"/.'

-

scattered farms. Applying the criterion of the perfect lake, i

the previous chaptéra lake where the human footprint is bar %, 6*“’”7'. . \«\.\
discernablé Wastwater seems like an ideal candidate. In\ "" L T d s
case, we could reason, documenting the plants and dahani é Z/ XS ‘( 2
live here would give us a benchmark against which othel}j _‘." i \9
could be compared7his, we have found, is true up to a pc G e
but if you were standing beside one of the Norfolk Broads ;F—/ @ ,,,_»7..—';3‘
might wonder if the lakes that develop in the flat landsogpy 2/

East Anglia should really be judged against lakes Stuii wo

Wastwater, where the geology is so different. Comparisons should, in other words, be
restricted to lakes of a similar nature. Even within the Lake District, for example,
Windermere cannot lmmpared directly with Wastwater: the hard rocks that make up
Scafell Pikand the other mountains in this part of the Lake Diatecless easily eroded
meaning that the Wastwater contains fewer dissolved minerals than that of Windermere.

A secondreason for visiting nepristine lakes such as Wastwater is that we can study
how the various plants and animals interact with each other, and then use this to develop
ideas about how natural lake ecosystems actually wWeakher than just make
intermindle lists of species and describe the patterns that we find, we can start to evaluate
lakes in terms of the processes that are happeningnigfduearn to recognise a right

back in a football team by higpearancer by the number on the back of higtsltout

youwill have only a very superficial understandifgptifallunless yoalsoknow howa

right back interactaith the goalkeeper and other defenders to stop the opposition
scoring, and with the midfield players to push the ball uipfieldlerto create the
opportunities needed to win the game. So it is with ecology: we haganaethidium
minutissimwatready in our clean rivers, but how does this diatom interact with the other
algaeas well as with the invertebrates that eandt,dos this tell us about the steps
necessary to restore polluted ecosystems to a healthy state?

There is nothing wrong with describing the patterns that exist in ecology. The problem
comes when we try to ascribe causesdephterns. We can find relathships between

the patterns and the environment, but noting that there is a relationship between two
variables is not the same as saying that one is affecting the other. = Both may be
responding to a third, unmeasured, variable. And, to further campiatédrs, the
relationships that ecologists do find are often very noisy, and we are, again, faced with the

problem of oOoOweak inferenced mentioned ear|
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| had come to Wastwateecause a colleague, Lydia King, had chosen it as a location for

an expament during her PhD studiesShe was grappling with the same issues that |
described above. She had established that there were relationships between the types of
algae that she found in lakes in the Lake District and the amount of nutrients that they
contained She also saw that the types of algae she found dependbdwipand or

alkaline the wtar was. But the water chemistry only explained a part of the variation in

the algae and now she wanted to find out about the variation that was imeidelypla

this. In particular, she wanted to know how much of the variation was due to the way
that the algae interacted with each other.

Her experiment resembles a very famous ecological experiment which was started in the
middle of the nineteenth cant at Rothamstead agricultural research station in
Hertfordshire. A large field, called Broadbalk, was divided into plots which were then
treated with different combinations of artificial fertilsers and farmyard manure, in order to
see which gave theghest yields of cereals. In 1882, after the experiment had been
running for about forty years, a strip of land at one end of the field was left unharvested in
order to see what happened. This area was, itself, divided into two: half was left
completelyuntouched, allowing weeds to overtake the wheat. Later, shrubs such as
hawthorn and, eventually, trees, invaded and this part of the experiment is now a mature
woodland withash, sycamore and hawthorn. The other half was also left untouched
except thatvoody plants were pulled up before they were allowed to establish.  This
developed in a different way, with plants typical of open ground. The experiment is a
good example of how the vegetation of a site can change naturally at a site dver time

ecolgi sts call this Osuccessiono, as the dif
nutrients and sunlight. The oOowinnersod in ¢
usually trees anbde deciduous forestuch as thatie now see at Broadb&lklderness is

termed the oO0climaxd6 vegetation.

From my point of viewd trying to understand how the environment shapes the egology

work such as this introduces time as another variable that we need to study. Except, when

we are dealing with micros@plgae, we need to think not in decades or centuries but
weeks.Lydi ads experi ment i nvol vea theadgetof ng c | &
Wastwater and then watched how the algal communities changed over the course of six
weeks. She also examimadlkparts of the pots at extremely high magnifications using a
scanningdectronmicroscope and the resulting pictures, along with her data, provided the

basis for the paintings in Figsand I which show that the changes very similar to those

we saw eer one hundred years at the Broadbalk Wilderness are happening over the course

of a few weeks in Wastwater.

Fig. 16 Upper image: the author sampling from Wastwater in 20@photo: Ed
Kelly); lower image: The microbial world of the littoral zone of Wastwater after two
weeks of colonisation. Key: a. unidentified small unicellular blugreen alga; b.
unidentified small unicellular green alga; c. thin filament of Phormidium; d.
Achnanthidium minutissimum;, e. Gomphonema parvulum  Scale bar: 10 pum
(foreground).
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The firstdiorama (Figl6 & lower imageshows the surface tife plant potafter being

submerge in Wastwater for two weeks. You could think of this as a patch of waste
ground that was, at the start of the experiment, bare of vegetatiowe watched this

patch over a number of weeks, we would notice some plants appearing: scattered stalks of
grass, perhaps some rosebay willow herb, dock or plaftgarslener might dismiss

theseas Oweedso, although this term has no ec
pl ant that is growing in the wrong pl ace.
plants adapted to colonising new habitats, growing quickly (which raigiprockeicing

lots of seeds in a short space of time or producing rhizomes or runners) and covering the
ground.Thi s same process has taken phaceweadsdd
in this case are scattered thiements of the blugreen alg&@hormidiyrthe diatoms
Achnanthidiumnutissimand Gomphonema panpllusra number adpherical green and

bluegr een cell s that she couldndot i1identify.
this open landsceystill contains abo82000 cells per square centimetre.

When she came backvaek later, much of the empty space had been ;infiteel were

now about30Q000 cells per square centimékig. 17, upper image)Thesemostly

belonged tdhe same spes that shkadfound the week before. The difference is that

they are now rubbing up against each other and this has some important consequences
All plants need light and nutrients to grow and algae are no exceptions. Sunlight provides
the energyolr photosynthesis but now, at week three, the density of algae is such that
there is a chance that some of the light will be intercepted by a neighbouring cell. The
total amount of sunlight that filters through the water to the pot surface is alrédady muc
lower than that available at the lake surface; now it has to be shared out between many
more cells. At this point, properties such as fast growth rates that helped our pioneers to
colonise the plant pot become less relevant, and it is algae th#trasddgted to
capturing the limited light that will survive. So when Lydia came back to Wastwater after
six weeks, she saw a very different community of algae on (€igpafs, lower image)

There was still a lot #gchnanthidium minutissifutrising above these was another
species ofGomphonenmne which hasn elegant art deco shape but which, more
importantly for our story, grows on a long stalk. There is also a diatom whose cells are
shaped like an orangegment; this Symbellafiafsand this, too, grows on a lestglk,

the better to grow above tAehnanthidiuamd other pioneers. The equivalent on the
patch of wasteland that we had been following would be invasion by shrubs such as
hawthorn and blackthorn, although this Wdwdppen two or three years after the first
pioneers had arrivedot six weeks as Lydia had observed for the aijealso found a

diatom calledrabellaria floccwaseh forms filaments. These often start out lcosely
attached to the substratum Ibubre often break free and become entangled around the

ot her al gae. Il n our owastelandd6é anal ogy,

Fig. 17. Upper image: he microbial world of the littoral zone of Wastwater after
three weeks of colonisation. The composdn is similar to that in Fig. 3 but with a
higher density of cells. Scale bar: 10 um (foregrountjwer image: he microbial
world of the littoral zone of Wastwater after five weeks of colonisation. Key: f.
Gomphonema acuminatum g. Cymbella affinis h. Tabellaria flocculosa Scale
bar: 10 um (foreground).
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The experiment finished shortly after this, terminated when the apparatus was overturned
Whether by a wave or by vandalism, Lydia will never know but this etssif &,

metaphor for the harsh world in which benthic algae have to survive. Intreahlifey

cobbles in théttoral zone will be rolled by wave action or, as we saw in the River Wearr,
invertebrate grazers could hanga rOemcevad edu
composed ofthe tough, fasgrowing species such aschnanthidium minutissitoum

dominate samples The oOsuccessionso we see in th
place much more quickly than those in the macro world, but they §iduarerer stable
ocl i max©éd: j ust a brief pause before the ne

biological processes that shape éxgstence
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ou might be thinking that somewhere in this stopm
have started to confuse spacetane. If | travel to|
a remote location, | argued for both Loch Lossit | \

Wastwater, | could find lakes in which human impacts | ‘%s‘.-\f.\if“”

hard to measur e. Such | & N
how lakes in the far past might have appeamnddchow IakeL
currently impacted by human acésiticould, once agairt, B
appear.

\
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When Einstein grappled with the relationship between space and time, he sought the
solution in elegant equations. In our case, we need something less abstract, more tangible,
to make sense of these ifrEdationships: we need a window intothepasb ve al ready
learnt that diatoms have glllss cell walls and it is through these that we will now peer

back into history.

A lake such as Wastwater has an enormous number of diatoms living attached to surfaces
in the shallower water at the margins amspesudled in the watér as planktond
throughout its area. It is not always a clear distidcsiome of the attached algae may

be dislodged by wave action and become temporary members of the plankton and some of
the planktorwill settle and become engéed with the benthide. Over the course of a

year many will die and sink through the water to settle on the bettonents The

next year, the pattern wil/ repeathoset sel f ,
from the previous year The softbodied algae will decay, but the gillkes<ell walls of

diatoms are resistant to this and will renmaact and, largely, in the same position as
where they originally settled. Over time, a deep layer of soft mud, rich in organic matter
from the decaying plants and animals will accumulate, along with a liberal scattering of
diatoms and other deeagistant bodies, such as pollen grains.

The mud at the bottom of Wastwater will have been gradually accumulating since the end
of the last icegee, about 12,000 years ago and, roughly from the middle &fd¢batasy,

scientists have realised that the distribution of diatoms and pollen grains throughout the
layers of the sediment may tell us something about how the vegetation around the lake,
and the conditions within the lake have chang€&bey take a boat to the middle of the

lake, assemble what lot&ghe laymaitike a miniature oil rig and force the end into the

mud to collect a core of sediment for analysis back in the labodatsyot just from

lakes that these cores can be collected, but peat bogs too, and over the last half century or
so, a huge number of cores have been collected from all around the UK, allowing us to
build up a picture of how the British landscape hasethang

We are going to follow the changes in the pollen grains collected from &jpoerin
Teesdale, ithe Penningsas thigs an area that ecologists have studied in great detail.
And we will look first at the pollen grains, as these give us anh vesghe broader
landscapénas changed, and helps to create a context through which we can interpret
changes in lakes and rivers
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The trained eye can distinguish the pollen grains from different types of plant. Grass
pollen is one of the most basipes: more or less spherical grains with a single pore, out

of which a tiny tube grows when it lands on a stigma, in order to fertilise the egg. Other
types of pollen grain are, broadly speaking, variants on this basicdanatimes oval

rather tharround, with two, three, four or more pores and with various types of knobs
and spikes on the outside. The pollen of pine is particularly distinctive: the basic round
grain has two large ears attached, so that it looks like the head of Mickey Marise. Thes
act as sails, helping to blow it enormous distances. Ironically, pollen analysis is possibly
the only area of botany where mistaking a buttercup and an oak tree is a risk: it takes some
practice to be able to differentiate between their pollen gr&losvever, if you are

patient enough to meticulously name and count the pollen grains found at different depths
in the peat you can build up a picture of the vegetation that had ttieakexh around

the core sitat different stages in the past.

A pollen analyst may find fifty or matiéferent types of pollen ancore but, fortunately,

there is a convention in studies such as this, to present a summary of the data, by grouping
all the pollen that bel onged allthathelongede s 6, a
tononwoody plants (oOo0herbsd), so you donot h a
follow these changésig. 18) In order tanterpretthis, imagine the width of the graph as
representing all the pollen grains counted (100%) athepttherepresenting the depth of

the core, which in turn relates to a partic
on the graph, to make it easier to interpret). Gazing across the treeless thatdscape
characteristic of the Pennindsfelday, it is a little surprising to see that about a quarter of

the pollen found at the surface of this core is tree @bftewstly birch, oak and alder.

These light grains must have blown here from elsewhere but their presence in such
numbers suggsswe need to approach this graph with a measure of caution. In fact,

pollen analysts get used to phenomena such as this and check the pollen representation in
surface layers of sediments where they know what the modern flora looks like. For them,

there is no contradiction betweelreeless landscape and a recent pollen depesé

twenty five percemtf thepollencomes from trees

Further down the core, however, at a depth corresponding to about 6000 years ago, tree
pollen constituted about h#tiie total pollen at this site. A more detailed breakdown of

the types of pollen shows that, at this tthrexe was a lot more pine, along wik and

alderin Upper Teesdale. From about 5000 years ago the number of grains of heather
pollen start tancrease: the explanation being that the climate cooled slightly and got
wetter at this time, and this led to the soil becoming waterlogged and less favourable for
trees. So the bogs and moors that we see today started to appear at about this time
instead From here to the top of the core, the tree cover gradually declines. The topmost
layersd from about 2570 years ago onwaydshow a more rapid decline, probably
associated with Bronze Age farmers clearing the woodland that remained for farming, but
the decline had actually started much earlier.
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Fig. 18. The summary pollen diagram from Red Moss, Upper Teesdale.
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Moving down the core is like taking a particularly long hike, starting in Upper Teesdale but
descending down the valley to the natucadlgeus woodlands which can still be found in
some parts of northern England and Scotland. As you move further down the core, so
you need, in your imagination, to leap over the North Sea to the pine forests of
Scandinavia, then keep walking northwarls.you reach about 8250 years ago, so you

are getting to the northern limits of the pine forests, where there are fewer trees and more
low shrubs, grasses and herbs. You are approaching the Arctic Circle and are standing in
the tundra which covered muzhBritain at the time when it was just emerging from the

Ice Age. The oldest peat in this core is about 10000 years old and most of the width of the
graphd over 80% is taken up by herbs, mostly grasses and sedges. The wind blowing
from Cross Fell noweems much, much cooler. Time, perhaps, to return to the modern
day?

Our journey through the core has shown us that the landscape at Upper deesdale
environment whose recent changes we have alreadysseea where the hand of man

extend backaimost 3000 yeamnd that natural environmental change continued for even

longer before that. Travel to the Mediterranean ama n 6 s i on fvdgetatianc e

extend back almost twice dar - some 5500 years. Yet, both figures pale into
insignificancedside the scale of natural environmental change, as Europe warmed up, and
then cooled slightly, after the Ice Age. Having set out to find the perfect lake or river, |

find that my target is going to be elusive, not just because the British landecape is s
altered but also because the whole idea of
just look at the 2750 years during which we can see human influences in Upper Teesdale,
we are faced with tantalising questions: how, for example, did mareitfla&mcer

Tees and its tributaries back in those early days? Was it friend or foe to him? And, most
tantalising of all; should we worry? To what extent sheutitalism embodied in the

Water Framework Directive be leavened by pragmatism? calf weim in itfish in it

and (after treatmerd)r i nk it €. I f there is enough wat
river to use, i f regul ations are in place
content?
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have travelleti50Okm west from upper Teesdaddook

at another laké a loch, actually, as | aowin Scotland ;&

din order to try to answer these questioltsvas a long Q ,{ ,E
drive, out along the Solway coast to Newton Stewart, {f %5
northwards along progressively narrower roads it /( ’/
mountainous scenery. | parkegcar at the eastern end {' -
Loch Trool, where the road finally gave way to a ti% d‘; :\'\
winding down thdnillside into a glorious forested landsce i} ( e Y

| followed this track on foot for a couple of kilometres, t _§ # '{ WY
struck off, following a small burn up the hillside, strugc ‘3 2—;;; ‘/ =
through knedigh grass and soft boggy ground & & 4 D
scrambling over granite boulde®s herd of highland cattl® [ij,, ~ _,"
lifted their heads at one point to contemplate this rare in o~ . F';_;"
into their territory before returning their attention togtiass. J,f\ /’ o gy

Finally, the land flattened out and | was looking across a -

loch, no more thaa fewhedaresin size, nestled underneath a granite escarpmbis.

is Round Loch of Glenheauhd, if weapply the principle that the further we go from
human habitation, the more likely we are tb didake in pristine condition, this, even
more so than Wasater,ought to be a primeandidate for The Perfect Lake?

Pushing through the heather that surrounds the lake, | found myself standing on a small
beach, composed of fine white sand: almost pure quartz,-fireduntt of the erosion of

the granite hillaround me. | waded out into the shallow water at the lake margin and
looked around. There were almost none of the esizbl@ stones that | found in
Wastwater or on the beds of many of the streams that | visited, which meant that | was
going to have tee-think my sampling strategy. On the other hamck the water was

about twenty centimetres deep, stems of aquaticdéamtsquatit.obeliand a quillwort

- started to appear, rising vertically out of the water. The submerged portions were
surroinded by a dark brown translucent cloud, but as soon as | scooped it out of the
water, it collapsed into an amorphslumygunk

Later, staring down my microscope at a sample of this gunk, | could see a rich mixture of
algae. There were long filamehis green alga callgdugeotiecells whose chloroplasts

were flat plates, which could rotate round the central axis of the cell in order to catch as
much light as possible. Tangled around this were much thinner filaments-gfeziblue

alga calledyngbyéa close relative of tformidiuwhich we met in the River Wear, and
chains ofTabellarjalbeit a different species to the one we met in Wastwater. Within this
tangled web, there were other allylismopeodia ordered array of bigeeen cells

within a mucilaginous matrix; elegant-shaped cells &inobryosnd, creeping through

this tangle, diatoms. One was a specidawtulaut there were also larger bsladped

cellsd some almost a tenth of allimetre long of a type known asrustulia And, to
complete this submerged melange, there were trapped particles of peat, washed in from
the catchment, and responsible for the dark brown colour of the gunk. Attached to the
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plant stems, | saw sevaralls of small, asymmetrical diatoms belonging to a genus called
Eunotigalong witmeedleshaped cells of another gemesponia.

These algae are very different to those that we have seen at the other locations we have
studied. Even where we see genéhat we recognigesuch adNavicul@ the species is

different. The reasons for these differences were unpicked in a piece of scientific detective
work during the 1980s. In brief, it turns out that the water in Round Loch of Glenhead is
very weaklycadic, conditions which many of the algae we have met hitherto are unable to
tolerate.

Interest in Round Loch of Glenhead and other acidic lochs in Galloway grew in the early
1980s, as concemmounted that these lakes, along with others in Scandmhbzyand,

were not naturally acid but had become more acid in recent years. Lakes in Scandinavia
which had supported, in living memory, trout fisheries, no longer could support trout, and
the finger was pointed at industrial areas of-masth Europe,ral particularly codired

power stations, which pumped gases out of their chimneys which were converted in the
upper atmosphere into dilute sulphuric and nitric acid. This was blown across Europe and
finally deposited, hundreds of kilometres fromthedac i es as o6aci d rainod.

The implication of a theory such as this is that the companies that operate power stations
needed to invest in expensive equipment to remove the noxious gases from their chimneys
before they were released. Either their profite watluced or (more likely) their
customers paid more for energy. But, in the early 1980s, this was just a theory and the
power companies were not prepared to spend
theory unless there was a more convincinggknketween their exhaust gases and the
acidification of lakes. Strong evidence that Round Loch of Glenhead was, once, less
acidic than it was in the 1980s would help but such a remote loch is visited rarely, and
there were too few measurements of thervehemistry for any trends to be apparent.

Two scientists from University College London, Roger Flower and Rick Battarbee now
came onto the scene. Both were geographers by training, with an interest in lakes and in
palaeoecology. They took coremfRound Loch and analysed samples from different
depths in order to see which diatoms were preserved. They also sent off samples to
specialist laboratories who used radioisotopes to date each of the layers of the core.

Fig. 19. Top: Round Loch of Glenhead; centre left: the algal community
smothering stems ofLobeliain the littoral of the Round Loch; bottom left: the view
down the microscope; bottom right: schematic view of the community smothering
aguatic plants in Round Lod; the green algaMougeotia (a), the diatom Tabellaria
(b) and a narrow filamentous cyanobacterium/yngbya (c) form a tangle of
filaments within which peat particles (d) are trapped and other algae such as
Frustulia krammeri(e) and Navicula leptostriata(f) move around. Some algae are
attached directly to the plants:Peronia fibula(g), Eunotia implicata (h) and E.
bilunaris (i). Other algae such as the CyanobacteriumMerismopedia (j) also live
amidst the tangled filaments. Scale bar (bottom right): I@iicrometres(1/100" of a
millimetre). C
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