Dear Reader

In 1992 our annual conference,
“From Research to Practice”, dealt
with the ecological dynamics of lake
restoration, During the past ten years
the results of water protection meas-
wres in Switzerland have become ap-
parent. Due to phosphate removal in
wastewater treatment and the ban on
phosphate in detergents, the phospho-
rusconcentrations inlakes have shown
a steady decrease. Although several
fakes are in good condition now, many
are stifl heavily polluted. The polivted
lakes are mostly those that receive
considerable amounts of surface run-
off from agricultural land. Seme of
them are artificially acrated to allow
higher animals to live in the entire
water colunm throughout the year, and
to speed-up the mineralization of algal
material. As artificial aeration com-
bats the symptoms but not the causes of
entrophication, it can only be a transi-
tional measure. Future efforts have to
be directed towards the reduction of
the input of phosphorus into these lakes,

in particular from grassiand and ar-

able land. In this issue, the responses
of physical, chemical, and bislogical
. paramefers of lakes to pollution, pro-
tection and restoration measures are
critically evaluated. We hope that the
articles on the following pages will
attract your attention and contain use-
ful information for you,

Such conferences require much
preparatory work. Many have helped
to make it a success. Maja Lukac and
Ueli Bundi, in particular, did a mar-
vellous job in preparing and directing
the conference.

Enjoy the reading. May this issue
make you feel like sitting in a fresh lake
breeze!

Alexander J .B. Zelnder

Restoration and Ecology of Lakes:
Evolution and Development
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The lake as an ecosystem
Heinz Ambiihl and Heinrich Biihrer

1. How does a lake
function?

The struciure of the water body in
all lakesis determined primarily by the
weather, From late winter to spring, it
loses the heat remaining in it from the
previous year to its environment; the
water is cold and is churned up by
winter storms. If sufficient energy of
motion is supplied by these storms, the
lake water undergoes mixing (downto
the lake bottom, Fig. 1, or only pari-
way in the case of deeper lakes). The
waler comes into contact with the at-
mosphere over a large surface area,
raising the dissolved oxygen concen-
tration up o the surface saturation
value and allowing volatile substances
to escape. With the increase in inci-
dent solar radiation in late spring, the
upper water layer warms up, thereby
decreasing in density and forming a
cover over the colder, deeper water,
preventing further downward mixing.
The lake has now altered from winter
“rurnover” to summer “stagnation”.
From this point on, only inflows and
currents generated by strong winds
bring motion into the deeper parts of
the water body; forces due to winds
and earth rotation induce weak motion
in the surface water layer. The stere-
otypeof turnover as strong, large-scale
mixing s just as incorrect as the idea
that the waters of a lake during “stag-
nation” undergo no motion: in fact,
winds, waves and convection currents
keep the water in a state of continual
agitation,

2, The lake as a

biological environment

We look now at the pelagic or free-
water zone, and here initially at the
upper layer, the epilimnion. This is
populated with plankton. The planis
{algae) and animals which form this
community are constructed simply; but
morphologically, physiologically and
ethologically are highly adapted to their
environment and to their continually
floating or swimming mode of exist-
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Temperature (above) and oxygen concentration in Greifensee in 1989, This
series of measurements, which were sampled very frequently as part of a

practical course, was broken off in July.

ence. Taken together, the plankton form
a typical (classical) ecological com-
munity, which, because of its simple
structure, can be regarded as a model
for other communities. Thanks to the
shormess of the life cycles involved,
an overview of the biological and
(syn)ecological functions {(grazing,
growth, reproduction, being grazed
upon) can be obtained within the space
of a few months or even weeks.
Twenty or even ten years age, the
lakes of Switzerland were, in general,
overloaded with phosphate. Today the
phosphorus content is decreasing, and
has attained minimum values in some

lakes, whereas in others, it is still on
the decrease. In order to be able to
determine how far this development
must proceed to bring the lake up to a
given intended ecological standard, we
must first understand how lakes fune-
tion. Ina eutrophic (nutrient-rich) lake,
essentially the same processes occur
as in an oligotrophic (nutrient-poor)
lake, however with different weight-
ings and different distributions of nu-
trients and processes within the water
body. An imporiant group of proces-
ses is missing to alarge extent in oligo-
trophic lakes: putrefaction processes.

How does this varied system, in-
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Seasonal variations of factors important for plankton (Ieft) and a schematic
diagram of plankton development with time (right).

habited by plants and animals, func-
tion? The upper few metres of lake
water form a bioreactor; this is where
the active plankton live. Only here is
phytoplankton photosynthesis possi-
bie, for only here is there sufficient
light (the infra-red component of which
is, of course, responsible for building
up the thermal stratification). New al-
gal production, either living or in the
form of detritus, sinks to the lake bot-
tom; part is consumed (i.e. enters the
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food chain) and is sedimented out in
the form of faecal pellets. Different
physico-chemical phenomena mani-
fest themselves here: e.g. the adsorp-
tion and desorption of dissolved sub-
stances on to and from particles on
their way to the sediment at various
temperature-dependent exchangerates.
The production of new biomass in
oligotrophic lakes is so fow that the
subsequent aerobic degradation of this
new biomass does not iead to a lack of
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Growth of zooplankton (above) and phytoplankton (below) in Vierwald-
stiittersee (Lake Lucerne) in 1977, The mutual influences of zooplankton
and phytoplankton which give rise to the “grazine pap” and to zooplankton
collapse are obvious. lllustration by H. R, Biirgi.

oxygen. In eutrophic lakes there are
more aigae, and consequently more
zooplankton and more fish (evenifnot
always exactly the species which one
would like to have) than in oligotrophic
lakes. Lesstolerant species arereplaced
by more tolerant species: not the least
important reason for this is the inter-
ruption of their reproductive cycle. In
the deep water, oxygen is depleted;
aerobic degradation is replaced by
anaerobic decay, possibly accompa-

. nied by sulphate reduction and the

production of H,S. The sediment be-
comes black. However, assuming win-
ter circulation to occur, this condition
is fimited to the period between May
(H.S appears somewhat later) to No-
vember, With the onset of autumnal
cooling, the water body gradually be-
gins to turn over. Circulation again
brings oxygen into the depths, but also
brings nutrients up to the surface along .
with the upwelling deep water. These
nutrients form the “starting capital”
for the beginning new spring produc-~
tion (Fig. 2). This carries on untii April;
afterwards, preduction is supported by
an external nutrient supply or by nutri-
ent recycling, Because the algae also
require light, their development does
noloceur in winter, but must wait untii
spring. A good source of food has now
been built up for exploitation by those
animals (zooplankters) which graze
on algae. Since zoopiankton develop-
ment requires higher temperatures,
however, their deveiopment lags that
of the phytoplankon. In May, approxi-
mately, when water temperatures are
higher and thus more favourable, the
zooplankton is able to undergo explo-
sive development (Fig. 3)and finds, as
it were, a table groaning with food
awaiting it. A high rate of reproduc-
tion with a rapid generation turnover is
attained by asexual “virgin birth” (par-
thenogenesis), similar to the form of
reproduction empioyed by aphids in
the garden. As a resull, the nutritional
demand of the zooplankton increases,
overtaking the supply: the algae, i.e.
the “grazing meadow’ of the zooplank-
ton, are fiitered out by the zooplankton
and the loss due to grazing is not able
to be replaced; the turbidity of the
water caused by the algae disappears
and the water becomes clear (the clear-
water phase in Greifensee was espe-
cially noticeable and long-lasting in
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1992), The sum total of the substance
content of the lake water does not
change during this process, but the
form in which the substances occur
certainly does.

The algal biomass recuperates rap-
idly, but its species composition
changes: now those algae which the
zooplankters were not able to graze on
earlier because of their size or un-
wieldy shape can develop. Despite the
presence of a higher (but less edible)
algal biomass, the zooplankton go hun-
gry and just tick over from now on
(Fig. 3). Under these conditions, some
zooplankters develop resistant forms
which do not undergo growth for sev-
eral months, The occurrence of fur-
ther, usually less intense, clear-water
phases is possible. These are triggered
off by the occurrence of specific sets
of conditions and cannot be predicted.

3. Plankton growth and
limitation

In our lakes, phosphate is a key
factor governing biological produc-
tion, Phosphate is often understood to
be an unpleasant or even damaging
substance. Fowever, alone of all the
nutrients, it was phosphate which, asa
result of its naturally low concentra-
tion, was responsible for the limitation
ofalgal growth. ltdid not obtain its bad
reputation until it began to enter lakes
in large amounts (unintentionally, in
wastewater) and consequently lost its
timiting function. Because the produc-
tion of biomass requires relatively lit-
tle phosphorus (about 1/100 to | 1200
of the total biomass weight), it takes
very little phosphorus to remove the
limitation and restart growth. The only
way of regaining control over the pro-
duction {or of reinstating the limiting
function} is by cutting back the exter-
nal phosphate input and interrupting
the internal lake cycles. Experience
has confirmed that the introduction of
various technical measures, especially
very highly developed wastewater
treatment plants, to accorplish this
was correct. Their effect manifested
itseif notonly ina reversal of the trend,
but also in a marked improvement or
reversal of the phosphate content of
the lakes (Fig. 4). Conditions today are
similar to those pertaining inthe 1960s
{a result which can only be dreamt of
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The mean phosphorus concentration at the Kreuztrichter station in
Vierwaldstittersee (Lake Lucerne). The solid line represents a 12-month

running mean. The scatter of the points

is the result of biological, not

random statistical, effects. Hiustration by H. Biihrer,

with respect to the air pollution prob-
lem). The trends are continuing, suc-
cess seems to be assured. Looking at
the pelagic zone, individual lakes
(Vierwaldstiittersee, Walensee) can
today be considered restored, Buteven
some other lakes which have come not
quite so far along the road to restora-
tion are at least out of the danger zone.
At ali evenis, phosphate is stil} the
most influential limiting nutrient to-
day, but also the easiest to deal with
technically. ‘

To take the discussion of the cycle
of substances in a lake to its end, dead
or still living organic material sinks
down into the depths, undergoes fur-
ther degradation and transformation,
and finally becomes sediment. At this
point, the nutrients are partly stored in
the permanent sediment and partly find
their way, as a result of degradation
processes, back into aqueous solution
and are returned to the nutrient-hungry
epilimnion by the mixing processes
occurring during winter. The processes
occurring on and in the sediment have
long been the subject of research.

4. The changing N:P ratio
- a danger? ‘

What would have happened if we
had not fought to reduce lake phospho-
rus input? The development of the
nitrogen concentration (Fig. 5) gives
an indication of what might have been
the case. The use of agriculural ferti-
lizers (mainly) has led to anincrease in
the incidence of nitrogen compounds
not only in groundwater, where the
effects are especially drastic, but also,
if less prominently, in surface waters,

The contrasting development of
the two main nutrients (P falling, N
rising) ismadeespecially clear by look-
ing at the quotient N:P. This is rising
rapidly. Whether this will have serious
biological consequences or not is at
the moment unknown. However, ithas
been ascertained that the blue-green
algae {cyanobacteria) have lost their
natural selective advantage over other
algae as a resalt of the shift between
nutrients: blue-green algae are (or
were) the only aquatic organisms able
to satisfy their nitrogen requirements
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The evolution of inerganic nitrogen from 1960-89 in several Swiss lakes

(from H. Bithrer 1990).

from the inexhaustible pool of dis-
solved molecular nitrogen in the lake
water (about 13 0 20 mg/l N)) using
the same nitrogenase reaction (nitro-
gen fixation) emploved by legumi-
nous plants. Today there can scarcely
be said to be a lack of nitrogen com-
pounds in lakes, and the blooms of
blue-green algae of which we have
unpleasant memories from the 1950s
and 1960s hardly occur at all today in
the larger iakes.

5. Some remarks on the
technology of lake re-
storation

Although the simple relationship
“oxygen fixes phosphate, lack of oxy-
gen results in phosphate release™ is
qualitatively more or less comrect, we
have learned (although it has actually
beenknownforalongtime) that, when
a lake is treated with oxygen (using
any technical means whatever), phos-
phate is released from the sediment
even under aerobic conditions, The
presence of dissolved oxygen does not
prevent the release of phosphorus from
the sediments; this release, however,
is mediated by biochemical instead of
purely chemical processes. Despite
this, treatment with oxygen or air, as it
is practised today, is generally very
efficacious (Fig. 6), not least with re-

spect to the intensification of degrada-
tion of organic phosphorus compounds,
storage of which in the sediment oc-
curs especially underanaerobic condi-
tions. This type of treatment alone,
however, is unable to solve the prob-

lem of phosphate eutrophication if we
do not take the trouble to reduce sub-
stantially phosphate loading from the
drainage area of the iake concerned.
This basic measure cannot be replaced
by any other: a substance can have
zero effect on a lake only if it is not
present inthe lake. Where this conven-
tional method can be effectively em-
ployed to reduce phosphate poliution,
ihe direct degree of success achieved,
in terms of a reduction in the phos-
phate content of the lake, ranges from
respectable to spectacular (not only in
Vierwaldstiittersee, also in Bodensee:
see Fig. 7).

6. Water quality goals

Changes in nutrient cycles initi-
ated with the idea of lake restoration in
mind should be orientated towards
particular water quality goals. In the
case of Switzerland, these goals are
established in the Ordinance for Waste
Water Discharge promulgated by the
Bundesrat (Swiss Federal Council of
Ministers). At the present time, these
regulations are undergoing re-exami-
nation. The following - not yet official
- suggestions may. be taken into con-
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Mean phosphate-P concentrations in Swiss lakes. Thick solid lines: lakes
with internal restoration measures. Medium solid lines: lakes with especially
effective protection measures in their drainage areas.
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sideration.

As far as the 1opic of this meeting
is concerned, the “Particutar Stand-
ards [or Lakes™ are important. Accord-
ing to these reguiations, alterations in
the water balance or the physical water
quality of a lake shouid not cause any
alterations in either water tempera-
ture, amount and distribution of nutri-
ents, or {coupled with this) living and
reproductive conditions which would
be disadvantageous to lake organisms,

especially to littoral organisms {but

alsotopelagic and benthic organisms).
Biomass production in the pelagic zone
should not exceed an “average value”.
Unfavourable natoral conditions are
excepted (this is meant to apply to
small lakes witharelatively large drain-
age areq, a smali pelagic zone and high
nutrient loading rates per unit volume
or a low throughflow).

A direct result of the decomposi-
tion of bioproducts is a corresponding
oxygen depletion in the depths of the
lake. The parameter which is in princi-
ple the most important has been dealt
with by limiting production toanaver-
age value. Why then is is there also a
criterion for oxygen (never less than 4
mg/tanywhere in the iake)? The inten-
tion of these reguiations is not to allow
the full oxygen reserve in deep lakes,
in which a comparatively large water
body is available for degradation proc-
esses, 10 be depleted down to 4 mg/l
0,. A deep lake could very well be
highly productive, but still its oxygen
reserve might not be reduced below 4
mg/l. In shallow lakes, on the other
hand, the 4 mg/ limit would be reached
rapidly, since inthis case even average
production would cause excessive oxy-
gen depletion. If the 4 mg/l criterion is
fulfilled, i.e. if the oxygen concentra-
tion exceeds this value, the production
must also be examined. A prominent
example of this is Bodensee {Lake
Constance). On no occasion during
1988 did the oxygen concentration at
the deepest point of this lake (250 m)
fall below 4 mg/l. In the same year.
however, the algal biomass reached its
highest level ever, pointing to a pro-
duction which was certainly above
average. It is therefore a maiter of
necessity that production be limited in
addition o setting an oxygen criterion,
although production measurements are
by their very nature inexact and the
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Annual mean phosphate-P in Bodensee (Lake Constance) during spring
turnover, 1951-90 (from the “Internationale Gewdsserschuizkonmmission

fiir den Bodensee™ ).

computation of production rates still
pose problems. The accuracy of oxy-
gen concentration determinations, on
the other hand, is adequate. Thus oxy-
gen is stili the only really practicable
control parameter. Using technical
means to get around the oxygen crite-
rion would be equivalent to treating
symptoms aione, and wouldrender the
limit senseless. The oxygen criterion
must therefore be fulfilled without

" employing “artificial support meas-

ures’.

For those lakes which exhibit “un-
favourable natural conditions™ and
have fallen or will fall through loop-
holes in the present regulation. lake-
specific water quality goals must be
determined. The reason for this is to
avoid the creation of two categories of
lakes: those which must fulfill ail cri-
teria and those which get a “free pass”,
as it were,

Checking the oxygen concentra-
tion at the sediment/water interface
{i.e directly at the lake bottom) is both
analytically and from the point of view
of sampling techniques very difficult
and is not feasible as part of a routine
check. The biology of the lake (as a
long-term indicator) can help us out
here: the suggestion of EAWAG is:
“Non-sensitive animals must be able
tosettle the lake bottom all yearround™.
This means that the presence in the
depths of the lake of certain animals

which can live at low oxygen concen-
trations, but still require acertain mini-
mum oxygen concentration, can be
employed as an indicator of the long-
term situation with respect 1o oxygen.

7. The condition of the
littoral

The lake shore is a particularly
popular. key area: access to the lake is
via the shore, and those who have no
boat enjoy the lake from the shore. In
addition. new problems have arisen in
conneciion with windsurfing. Thelake
shoreis oftena“‘no-man’s land” that is
exploited inall manner of ways (build-
ings connected with shipping, har-
bours, arrays of buoys). On the other
hand, the iake shore and littoral zone
make up a special environment which
is often densely populated with ani-
mals and is important for the cycling
of various substances and as a “sur-
vival area” for the resistant forms of
various organisms. To talk not only
about the pelagic zone, but also about
the littoral zone, and to direct public
and political interest tothis area, would
be an act of justice (or a topic for an-
other conference}. ey

i
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The distribution of substances in lakes: interactions
between physical and chemical processes
Dieter M. Imboden, Laura Sigg and René P. Schwarzenbach

1. The lake as a model
ecosystem

Hardly any other ecosystem is bet-
ter suited for the study of the basic
principles governing the interactions
of physical, chemical and biclogical
processes than that of the lake. Lake
ecosysiems have distinct boundaries,
are refatively homogeneous and are
subject toexternal influences toonly a
limited degree. To get an idea of the
structure of lakes, wecan firstimagine
how it would behave without these
external influences, and then include
them, one by one, to give an increas-
ingly complex description of the whole
system.

2. The lake as a physical
system

We will begin our examination of
the aquatic ecosystem by considering
a body of water contained in a depres-
sion in the ground on an earth devoid
of life. Incertain cases, this water body

T{°C]
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is practically cut off from its environ-
ment; for example, when it is covered
with alayerof ice. Mostly, however, it
is acted upon by physical forces, for
instance in the form of inflows, which
are not only responsible for a renewal
of the water forming the water body,
but also for the input of kinetic energy
into the lake, which results in mixing,.
Another, much more obvious, “mix-
ing agent” is, however, the wind. To-
gether with the heatexchange between
the lake and its environment, it is the
wind which mainly dominates the
physical events occurring in the fake.

Imagine a fake, then, situated on a
lifeless earth. It is exposed to wind and
weather, water is transported into and
away from it by rivers and streams, it
is warmed by the sun. What can we say
about such a lake, what takes place in
its interior? First and foremost, a lake
is uan energy reservoir. Over short peri-
ods of time it can take up thermal and
mechanical energy and later release it
to its environment. In the long term,
however, the energy input and output

68 7¢ 72 T4 V6 T8

Year

batance out. Mechanical energy mani-
fests itself as the kinetic energy of
currents or as potential energy stored
in the so-called density stratification,
by which lighter wateroverlies heavier,
strongly fimiting the verticalexchange
of water. Although the energy of mo-
tion of the water - especially during a
heavy storm - can seem very spectacu-
lar, by far the greatest flow of energy is
associated with the thermal energy
budget of the lake. Under the climatic
conditions prevailing in Switzeriand,
atypical lake absorbs an average of 60

~ Watts per m* in the form of heat be-

tween March and September and re-
leases the same amount of heat to the
atmosphere during the rest of the year.
This corresponds to an annual energy
turnover of about 10" Joule per m* and
explains the dampening influence of
lakes on local climate, as well as the
attractiveness of lakes to various bran-
ches of the energy supply business, for
exampie as receivers of unwanted heat
or as suppliers of environmental heat
for heat-pump operation {1].

Variations in the mean lake temperature (dotted line) and the temperature of the lower hypolimnion (under 100 m,
solid line) in Lake Geneva and Lake Zurich from 1957 fo 1991. The deep-water temperature in oligotrophic Lake
Geneva is coupled directly to the climate; in contrast, the deeper water layers in eutrophic (up to 1975) Lake Zurich
are to a large degree decoupled from the surface. From Livingstone f2].
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Seasonal vartations in the thermal
energy flux result in corresponding
variations in the density stratificafion,
and consequently in the ratio of the
intensity of vertical mixing to that of
horizontal mixing. Examination of
long-term temperature measuTements
in various Swiss lakes (Fig. 1} has
shown that the deep water of certain
lakes possesses a “memory” lasting
several years which, in a manner of
speaking, can be said to undergo spo-
radic erasure, for instance during an
especially cold or windy winter. Inter-
estingly, eutrophic lakes {e.g. Lake
Zurich up until about 1973) seem to
possess a tendency to chemical self-
stabilization, so that the deep-water
temperature hardly reacts at all to cli-
matic events,

In the horizontal direction, mixing
times are much shorter. Fig. 2 illus-
trates the horizontal spreading of an
artificial dye patch atadepthof 15-20
min Vitznauersee, abasin of Vierwald-
stittersee (L.ake Lucerne). For com-
plete mixing in the horizontal direc-
tion, a medium-sized lake requires a
period of several days to several weeks;
for complete vertical mixing, how-
ever, a period of several months to sev-
eral years is necessary.

3. Lake chemistry makes
itself noticeable

For many chemicals, water is a
good solvent. Gases and minerals dis-
solve in water which is in contact with
the environment, so that pure water
does not exist in nature. Since the
density of water depends not only on
its temperature, but also on its chemi-
cal composition, the chemical sub-

stances dissolved in the water have an

influence on the physical processes
occurring in the lake; in certain cases,
this influence can be very great. Fig. 3
gives an overview of various chemi-
cally induced density currents. We will
deal with a surprising and very spec-
tacular example of such a density cur-
rent later in of this article. Of impor-
tance here, however, is to reaiize that
mixing in lakes is influenced not only
by inflows and climate, but also by
geochemical factors. This is well
known in the oceans, with their much
highersalt concentrations: the so-called
thermohaline circulation, driven by the
differing salt concentrations in the vari-
ous oceans, is ultimately responsible
for the global ocean circulation and for
the renewal of the oceanic deep water,
aprocess which occurs on a time scale
of centuries.

{North) [km}
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Fig. 2
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The horizontal spreading of an artificial dye patch at a depth of 15 - 20 m in
Vitznauersee, a basin of Vierwaldstittersee {Lake Lucerne) demonstrates
the effect of horizontal currents and turbulence. The forms of the patch dur-
ing various stages of its development are approximated by ellipses. From

Peeters et al. [3].
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Local changes in water density due
to disselved chemicals or tempera-
ture changes lead to a variety of
density currents. From Imboden [9].

4. Physics and chemistry
combines: distribution
and fate of chemical
substances in lakes

If the chemistry of the lake water
influences the physics of the lake, the
reverse is, of course, even more the
case. In combination with chemical
and biological processes, mixing proc-
esses in lakes are responsible for the
spatial and temporal distributions of
various substances dissolved in the
lake water. The degree of heterogene-
ity or homogeneity of distribution of
such substances is determined by the
relative rates of mixing and reaction
by chemical or biological processes.
Non-reactive substances or substances
which react only slowly tend to be
homogeneously distributed in a lake,
whereas substances which react rap-
idly tend to be more heterogeneously
distributed.

Because lakes are mostly horizon-
tally stratified, concentration variation
of dissolved subsiances with depth are
generally much more pronounced than
variations along the horizontal direc-
tion. This is especially true of those
substances involved in the redox reac-
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The result of the appearance of various dissolved reduced compounds near
the bottom (30 m) of Greifensee, From Kuln et al. [4].

tions associated with the photosynthe-
sisfrespiration cycle. Chemical and
biologicaleventsinlakesare thuschar-
acterized by redox conditions which
exhibit a typical temporal and vertical
spatial structore, Fig, 4 illustrates tem-
poral variations in the concentrations
of various chemical species at 30 m
depth in Greifensee. Asaresult of the
mineralization of biological material
at the lake bottom, the oxygen concen-
tration during the summer falls to zero,
and oxidation of organic material oc-
cursby meansof other processes, typi-
cally resulting in the production of
nitrogen, dissolved manganese, am-
monium, dissolved iron, suiphide and
methane, in thatorder. Ascanbedem-
onstrated using model calculations 5],
the maximum coacentrations of these
products over the lake bottom depend
not only on the flux of biological ma-
terial from the surface, but are also
sensitive to lake topography and verti-
cal mixing,

As a further example, let us now
look at the fate of xenobiotic organic
.compounds ina iake. Such substances
have no natural sources, and so inmost
cases it is not known how aquatic
ecosystems will react to them. Apart
from substances that undergo rapid
degradation (which are not particu-
larly relevant, since they are scarcely
detectable in natural waters), the con-
centrations of such substances vary -
similarly to the concentrations of the

redox partners - first and foremost
vertically, and hardly at all horizon-
tally.

Measurements of EDTAand NTA,
two complexing agents, in Greifensee
are illustrated in Fig. 5. A comparison
of measured concentrations with cor-
responding modelled values allows
conclusions to be drawn about the fate

of these substances in natural waters.
EDTA, for instance, appears to be
adsorbed on to particulles and to sink
with them to the lake bottom, where,
after the disappearance of molecular
oxygen, it is remobilized. In contrast,
the studies yield no evidence for bio-
logical or photolytic degradation of
EDTA.NTA isremoved from the lake
primarily viathe outflow; it has ahalf-
life of about 20 days with respect to
biodegradation in lake water,

5. The normal and the
surprising

Lakes are individuals. One can, of
course, quite well make general state-
menis about themn, but in doing so, one
cannot completely do justice to any
one specific iake. Let us summarize
the most important points:

(1Y The simultaneouseffect of mix-
ing, transfer and transformation proc-
esses determines the distribution of
chemical substances in a iake. Con-
servative substances or substances that
react only slowly tend to be homoge-
neously distributed spatially, whilst
very reactive substances show great
spatial differences in concentration,

Cencentration profiles in the Greifensee [ugfi]
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The vertical disiribution of NTA and EDTA in Greifensee illustrales the
differing reactivities of the two complexing agents. EDTA appears to be
transported down to the deep water with the particle flux and to be released
again in late sumunier under anaerobic conditions. NTA undergoes biologi-
cal degradation with a half-life of about 20 days. From Ulrich [6].
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Fig. 6

The vertical distribution of electrical conductivity k,, (units: uSlcm), a measure of the density of the lake water, in
Vierwaldstiittersee (Lake Lucerne). The densest water flows into Alpnachersee, then southward over various sills
until it reaches the depths of Urnersee. The Urnersee surface water, which originates largely from the River Reuss,
is comparatively light. From W. Aeschbach, Ph.D. dissertation (in preparation).
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The distribution of water age (units: years) in Vierwaldstiittersee (Lake Lucerne). The age of a water packet is
defined as the time elapsed since the packet was last in contact with the atimosphere, and is computed from the

tritiogenic *He excess and the tritium concentration of the water. The oldest water is found in the deepest regions of
the Gersauersee basin, where also the lowest oxygen concentrations are found.
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{2)In most cases, the distribution
of substances can be characterized by
a vertical profile, and often by just two
concentrations, an epilimnetic and a
hypolimnetic. This is especially true
of substances which, as a result of the
synthesis and decomposition of or-
ganic material, are involved in redox
reactions.

{3)Since many redox reactions
occur in the sediment, large chemical
gradients between sediment and water
are typical. At the deepest point of a
lake, a relatively large sediment sur-
face areais in contact witha very small
volume of water, so that especially
large variations in concentration, in
both time and space, are found there.
High rates of oxygen consumption and
rises in the concentrations of reduced
substances such as methane, dissolved
iron and manganese are typical exam-
ples of this.

(4) Differing substance concentra-
tions in the inflows, combined with a
complex lake topography, can lead to
horizontal density currents and conse-
quently may result in mixing condi-
tions that deviate strongly from the
classical case of the horizontally strati-
fied lake.

To conclude, we wiil iHustrate the
surprising variety of mixing processes
in lakes based on one example, Vier-
waldstiittersee, or Lake Luceme. It has
iong been known that the concentra-
tion of molecular oxygen in the deep
hypolimnion of the Gersauersee basin
lies about 2 - 4 mg/l lower than that in
the deep hypolimnion of a neighbour-
ing basin, Urnersee [7]. Productivity
in the two basins, which are separated
by an underwater sill about 30 m under
the surface, are similar. Various hy-
potheses have been proposed to ex-
plain the difference in oxygen concen-
trations. One explanation which
seemed plausible invokes the fact that
Urnersee is exposed to stronger winds
than Gersauersee (especially during
periods of Féhn}, so that on the whole,
more oxygen is transporied into the
deep water. A further explanation is
based on the supposition that during
floods, the most important inflow into
Vierwaldstittersee, the River Reuss,
becomes loaded with suspended sedi-
ment and plunges down into the deep
hypolimnion, enriching it with oxy-

- gen. Studies have shown thatboth proc-

esses contribute to the increased oxy-
gen concentration in Umersee [8], but
the most important cause is associated
with the Vierwaldstiittersee drainage
area. The northemn partof Vierwaldst-
tersee has a limestone drainage area,
s0 that the water flowing into this part
of the lake is hard, The southern partof
the lake, however, Urnersee, has a
drainage areain which crystalline rock
types dominate, and the inflowing wa-
ter is softer, The hardness, and there-
fore also the density, of the lake water
thus increases from south tonorthalong
the main axis of the lake (Fig. 6). The
heaviest water, that from Alpnachersee,
plunges successively viaKreuztrichter,
Vitznauersee and Gersauersee down
into the deep hypolimnion of Urnersee,
resulting in a large degree of water
renewal there. In fact, the water of the
Gersauersee hypolimnion has the great-
est water age with respect to contact
with the atmosphere, which explains
the large oxygen deficit there (Fig. 7).

Thiscloses the circle we have trav-
elledduring ourreflections. Ultimately,
physical and chemical (and, of course,
biological) processes cannot be sepa-
rated from one another. Not until all
these processes and their mutual inter-
actions have been taken into account
can we attain the degree of knowledge
necessary for a deeper understanding
of the lacustrine ecosystem.
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Plankton and its trophic structure as a function
of the trophic level of the lake

Hans Rudolf Bargi

1. The trophic structure
of plankton in meso-
trophic/eutrophiclakes.

Many Swiss lakes are today in a
medium (mesotrophic) to highly {eu-
trophic) polluted condition. The food
network is complex and the food chain
long. Even at the level of the plankton,
in addition to the primary production
level, there are three consumer stages
{algal-consuming zooplankton, and
predatory zooplankion). The zoo-
plankton-consuming fish (in this case
mostly whitefish) prefer to feed on
Crastacea and their favourite amongst
these are Cladocerans, The relevance
of each of the individual members in
the food chain depends on the level of
poliution.

2. How does the appear-
ance of a lake alter
when the pollutant
load changes?

Substantiai poltution results in the
growth of algae. The products of pho-
tosynthesis serve on the one hand as
food for the zooplankion, and on the
other hand affect the benthic region of
the lake either directly (viasedimenta-
tion of algae} or indirectly (via the
faecal pellets of animals). Both effects
influence the composition of the sus-
pended species. Nutrients are initially
utilised by the fast-growing algae.
These in turn are the preferred food for
the Daphnia. The Daphnia are then
able to rapidly multiply as a result of
both the increased level of and greater
suitability of the food supply. They in
turn serve as an increased food suppty
for the predatory zooplankton. With
respect to the more demanding spe-
cies, (e.g. the predatory Cladocerans
Bythowrephes and Leptodora) the habi-
tat in the lower, deeper part of the lake
becomes resirictive once the amount
of oxygenavailable decreases and they
disappear from the plankton. The
whitefish are also only able to survive

Food chain in 2 meso- eutraphic lake
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predatory cladecerans

In lakes with moderate levels of fertilizer pollution (mesotrophic) the nutri-
tional relationships are multiply interconnected and many different algal
species exist simultaneously. In over-fertilized waters, and also in extremely
nutrient-poor lakes, some of the predatory or algal eating forms disappear
and the nutrient network is less complex.

by adopting some drastic measures.
The entire habitat becomes limiting
and therefore densely populated. With
the exciusion of their natural enemy,
Daphniacan once again multiply freely
and can continue to do so as long as the
available nutrient supply is not ex-
hausted (see Ambiihl and Biihrer, this
volume). The intensity of this biologi-
cal reaction is even greater if the pre-
ceding algal development was aiso
proportionaily more intense resuiting
in a larger food-source for this algal
consuming zooplankton. In highly
eutrophic lakes, this development,
manifested as a so-called “clear water
stage” can repeat itself in quick suc-
cession. Intensive pollution enables
certain species 10 dominate the plank-
ton within a short period of time as
iong as other conditions (light, tem-
perature etc.) satisfy the requirements
of the species concerned. Subsequent
events are also influenced by the feed-
ing selectivity of the momentarily
dominant zooplankton species. How-

ever, at any time there are only a few
dominant species whilst the other spe-
cies are only temporarily of secondary
importance. The diversity at any par-
ticular level is therefore low and the
stability against alterations of growth
conditionsis, consequently, very small.
During the course of one year, the
cumulative spectrum of species ob-
served provides asignificant catalogue
of 100-200 or more plankton species.
The most obvious feature of domi-
nance is the formation of water blooms.

Nutrient limitation also dilutes out
the food chain since only specialists
are able 1o survive. The living area of
the plankton can then expand and since
oxygenutilizationdecreases, repopula-
tion of the deeper regions of the lake
becomes possible. The density of indi-
viduals per cubic meter decreases, but
a larger volume becomes inhabited.
The importance of the zooplankton for
the algae, decreases to the same extent
as the density and quality of food for
the zooplankton decreases. The mod-

i
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erate algal development is no longer
able to support a high zooplankton
biomass. This lower zooptankton popu-
lation is then no longer capable of

filtering the algae, since each Daphnia .

can only filter between 10 to 50 ml
water per day.

The effect on biodiversity is the
exact opposite to that observed under
conditions of a eutrophic iake. Each
individual sample takenoverthecourse
of one year contains a relatively high
number of species althongh none is
individually dominant. The dynamic
diversity of the species during the
course of a year is considerably less
dramatic. In the sumrmer samples, one
still finds the same species as were
present in the spring, although in dif-
ferent proportions. Even pooling the
whole years samples fails to show the
same level of variety of species as was
found in the analogous samples from
mesotrophic or eutrophic lakes. Nutri-
ents are loo scarce for the development
of water blooms under these condi-
tions. Even when one particular strain
begins to multiply faster, the lack of
nuirients soon limits further prolifera-
tion before it has been able to establish
a high biomass.

The variation in the population
density and the expansion of the habi-
tat results in a paradoxical situation, in
that the plankton biomass in a meso-

trophic lake when examined on a per
unit area basis shows hardly any indi-
cation of a trend once the nutrient
loading either increases or decreases.
Only for oligotrophic lakes does a
change in the nutrient level have any
marked effect.

In the oligotrophic Lake Walen
(Walensee)}, the algal development
closely foliows the levels of nutrients
entering the lake. In contrast, the high-
est mean biomass concentration was
measured in 1988 in the mesotrophic
Lake Constance {Bodensee) despite
the fact that in that particular year the
P-content of the lake after decreasing
continuously since 1977 only reached
50% of its earlier maximum. Both the
public and the politicians want toknow
what their lakes will look like given a
particular P-content, and to know what
has to be done to ensure its aesthetic
and functional well-being. Setting the
standard norms for water protection
requires understanding the effects of
anthropogenic influences on water
quality. To insist on a particular condi-
tion that is dependent on particular
weather conditions does not appear in
the regulations. However, aboveacer-
tain nutrient level the production of
algal biomass is dependent on the
weather. For these reasons, scientists
have been interested in understanding
what parameters react to changes i

Biue-green and green algae in Lake Lucerne
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The development of individual algal groups in Lake Lucerne. Green algae
(chloro) and blue-green algae (cyano) are found here in spite of the gener-
ally accepted principles predicting their absence for low nutrient waters.
GesProh: total phosphorus content during circulation.

the nutrient level and how. Since the
average annual biomass value for al-
gae is not a suitable value to use (ex-
cept under conditions of P-limitation)
one possible option mightbe touse the
variations in the dominant algal classes
which result from differences in nutri-
ent level. Several algal classes have
already been defined for use as indica-
tors of either good or bad conditions.
Chrysophyceans and diatoms are the
typical forms which generally adapt
well to the available nutrient levels. In
the example of Lake Lucerne theory
would predict that these species should
appear at the beginning and end of our
study period between 1961-1992. The
results appear to confirm this hypoth-
esis, particularly with respect 1o the
centric diatoms and for the Chryso-
phytes. A further frequently mentioned
dependency on the P-content concerns
the blue-green algae and the green
algae. These classes are well known as
indicators of eutrophication and should
disappear. However, in the same lake
their numbers increased for some rea-
son during the low nuirient phase so
much so that they became dominant
(Fig. 2). Another criterion is based on
the spectrum of species. This analysis
assumes that the system is uniformly
inoculated (the appropriate species
must be initially present in order to be
able to react) and that the influence of
the species which are not suited to the
conditions quickly disappears. Both
conditions are unlikely ever to be met
by the plankton in any lake. Inany case
the adaptation of the species present
takes a very long time to occur under
low nutrient conditions.

What are suitable criteria for char-
acterising the condition of alake? There
are two possibilities, namely by moni-
toring the development of functional
groups (e.g. small/large algae) or by
examining the link between the vari-
ous individual components within that
ecosystem (e.g. development of the
higher food chains as compared to the
algae}, Both criteria partially overlap,
for example, a reduction in the num-
bers of the filter feeding crustaceans
enables their food, the nanoplankton,
to survive much better. When nutri-
ents are scarce the motile species also
become more important and as such
reduce the loss of biomass asaresult of
sedimentation (Fig 3).
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Fig. 3
Size classes of Phytoplankton.

Changes in the trophic level affect the development of the size classes,
partially as a result of the decoupling of algal consumers from the primary
producers. Dwarf algae (black) become more common than the larger more
economical algae (white) as a result of the reduced zooplankton activity.

The fresh-water biologist is ofien
faced with the same question as the
ciimatologist as to whether there has
already been a shift in climatic condi-
tions. If only the trend is followed, one
can conclude that nothing has changed
compared to earlier years. If, however,
we compare the oscillations which
occur in the nutrient chain and which
resultin the clear-water period then we
can see good evidence for the fact that
nutrient addition has changed the ac-
tivity of the biology.

As a result of either larger or
smaller interactions between the dif-
ferent trophic levels of the nutrient
chain, larger or smailer variations can
result €.g. in the form of clear-water
periods. Even the predatory zooplank-
ton are bound to these variations al-
though they themselves are in no way
directly influenced, but indirectly by
the same regulators, the herbivorous
zooplankton (Fig4). Itis impossible to
describe all of the events which occur
as a result of eutrophication or oligo-
trophication. These processes occur in
phases. In the first phase those species
which are already present will react.
Those plankton species present at the
moment the change occurs react ac-
cording to their own ecological pre-
requisites. Shifts in the dominance
structure might occur. As a direct re-
sponse to the altered level of produc-
tivity, the thickness of the productive
layer will change. In eutrophic lakes
this can decrease down to a few meters

as aresult of the shading by the upper-
most algae, in oligotrophic lakes, this
layer can increase to 20-30m. The low
productivity levels and total biomass
then rernain at a constant level. With
increasing levels of poliution the po-
tential will be reached enabling either
already present forms or those which
get washed into the system to increase
massively in numbers. At this point in
time they usually lack a natural en-
emy. In the opposite case, reduction in
the nutrient levels results in a much
less dramatic replacement of the less

ratio maximal/minimal blomass in spring and early summer

Fig. 4

well suited species by more frugal
species. The nutrient content is then so
low that it prevents any massive popu-
lation growth, which is also the reason

‘why the less well adapted forms are

not overrun, Since it is always the
forms momentarily present adapted to
some previous condition which react,
then oligotrophication cannot be con-
sidered to reflect the mirror image of
eutrophication. The real simation is
more characteristic of a hysterisis.

3. The bountiful years are
over - recession has
also hit production in
many lakes.

How does the plankton react to a
wide-scale stoppage in nutrient sup-
ply? The zooplankton are well adapted
to cope withrestrictive conditions. This
adapation can be traced to the neces-
sity to proliferate in oligotrophic wa-
ters during the pre-historic era. With-
out anthropogenic influences, many
lakes would be exiremnely poor in nu-
trients. The implication of this as far as
the plankton are concerned is that it
reflects a return to their basic condi-
tions for which they were once adapted.
What adaptation mechanisms have
developed for this? One such mecha-
nistn involves an exaggerated migra-
tory tendency. During the day, they
live in the colder deeper zones and
during the night they come into the

Infiuence of zeoplankton on alga! biomass dynamics in Lake Lucerne
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Changes in the nutrient content of the water affect primarily the dynamics
of plankton and not their mean annual biomass. At higher nutrient levels
the variations between April and August (spring maximum, clear-water
period and summer maximum) increase dramatically. These variations are
also an indication of the coupling within the nutrient chain.

14

EAWAG-News 34 (March 1993)




surface zones in order to feed. This
behaviour reduces their loss which
would otherwise result from predation
by the fish which hunt visually and
also enables them to survive longer in
the colder deep water as a result of the
food they have consumed.

Together with migration, staying
togetherinapack (swarming) increases
the probability that males and females
will meet at the same place (a precon-
dition for the long-term survival of the
population). The trigger for such
swarming behaviour is the presence of
a certain substance in their bodies. As

soon as the predators appear, a fraction |

of this prey specific compound is re-
leased by the digestive system and the
prey become dispersed in patches,
Many zooplanktonhave developed
practical survival strategies based on
the development of physiologically
distinct survival structures (cysts). [n-
duction of this differentiation is often
connected to starvation conditions. Nu-

trient limitation is especially impor-
tant at high temperatures since oxygen
israpidly exhausted and alarge amount
of energy is expended. These survival
structures are able to germinate even
after several months to years because
they possess a protective shell which
surrounds them. Many forms also en-
ter a summer “dormancy” (at the time
that nutrients are particularly low in
oligotrophic lakes).

4. Internal restoration
measures: retardants
or accelerators of
oligotrophication?
Circulation assistance and oxygen

diffusion in three Swiss lakes (Lake

Hallwil, Lake Sempach and Lake Bald-

egg) have generally accelerated the

healing process. When one examines
the mean annual plankton biomass per
square meter then no definite trend can
be discerned [3]. This scientific analy-

Annual course of phytopiankton in Lake Hallwil
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Biomass of different algae classes found during the course of a year before
and after introduction of internal lake oxygenation. As a result of the lake
internal restoration measures in Lake Hallwil, the main vegetation periods
in this lake have shifted. Instead of the earlier narked spring maximuni,
summer maxima appear more and more frequently as a result of the extend-

ed circulation period.

sis is also supported by visual assess-
ment of the lakes which show a very
high growth of vegetation,

Here also, the response is not re-
flected by the total biomass maintained .
and degraded during the course of a
year, but the number of individual
classes of organisms. The variations
during the course of a year have in-
creased markedly. As in the case of
eutrophication, this is indicative of
shifts and a non-equilibrium status.
How did this sitwation arise?

The aim of artificial circulation is
to promaote the revitalisation of the
lake. Oxygen must reach the deepest
depths of the lake. But this measure
ot only affects the depth of the circu-
lating layers but aiso the time span of
the circulation phase. Since circula-
tion is the cheaper option than the
alternative and usually subsequentoxy-
genation using pure oxygen, the at-
tempt is nevertheless made to main-
tain the circulation phase as leng as
possible by means of large bubble aera-
tion. The planktonic algae are thereby
continuously and over a prolonged
period carried from the surface down
into the depths. Growth is therefore
tHimited to the basic minimum since the
light at such depths is insufficient for
primary production. The nutrient re-
serves in the lake remain initially in-
tact as a result of circulation. At the
moment when the radiation intensity
becomes so strong that stratification
can no longer be prevented, it follows
relatively suddenly.

The addition of oxygen to the sedi-
ment-water interface and the eddies
promote the germination of the cysts.
This germination can determine the
subsequent course of events. Changes
in the weather conditions help to bring
about the downfall of the well-adapted
species. The algae now present find
everything inexcess and the fast-grow-
ing nanoplankton multiply exponen-
tially. Such a nutrient basis isavailable
at just the right time in Lake Hallwil to
serve the now plentiful zooplankton as
a food source at an important phase in
their growth (in Lake Sempach the
spring maximum is almost non-exist-
ent). As a result of biological interac-
tions phyto- and zooplankton undergo
rapid maximum and minima. The po-
tential for a high biomass is main-
tained for a long time as a consequence
of the recycling of nutrients (from the
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algae into the zooplankton and from
their excretory products back into the
phytoplankton). Since the inception of
these internal lake restoration meas-
ures, the number of algal maxima and
their consequences have changed, The
consequence has been that events in
the lake are quite hectic and several
accentuated summer maxima have
been observed (Fig. 5).
Sedimentation of the nutrient de-
pends mostly on which suspended
forms are dominant. Motile plankton,
algae with swimming aids (gas
vacuolated) and nanoplankton experi-
ence little loss by sinking as opposed
to the larger non-motile plankton.
Compaction of the small food parti-
cles also contributes to sedimentation
within fecal pellets excreted by zoo-
plankion, These then have a high sedi-
mentation velocity as a consequence
of their increased overall size (Fig. 6).

Both the hunting grounds of the
fish and the potential space occupied
by the zooplankton increase with the
change in the oxygen content of the
benthos. The zooplankton inhabit this
area continuously. However, several
forms loose their safe niches. For ex-
ample, Cyclops and Chachorus can
survive for along peried of time under
conditions with very low concentra-
tions of oxygen. During the day they
dive into the deeper water zone and
remain in the partially oxygen-free
sediment and as such can avoid being
attacked by the fish. Since the intro-
duction of the restoration measures for
this lake, the life expectancy for these
animals has decreased since the fish

can now also hunt in the deeper water.

As a result of this it is now possible to
observe succession processes occur-
ring amongst the zooplankion,
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Interrelationships between sedimentation and plankton composition. Both
higher zooplankton biomass as well as higher content of the large algae (net
plankton) enhance loss by sedimentation. As much as 10% (or more) of the
suspended algae from the upper zone can be lost to the sediment per day.

5. Summary

The reaction of the zooplankton to
changes should not be examined pri-

-marily at the level of total biomass, but

instead in the extent of interactions
between different members of the nu-
trient chain, This is reflected by the
broad variation in the species diversity
andintheirfunctional interaction. With
increasing nutrient load, the extent of
variations increases and shifts in the
plankion composition appear to occur.
In turn, these changes influence the
sedimentation.

Biodiversity also changes: In eu-
trophic lakes different communities
comprised of a few but dominant spe-
cies follow one after another resulting
in a large diversity of species over the
course of a year. [n oligotrophic lakes,
a relatively large number of species
are present at any particular time, but
are more or less constant over the
longer term.

Internal lake restoration measures
significantly alter the ecology. The
algal maxima are delayed into the sec-
ond half of the year with the result that
subsequent events are more hectic and
individuai zooplankton succumbmore
easily to the feeding pressure of the

fish.
_l
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iogeochemical processes at the sediment surface
Bernhard Wehrli, Andrea Ventling and Rudolf Miller

1. Internal lake restoral-
fon between success...

Looking at lakes containing an
excess of nutrients often makes bath-
ers think rather of pea soup than of the
pleasures of bathing. Below the unap-
petizing aigal broth, however, further
problems lie hidden: in the 1970s, for
instance, the deep water of Baldegger-
see contained practically no oxygen
during the summer. The total oxygen
reserve beiow a depth of 10 m was
consumed by the mineralization of
dead algal biomass (Fig. 1), This lim-
ited the habitat of the fish to the upper
few metres. For almost the last 10
years, Baldeggersee and Sempachersee
have been artificially aerated. These
lake-internal systems supply the deep
water in summer with pure gaseous
oxygen. Fine gas bubbles are injected
into the water through various diffu-
sors, causing a rising stream of bub-
bies. The gas bubbles dissolve rapidiy
andalayerof oxygen-rich water forms
about 20 - 30 m above the lake bottom.
The injection of 31 O, per day guaran-
tees achievement of the 4 mg O,/

A 1,7.1974
¥ 25.7. 1989

Depth {m]
8

70 T T T : .
00 01 02 03 04 05 06

mM 02

Fig. 1

Depth profiles of oxygen concen-
tration in the deepest part of eutro-
phic Baldeggersee. Since the com-
mencement of internal artificial
aeration in 1982, the water quality
goal of 4 mg O /i can normally be
attained.

water quality goal, In winter, the injec-
tion of compressed airinto the water in
the form of coarse bubbles improves
lake mixing, resulting in the supple-
mentation of the lake oxygen reservoir
by oxygen from the atmosphere.

As a result of the positive experi-
ence gained in Baldeggersee and Sem-
pachersee, an aeration apparatus was
installed in Hallwilersee in 1985/86.
These carefully monitored internal lake
restoration measures have proved that
itis possibieeven insheltered eutrophic
lakes to guarantee aerobic conditions
in the deep water.

... and only partly fulfilled

hopes

Although improvement of oxygen
conditions at the lake bottom was a
central goal of the internal restoration
measures, two hoped-for by-products
of these measures were politically more
significant even during the planning
stage:

1. A decrease in the release of
phosphorus from the sediments under
the artificially-maintained aerobiccon-
ditions prevailing in the deep water.

2. The creation of a habitat in
which fish could survive throughout
the entire lake thanks to a sufficiency
of oxygen at all depths.

These two expectations have been
only partially fulfilled:

-- Before the introduction of arti-
ficial aeration, the Baldeggersee sedi-
ments released 4.8 - 10 tonness of
phosphorus to the deep water each
summer. Since its introduction, this
range has been reduced to 2.2 - 7.4
tonnes [1]. The observed reduction in
the internal phosphorus loading of
Sempachersee was substantially less.
Here, an average of 15.8 tonnes of
phosphorus released before the intro-
duction of artificial aeration compares
with an average of 13.8 tonnes re-
leased over the period 1984-88 [2].
Thus, despite favourable oxygen con-
ditions, about 70% of the phosphorus
deposited by sedimentation was re-
leased againtothe deep water. In mod-
elling studies of EAWAG concerned

with the restoration of Baldeggersee
and Hallwilersee [3], the authors ini-
tially assurned only about 1-5% phos-
phorusrelease intoaerobic waters. This
value proved to be too optimistic for
modelling Sempachersee.

«  Withrespecttofisheries, thein-
ternal restoration measures have also
brought only partial success. It is true
that in the meantime the entire lake
volumeisagaininhabited by fish; how-
ever, the Sempachersee whitefish pop-
ulation cannot reproduce naturally.
Whitefish eggs die on the sediment
before hatching {4]. The artificial aera-
tion has restored the lake in terms of a
habitat for fish, but the sediment sur-
face remains a “zone of death” for
whitefish eggs, The whitefish popula-
tion survives only thanks to intensive
artificial stocking measures.

If we want to understand the rea-
sons for these in part disappointing
results, we must understand the micro-
biological, mineralogical and chemi-
cal transformation reactions which take
place at the lake bottom. This multi-
disciplinary approach has beenlabelled
“brogeochemistry”. We will first look
at the problem of the release of phos-
phorus fromthe sedimentsand thentry
to find out the reason for the whitefish
ege moriality. As we wiil see, both
these very different phenomenahavea
COTIHTION Cause.

2. The “slipping clutch”
connecting the oxygen
and phosphorus cycles

It has been known since the 1940s
thatenrichment of phosphorus, reduced
iron({I) and reduced manganese(ll)
occur simultaneously in the deep wa-
ters of eutrophic lakes during summer
stagnation as soon as the oxygen is
totally depleted [5]. Microorganisms
at the sediment surface use nitrate,
sulphate, iron(Hl) oxide and mangan-
ese(HD) oxide as oxidizing agents for
the oxidation of degradable biomass
when oxygen is lacking. If these oxi-
dizing agents are also used up, fermen-
tation and methanogenic bacteria take
pver, eveitually releasing gaseous
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a) anaerobic deep water

sedimentation remobiiization
Fe{OH)g Fel+
MnOg Mn2+
algae HPO, 2

Fig. 2

b) aerobic deep water

oxidation

Fe{OH}3
MnQg
glgae
HPO,2

sediments is low.

The coupling between oxygen concentration in the deep water

and phosphorus release from the sediments:

a) If oxygen is completely lacking in the deep water in sumnter {e.g.
in Baldeggersee in 1974 see Fig. 1), the deep water becomes
enriched with reduced substances such as dissolved iron(il} and
manganese(1l) ions. Iron hydroxide, Fe(OH),, and manganese
dioxide, MnQ,, on to which phosphorus can be adsorbed, dis-
solvetoa great extent. The degree of phosphorus retention by the

0o b) Ifthe deep water contains oxygen, either naturally or as aresult

Fe2+
Mn2+
Hp042'

c) aerobic sediment surface

Fe(OH)3
MnQs

fl O2 capacity.

deep water, resulting in
the reduction of particu-
late iron oxide and man-
ganese oxide in the up-

methane. Since amorphous iron hy-
droxide, Fe(OH),, shows a very high
phosphate adsorption capacity, the
reductive dissolution of iron{l{) also
mobilizes phosphorus (Fig. 2a). Ifoxy-
gen is present in the deep water, and if
conditions are favourable, dissolved
iron{Il) and manganese(1l} canundergo
oxidation to solid iron hydroxide and
manganese oxide, MnO,, at the sedi-
ment surface. These minerals then be-
come enriched in the transition zone
between sediment and water, and dra-
matically increase the phosphorus re-
tention capacity of the sediment (Fig.
2¢). Under less favourable conditions
-in productive lakes with little mixing
above the lake bottom - the “clutch”™
connecting oxygen and phosphorus
retention begins toslip: if the sediment
surface becomes anaerobic, dissolved
iron(I1) and manganese(l1) begin to be
exported unhindered into the deep wa-
ter. Since these elements do not un-
dersooxidation untii they have reached
the bulk water, thelr concentration in
the vicinity of the sediment surface
remains low. Under these conditions,
an efficient final storage of the algal
nutrient phosphate in the sedimenis
does not occur {Fig. 2b). Instead, an
intense redox cycle develops in the

per few centimetres of
the sediment. The dissolved ions Fe™
and Mn** are transported into the aero-
bic deep water, where they are oxi-
dized back to particulate Fe(OH), and
MnO,. In Sempachersee, the manga-
nese cycle a few metres above the lake
bottom is especially intense [6]. To
continue the analogy with an engine
transmission, with regard to phospho-
rus, such cycles (Fig. 2b) correspond
to the gears being in neutral, since,
although the phosphorus is retained
within the cycle, phosphorusretention
in the sediments is scarcely affected.

3. Chemical analysis in
the cm range

Inorder to decide whetheranaero-
bic sediment surface exists in artifi-
cially aerated lakes {Fig. 2¢), itis nec-
essary to conduct chemical analyses
on a scale of cm or mm. We have em-
ployed dialysis samplers to carry out
this type of fine-scale in siry sampling.
This method has been improved by K.
Hanselmann's research group at the
University of Zurich [ 7], so that gradi-
ents of dissolved substances in the
porewater at the sediment-water inter-
face can be determined with a resolu-
tionof 5- 15 mm. [nthismethod, about

of artificial acration, a redox cycle can develop. Reduced iron
and manganese ions are oxidized in the deep water, This catises
a local increase in the rate of sedimentation of Fe(OH), and
MnQ,. These minerals arerapidiy reduced againat the sediment
surface. Phosphorns undergoes transport along with these
substances, bur the amount of phosphorus retained in the
sediments remains low.

¢} Not until oxygen penetrates into the sediment can an oxic layer
develop, in which oxidized iron and manganese minerals be-
come enriched. This gives rise to new phosphorus adsorption

i - 3 mi of pure water are brought into
equilibrinm with the sediment pore-
wateracross adialysis membrane. The
samplers consist of plexiglass plates
about 80 cm leng, in which holes or
skits have been cut. They are mounted
on a tetrahedrally shaped frame and
exposed for about 2 - 3 weeks at the
lake bottom. Employment of this
method has allowed us to analyse the
chemicai traces left behind in the sedi-
ment porewater by biogeochemical
Processes. .

A series of typical analyses con-
ducted at the deepest point of Sempa-
chersee, 36 m under the lake surface, is
illustrated in Fig. 3. In general, con-
centration gradients at the end of spring
turnover are substantially less than in
sumnmer. The gradients of methane and
manganese are detectable down to a
sediment depth of about 10 cm. 1t is
thus the upper 10 cmof sediment which
take part in an intense exchange of
substances with the lake water. Sedi-
ment oider than about 20 - 30 years has
scarcely any contactany more with the
lake water.

After spring turnover, nitrate pern-
etrates into the sediment to a depth of
about 2 cm. Looking at the methane
profile, we can conclude that CH, is
oxidized in the sediment. Taken to-
gether with the very steep iron(Il) con-
centration gradient, this points to the
sediment surface having been aerobic
at that point in time. An oxic iayer
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Dissolved substances in the porewater in the vicinity of the sediment-water interface. The profiles were measured in
April (white circles) and July (Mack circles and solid line) in the deepest part of Sempachersee, The gradients show
that the sediment was aerobic in April: while nitrate diffuses into the sediment, iron is oxidized at the surface. The
oxidation of methane begins to occur af about 1.5 cm depth, In July, on the other hand, the sediment surface is
anaerobic, since high concentrations of reduced iron(Il), for instance, occur at the sediment-water interface.

preventing the release of phosphorus
was therefore able to form. Indeed, a
significant degree of phosphorus re-
lease into the deep water of the lake is
usually not observed until July.

After the first large sedimentation
pulses of dead algal material, oxidative
decompaosition intensifies, and denitri-
fication occurs only in the upper few
millimetres of the sediments. The ni-
trate concentration at the sediment sur-

face falls practically to zero. Since
" intense denitrification occurs as a rule
only atlow oxygen concentrations, the
nitrate concentration gradient gives a
first indication that oxygen may be
depleted atthe sediment surface at this
pointintime. The concentration gradi-
entsofmanganese(H)and iron(i) con-
firm this suspicion. Since iron(l) re-
acts very rapidly with oxygen, con-
centrasions exceeding 100 pmol/l can
only develop over a long period of
tire.

In July, the gradients of dissolved
iron, manganese and methane continue
across the sedimeni-water interface
into the bulk water above the sedi-
ment. This points to a strong reduction
in mixing over the lake bottom during
this period. Since large amounts of
carbonic acid and dissolved ions are
released during the mineralization
processes, the density of the water in
the vicinity of the sediment increases.
This results in stabilization of the wa-
ter column above the sediments and
consequently inaslowing down of the
mixing processes. In deep iakes, this

process can lead to anaerobic condi-
tions lasting fordecades [8]. Thisproc-
ess reduces the supply of dissolved
oxidizing agents such as oxygen, ni-
trate and sulphate to the sediment sur-
face. High rates of decomposition of
organic material do not only give rise
to oxygen depletion: by stabilizing the
water column, they also hinder the
transport of disselved oxidizing agents
to the places at which their consump-
tion is highest. Inspite of the introduc-
tion of 3 t of pure oxygen per day,
anzerobic conditions during summer
at the deepest point of Sempachersee
extend over depths of miilimetres to
decimetses.

Under these conditions, oxidized
phases of iron and manganese are not
stable. As the gradients illustrated in
Fig. 3 show, these minerals undergo

rapid dissolution. Microorganisms

which bind phosphorus in the form of
polyphosphates also release these
polyphosphates under anaerobic con-
ditions {91

With the help of X-ray spectro-
scopy (EXAFS), we were able to con-
firm that hardly any oxidized minerals
accumulate on the surface of the
Sempachersee sediment. In: the upper
2 mm of sediment, only reduced man-
ganese carbonate (MnCO,) was found.
The proportion of oxidized manga-
nese oxide (MnQ.) accounts for 20%
at maost. ’

The “slipping clutch” situation, a
partial decoupling of the oxygen and
phosphorus cycles, can therefore be

seen 10 exist at the deepest point in
Sempachersee. Because of the high
rates of decomposition of dead algae,
stagnant conditions occur which hinder
the transport of O, to the sediment
surface, This renders impossible the
formation of an oxic layer preventing
the release of phosphorus.

4. The sudden death of
the whitefish eggs

In spite of the eutrophic condi-
tions, the Sempachersee fishing yield
has notdiminished. The average caich
in the years 1979-84 was 87 ¢ of fish
per year, of which whitefish accounted
for up to0 90%. These good yields are,
however, only possible due to the arti-
ficial hatching and stocking measures
of the professional fishermen.

The whitefish spawn around the
middle of December at a preferred
depth of 2 - 10.m. Using a diver-
operated suction sampler, theegg den-
sity in Sempachersee could be deter- -
mined and the fate of these naturaily
spawned eggs was investigated dur-
ing three successive winters. Each
winter, the egg density was observed
1o exceed 1000 eggs per m* in the
middle of December. In the incubator
at 4°C, the eggs required about 10
weeks for 90% of the fry to hatch. In
the lake, however, neither living eggs
nor fry were found in the spawning-
area after the middle of February. Fig.
4a shows how the number of living
eggs collapses within a few days, Pre-
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dation accounts for only a small frac-
tion of the losses; most of the dead
eges are infested with fungi. To test
the hypothesis that toxic substances
from the sediment (e.g. hydrogen sul-
phide or ammonia) damage the eggs,
eggs from the incubators were exposed
in the lake, on the one hand on a plastic
sheet covering the sediment surface,
and on the other hand directly on the
sediment. The egg mortality rate in
such experiments was, however, the
same. Apparently, the sediment does
not act as the source of toxic sub-
stances. The hypothesis remaining is
that the oxygen supply to the eggs is
insufficient.

5. Microelectrodes

In principle, measurements with
microelectrodes should allow the de-
termination of oxygen concentration
gradients down to a spatial resolution
of about 30 pm [10]. We employed
this method with a simple micro-ma-
nipulator todetermine the oxygencon-
ditions over and in sediment cores
from the Sempachersee littoral zone
(Fig. 4b). The analysis was conducted
in the field in order to keep distur-
bances toa minimunl. As hasalsobeen
shown by in sifu measurements con-
ducted at the sediment-water inter-
face, adiffusive boundary layer witha
thickness varying from 0.2 mm to 2
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mm {according to current speed and
sediment topography) forms, in which
a strong decrease in 0xygen concen-
tration is observed. Despite anoxygen
concentrationofapproximately 7 mg/i
in the bulk water overlying the sedi-
ment, the oxygen concentration falls
to below 4 mg/t at the sediment sur-
face. During the early stages of their
development, fish eggs require oxy-
gen concentrations of at least 3 mg/l.
Before hatching, however, this critical
oxygenconcentrationincreasesto7-8
mg/i. As illustrated in Fig. 4b, during
this phase it is very difficult for a
whitefish egg in a eutrophic lake to
satisfy its oxygen requirements. In
addition, egg dispersion experiments
with marked eggs have shown that
during winter storms, when turbulence
is high, eggs are often transported into
deeper regions of the lake, where they
tend to collect in depressions in the
sediment. Current speeds tend to be
lower there, thus further hindering the
oxygen supply to the eggs.

6. Conclusions

Internal restoration measures in
Swiss lowland lakes consist mainly of
deep-water aeration. .

Improving the oxygen supply to
the sediments proves to be difficult.
The somewhat enhanced degree of
phosphorus retention in Baldeggersee
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Whitefish egg mortality in Sempachersee. »
a) The number of live whitefish eggs collapses rapidly as soon as the oxygen re-

quirement of the eggs increases.

b) Whitefish eggs require an oxygen concentration of at least 7 - 8 mg/l during
embryonic development. Microelecirode measurements show that this re-
guirenent is satisfied by the oxygen concentration in the overlying water. The
eges, however, are located in the diffusive boundary layer, where the oxygen
concentration often falls short of the critical value.

and the advance of benthic worms in
Hallwilersee [11] does permit the as-
sumption that the supply of oxygen to
the sediment surface at medium depths
in these lakes is better today than in
earlier years, because the oxygen-rich
water from the stream of bubbles forms
a layer at these depths. In deeper re-
gions, however, antificial aeration can-
not prevent the occurrence of periodi-
cally anaerobic zones with a very low
phosphorus retention capacity at the
sediment surface.

Even in the littoral zone, oxygen
depletion at the sediment-water inter-
face occurs within the space of a few
millimetres, because the concentration
of dead aigal biomass in the sediment
is too high. The whitefish eggs, which
are forced to occupy a habitat a few
millimetres thick at the sediment sur-
face, literally suffocate as a result of
the hunger for oxygen exhibited by the
microorganisms which live amillime-
tre beneath the eggs.

Oxygen will only penetrate into
the sediment at higher concentrations
if the sedimentation of dead biomass
decreases. This requires a reductionin
the external phosphorus leading.

|
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in Lake Hallwil
- Fred Stossel

The benthic fauna push into the lower depths

1. Life below 20 meters of
depth?

Lake Hallwil is a highly eutrophic
lake located in the Swiss plateau re-
gion, Since 1983 it has been the sub-
ject of a restoration programme in-
volving artificial recirculation in win-
ter and deep-water oxygenation in sum-
mer. The restoration project is the re-
sult of a collaboration between EA-
WAG and the Department of Water
Protection in the Cantons of Aargau
and Lucerne. '

Situated on the north-south axis
between two hills, the lake is largely
protected from wind and as a conse-
quence only circulates on average once
every 10 years to the maximum depth
of 46m. As aresult of this, most of the
lake is subject to complete deoxygena-
tion during the summer months, due to
_stratification of the lake during this
period. Atthe end of the summer strati-
fication, oxygen remains unavailable
beiow 25m and even at 20m depth in
some portions of the iake. The oxygen
profiie in the lake during a one year
pertod {1985) is shown in Fig. 1. This
figure clearly shows the effects of in-
adequate recirculation of the lake dur-
ing the previous winter months. The
boundary of the anoxic zone, moved
within 6 months from 35m depth 10
22m depth. At the same time, the oxy-
gen minimum which was found in the
region of the thermocline {(at 10m
depth) also diffused upwards. In be-

e J

tween there was a small residual oxy-
gen conceniration which remained, but
this was never sufficient to satisfy the
requirements of the oxygen-sensitive
animal life. Miirki and Schmid [1]
measured even lower values in Octo-
ber 1973 when the oxygen was already
depleted below [0m depth. This pre-
carious oxygen condition resuited in
the situation that the dead planktonic
maserial which sank during the sum-
mer season was no longer degraded

1o
S,
8 0

R

Fig. 1

Changes in oxy-
gen profiles in
Lake Hallwil dur-
ing the year 1985.
The expansion of
the oxygen free zone is clearly
visible. At the end of 1985, the
effects of complete recirculation as

_ part of the renovation programine

can be clearly seen.

aerobically (using oxygen) and a black
anoxic sludge formed. Under these
conditions the prganic matter was de-
graded by anaerobic bacteria which
produced the toxic compound hydro-
gen sulfide as a product of their me-
tabolismn. This gaseous poison pre-
vented the invertebrate animal life from
inhabiting the benthos and restricted
the habitat and breeding areas of the
fisk. Since the asea of the lake below
20m depth constitutes over twe-thirds
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of the total area, the result is that a
large part of the lake habitat was no
longer availabie to the invertebrates
nor for the various species of fish which
would have otherwise been present. In
order to investigate the effect of the
restoration project whichbegan in 1985
on the invertebrate species, the first
samples from the benthos were taken
in the late spring of the same year so

that an assessment of the initial condi- |

tions in the lake could be made.

2. What was
investigated?
Analysis of the progress of resto-

ration was carried out by EAWAG in
conjunction with the Department of

Water Protection of the Canton of

Aargau. The latter were responsible
for the monitoring of the chemical and
physical parameters whilst EAWAG
undertook the responsibility of moni-
toring the repopulation of the benthos
by macro invertebraies.

The first results concerning the
physical-chemical investigations were
published by Stockii and Schmid [2]
whilst those concerning the biology
were published by Stdssel [3].

Forthe purposes of biological sam-
pling, the lake was divided into four
transepts in the form of a cross, which
met at the deepest part of the lake.
Samples were taken on these transepts
at £-2m, Sm, and thereafter at 3m in-
tervals, using asmall dredge net. Those
invertebrate species found inthe sludge
within the net were carefully separated
from the sludge, and their frequencies
determined by microscopic examina-
tion of the samples. A more detailed
description of the sampling procedure
was described by Stossel [3].

3. Biological and eco-
logical conditions
necessary for re-
population.

In order to interpret the results
which follow, a short description of
the conditions necessary for resettle-
ment by invertebrates might be useful.
Resettlement of the benthic region of a
lake is strictly limited by abiotic char-
acteristics:

- Continuous darkness prevents any

PN

plant growth such thatonly detrivo-

rous and carnivorous’ invertebrates

are able to inhabit this area.

- with increasing depth, there is an
increasing amount of sludge on
the lake bottom with the conse-
quence that the habitat is very uni-
form.

- with increasing depth the pressure
increases and the temperature de-
creases.

These living conditions impose
very strict restrictions on the inverte-
brate species able to survive here, The
true worms in the family Tubifacidae
can be considered to be pioneers in
repopulating this region. They are able
to survive well under the conditions

described above because they possess”

awell adapted respiratory system. The
front part of the worm is imbedded
within the anaerobic sludge, whilst
oxygen diffusesintothe animal through
the skin oo the surface of the caudal
part of the body and through the lower
intestinal wall. The uptake of oxygen
is helped by the haemoglobin contain-
ing blood which this animal possesses.
Due to the high affinity of haemo-

* DPetrivore: Consumer of dead
animal and plant materia
Carnivore: Meat eater

Fig. 2

In the 6tk year of
aeration and enfor-
ced circulation, a
change in the con-

ditions with respect
to oxygen can be

. seen. Completely
oxygen free water is no longerfound
at 45m depth. Between August and
October the uptake of oxygen from
the Inke bottom is still very large.

globin for oxygen, the Tubificidae are
able to remain alive at very low oxy-
gen concentrations. Several other
Tubificid species can survive periods
of up to 4 weeks under anaerobic con-
ditions (in the complete absence of
oxygen) although under these condi-
tions they are unable to feed or repro-
duce. Due to these special characteris-
tics, it has been proposed that these
animals were predestined for their pio-
neer role {41, During their burrowing
activity, these sludge worms loosenup
the sediment and thereby assist in ac-
celerating oxidation of the sediment
(bioturbation). In addition io the true
worms, there are several species of
midge larvae (Chironomidae) and orb-
shell cockles (Pisidium sp.) which are
also capable of populating the lake
bottom at this depth. Giintert [3] in his
dissertation written in 1913, found 3
species from the family Tuificidae and
one roundworm (Nematoda) species
and the orb-shell cockle (Pisidium
fossarium) were found at 46m depth.
The first chironomid species was found
at 40m depth.

For repopulatin this habitat, two
other biological parameters need to be
considered, namely,; '

- length of reproductive cycle

- Migration velocity

2]
(2]
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The Oligochacts in Lake Hallwil. The intensity of the shading (see Fig. 4) indicates the year of sampling, and the
length of the bars the frequency of the worms.

north
01 23 45356
5m
20m
256m —
30m
35m
40m_

Fig. 4

south

east

Development of the Chironomid population in Lake Hallwil,
Clearly seen are the low frequencies of the midge larvae compared to those of tlze Oligochaets. At this stage it is not
possible to discern a true repopulation effect due to the low frequencies of species found. Howeyer there are strong
indications of a tendency for repopulation to deeper depths.

With respect to the former, repro-
ductive cycle times of up to 2 years
have been measured for the Tubifici-
dae, whilst only one generation per
year was typical for the Chironomids.
One factor responsible for this is the
low summer temperatares (4-5°C) in
the water in the lower fraction of the
lake. The migration velocity of the
Oligochaetaand the Pisidium are small

and a-directional. The chironomid lar-
vae certainly move much faster and
the eggs of the midge larvae which
sink to the bottom of the lake can be

transported over large distances. For -

these insect larvae or eggs, the condi-
tions at the bottom of the lake must
also be suitable, i.e. there must be
sufficient oxygen available. Especially
the latter require continuously suffi-

304 56
—t——

cient oxygen in order to ensure satis-
factory development.

4. Effects of the 7-year
aeration

n 1991, for the first time since the
beginning of the restoration pro-
gramme, there was sufficient oxygen
in the lake over almost the entire year
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down to a depth of 45m (Fig 2). As
such, development of the Tubificids
and their reproduction was possible.
The development of the Oligochaests
between 1988 and 1991 is shown in
Fig. 3 for the depths below 20m. Re-
sults for the various transepts are shown

separately. Up until 1991, the Tubifi-

cids were only able todevelopdownto
a depth of 35m at very low frequen-
cies. As was expected, their develop-
ment in the east and West transepts
were faster, These sampling areas were
closest to the compressed air and oxy-
gen diffusers. Here they were able to
establish themselves atupto 40mdepth
and some were found at 45m depth.
The first data for the late summer of
1992 have indicated a slight improve-
ment in this situation. The sediment at
45m deptls and at the deepest point at
46m depth was also inhabited albeit at
low frequency.

In Fig. 4 the repopulation by the
Chironomid species is shown. Here
also, the north transept shows differ-
ent characteristics compared to the.oth-
ers. The frequencies are so low that
littte can be said about the repopulation.
The other transepts however, show
from year 1o year an increasing ten-
dency for settlement in the deeper por-
tions of the lake. Although the Chirono-
mid larvae are more agile than the
Tubificidae, they were nevertheless
unable to penetrate below 30m except
in one instance in Autumn 1990 where
they were found at very low frequen-
cies at 35m. The sampling carried out
in 1992 have shown no sign that this
situation has improved. This is an irdi-
cation that the Chironomid species in
Lake Hailwil are much more sensitive
to the oxygen concentration than are
the Tubificids.

In Table 1, the changes with re-
spect to the diversity of species found
below 20m in all of the 4 transepts are
shown. In 1983, with the exception of
the temporarily anoxic living Chabo-
rous larvae {“Bilschelmiicken™), and a
tarval stage of the Cyclops (“Ruder-
fusskrebs”Ynoother invertebrates were
found below 35m. By 1991, the oxy-
gen condition had improved to such an
extent thatan additional 4 species were
able to exist down to a depth of 25m.
At 30 and 35m depths, it was the Tubi-
ficid and the Chironomids that were
able to settle and at 45m a very small

Table 1

An increase in the number of spe-
cies is apparent henveen 1985 and
1991, As expected, the largest increa-
se was found in the region up to 30m.

Depth 1985 1991
fm] | Number of species | Number of species
20 8 £2
25 4 8
30 3 7
33 2 4
40 2 4
45 0 3
46 0 2

number of Tuibificids were also able
to exist in addition to the anoxic living
varieties already mentioned.

5. What’s next?

Lake Hallwil is one of the few
Swiss lakes which still retains to some
extent its original shoreline, and as
such this has helped the general recov-
ery of the fish in this lake.

Under what circumstances can the
lake be considered to have recovered
with respect to repopuiation by the
benthic invertebrates? This question
can only be answered when one con-
siders the fact that the state of the lake,
even after repopulation of the entire
benthic region is such that it will be
impossible to maintain this once the
renovation measures are halted. This
bleak outlook is the result of the geo-
graphical focation of the lake, since
this has predetermined that the lake
will only be capable of turnover and
complete recirculation once every ten
years. As such, the condition of oxy-
gen deficiency incertainregions of the
benthos are inherently pre-program-
med. : :

There rernain in this case two pos-
sible solutions:

- Once the renovation programme
has been completed the natural
fate of the lake must be accepied
and along with this the realisation
that certain parts of the Benthos
will never be populated,

- The alternative is that as a mini-
mum the enforced recirculation of
the lake continues to be operated
during the winter months, How-

ever this will only be truly effec-

tive if by then the uppermost sedi-

ment layers have become reoxidi-
sed and that input of nutrients es-
pecially from the Lake Baldegg
has been minimised. Given these
preconditions this is a possible
means by which the revitalised
state of the lake achieved after this
exhaustive external aeration pro-
gramme can be maintained.
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Effects of artificial aeration on trophic status and
hypolimnetic oxygen concentration in lakes
Rene Gachter and Alfred Wiest

1. Water quality
objectives

Lakes are imporiant sources of
drinking water. As “natural” habitats,
they not only produce fish but also
suarantee the survival and natural re-
production of all other organisms
present in the unpoliuted waiers. They
also serve as places of recreation,

Algal bloomsare notonly unpleas-
ant, they may also impair the taste of
drinking water oreven cause fish kills.
In any case, they drastically lower the
oxygen concentration in the hypo-
limnion. For these reasons, lakes in
Switzerland must satisfy the two fol-
towing minimum water quality crite-
ria:

- Unfavourable natural conditions
excepted, lakes should be oligo-
trophic orat the mostmesotrophic.

- Oxygen concentrations should
never fall below 4 2 0,/m’ any-
where in the lake at any time (with-
out artificial aeration).

In order to grow, algae require
various nutrients. According 1o the
limitation law, the growth of algae is
limited by the nuirient in shortest sup-
ply compared to demand. In lakes, the
production of algae is generally lim-

103 ' .

102 |

ptimary production (g C m2yr1)

10 T T
1. 10 102 103

IP1spring overturn (mg m3)
Fig. 1
Annual primary production as a
Sunction of total phosphorus con-
centration at spring turnover
{according to Fricker [8]).

ited by the concentration of available
phosphorus compounds, as illustrated
in Fig. 1. In oligotrophic lakes, pri-
mary preduction increases in propor-
tion to the P concentration. Ineutrophic
lakes, it reaches a plateau at about 460
g C/m? yr. In mesotrophic iakes, pri-
mary production ranges between 150
and 200 g C/m® yr. On average, pro-

.duction rates of this magnitude are

attained at phosphorus concentrations
approaching 20 to 30 mg/m’. In indi-
vidual lakes, however, the relation-
ship can deviate markedly from the
average relationship shown in Fig. 1.

2. What are naturally un-
favourable conditions?

Withrespect tooxygen, conditions
are considered to be unfavourable if
the natural O, supply is insufficient to
prevent the hypolimnetic oxygen con-
ceniration from falling below 4 g 02,"
m® at a primary production rate of
200 g C/m* yr. If we assume, as illus-
trated in Fig. 2, that:

- 90% of the assimilated organic
carbon is respired in the epi-
limnion;

- 50% of the organic carbon settliing
to the hypolimnion is eventually
permanently buried as refractory
organic carbon in the sediment;
and

- the other 509 is mineralized
mainly during summerstagnation;

then 35 g O,/m* are consumed in the

hypolimnion during the summer stag-
nation period. Under the assumption
that springtime mixing will result inan

oxygen concentration of 11 g O,/m’,

then up to 7 g O,fm’ can be consumed

during the summer without the oxygen
concentration falling below the re-

quired concentration of 4 g O/m’. A

supply of 35 g O,/m* however, re-

quires an average hypolimnion depth
of at least 3 m. Consequently, unfa-
vourable conditions can be said to ex-
istin lakes with a shallow hypolimnion.
Oxygen is not consumed in the

\ 200 g Cimiyr /
|

¥20 g Cimiyr

Llugcmfyr
¥ 7 gmt
R
11 gm3, & gred
7 gm?
e -
“argm? 2 gl
P g
5m Hogand a gl
7pmd
31 gm? 4 gm?
7 gead
1egm 4 gm
gm? gm?
¥

Fig. 2

Schematic illustration of primary
production and mineralization in a
mesotrophic lake.

water column alone. Sediments con-
suIme even more. As 2 Consequence, as
iltustrated in Fig. 3, the water quality
goal for oxygen may not be attained
even in deep mesotrophic lakes if the
ratio of sediment surface to water vol-
ume is large in the layers close to the

Gersauersee
Iake morphometry and oxygen
8 02 0.4  dadv(m)
170 a— :
180 L
190 ® -
200
210
m T T T T T ) ¥
0 1 2 34 4 5 6 7 8
Oxygen concentration [mo/i}
Fig 3

Ratio of sediment surface to water
volume and oxygen concentration
as functions of depth in Vierwald-

" stifttersee (Lake Lucerne) (dara sup-

plied by H. Ambiild, EAWAG).
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lake bottom, and if eddy diffusion is
not sufficient to supply enough oxy-
gen from the upper layers. Conditions
are especially unfavourable if the hypo-
limnton is loaded with allochthonous
oxygen-consuming substances{e.g.na-
tural gas), or if mixing during winteris
insufficient to bring oxygen concen-
trations back up to near saturation val-
ues by the end of spring turnover.
Mixing may be fimited by wind expo-
sure or by the release of salts from the
sediments {1

3. Were all lakes original-
ly aerobic under natu-
ral conditions?

In eutrophic lakes, recent sedi-
ments often show a laminated sequence
of light and dark layers, whereas older
deposits are light in colour and amor-
phous in structure. Since the time of
Nipkov [2], these observations have
been interpreted as follows. As acon-
sequence of anoxic conditions at the
sediment surface, black iron sulphide
is formed in the sediment. During
spring and early summer, a layer of
light-coloured allochthonous miner-
als and autochthonously precipitated
calcium carbonate is formed. Under
anoxic conditions, there are no benthic
macrofauna to disturb the sequence,
Thus, under such conditions, this lami-
nationis persistent. The uniformly grey
sediment underlying the laminated
deposits was deposited when the lakes
were oligotrophic and their hypolimnia
aerobic,

Based on observations of such lay-
ering, Ziillig [3} concluded that the
hypolimnia of many Swiss lakes must
have become anoxic a long time be-

fore the construction of sewer systems

and the introduction of intensive agri-
culture. For example, 6500 years ago
the hypolimnion of Baldeggersee must
have been partiaily anoxic for some
time and the hypolimnion of Rotsee, a
small lake near Luceme, has been par-
tially anoxic for 2000 years. The pig-
ment content of 3000 yrold sediments
in Soppensee exceeds that of recent
sediments. Hallwilersee sediments
deposited during the second half of the
18th century are black, although
sediments with the same pigment con-
cenirations deposited both earlier and
later than this are light coloured and

non-laminated. Such observations sug-
gest that the cause of anoxic condi-
tions at the lake bottom may not neces-
sarily be excessive primary produc-

" tion. It seems that even in Hallwilersee

during its oligotrophic period, the hypo-
limnion exhibited a tendency towards
partial anoxja due to insufficient mix-
ing during overturn. Because the re-
fease of calclum bicarbonate from
sediments increases with increasing
primary production, mixing may have
deciined further with increasing eutro-
phication. Thus, eutrophication not
only increases the demand of the sedi-
ments for oxygen, but may also inhibit
its resupply.

4. What phosphorus con-
centrations are needed
to attain the water qual-
ity objectives set?

In most Swiss lakes, phosphorus
concentrations have been decreasing
since the seventies due to advanced
wastewater treatment. People livingin
the catchment area of a lake judge
water quality mainly on the basis of
aesthetic criteria such as colour, trans-
parency, odour, taste, and quality and
quantity of plants living in the littoral
zone. They may include in their as-
sessment the quality of the lake for
sport fishing as well as information
distributed by the media. In the catch-
ment areas of each of 11 lakes, 20
randomly selected inhabitants were
called and asked for their subjective
opinion on the quality of “their” lake.
Answers allowed were “very good”,
“fair” and “unsatisfactory”. The water
quality of lakes with phosphorus con-
centrations less than 40 mg/m® was
frequently described as “very good”
{Table 1). Those lakes with phospho-
rus concentrations exceeding 100 mg/
m? were mostly ranked “unsatisfac-
1ory”, indicating that the people living
in the catchment area are aware that

despite the costly wastewater treat-

ment the remaining P concentrations
are still too high.

Scientists replace such qualitative
aesthetic assessments by more objec-
tive measurements of phytoplankton
biomassor primary production. If phos-

. phorus concentrations and biological

parameters such as chlorophyll con-
centration, phytopiankion biomass or

Table 1

Phosphorus concentration at
spring turnover (mgin’) in 11

Swiss lakes compared with a
subjective assessment of their water
gquality by people living within the
catchiment area of the lake. Grades
I 10 3 denote “very good”, “fair”
and “unsatisfactory” respectively.

Lake Grade Conc. {P]
[mg/m3}

Ziirichsee (Lake i

Ziirich} 1.05 35

Walensee 1.05 i0

Vierwaldstitiersee

(Lake Lucerne) 1.10 10

Bodensee {Lake

Consunce} 1.t3 30

Hallwilersee L33 120

Biclersee 1.35 35

Eac de Neuchiel 1.55 70

Lac Léman (Lake

Cieneva) 1.83 a0

Seippachersee 2135 100

Zugersee 17

b2 !J 1
[P/
w

Baldegpersee 0 120

primary production are related, then
on average, chlorophyll concenira-
tions; biomass concentrations and pri-
mary production rates should increase
with increasing phosphorus concen-
trations. Individual lakes, however, can
deviate markedly from the average
relationships depicted in Figs. 1,4 and
3. In practice, environmental protec-
tion in the case of lakes always deals
with individual lakes. and hence such
knowledge about a hypothetical “av-
erage lake” is only of limited value.
For example, concentrations of phyto-
plankton biomass are nearly equal in
Walensee and Bodensee (Fig. 4) al-
though their phosphorus concentra-
tionsdifferbyafactorof twototwenty.
On the other hand, the phytoplankion
biomass in Ziirichsee exceads that of
Walensee by about a factor of three,
although phosphorus concentrations
are similar. In addition, the phyto-
plankton of the three lakes differs quali-
tatively. The phytoplankton of Walen-
see, Bodensee and Ziirichsee is domi-
nated by diatoms, dinotlagellates and
blue-green algae, respectively. Fig. 4
demonstrates further that in individual
lakes the biomass may vary by a factor
of three to five in successive years,
even though phosphorus concentra-
tions may be similar. From this it can
be concluded that an assessment of the
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Sunction of phosphorus concentration at spring

turnover (according to Stabel [9]).

success or failure of restoration meas-
ures necessitates the carrying out of
precise observations over a period of
several years.

As Fig. 5 indicates, the scatter in

the annual primary production rates
estimated from 12 to 24 measurements.

in four individual lakes is relatively
large. As a consequence, again, a de-
crease in the phosphorus concentra-
tion of a lake must not necessarily
result in an immediate decrease in pri-
mary production, if, for example; only
two successive years are compared.

These examples demonstrate that
no one particular phosphorus concen-
tration can be set as a water quality
goal valid forali lakes. Since we donot
fully understand the reasons for lakes’
individual behaviour, it is impossible
to predict exactly the phosphorus con-
centration to aim for in any one par-
ticular lake, As a conseguence, the
exact phosphorus concentration at
which all water guality goals will be
achieved must be determined empiri-
cally for each individual lake.

5. Will wastewater
treatment suffice?

The construction of advanced

wastewaler treatment plants may not’

suffice to reduce the phosphorus load-
ing of a lake. For example, the loading

turnover.

of Sempachersee with dissolved phos-
phorus originating from wastewaler
decreased from 7 t/yrin 1977 to | tfyr
in 1988. At the same time, phosphorus
runoff from agricultural land increased
from from 3 to 7 i/yr, diminishing the
positive effect of wastewater purifica-
tion. Today, about 80% of the Sempa-
chersee phosphorus loading originates
from soil. o Baldeggersee, soil con-
tributes more than 70% of the phos-
phorus loading [4]. A phosphorus mass
balance reveals that for many years,
more phosphorus has been added to
the soil as fertilizer than was removed
with the crop. As a consequence, the
phosphorus content of the soil, and
probably also the phosphorus runoff,
has increased. [n order to avoid a fur-
ther increase, the spreading of manure

would have to be reduced by 30%°

within the caichment area of Sempa-
chersee and by 50% within the catch-
ment area of the nearby river Biinz [5].

6. Experiences with lake
aeration

Sempachersee, Baldeggersee and
Hallwilersee do not reach the quality
goals either with respect to frophic
status or with respect to oxygen. All
these iakes are subjected to artificial
aeration during winter to increase mix-
ing. Because this artificiaily induced

a function of total phosphorus concentration at spring

mixing decreases the oxygen concen-
tration at the iake surface, it enhances
the transfer of oxygen from the atmos-
phere to the water.

In a well-mixed lake, the oxygen
concentration ([O,]yapproaches steady
state. According to equation (1), the
steady-state [0,] depends on the oxy-
gen concentration at saturation{{O,]),
the met oxygen consumption raie J
(biological production minus con-
sumption), mean depth z and transfer
velocity o

[0,1=[0,]"-F z/c (

[0,] increases with decreasing
trophicf status {decreasing I), with de-
creasing average depth z, and with
increasing wind exposure and wind
velocity (increasing o). In artificially
mixed Sempachersee, Baldeggersee
and Hallwilersee, [O,] reaches values
between 8.5 and 10 g/m?, After win-
ters with favourable meteorological
conditions, such high values were also
reached in Sempachersee even with-
out artificial aeration, but never in
Baldeggersee and Hallwilersee, which
are more sheltered from the wind by
hills. From this we can conciude that
artificial mixing during winter has a
beneficial effect on the lake oxygen
conditions if natural mixing is not suf-
ficient to yield a completely homoge-
neous water body.

In none of the three lakes is the
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value of [0,] attained at the end of
spring turnover sufficiently high to
prevent it from decreasing below 4 g/
m® before the end of the stagnation
period. For this reason, 2to 3 tonnes of
gaseous oxygen perday are introduced
into the hypolimnion in the form of
fine bubbles. These bubbles dissolve
before teaching the thermocline, and
hence do not disturb the natural den-
sity stratification existing during sum-

mer.

InFig. 6, 0xygen concentrations in
the iakes are compared before and
after the introduction of artificial mix-
ing and oxygenation. These measures
have obviousiy resulted in a signifi-
cant increase in hypolimnetic oxygen
concentrations.

7. Effects of the artificial
oxygen supply on the
phosphorus cycling of
lakes

As indicated in Fig. 7, the phos-

phorus content of Hallwilersee and
Sempachersee decreased more rapidly
after artificial mixing and oxygena-
tion went into effect. In Baldeggersee,
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Autummn oxygen profiles in Sempachersee, Hallwilersee,

and Baldeggersee.

Variations in phosphorus content in Sempachersee,

Hallwilersee, and Baldeggersee.
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however, this was not the case. In-
creased oxygen concentrations may
have increased net phosphorus sedi-
mentation rates in Hallwilersee and
Sempachersee. However, as can be
seen from equation (2), the rate of
change in the P content of a lake (dC/
dt) depends not only on the net sedi-
mentation {S), but also on the input {I)
and export (E) via the effluent.

dC/di=1-E-S (2)

IfdC/dt, T and E are known, the net
sedimentation S can be estimated. The
relatively large uncertainty in the esti-
mated net sedimentation (the shaded
area in Fig. 8) results from a large
uncertainty in the estimated input val-
ues I. According to Fig. 8, the net
sedimentation in both lakes reached a
minimum in the seventies and beganto
increase again several years before the
intemal measures went into operation.
It is believed that - due to an increase
in the trophic status - the release of
phospharus from the sediment under-
went a continual increase before the
minimum net sedimentation was at-
tained, and decreased afterwards as
easily mobilized phosphorus became

Baideggersee

Het sedimentation rate (Uyr)
o

KeErSHEE T

55 60 85 70 75 00 45w 2%
Yoar

L.ake Sempach

-

oI

Het sedimerntation rale {tiyr)

5 60 65 @ 75 6 85 W B
Yoar

Fig. §
Net sedimentation of phosphorus in
Sempachersee und Baldeggersee
estimated from mass balance cal-
culations (eq. 2). The shaded area
indicates the uncertainty in the
estimates (mainly a result of the
uncertainty in the phosphorus
loading data).

exhausted in the sediment. Because
the increase in the net sedimentation
did not coincide with the introduction
of the artificial aeration measures, the
data do not directly support the ex-
pected cause and effect relationship:
“the more oxygen, the higher the net
sedimentation”,

The net amount of phosphorus
sedimented out is the difference be-
tween the gross amount sedimented
out and the amount released from the

sediment at the sediment/water inter-

face. Because phosphorus released
from the sediment accumulates in the
hypolimnion, the amount of phospho-
rus accurnulated in the hypolimnion
during summer stagnation is a meas-
ure of the release of phosphorus by the
sediment. The data plotted in Fig. 9
suggest that the phosphorus content of
the hypolimnion decreased in Hall-
wilersee and Baldeggersee at oxygen
concentrations exceeding 3.5 g/m® at
the lake bottom. In Sempachersee,
however, such an effect could not be
observed. Asshownin Fig. 6inBaldeg-
gersee and Hallwilersee, almost the
entire hypolimnion was previously
anoxic, whereas in Sempachersee the
anoxic area was restricted to the deep-
est region of the lake and covered less
than 30% of the sediment surface in
the hypolimnion. In addition, as shown
by Wehrli et al. [7], in this deepest
region of the lake the sediment surface
remained anoxic regardiess of the in-
creased oxygen concentration in the
overlying water.

Hiittnersee and Tiirlersee are two
other lakes that are artificially mixed
during winter. The hypolimnion of
Hittnersee, which is also artificially
aerated during summer, is now aero-
bic throughout the year, and the hypo-
Himnipn of Tirlersee only becomes
anoxic in late summer. After the inter-
nal restoration measures went into
operation, hypolimnetic phosphorus
concentrations decreased significantly
in Hiittnersee, and continued to de-
crease in Tiirlersee, However, asshown
in Fig. 10, epilimnetic phosphorus
concentrations did not change signifi-
canty.

To sum up, as a consequence of in-
creased hypolimnetic oxygen concen-
trations, less phosphorus accumulated
in all lakes except Sempachersee. In
Hallwilersee this may have acceler-
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Fig. 9
Phasphorus accumulation during
summer in the hypolimnia of
Hallwilersee, Baldeggersee and
Sempachersee before and after
artificial mixing and oxygenation
went into operation.

ated the rate of recovery. However, in
all other lakes, the increased hypo-
limnetic oxygen concentrationsdid not
significantly affect the phosphoruscon-
tent of the epilimnion and hence did
not lower the primary production or
affect the trophic status.

8. Summary and
conclusions

In all Swiss lakes, reductions in
phosphorus loading have resulted in
decreased phosphorus concentrations
and hence in a reversal of eutro-
phication, However, the dependence
of primary production, chlorophyll
concentration or phytoplankton bio-
mass on phosphorus concentration
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seems to vary from lake to lake, and

also from year to year within a single

lake. For this reason it is very difficult,
if not impossible

- topredict the resulting trophic sta-

tus of a lake after its external phos-

phorus loading has been dimin-
ished, or

- todefineexactly aphosphoruscon-
centration that will guarantee the

attainment of a particular objec-

tive such as:

1) mesotrophy;

2) hypo-limnetic oxygen concen-

trations of at least 4 g O,/m*

3} no aesthetically unattractive

phytoplankton blooms;

4} no fish kills;

3) the survival and unhindered
natural propagation of all or-
ganisms which would be pres-
ent in the lake if it were in an
unpollated condition;

6) no bad odours; and

7} an adequate drinking water

guality.

Consequently, the desired phos-
phorus concentration must be empiri-
cally determined for each individual
lake.

Based on sediment records, some

\
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Total phosphorus concentration in
surface waters and hypolimnia of
Hiittnersee (average March - Octo-
ber) and Tiirlersee (average June -
October) (Data from W. Meyer,
AGW Ziirich}.

lakes experienced anoxic conditions
long before sewer systems were in-
vented and fertilizers spread on agri-
culturat land. Such lakes will most
prebably remain partially anoxic even
after the introduction of optimal
wastewater treatment and increased
care in the use of manure in agricul-
ture. If all the above criteria are satis-
fied except for the oxygen criterion,
however, we see no reason {0 aerate
these lakes artificially.

Artificial mixing during winter is
a relatively inexpensive way of in-
creasing the oxygen supply from the
atmosphere to those lakes in which
eutrophication has caused an accurmnu-
lation of salts in the hypolimnion suf-
ficient to impede natural mixing. As a
beneficial side-effect, artificial mix-
ing increases nutrient concentrations
at the surface, and hence the export of
nutrients from the lake.

An artificially increased oxygen
concentration in the hypolimnion ex-
tends the habitat of those organisms
that depend on oxygen and lowers the
accumulation of phosphorus in the
hypolimnion. However, it seems nei-
ther to lower the trophic status of lakes
significantly nor to guarantee that the
eges of sensitive fish will successfully
reach hatching [7]. _

Artificial mixing and oxygenation
of the hypolimnion should therefore
only be considered if
- the phosphorus loading of a lake

has been lowered as far as possible

and the phosphorus concentration
has reached a new steady state;

- the water quality objectives men-
tioned above have still not been
attained:

- the sediment record indicates that
the lake was oxic at lower rates of
phosphorus loading prevailing in
the past, and

- artificial mixing and oxygenation
are reasonable tools to use in over-
coming remaining deficiencies in
water quality. E:E
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Estimate of P-inputs to the Lake of Sempach from
diffuse sources, and measures for their reduction
Peter Hurni', Markus Braun' and Felix Schérer?

' Service for Soil Physics and Water Protection, Federal Research Station for Agriculiural Chemistry and Environmental Hygiene
* Bilro PS-Plan, Bahnhofstrasse 10, 3076 Worb :

With the aid of a model for material fluxes, the input of phosphorus to the Lake of Sempach from diffuse sources was
estimated. According to this estimare 14.5 1ons of phosphorus reach the lake annually from areas predominantly used for
agricultural production. The most important pathways for phosphorus input are losses by surface runoff and soil erosion
from grassiand (43%) and arable land {419e). The largest surface-specific losses are from arable land. Dissolved
phosphorus, which presents a problem for the lake, is predominanily from grassland runoff . These diffuse inpuis of
phesphorus conld be reduced approximately by 505, if a number of appropriate measures were taken.

1. Introduction

The total input of phosphorus to
the Lake of Sempach is composed of
the following loads: ‘Streams’, ‘Sew-
age treatment plants’, ‘Rain overflow
traps’, and ‘precipitation’ (1). Phos-
phorus input via streams is separated
into ‘Untreated wastewater’ and 'Dif-
fuse sources’ {Table ).

During the past 30 years, the total
phosphorus input to the lake has quad-
rupled. As a result of measures taken
concerning sewage water, the amount
of unireated wastewater has dropped
by 85%. The contribution from diffuse
sources, however, has multipliedto 16
tons annually. The reason for this in-
crease is the intensification of agricul-
ture (Fig. 1).

Hitherto, the contribution from
diffuse sources has been estimated by
a balance calculation. In other words,
the known partial fluxes were sub-
tracted from the total load, and the
difference was attributed to agricul-
ture. In the present study phosphorus

Table 1.

inputs from diffuse sources are esti-
mated directly.

2. The model for fluxes of
matarial with area-
specific assumptions

In (2) a method to quantify nutri-
ent inputs to surface waters from dif-
fuse sources was presented. The model
for material fluxes links the data for
kand use with coefficients for losses
specific for different types of utiliza-
tion, Each section of land within the
caichment is characterized by the type
of land use (grassland, arable and,
forest, fallow or barren land, areas
builtonatlow density), by inclination,
and by drainage conditions. Coeffi-
cients forlosses, which are assigned to
each surface section, are taken from
the literature or derived from our own
field experiments.

The most important land use data
in the Lake Sempach catchment are
summarized in Fig. 2 and Table 2.
Particular to this region is the high

Input of phosphorus to the Lake of Sempach (according to (1)).

years of input of phosphorus (fons Pmy"l)
measurement
the whole | streams and remaining catchment area
nntreated diffuse
toral waste water | Sources
1954 _ 4.4 34 32 0.2
1966-67 10.3 9.2 7.1 2.1
1976-77 14.9 12.8 6.7 L6l
1984-86 14.6 12.5 4 111
1986-88 18.7 16.6 0.5 6.1

extension of

mechani-
1\ the arable area

zation

increase in |
pig stock

v V¥

s0il com-;
paction

)

soil surplus of
erosion  phosphorus

Fig. 1

Some effects of intensive agri-
culture in the Lake of Sempach
catchument.

proportion of drained plots (30% of
the agricultural land) and the high
stocking density. I this catchment, an
annual load of approximately 270 tons
of phosphorus results from farmyard
manure {4). This would cover the phos-
phorus requirement of the areato 150%.

The following parameters were
changed in the model for material
fluxes used in (2}

Based on provisional resuits from
a field wial in the Lake of Sempach
catchment, the contribution of surface
runofftothe total discharge is increased
from 5% to 10%. This increase can be
explained by the number of soils in the
catchment which are influenced by
down-slope water, groundwater and

EAWAG-News 34 (March 19933

31




Table 2:

Partitioning of the agricultural area into grassland and arable land

according to levels of inclination.

land use plane slope steep slope total
(ha) (0-5%) (6-30%) {over 30%)

grassiand 1506 2511 8 4025

arable area 300 581 0 881

pbackwater (3). For the same reason,
the contribution of drainage water to
the total discharge is increased from
65% to T0%.

The content of phosphorus in the
water running off from the surface of
grassland is increased from 2 mg P I
to 3 mg P I''. This assumption is based
on the provisional resuits from the
same field trial.

The concentration in drainage
water is assumed to be 0.1 mg P 1
instead of 0.06 mg P 17 (3).

Average soil erosion from arable
land is increased from 2.5tha’ y ' to 7
tha' y! (after 3,5). Based on (3} and
ourown observations, soil eroston from
managed pasture and natural pasture
located on slopes and steep hills of 1.5
tha!y'land 0.3 tha'y", respectively,
is inciuded. Phosphorus content of the
top soil is increased from 0.05% to
0.29 (3), and the enrichment factor is
eliminated. Furthermore, the deposi-
tion factor for eroded soil material is
reduced from 60% to 50% because the

Table 3:

density of drains in the Lake of Sem-
pach catchment is 1.5 times smaller
than the average for the Swiss Central
Plateau (after (2)).

Because of the large numbers of
animals and the high density of drains
in the catchment, the assumptions for
the direct inputs ‘Fertilizer discharge
alongside waters’, Direct input from
farms’', and ‘Fertilizer application to
roads’ are doubled.

3. Estimate of
nuirient inputs

The results from the calculation of -

water fluxes are summarized in Table
3. The total discharge of water amount-
ing to 39 million m*y"' is in agreement
with the water balance of the lake
between 1986 and 1988 (1).

The model calculation reveals an
input of phosphorus to the lake from
diffuse sources of approximately 14.5
t P y' (Table 4) which agrees with
values derived frommeasurements (1),

Water fluxes into groundwater and surface waters in

the Lake of Sempach caichment.

With 86% of the total input, sur-
face runoff and soil erosion are the
most important input pathways for
phosphorus to the Lake of Sempach.
Other input pathways are of minor
importance. Thearea-specificloss from
arable land via surface runoff and soil
erosion averages about 7 kg ha'!, and
from grassland the average is approxi-
mately 1.6 kg ha''. About 45% of the
total diffuse phosphorus inputs are from
grassland, and about 41% from arable
jand. In the case of arable land, 97% of
the total phosphorus reaching the lake
is bound to particles. In the case of
grassland, 74% occur in soluble form
which is more problematical for the
lake. In the Lake of Sempach catch-
ment a total of approximately 52% of
the phosphorus is lost in particulate
form. This is in good agreement with
the measured value of 37% (1).

In addition, the estimate for nitro-
gen inputs to the Lake of Sempach are
included in order to validate the model.
The resuiting 166 t N y*! agrees with
the 1701 Ny reported in (6). Approxi-
mately 89% of the nitrogen from dif-
fuse sources reach the Lake of Sem-
pach via drainage and leaching from
the soil.

waterflows (Mio m’y") % grassland
4025ha
surface runeff from grassiand 2 4 e
surface runoff from arable land 04 09
drainage water beneath grassland 5 . 14
drainage water beneath arable land 1 3 T o
infiltration to the groundwater *Jcatchment area |0 00X
beneath forest 6 14 6145ha
infiltration to the groundwater
beneath grasstand 19 48 forest
infiltration to the groundwater 872ha
beneath arable land 4 10
runoff from wasteland <0.1 0.1 developed area
runoff from developed area 2 6 arable jand 362ha
rainfall 1o surface waters 881ha
(without lake) <0.1 <0.1
Fig. 2
total 39.4 100 Land use in the Lake of Sempach catchment.
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4. Natural back-
ground load

The natural background load in-
cludes the nutrient losses which would
reach the surface waters in the absence
of an anthropogenic influence in the
region. In the Lake of Sempach catch-
ment the soil would naturally be cov-
ered by forests. The natural background
toad thus represents the loss of nutri-
ents from a closed forest. In the case of
phosphorus the respective value is
about0.7-1.0tPy'. Consequently, the
loss of phosphorus from diffuse sources
due to present-day agricultural land
use is approximately 15 times higher
than the natural background load.

Table 4;

Inputs of phosphorus from diffuse sources to the Lake of Sempach.

Input pathways (t P y!) Pparticulate Piotat T
nutrient fosses by surface runoff from grassland 4.8 33
soil erosion on grassland 1.7 1.7 12
nutrient losses by surface runoff from arable land 0.2 1.3
s0il erosion on arable land 5.8 5.8 40
nutrient losses by drainage beneath grasstand G.5 3.7
nutrient losses by drainage beneath arable land - 01 0.8
leaching beneath forest 0.1 0.8
leaching beneath grassland 04 26
leaching beneath arable land 0.1 0.6
losses of waste land <0.1 <01
losses of developed area <0.1 0.2
atmospheric deposition to surface waters <0.1 <(.1
pasture alongside waterways <0.1 <0.1
application of fertilizer alongside waterways <0.1 0.1
direct input from the farm 0.3 37
livestock traffic on roads <0.1 <0.1
application of fertilizer to roads 0.2 1.2
total 4.5 100
szmiculmc 13 32

5. Measures io reduce
phosphorus inputs

in order to reduce phosphorous inputs
from agriculture, measures must be
taken in five main areas;

1} The infiltration capacity of the
soil in grassland must be main-
tained or even increased, in or-
der to reduce surface runoff:

- adaptedmechanizationand optim-
ized timing of cultivation

- extensive farming where sensitive
soils ocour

« adense and possibly closed turf

2

—

Fertilization must be optimized
with respect to vegetation, site
conditions, and timing:

- balanced nutrient budgets, i.e. a
maximum of 2.5 large animal units
per hectare.

- bufferzones alongside surface wa-
ters, drainage wells, and streets

- noapplication of liguid manure to

frozen soils and to soils covered

with snow, and reduced. applica-
tion of liquid manure to wet soils
and before heavy rainfalls

3) Reduction of soil erosion in ar-
able farming (9):

- cultivation adjusted 1o site-spe-
cific conditions and production of
crops in suitable crop rotation

- reduction of the area of arable
fand

- consideration of measures to re-
duce soil erosion for all types of
cultivation: seed rows, mininum
soil management, contour culti-
vation, integrated weed manage-
ment, eic,

- preservation and new establish-
ment of hedge rows and lanes

4} Improvement of water retention
in the catchment:

- preservation of existing gullies and
raising of inlet wells (sedimenta-
tion basins)

«  building of small terraces and
dams to reduce surface erosion

3) Direct inputs must be reduced:

- special care when applyving liguid
manire

- tight storage containers and pipes

6. Possible potential for
further reductions

The estimate of the potential for
reductions can be done in the same
way as the estimate of nutrient inputs
was carried out with the aid of the
model for material fluxes, The parame-
ters for surface runoff and soil erosion
which are primarily influenced by ag-
ricultural measures are adjusted ac-
cording toexperimental dataand cross-
comparisons. It should be possible to
reduce surface runoff from grassland
by 25% and o reduce the concentra-
tion of phosphorus in surface runoff by
40%. Direct inputs from farms and
roads could be cutin half. Based on the
fact that soil productivity can only be
maintained in the long run if soil ero-
sion does not exceed 1 t ha'! y, this
value is used as a maximum tolerable
value for soil erosion from arable land.

Based on an input of phosphorus
amounting to (4.5 t Py, the calcula-
tion reveals a potential for reduction of
approximately 8 ty! (Fig. 3). Relative
to the total diffuse losses minus the
natural background load, this reduc-
tion is equivalent to 60%.

The largest potentiai to reduce the
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total load of phosphorus is associated
with arable farming. Inorder toreduce
the load of soluble phosphorus, meas-
ures focusing on grassland resultin the
most substantial reduction (Fig. 3).

7. Concluding remarks

The agreement between measured
values and the values estimated by the
model {water fluxes, phosphorus in-
puts, ratio between bound and soluble
phosphorus) demonstrates that the
model for material fluxes from (2) can
be applied to smaller catchments. Be-
cause of the necessary assumptions,

5t
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Fig. 3

Estimated yearly reduction po-
tential of phosphorus input through
agricultural nieasures.

however, the estimate must be inter-
preted with caution. Furthermore, the
variable soil conditions in the catch-
ment have not been considered. For
this reason, the calculation of loads
from individual affluents is not possi-
ble. In this sense, the present contri-
bution represents a study of plausibil-
ity.

The largest portions of phospho-
rus input to Lake of Sempach are from
soil erosion and surface runoff. While
arable land shows the highest area-
specific loss of phosphorus, grassiand
contributes the most to the load of
soluble phosphorus which causes prob-
lems to the lake.

According to (7), the contribution
from agriculture should notexceed 2 ¢
P y', in order to reach the goal of
restoring the Lake of Sempach (oligo-
trophication). The estimate reveals that
this goal can only be achieved by addi-
tional measures (reduction of arable
land, a maximum of two large animal
units per hectare, etc.).

Measures to reduce phosphorus
tnputs from agriculture have long been
known. Their realization, however, is
problematical because most of these
measures would lead to a loss of in-
come for the farmers. The change in
the law for agriculture (i.e. direct pay-
ment for ecological services) is a first

step in the right direction. Because of

the difficulties arising from the exist-
ing infrastructure, from restricted
funds, and from the ‘human’ factor,
most measures will only be realizable
in the long run, and, eventually, tech-
nical measures, such as drying of lig-
uid manure or low-phosphorus feed
for pigs, might need to be considered
in the short term. However, in the end,
only by a change in the agricultural
awareness and in society as a whole
will the recovery of the Lake of Sem-
pach be possible’(8).
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Reflection in the Lake of Sempach

Markus Braun

Service for Soil Physics and Water Pratection, Federal Research Station
Jor Agricultural Chemisiry and Environmental Hygiene, 3097 Lichefeld-Bern

Man's environment is the reflec-
tion of its inner life. The status of the
Lake of Sempach reflects the feelings
of the people who utilize the rural
environment primarily for the pro-
duction of physical murition, Thus the
solution to the 'Environmental Prob-
fenm Lake of Sempach’ can not only be
sought in the physical, external world
but also in the psychological imier
world of man.

1. The Lake of Sempach
is ill!

As a result of nutrient inputs,
mainly from sewage and from agricul-
ture, the lake became overfertilized
which led to 1he coliapse of its regula-
tory systemt, Since then-it has been
aspirated artificially in order to keep it
alive.

Due to agricultural land use, ahout
15 times more phosphorous. reaches
the lake as compared to the natural
background load (5). In addition to the
steps towards restoration already ta-
ken, measures targeting onagriculture
should be realized. Depending on the
desired reduction potential concerning
nutrient inputs, measures at different
levels must be taken (Fig. 1):

- At a scientific level: Measures
such as actions taken by the farmers
around farms and in the field lead to a
relatively small reduction potential.
These measures include: Reduction of
surface runoff from grassland, proper
fertilization with respect to crop, site
conditions. and time, reduction of soil
erosion from arable land, reduction of
direct inputs, etc.

- At a political level : An interme-
diate reduction potential results if the
measures at the scientific level are
supplemented by measures such as
those used in the various areas of re-
alization. These measures include: sub-
sidies for ecological services {agricul-
tural policy), revision of the water
protection law (legislation), etc.

- At the level of the humanities:

political science

humanities

reduction of

agricultural

surface runoff

extension

feriilizing adapted
1o vegetation, sile
and lime

# objective:
resloration

ol the Jake

reduction of
s0il arosion

man's
feelings

reduction of
direct inputs
measlres measures taken by the |tools In the different change Inman's
delermined  [farmers on the farm and |areas of Implementation| awareness
by: In the fleld
reduction
potential: small medium large
Fig. 1

Measures to restore the Lake of Sempach are necessary at varigus levels.

The potential for reduction is largest
when measures are taken to directly
changing man’s awareness. These
measures include: confrontation with
the psychological and physical links
between man and its environment
{thoughts and feelings), ;1djtsstfnem of
man’s rhythm to that of the earth. etc.

In (5} it was shown that by taking
measures at the first two levels the
desired degree of reduction of nutrient
inputs to the Lake of Sempach and
recovery of the lake cannot be obtai-
ned. Hence it is the aim of this presen-
tation to establish a link to the human
level.

2. Inner life and the
external world

All humnans have an inner life and
an external world. The term ‘external
world” will be used here as a synonym
for ‘environment’. A man'’s life is the

plane of interaction for inner life and
external world {Fig. 2). Inner life and
external world are linked with each
other physically by the exchange of
matter, water, air, and energy. A par-
ticular atormn which could have been
part of the external world yesterday is
build into inner life today. The physi-
cal inner life is composed of body,
food taken in. aspirated air, etc. The
physical, external world is composed
of the basics for life, i.e. soil, water,
air. ete.

Inner life and external world are
also linked psychologically to each
other by the conscious and the subcon-
scious, (Today, the subconscious is
rather called the ‘unconscious’, be-
cause it does not need to be subordi-
nated.)

The personal subconscious of each
individual is rooted in the ‘collective
subconscious’ of all life (2,34, and 7).
Contrary tothe subconscious, the con-
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scious can think logically. On the other
hand, the subconscious holds the en-
tire life. Even when conscious is turned
off during sleep, the subconscious
keeps the heart beating, the lungs
breathing, ete. Thus the psychological
inner life is composed of personal
thoughts, feelings, dreams, etc. The
psychological external world is com-
posed of collective thoughts, feelings,
dreams, etc.

Interactions exist between the con-
scious and the subconscious. Thoughts
as part of the conscious can act as
orders for the subconscious which are
executed by the later. The behaviour
of a person becomes the reflection of
his thoughts and feelings. To take full
advantage of mental capabilities means
1o use the conscious, the subconscious
and their interactions in favour of both
inner life and external world.

In (6) the thermal death of feelings
is described. Feelings can be a syno-
nym for the subconscious. As the feel-
ings for the external world become
cooler, man begins to destroy it by
polluting soil, water, and air, as well as
by the extinction of animal and plant
species. Because of the psychological
and physical links existing between
inner life and external world, every
destruction concerning the external
world is equivalent to a destruction of
inner life. Inner life becomes the re-
flection of the external world.

On the other hand, the external
world is also a reflection of inner life.
Internal equals external (2). Every de-
struction of the environment reveals
how internally ill man is. lllness of
inner life emerged because man was
no longer aware of himself internally.
Illness of inner iife has become iliness
of the external world; therefore, the
pictures are very similar. Inner life and
external world can be ill in a psycho-
logical or physical way (Fig. 2).

The status of surface waters re-
flects agriculural land utilization in
the catchment (). But, agriculture is
also the reflection of agricultural
policy, the later being the reflection of
society, which itself is the reflection of
all people. In this sense, the Lake of
Sempach reflects man’s thoughts and
feelings that the, utilization of rural
land mainly serves to produce physi-
cal nutrition, and that psychological
values are being forgotten.

3. Protection of inner life
and external world

The realization that illness can be
caused by the psyche led to the crea-
tion of the term ‘psychosomatic ill-
ness’. But there is another side to this
observation.

By taking advantage of menial
capabilities, and, especially, by the
power of the subconscious, one can
heal the symptoms of illness of inner
life (7). The subconscious has access
to al! information about life’s func-
tions under normal conditions. A po-
sitive attitude towards illness can thus
be favourable for recovery. This was
recognized by ancient cultures which
is indicated by their term for medica-
tion ‘remedium’ whichmeans ‘back to
the centre’ (2). From our own centre,
we derive the energy to protect our-
selves from iliness and to heal illness.
It is where we find access to the sub-
conscious.

Hlness of inner life and external
world produce the same symptoms.
We can thus coaclude that in analogy
to the illness of inner life, iliness of the
external world can be healed through
the utilization of mental capabilities.
This means that the external world can
only be restored if man changes its
thoughts and feelings towards it. Con-
sequently, illness of the external world

is also a psychosomatic illness. The
body affected by the illness (= ‘soma’)
is the earth.

The realization of the existence of
auniform principle forrecovery points
in the same direction. This principle
acts in the form of the subconscious in

“ all forms of life: in humans, in ani-

mals, in grass, in the wind, in the carth
...{7). This general principle for recov-
ery acts in inner life as well as in the
external world. Protection of inner life
and the external world merge to form
a circle (Fig. 2).

4. Outlook

Niness of the external world re-
flects illness of inner life. In the same
way many medications are used to
treat symptoms of inner life illness,
often measures to protect the environ-
ment are used to treat the symptoms of
external world illness. In both cases,
medication is used to cover the symp-
toms of iliness, thereby obscuring the
view of the origin of the illness. But
illness is an indication that the body
has a probiem. Environmental prob-
lems thus are only secondary ques-
tions with respect to survival. They
are, in the first place, a sign of the
illness of man's external world and
inner life,

Nutrient fluxes are a refiection of

physicaL
externol world
Psyc,h oLOjEcc\l,

Subconsciow®

Fig.2

Man’s inner life and external world, as well as physical and psychological

relationships.
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man's way of life. Nutrient fluxes in-
crease with increasing production and
increasing rhythm of man’s life. If a
reduction in the nutrient fluxes in the
external world is required, then the
increase in the life rhythm must be
broken down and adjusted to the natu-
ral rhythm of the earth. This means
that the people must learn again to
sense the earth’s rhythm and to oscil-
late with the earth. To the same degree
as man lives compatible with the ex-
ternal world, they will be compatible
with inner life. Similar to the way
psychotherapists invest in the treat-
ment of an ill inner world, environ-
mentalists are engaged in the healing
of anillexternal world. The two groups
should collaborate more closely.

The solution for external world
illness must be soughtbothin the physi-
cal external world and in the psycho-
logical inner life. The solution for the

external world problem called ‘Dete-
rioration of the Lake of Sempach’ not
only requires measures for reductions
in external world agriculture, it also
requires a change in the way each
individual person thinks and feels about
the soil, the water, and the air in the
catchment, in Switzerland, in Europe,
and on earth. This appears in the re-
flection of the Lake of Sempach.

il
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Concluding remarks
Alexander J. B. Zehnder

1. The lake

Lakes are valuable components of
our landscape and function as points of
attraction for recreation and tourism.
L.akes serve as a source of food, carry
traffic and store water. The variety of
uses they are put to, the fact that sew-
age, both treated and untreated, is in-
troduced into them, and their role as
receiving basins for substances eroded
from agricultural land has led to their
pollution and a consequent reduction
in their water quality. In contrast to
rivers, the water bodies of lakes do not
undergo rapid renewal and conse-
quently must deal with the pollution
and enhanced nutrient input them-
selves. Many lakes are unable to cope
withnutrients and other types of poliu-
tion. The result is eutrophication.

In Swiss lakes, eutrophication is
brought about by an oversupply of
phosphorus, mainly in the form of
phosphate. An increase in the phos-
phorus input raises algal production,
and in eutrophic lakes leads regularly
toalgal blooms. Decomposition of dead
algae in the deep lake water or on the

lake bottom causes oxygen depletion
and renders these parts of the lake
uninhabitable for higher organisms.

Phosphorus in the upper layers of
the lake is taken up by algae and incor-
porated into the biomass. Dead algae
sink to the sediment, taking theirbound
phosphorus with them; most of this
phosphorus is released into the water
as phosphate during mineralization.
Phosphates also form salts or are ad-
sorbed onto particles. Both insoluble
salts and particles sink to the lake bot-
tom. These input processes enrich the
sediment with phosphorus. Part of the
annual phosphorus inputis made avail-
able again by remineralization and re-
cycling processes: part of the phos-
phorus remains in the sediment, how-
ever, and there undergoes continual
enrichment.

2. Water protection
measures

As early as the 1950s, water pro-
tection efforts were focused on keep-
ing lakes and their inflows free from
pollution. The reasons for this were

the occurrence of rather obnoxious
algal blooms at the lake surface, and of
oxygen depletion in the depths of the
lake. Considerable financial invest-
ment in fake restoration has been made
at federal, cantonal and community
government levelsin Switzerland over
the last 30 years. The main emphasis
has been on treating wastewater and,
in many cases, keeping the treated
wastewater away from the lakes alto-
gether. Detergents containing phos-
phates were prohibited, leading 0 2
reduction in lake phosphorus poliu-
tion. For 10 - 15 years now, the effect
of the water protection measures intro-
duced on Swiss lakes has been obvi-
ous. Phosphorus concentrations in the
lake water are continunlly decreasing.
The condition of some lakes today is
very good. Many lakes, however, are
still excessively polluted with phos-
phorus, especially those in agricul-
tural areas. Artificial aeration can help
in such cases, but artificial aeration
cannot solve all problems and should
only be employed temporarily to al-
low time for more thorough measures.,
In future, the major emphasis must be
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onreducing the phosphorus input from
agriculture. The necessary measures
must not be enacted with only. lake
pollution in mind, however, but shouid
be viewed within the context of a gen-
eral strategy to combat environmental
problems associated with agricuiture
(the pollution of surface waters and
groundwater with nitrogen compounds
is another example) and to facilitate
nature CONSETvancy.

3. Lake sedimenls as
“contaminated sites”

Despite all restoration measares
employed, much phosphorus stili re-
mains in the sediment, Lake sediments
have become *‘contaminated sites”, a
source of stored pollution. This can
only be dealt with by elimination or
isolation. The success of lake restora-
tion measures thus depends strongly
on whether the phosphorus remains
bound in the sediment, or even better,
can be eliminated from the sediment
and from the lake. An oxidized sedi-
ment layer of up to a few centimeters
thick presen: during the whole year
can prevent phosphorus from being
remobilized. Such a layer agts fo iso-
late the phosphorus from the lake. In
the short term, artificial aeration can
make possible the renewed settlement
of the sediment surface with benthic
organisms. However, a drastic reduc-
tion in phosphorus input and, with if,
primary production (algal growth) is
necessary if the sediment surface is to
be brought back to an aerobic condi-
tion in the long term, Technical meas-
ures of eliminating phosphorus from
the sedimenis do exist. One possibility
is the removal of the phosphorus-rich
sediment layers, analogous to the
dredging of harbors; another possibil-

ity is the installation of a deep-water
diversion system to remove phospho-
rus-rich water. For various reasons,
however, both measures are difficult
to carry out. The dredging of lakes is
hardly feasible economically; in addi-
tion, there is no space to store the
dredged sediment with its load of partly
toxic substances. Deep-water diver-
sion is both economically and techni-
cally feasible; carrying it out in prac-
tice, however, often founders on the
resistance of those living below the
lake, who have no great desire to have
other people’s dirt flowing past their
own door. The question also arises of
whether it is justifiabie to burden the
North Sea, the Mediterranean or the
Biack Sea with the pollution of inland
waters. Treatment of the deep water
after diversion could lead to accept-
able solutions, but the relevant tech-
nology has yet to be developed.

4. The future

Until now we have concentrated
mainly on eutrophication and its cause:
phosphorus. The relative degree of
success we have achieved with the
various measures we have employed
should act to spur us on, not only 1
continue with lake restoration, but also,
in the sense of sustainable develop-
ment, o bring the lakes into a condi-
tion which would allow future genera-
tions o satisfy their needs to as high a
degree as possible. The new Swiss
water protection law contains certain
criteria forsuch a sustainable develop-
ment, According to these criteria, lakes
should, among other things
- guarantee the health of humans,

piants and animais;

- guarantee the availability of drink-
ing water and water for other uges;

- serve as a natural environment for
indigenous plants and animals;

- be able to be used for fishing; and

- sutisfy the aesthetic requirements
of those seeking recreation.

Apart from an understanding of
lakes on a physico-chemical level,
some of these criteria also demand of
us a sound insight into the relevant
biological andecological processesand
interrelationships. In the future, we
must devote more of our attention to
these aspects. Modern developments
in biology and ecology allow us to
make quantitative predictions in these
disciplines, too. If the lake is to fuifil
its rdle as ecosystem, it is imperative
that the shore areas and littoral also be
protected.

As far as lakes are concerned, up
until a short time ago we were con-
cerned mainly with limiting and re-
ducing damage. In lakes which are still
poliuted, these goals are still relevant.
Nowadays, however, additional goals
to strive forare those of foreseeing and
avoiding potential damage and of deal-
ing with the causes impairing the opti-
mal functioning of the lake ecosystem,

EB

The speakers of the conference (from left to right): Heinz Ambiihl, Dieter Imboden, Hans Rudolf Biirgi, Bernhard
Wehrli, Fred Stiissel, René Giéchter, and Markus Braun,
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News about EAWAG and its employees

New EAWAG focus
of research

The focus of research during the
coming years is entitled: “Sustain-
able resource management - the ex-
ample of water and anthropogenic
sediments”. It is comprised of:

- the formation, rehabilitation and
use of anthropogenic sediments;

- pollution. protection and use of
groundwater;

- the r0le of inland waters in the
natural environment and as an
object of economic use.

These topics and their mutual in-

- teractions are intended to yield a basis
and suitable techniques for sustain-
able regional resource management.

Kérber prize for
European science

Prof. Werner Stunmmn {director of
EAWAG from 1970-1992) has been
awarded the “Green Rosette of Eure-
pean Science™ by the Kérber founda-
tion. His research on chemical proc-
esses ot particle surfaces fooms a pre-
requisite for understanding the behav-
tour of substances in the environment,

The “Forderpreis fir die europii-
sche Wissenschaft”, a prize endowed
with 1.25 million Deutschmarks, was
awarded to a group of five researchers
from Switzerland, France and Ger-
many who work on groundwater pol-
lution and who guarantee successful
implementation of the research pro-
grammie being supported: Dr. Philippe
Behra, Strasbourg: Prof. Wolfgang
Kinzelbach, Kassel; Prof. Ludwig
Luckner, Dresden; Prof. René Schwar-
zenbach and Prof. Lanra Sigg, both
EAWAG, The scholars intend to use
the prize money toextend their knowl-
edge by developing mathematical
models for the prediction of ground-
water pollution and by testing the pre-
dictions on some frequently occurring
problem substances.

Visit by Dr. Philippe Roch, director of BUWAL (Bundesamt fiir Uniwell,
Wald und Landschaft; Federal Office for the Environment, Forest and
Landscape) on 6th of October 1992,
In lis capacity as a new member of the EAWAG consultative commission,
he was introduced to EAWAG and discussions were held concerning the
Suture intensification of cooperation between EAWAG and BUWAL.

Expansion of
research area

"Microbiology" is the new title
for the former "Technicai Biology”
departmeni. This change was iniro-
duced to more accurately describe the
field of research undertaken in the
departement, including the new areas
made possible by the addition of a
molecular biology research group. As
part of the changes, a rotating scheme
has been adopted for the department
head. Mario Snozzi heads now the
department.

New group

As of January 1993, a new group,
“Human Ecology”, has been set up by
Carlo Jaeger, with the intention of en-
couraging interdisciplinary work
among the humanities, the engineer-
ing sciences and the natural sciences

within and outside EAWAG. The
group consists of 8 members, inciud-
ing two Ph.D. students.

“Nachdiplomstudium
Siedlungswasserbau und
Gewdésserschutz”

The “Nachdiplomstudium Sied-
lungswasserbau und Gewdisserschutz”
(NDS), aone-year posigraduate course
in aquatic civil engineering and water
poliution protection carried out by the
Department of Civil Engineering of
the Swiss Federal Institute of Technol-
ogy (ETH), was offered [or the first
time in 1980 on the initiative of
EAWAG. Since then, 154 maleand 33
female students have beenable toprofit
from this course, complementing their
undergraduate studies with a course
emphasizing either the engineering or
scientific aspects of aquatic science.

Unti] recently, this course offered
the only possibility of undergoing fur-

EAWAG-News 34 (March 1993)

39




ther education in the fields of ecologi-  other departments in didactically skil-
cal interrelationships and technical  ful presentations. The most modem
methods in water pollution control at  multi-media methods were employed
the Swiss Federal Institute of Technol-  and imagination was found not to be
ogy. The introduction of new degree  lacking.
courses in environmental technology
and environmental sciences has, how-
ever, led to a certain degree of overlap.
During the 1992/93 academic year,
the NDS will be held for the last time
along existing lines. A working group
consisting of EAWAG and ETH em-
ployees under the direction of Willi
Gujer supported by Dieter Diermn was
set up to work out a new concept for
the NDS which would take into ac-
count the new state of affairs. On the
one hand, the lectures forming part of
the new degree courses should be made
use of, on the other hand, opportunities
should be created for working engi-
neers and scientists 1o undergo further
education.

Series “We Introduce - Moving
Ourselves” ,
In March 1993, part of the staff wili move to new offices in the Chriesbach
Every Friday afterncon from 11th Building, located near the main EAWAG building (see photo above). Some
September to the end of October, each  departments will move from the laboratory wing to the office wing of the main
EAWAG department took turns intro-  building. Please call in at the reception as before and Ms, Mohlberg will give you
ducing itself to the members of the  directions.

The 12" postgraduate Course in Sanitary Engineering and Water Pollution Control
First row (from left to right): Younes Hassib, Martin Hifliger, Max Maurer, Michael Nay, Jianhua Lei, Ivana
Vancarkeva

Second row: Peter Hunziker, Ines Conrad, Christa Hayoz, Monika Kriens, Hans Lamp, Andreas H urni, Agosting
Clericetti
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New Book

| Environmental Organic Chemistry
By René Schwarzenbach, Philip M. Gschwend, and Dieter Imboden

Since society's ever expanding
utilization of materials, energy, and
space is accompagnied by an increas-
ing flux of anthropogenic organic
chemicals o the environment, the con-
tamination of water, soil, and air with
organic pollutants is and will be a
major issue in environmental protec-
tion. For everyone who deals with the
difficult and complex problems con-
cerning the fate of organic chemicals
released to the environment, the book
‘Environmental Organic Chemistry'
will be both teaching text and valuable
reference.

This textbook yields insight into
the molecular interactions and macro-
scopic transport phenomenadetermin-
ing the distribution, in space and time,
of organic chemicals. The reader learns
how to utilize the knowledge of the
structure of organic molecules to de-
duce the physical properties and
chemical reactivities of the respective
compounds. The description of the
equilibrium and kinetic aspects of
phase transfer processes is followed
by a discussion of chemical, photo-
chemical, and biological transforma-
tion reactions in the environment. The
final chapter gives a careful introduc-

tion into modeling concepts. Empha-
sis is placed on quantification of proc-
esses at each level. By considering
each of the processes that act on chemi-
cals one at a time, this book provides
an understanding that is indispensable
in mathematical modeling to evaluate
organic compounds fate in the envi-
ronment.

The various chapters or topics are
divided into a more elementary and a
more advanced part, thus making this
book useful for beginners as well as
for people with more expertise. For
those who do not recall {or never had)
basic chemistry, some important ther-
modynamic and kinetic concepts are
explained on a basic level. References
incorporated throughout the text and
an extensive bibliography help people
who want to study a particular topic in
more depth. Besides serving as a text-
book, this book should akso be a useful
source of information for risk and haz-
ard assessmeni of man-made com-
pounds in the environment.

John Wiley and Sons Inc., New
York (1993) (ISBN: 0471-83941-8;
681 pp.) Price: 64.95 US$
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