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FOREWORD
Tatuo Kira

Lake ecosystems and island ecosystems seem to be homologous with respect to
their intolerance to the invasion of alien species of plants and animals, probably be-
cause both ecosystems consist of the limited biota which could migrate by chance
across the surrounding barriers of land or water and may therefore be less firmly
organized as compared with those in the ocean or on the continent.

Due to the ever-increasing inter-continental communication and transportation,
more and more alien species are being introduced either intentionally or by chance
to a number of lakes, where they often propagate explosively, resulting in severe
damage to native species. In certain extreme cases, the introduction of a single fish
species may completely alter the structure of a whole lake ecosystem. This is a se-
rious threat to the biodiversity of certain geologically old lakes in which many in-
digenous taxa were born through hundreds of thousands of years.

On the other hand, such variability of lake ecosystems may also indicate the possi-
bility of effectively controlling their structure and thereby changing aquatic envi-
ronments by artificial intervention in the biological processes within lakes - the so-
called biomanipulation. Its practice is not new; people have long been trying to
introduce various new organisms into their home lakes in order to increase fishery
production, to remove unfavourable plants and animal species, etc.. However, sys-
tematic studies on biomanipulation have started rather recently. A Iot of papers
dealing with the subject are appearing in scientific journals, but it i$ still difficult
for non-specialists to understand what has so far been achieved by those studies
and how their results can be applied in the practical management of lake resources
and environments.

This votume of the ILEC/ UNEP guideline book series is expected to fill the need
by offering a general introduction to the role of biomanipulation in lake manage-
ment with emphasis on the control of excessive algal growth in lakes suffering
from eutrophication. We hope that this new approach may give stimulative sugges-
tions to lake environment managers worldwide.

The ILEC Foundation would like to sincerely thank the editors Dr. R. de Bernardi
and Dr. Giussani and the other contributors for their efforts in preparing this use-
ful and unprecedented book. The continued support to the serial publication by
the United Nations Environment Programme is also heartily acknowledged.

ILEC Foundation
Kusatsu, Shiga, Japan



FOREWORD

Jorge Illueca

Eutrophication is surely the most important process affecting lakes and reservoirs
worldwide. An important consequence of this process is the general reduction of
the possibilities for water use, so that the importance of lakes and reservoirs as pri-
mary resources for socio-economic development can be seriously compromised. On
the other hand, biological processes in eutrophic environments increase productiv-
ity, including fish yield and this process can be regarded positively as a source of
protein in developing countries. It is well-known that eutrophication involves in-
creasing nutrient inputs resulting from human activities. Historically, the way to
prevent this process from eroding the quality of the environment and to rehabili-
tate freshwater environments once eutrophied, was engineering for the control and
reduction of nutrient inputs. This costly process is unquestionably necessary in
many cases, but it does not necessarily produce the expected improvement in a rea-
sonable time, due to.the resistance of the ecosystem itself.

For this reason several in-lake ecotechnologies have been proposed, developed and
tested on a natural scale. These ecotechnologies have to be considered as an alter-
native to the engineer’s reduction of nutrient loads. Among them, one of the most
promising is the biomanipulation of the aquatic food chains.

Biomanipulation began in the late fifties as an approach to the study of ecosystem
function. Since then many real scale experiments have proved that
biomanipulation can ameliorate eutrophic water bodies. It is now clear that the
principles of biomanipulation can be utilized to manage the ecosystem on a scien-
tifically sound basis. This technique is still largely empirical and needs a more pro-
found scientific basis. Nevertheless, biomanipulation holds great promise for the
management of lake and reservoir quality. It is also important to stress that
biomanipulation is not limited to remediating eutrophic lakes, but can also help
improve fisheries in terms of both quality and quantity of products.

This booklet, the 7th in the Guidelines of Lake Management series, explains the
scientific bases of biomanipulation in detail, illustrating the techniques with case
studies of successful lake recovery. Some chapters also illustrate how appropriate
biomanipulation can help enhance fisheries.

Assistant Executive Director
Environmental Management Division
UNEP
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CHAPTER 1

BIOMANIPULATION: BASES FOR
A TOP-DOWN CONTROL

Riccardo De Bernardi and Gianluigi Giussani

At the beginning of the 60s, Hrbacek and co-workers (Hrbacek et al. 1961) drew
attention to the existence of a top-down control of the food chain, of equal impor-
tance to bottom-up control.

On the basis of an analysis of data referring to the relationship between phosphorus
and chlorophyll suggested by Dillon and Rigler (1974), Hrbécek (Hrbacek et al.
1978) again showed how cases of extreme deviation from this relationship could
be explained convincingly by the intensity of top-down control.

These results sparked off a series of studies undertaken to identify the mechanisms
responsible for this kind of control and the consequences of its existence at a struc-
tural and functional level, not only in aquatic communities but also in lake ecosys-
tems as a whole.

It was thus clear that this biological control process was able to account for much
of the resilience seen in the variations in communities which accompany the lake
eutrophication process, and still more the oligotrophication process which take
place as a consequence of treatment operations aimed at reducing the nutrient load
and therefore the bottom-up control of biological productivity (de Bernardi 1981,
1983).

It is widely accepted that lake ecosystems may be divided into two components, the
biotic and the abiotic, which interact through reciprocal feed-back mechanisms.
Consequently changes in one component will induce corresponding changes in the
other. A second basic ecological concept is that biological communities are struc-
tured along trophic hierarchies-food chains which direct energy-flow within the
ecosystem (Lindeman 1942) and thus influence virtually every aspect of ecosystem
function. However, since each species has its own biological and ecological charac-
teristics, food chains of different structure or species composition will accomplish
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their function in different ways and with different efficiencies. These simple beliefs
have fostered much of the great interest in the structure of biological communities
and in the response of community structures to environmental changes.

Lake ecosystems can be subdivided into a series of well defined but highly interact-
ing sub-systems. Among these, the pelagic environment is the most peculiar. Most
environments display complex geometries scored by sharp physical gradients and
discontinuities; the open water of lakes contains a relatively simple vertical gradi-
ent in light, temperature and chemistry with the result to be one of the most uni-
form of all environments.

A further peculiarity of the pelagic environment is that its primary producers (uni-
cellular or colonial algae) are very small relative to the size of the planktonic her-
bivores. These herbivores, in turn, are much smaller than many of their own
predators. Thus, because pelagic predators are often much larger than their prey,
the prey are completely open to predator attack. In addition, despite differences in
the mechanisms of food gathering (Hrbéacek, 1977) all planktonic herbivores com-
pete for food particles in the same size range (about 1 to 15 mm) (Brooks & Dodson
1965). Thus, in the pelagic environment, the biotic interactions of competition
and predation may rank among the most important factors determining and regu-

lating community structure.

That eutrophication is, without any doubt, the most important reason for
lacustrine environment deterioration is widely accepted. Similar consensus exists
on the fact that causes of eutrophication must be recognized in an increased avail-
ability of nutrients (mainly P) for algae growth.

The eutrophication and oligotrophication of a lacustrine environment do not
proceed according to a linear relationship between nutrient load and vegetal
biomass, but display rather a sigmoid trend with delay. Biological systems show a
marked resistance to variation, both when there is an increase in nutrient load and
when it is reduced. This phenomenon is analyzed in de Bernardi (1989), Hosper
(1989), Sas (1989). Moreover, this non-linearity of response is much more accen-
tuated in smaller and shallow environments, on account of the considerable impor-
tance that internal loads may have in them. It would appear, however, that there
exist threshold values in nutrient loading, for both increase and decrease, which
cause rapid changes in the state of the system (Vollenweider 1968, 1976; Hosper
1989) (Fig. 1.1). But while for the process of nutrient enrichment these values
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algal biomass

nutrient loading —

ig. 1.1 Changes in algal biomass with increasing and decreasing nutrient loading: a lake under
storation may have more algal biomass than before restoration. The area within the two curves
presents the field of action of biomanipulation (from Hosper, 1989, redrawn ).

ave been statistically identified as in-lake average P concentration of 10 (for the
assage from oligotrophy to mesotrophy) and 40 mg P 1™' for the passage from
iesotrophy to eutrophy) (Vollenweider, 1976 ), no realistic estimate has yet been
iade for the reduction processes.

. eutrophic lake produces much more plant material than can be used by the her-
ivores. This surplus accumulates in the lake until decomposed by bacteria. This
ads to a progressive decline in dissolved oxygen in the deeper strata and, in ex-
eme cases, to anoxia and accumulation of nutrients released from the sediments
» these deep layers. In the surface water, an increase in pH is observed following
le consumption of CO, by photosynthesis. These variations in the chemical envi-
nment provoke modifications in the biological community. Stenotypic fish spe-
es such as salmonids and coregonids are gradually replaced by more tolerant
rprinids; in the phytoplankton, green algae are supplanted by blue-greens which
1in more advantage in competition for CO, and nutrients at higher pH values.
he zooplankton populations also undergo a profound structural change passing
om a dominance of calanoid copepods to small cladocera and rotifers. More gen-
ally speaking, at this level of the food chain a gradual shifting to smaller species
observed. This represents a very important point for the energy budget in the
ke environment. As smaller-sized species are less efficient in utilizing the avail-
Jle food particles, the eutrophication determines a larger gap between primary
‘oduction and algae biomass utilization by herbivorous zooplankton.
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There are two main reasons for the shift toward smaller herbivores in the
planktonic community of eutrophic lakes: first a variation in the fish community
with a dominance of planktophagous species, selectively preying upon larger
zooplankters; and, second, the reduced possibility presented by the latter to avoid
clogging of the filtering apparatus by filamentous and colonial algae that progres-
sively dominate phytoplankton communities. It must be noted in this respect that
formation of filamentous or large colonies by planktonic algae has been interpreted
as an evolutive strategy to avoid grazing by filter-feeders.

The result of the eutrophication process is thus a decrease of the efficiency of
energy transfer along the pelagic food chain with more important losses to the
detritus chain (Fig. 1.2).

Bacteria

«° Dissolved organic matter

3 >0
3
B
o Bacteria
'\‘oi\° iss?l!'::’cfiozrgonic matter
/
£

Fig. 1.2 The schematic diagram of main path of energy flow between the producers and consumers
level in the pelagial of eutrophic (A) and oligotrophic (B) lakes. As the trophic level of a lake
increases a contemporaneous increase of energy flowing directly to bacteria is observed. Ph =
phytoplankton; Nph = nannophytoplankton; z = zooplankton (from Gliwicz, 1969, redrawn).
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A typical eutrophic community tends to maintain its identity by counteracting
attempts at purification. In such cases, manipulation of the food chain could prove
a useful and efficient mechanism for reducing the most obvious drawbacks in
eutrophy.

In effect, such biomanipulation consists of a shift in controlling factors from that
shown as “type A”, to that of “type B” (Tab. 1.1). A type A community is that
usually found in lacustrine environments. The phytoplankton is limited by the
availability of algal nutrients, but the second level, the zooplankton, is not limited
by food availability, but by predation from still higher trophic levels represented
by the fish. The fish are in turn limited by food availability. One appropriate inter-
vention in a “type A” eutrophic lake would induce control of the algal community
by grazers rather than nutrients. This could be achieved by reducing the popula-
tion of planktivorous fish (Shapiro 1978) for example by removing all fish from
the lake, or by selective poisoning of planktivores, or by introduction of large fish
which prey upon the planktivores and by other mechanisms as well (Gammon &
Hasler 1965; Schmitz & Hetfeld 1965).

Tab. 1.1 Most important limiting factors of major components of the limnetic community under
two different systems of management (from de Bernardi 1981).

Limiting factor

Link - A B
Phytoplankton Nutrients (P and N) Grazing
Zooplankton Predation Food availability
Planktophagous fish Food availability Predation

Therefore, it appears evident that there exist in lacustrine environments internal
processes in the structural organization of the ecosystem, which exercise a role of
equal importance to that played by external processes of eutrophication control.

Some examples may give a more complete picture of such theoretical considera-
tions. Figure 1.3 shows biomass values and percentage composition of
phytoplankton populations in plastic bags with and without fish placed in the
eutrophic Swedish lakes Trummen and Bisjon (Andersson et al. 1978 ). It appears
from this figure that the bags with fish present all the elements that characterize
the algal communities of eutrophic environment, that is, high biomass values and
the dominance of blue-green algae, together with high pH values and low water
transparency. On the other hand, in the bags without fish, despite the similar
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Fig. 1.3 Biomass (mg fresh weight/litre) and percent composition of phytoplankton in plastic bags
with and without fish in two Swedish lakes: Lake Trummen and Lake Bysjon. The presence of fish
resulted in an increase in phytoplankton and, in Lake Trummen, dominance by blue-green algae
(from Anderson ef al, 1978).

initial level of nutrients, algae are less abundant, PH values are “normal” and trans-
parency is high.

Ever clearer evidence may be drawn from Figure 1.4 which reports the results of
experiments by Lynch (1975) in the USA. In this case also the presence of an in-
creasing number of fish, in environments with a comparable nutrient content, is
strictly correlated with a reduction in water transparency and with an increase in
algae density. In both the above examples, the relationship between fish and algae
is mediated by the zooplankton community, which, in the absence or low density
of fish, may constitute a dominant factor for phytoplankton control.

After their initial phase in semi-natural environments, these studies have been later
transferred to natural environments.

Among the increasing number of real scale biomanipulation treatments of natural
environments two examples are those of Andersson (Andersson et al. 1978) on
some Swedish lakes, and of Shapiro on American lakes (Shapiro 1978).

The results obtained by Henrikson (Henrikson er al. 1980) in the Swedish lake
Lilla Stockelidsvatten, which has undergone biomanipulation treatment, are very

indicative. In this lake the whole fish population had been removed by poisoning
in 1973.
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Fig. 1.4 The effect of increasing fish stock on water transparency, chlorophyll-a and phosphate
concentrations in plastic bags containing similar concentrations of total P. The evidence for
eutrophy is most marked when more fish are present (from Lynch, 1975, redrawn ).

Figures 1.5 and 1.6 show that the results obtained in experiments using plastic bags
are also repeated on real scale, thus confirming the effectiveness of

biomanipulation techniques.

The results emerging from this “disruptive” experiment, similar to those of other
experiments in which the same “all or nothing” technique was applied, must be re-
garded as highly significant from an experimental point of view, and corroborate
the basic theory. However, the great limitations of these experiments are that they
are hardly applicable in general terms, and that, in particular, the results obtained
are not stable. In fact, it is difficult to envisage keeping a lake completely without
its fish fauna, and it is still very uncertain whether it is possible to build up, from
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Fig. 1.5 Lake Lilla Stockelidsvatten; limnetic primary production. Mean mid-day values. The
removal of fish by rotenone in November 1973, determine a decrease in primary production, (from
Henrikson et al., 1980, redrawn).
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Fig. 1.6 Lake Lilla Stockelidsvatten:Secchi disk transparency before and after the treatment with
rotenone in November 1973 (from Henrikson et al., 1980, redrawn ).

scratch, an artificial fish community with the conditions of stability which are in-
dispensable.

Again, the complete disappearance of planktivorous fish would indeed bring about
a reduction in predation pressure on the large herbivores, but at the same time
would also reduce invertebrate predators such as Leptodora and Chaoborus. These
last would consequently take the place of the planktivorous fish in controlling the
herbivores and would restrict their expansion (de Bernardi 1974; de Bernardi &
Giussani 1975).



In the last few years, many experiments have been carried on applying
biomanipulation techniques gradually, following a step-by-step procedure, to
produce a less stressing effect and to have the possibility to modify at any moment
the intensity and the direction of the intervention. So, plans of gradual reduction
of planktivorous fish by increasing fishing efforts, restocking or improving the
stocks of predatory fish, introducing or harvesting acquatic macrophytes have been
used as tools to produce the desired improvements in eutrophic lake environments.
With this approach, there have been several cases which have yielded positive
results, useful in defining a multifaceted management strategy (see case studies in
the following pages).

Then, biomanipulation does not appear as a cure for all the ills afflicting lakes,
or that it can always and in every case offer an alternative intervention to those
which are now usual. The field of action, the characteristics of environments in
which intervention is possible and the already emphasized need for an in-depth
ecological knowledge, of necessity limit the field of these techniques. Nevertheless,
once the above conditions are satisfied, the correct application of biomanipulation
techniques can be a useful supplement to (and in certain specific cases a substitute)
the usual technological interventions for the recovery of the quality of lacrustrine
waters.

This is particularly important each time the internal loading is sufficient, without
further external loading, to maintain the eutrophication level or, again, to speed up
the recovery in environments previously subjected to the control of external
loading through conventional treatment plants. This observation has led to the
development of two parallel and complementary strategies for controlling lake
eutrophication:

e control of external factors through the control of nutrient loads;
@ control of processes within the ecosystem.

A combination of these strategies undoubtedly produces more advantageous results
in terms of cost benefit in operations of control and reduction of eutrophication
(Benndorf 1988) (Fig. 1.7).

The complexity and delicacy of the ecological processes in which we have to inter-
vene mean that at the moment an indiscriminate application of these biological
control techniques would be unthinkable. The applicability of the techniques must
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Fig. 1.7 The relationship between total phosphorus and chlorophyll-a in the epilimnion of lakes in
North America, (a) according to Vollenweider (1976), (b) transformation in a linear scale. The
area between the 99 % confidence limits represents the control space which can be used by strategy
(1) (white arrow) and strategy (2) (black arrow) from Benndorf, 1988, redrawn ).
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be verified through experiment, each case being taken on its own merits, and must
undergo rigorous scientific testing, so that they may be adjusted to fit the individ-
ual environment to be biomanipulated .

Several problems still require satisfactory scientific elucidation. The following re-
search topics in particular would seem to be high on the list of priorities (Benndorf
1988).
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e Development of undesirable species of algae, that is, analysis of the conditions
which make it possible for blue-greens to maintain their dominance of the
phytoplankton community.

e Reciprocal relationships between interactions such as those of prey-predator and
those of competition within the pelagic trophic network, their relative weight and
the effects of the importance of one of the two on the weight assumed by the other
form of interaction.

e Effects of the lack of spatial homogeneity of the chemical and physical parame-
ters on the dynamics of the communities and the interactions within them.

® Threshold limits higher than the internal and external nutrient loads which
must not be exceeded if biomanipulation interventions are to be successful.

e How best to effect planktivore control so as to achieve environmental conditions
which are stable in time.

However, leaving aside these problems of considerable importance which still
await a satisfactory solution, it is clear that techniques of integrated
biomanipulation show good prospects for managing eutrophic aquatic environ-
ments with a view to the ultimate recovery of their quality.

These techniques should not be seen, however, as an alternative to nutrient control
which can be effected by “conventional” means (that is, by reducing nutrient loads
conveyed to lakes from their watersheds), which must remain the primary objec-
tive of any intervention directed towards the restoration of a waterbody. They
should be regarded rather as supporting operations which can facilitate and accel-
erate the recovery process by intervening in those mechanisms that are responsible
for the powerful processes of environmental resilience which arise and persist
within the ecosystem.

The most important advantages deriving from the application of these techniques,
which may be compared with the integrated biological control used in agriculture,
may be summarized as follows:

® the possibility of recovering eutrophic environments when the nutrient load de-
rives from non-point sources which are not easy to control;
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o the possibility of improving the environmental characteristics of waterbodies in
which the eutrophication process is caused essentially by excessive internal loads of
nutrients;

e integrated ecological management of waterbodies in relation to the use they are
to be put to, carried out on a scientific basis;

o relatively low implementation costs.

It should be stressed that if it is to be possible to improve the quality of
waterbodies by implementing these management techniques, there must be a
detailed knowledge of environmental characteristics and of certain important
processes essential to the functioning of the ecosystem, and the following funda-
mental conditions must be satisfied:

e knowledge of the principal trophic relationships between the species present;

o assessment of the variations to which the population to be controlled will be
subjected;

® assessment of the extent and the trend of the response of the different popula-
tions to the interventions;

@ assessment of the environmental role of the key species making up the trophic
network;

@ knowledge of the nutrient cycle and the processes controlling nutrient produc-
tion and use.
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CHAPTER 2

OBJECTIVES OF BIOMANIPULATION

Peter Kasprzak

2.1 BIOMANIPULATION-A HISTORY OF SUCCESS AND
DISAPPOINTMENT

Since Vollenweider’s (1968) investigations regarding the influence of nutrients on
water quality, the discussion of eutrophication management has been concerned
with nutrient loading and nutrient concentrations. However, it was also thought at
about the same time that the structure of the food-web had a decisive influence on
the quality of ponds, lakes and reservoirs (Hrbécek et al. 961; Brooks & Dodson
1965; Reif & Tappa-1966; Wells 1970; Warshaw 1970; Stenson 1973).

Shapiro (1975) and his co-workers understood the importance of these findings
concerning the management of eutrophication in lakes. They used the term
“biomanipulation” to define a broad spectrum of possibilities for controlling the
water quality of lakes and reservoirs, and none of the manipulations involved nu-
trients directly (Shapiro et al. 1982). However, for different reasons (both practi-
cal and scientific), the prevailing measure which is currently used is the
manipulation of herbivorous zooplankton by manipulating their predators.

There are different definitions of the objectives of biomanipulation. All of them
concentrate more or less on quality management aspects. Probably the best of them
is suggested by Moss et al. (1991): “Biomanipulation is a kind of biological engi-
neering which attempts to reconstruct the ecosystem by using biological as well as,
or instead of, nutrient reduction to reduce the algal crops.”

At the beginning there was great enthusiasm for the promising possibilities of
biomanipulation in the field of water quality management. The hope to possess a
simple and cheap solution for the complicated and expensive poliution problem of
eutrophication was certainly one of the reasons for the tremendous increase in
biomanipulation research during the last fifteen years (Northcote 1987). However,
already in the earliest papers some typical problems of water quality management
through biomanipulation became obvious (blue-green algae, long-term stability)
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indicating that things were not as simple as was originally thought (Shapiro et al.
1975; Stenson et al. 1978; Edmondson & Litt 1982; Benndorf et al. 1984).
Subsequently, interest in basic research has increased, to evaluate what different
processes are involved in biomanipulation (food-web manipulation, trophic-
cascading interactions, top-down forces; e.g. Carpenter & Kitchell 1985, McQueen
et al. 1986, Benndorf 1988, Kasprzak er al. 1988, Lyche 1989, Shapiro 1990,
Benndorf 1990, De Melo et al. 1992).

To see whether biomanipulation was successful or not, 34 examples were selected
from the literature (Tab. 2.1) and the characteristic changes of the food-web were
assessed with respect to water quality management (Tab. 2.2). For that purpose
the method of De Melo et al. (1992) was adapted.

Tab. 2.2 Success and disappointment of biomanipulation experiments with respect to water quality
management derived from the examples in table 2.1, + = successful, ~ = disappointing, 0 =
ambiguous; numbers in [9%]of total observations.

Characteristics Oﬁgz'szigrfls + 0 -
Piscivores 3 33 33 33
Planktivores 4 75 25 0
Zooplankton Biomass 21 52 43 5
Zooplankton Structure 29 83 14 3
Zooplankton Grazing 2 100 0 0
Zoobenthos 5 100 0 0
Invertebrate Predators 3 0 100 0
Phytoplankton Biomass 25 64 28 8
Phytoplankton Structure 18 44 28 28
Primary Production 5 100 0 0
Macrophytes 3 100 0
Phosphorus (TP) 15 40 33 27
Phosphorus (SRP) 9 22 44 44
Oxygen 1 100
pH 6 100
Transparency 21 67 30

20



2. 2 SUCCESS OF BIOMANIPULATION

Even in the light of the problems which have been identified, there is undoubtedly
success in biomanipulation research and in the application of biomanipulation as
a lake management strategy.

It was found that the basic assumptions of the biomanipulation concept have
general validity in all types of standing waters, although experiments in small and
shallow lakes are more likely to be successful (McQueen 1990). Moreover, our
kowledge about the functioning of the pelagic food-chain and the whole lake eco-
system increased tremendously (McQueen et al. 1986; Lyche 1989; Shapiro 1990;
Benndorf 1990; De Melo et al. 1992). The most important positive results are:

e enhancement in standing stocks of piscivorous fish (Hrbacek et al. 1978;
Benndorf & Horn 1985; van Densen & Grimm 1988; Kohler et al. 1989);

e decrease in the standing stocks of planktivorous fish (Henrikson et al. 1980;
Benndorf et al. 1984; van Donk 1989; Reinertsen et al. 1989; Riemann et al
1990) ;

e increase in suspension-feeding zooplankton, especially of Daphnia, and the in-
crease in mean size of zooplankton (Hrbacek et al. 1978; Leah et al. 1980;
Reinertsen & Olsen 1984; Elser et al. 1988; Lyche et al. 1990);

e increase in zooplankton grazing (Riemann et al. 1985; Gulati 1989);

e improved development of macrozoobenthos (Van Donk 1989; Meijer et al
1989);

e decrease in phytoplankton biomass (Hrbicek et al. 1961; Stenson et al. 1978;
Leah et al. 1980; Shapiro & Wright 1984; Meijer et al. 1989, van Donk 1989;
Reinertsen et al. 1990);

e change in phytoplankton structure (van Donk et al. 1989; Scavia & Fahnenstiel
1988; Vanni 1986);

e reduction in planktonic primary production (Stenson et al. 1978, Hrbacek et al.
1986; Carpenter et al. 1987; Faafeng et al. 1990);
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© increase of macrophyte standing stocks in shallow lakes (Ozimek et al. 1990;
Leah et al. 1980; Meijer ez al. 1989);

® increase in water transpareny (Fott et al. 1980; Andersson & Cronberg 1984;
Faafeng & Brabrand 1990);

° reduction of total phosphorus concentration (Henrikson et al. 1980; Wright &
Shapiro 1984; Meijer e al. 1989; Reinertsen et al. 1989; Koschel et al. 1993);

© restrainment of diurnal rhythm of O,-concentration (Hulbert & Mulla 1981);

© restrainment of diurnal rhythm of pH (Hrbécek et al. 1961; Stenson et al. 1978;
Reinertsen & Olsen 1984; Andersson et al. 1978).

2.3 DISAPPOINTING RESULTS AND PROBLEMS IN
BIOMANIPULATION

Nevertheless, success and disappointment are not widely separated, because every
top-down mechanism is accompanied by a counteracting bottom-up effect, creat-
ing a complex system of structures and non-linear processes which is difficult to
control (Miller & Kerfoot 1987). The most important problems are as follows:

© The creation and stabilization of a strong population of piscivorous fish is
difficult and time-consuming (Barthelmes 1988; Benndorf 1988; van Densen
1988; van Donk 1989);

e The population of planktivorous fish is sometimes difficult to control and tends
to re-establish high standing stocks (Vijverberg 1984; Mills et al. 1987; Shapiro
1990; Koschel et al. 1993);

© except for poisoning the fish community, the food-web impulse established by
manual removal of zooplanktivorous fish and/or introduction of piscivorous
fish is sometimes too weak to evoke strong reactions (Riemann et al. 1990;
De Melo et al. 1992).

© The extent to which planktivorous fish have to be removed depends considerably
on the species and size composition of the fish community (Barthelmes 1988;
Benndorf 1988; Benndorf 1990; Shapiro 1990);
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® Daphnia-populations are difficult to stabilize; i.e. on the one hand they are
threatened by planktivorous fish and on the other they can suffer from food
shortage in response to “over”-biomanipulation (Mills ez al. 1987);

® Bottom-up and top-down mechanisms are sometimes difficult to separate
(McQueen 1990);

© The coupling within the food-web is strongly damped, stochastically disturbed,
and influenced by seasonal changes (Cryer et al. 1986; Faafeng et al. 1990;
McQueeen 1990; McQueen et al. 1992).

® Due to very different turnover times of the organisms a new and stable equilib-
rium may require several years to develop (Cryer et al. 1986; McQueen et al.
1986; Miller & Kerfoot 1987);

e Phytoplankton is usually treated as a homogeneous group. Differences are only
considered with respect to the nutritional value for suspension-feeding
zooplankton (Kohler et al. 1989; Riemann et al. 1990; Moss et al. 1991;
Kasprzak et al. 1993);

© As the grazing pressure increases, the phytoplankton community tends to de-
velop several defence mechanisms (non-ingestible, Gliwicz & Siedlar 1980;
Kasprzak et al. 1993; undigestable, Porter 1973, toxic, Benndorf & Henning
1989; high growth rate, Fott 1980);

© With increasing phosphorus concentration, the probability for successful
biomanipulation decreases (Benndorf 1987);

e The role of proto-zooplankton and bacteria is seldom considered (Riemann
1985).

24 FUTURE DEVELOPMENT

Comparing the encouraging results with the disappointing ones, it sometimes
seems that biomanipulation as a lake management concept is lost before it matures
(Benndorf 1987; McQueen 1990; De Melo et al. 1992). From the limnological
point of view this may be especially disappointing because biomanipulation gained
its attraction, among other things, from the fact that it was truly a limnological
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endeavor (at least during its early development chemists, physicists and engineers
played only a minor role; Shapiro et al. 1975; Shapiro et al. 1982). Moreover,
from an ecological point of view it is a careful method (except for rotenone poison-
ing) and it needs little additional energy to function, because sunlight is the main
driving force.

What can be done to prevent biomanipulation being lost as a lake management
concept ?

The only way to reach this aim may be the reunification of the loading and the
biomanipulation concept and the integration of indirect mechanisms (Benndorf
1987; van Donk 1989; Benndorf 1990; Riemann et al. 1990: Carpenter & Kitchell
1992).

It is not completely clear why both approaches developed more or less independ-
ently over such a long time frame. One reason may become obvious if we look into
the history of the subject. Welch (1952) noted in his textbook of limnology:
“While various reciprocal relations exist between the plankton and the non-
plankton animals there is reason to believe, that if all the non-plankton animals
were removed from a lake and kept out, the plankton, with possibly some minor
modification, would continue to exist”. Some years later Hrbacek et al. (1961)
concluded that their “investigations...indicate that the biocenotic relations between
the fish stock and the plankton...are at least as important as the influence of the
physical and chemical...factors for the formation of the plankton association...”.

Obviously, opinions about the processes most responsible for the fuctioning of lake
ecosystems at that time were completely different, and if we also take into account
the paper of Dillon & Rigler (1974 ), with its close relationship between phospho-
rus and chlorophyll concentrations in lakes, there was obviously thought to be no
need for more biology in lake restoration techniques. This situation lingered on
until the beginning of the eighties.

However, at present we have first to realize that biomanipulation is neither a sim-
ple nor a cheap method to solve a complicated and expensive environmental prob-
lem. This hope has not been fulfilled. On the contrary, it became clear that
biomanipulation experiments are very complicated interventions into the whole
ecosystem and are far from being a routine method of water quality management
in lakes (Carpenter et al. 1987; Kerfoot & Sih 1987; Benndorf 1988; Gulati et al.
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1990). If they should not be compared to a “black box”, their development must
be followed very carefully by a team of experienced scientists who will need well
equipped laboratories and field sampling devices. Moreover, because the process of
re-oligotrophication can take several years (especially in highly eutrophic strati-
fied lakes), the efforts often have to be carried out for a longer time period with
corresponding costs. Therefore, biomanipulation can no longer be regared as a
cheap method of lake restoration (Koschel 1990). In short - the costs of environ-
mental deterioration have to be paid for even in the case of eutrophication. The
most promising way to reduce the financial needs is perhaps through the combina-
tion of load reduction and biomanipulation (Lyche 1989; Benndorf 1990;
Brabrand et al. 1990; Carpenter & Kittchell 1992). These conclusions must be ex-
plained to the decision makers in the water authorities, as well as to the public.

2.5 INDIRECT EFFECTS

During the development of the biomanipulation approach, we experienced a re-
markable change in opinions about the supposedly most important processes in-
volved. In the early years we believed that direct top-down effects were of special
importance (Hrbacek et al. 1961; Shapiro et al. 1975; Shapiro et al. 1982; Benndorf
et al. 1984). In fact, biomanipulation means nothing without the cascading
trophic interactions moving down the food chain (Carpenter et al 1985).
Nevertheless, to reach stable results the indirect mechanisms became more and
more noticeable because they lower the nutrient concentration and/ or the nutrient
turnover (Leah et al. 1980; Lammens 1988, KShler et al. 1989; Lyche et al. 1990;
Reinertsen et al. 1990). Without them the same things would always happen
again: sometimes we would be successful, but mostly not (De Melo et al. 1992).
However, given a lake with a restored catchment, suffering only from internal nu-
trient load, biomanipulation can help to improve its self-purification performance
and to increase the velocity of re-oligotrophication (Koschel et al. 1990; Koschel
et al. 1993). For that reason we have to address the indirect mechanisms in such
a way that top-down and bottom-up mechanisms can work together to lower the
trophic state of standing waters. If it is necessary, support by technical measures
such as destratification or deep-water aeration is possible (Oskam 1978 ). This ap-
proach to integrated lake restoration may be especially important for the future ap-
plication of biomanipulation in the field of water quality management.

Important indirect effects involved in biomanipulation that can possibly be better
addressed by careful control of direct mechanisms are as follows:
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development of macrophyte communities (Leah et al. 1980; Meijer et al. 1989;
van Donk et al. 1989);

increased nutrient sedimentation in response to zooplankton grazing (Ferrante
1976; Wright & Shapiro 1984);

increased nutrient sedimentation by calcite precipitation in hardwater lakes
(Koschel et al. 1985; Koschel et al. 1990);

decreased phosphorus remobilization as a consequence of decreased pH in
littoral sediments (Reinertsen et al. 1990);

increase of N/P-ratios (Kasprzak et al. 1993);

higher consumption rate of phytoplankton by suspension-feeding zooplankton in
the epilimnion, lé}é.ding to a lower oxygen deficit in hypolimnion and decreased
phosphorus remobilization in profundal sediments (Kohler et al. 1989;
Reinertsen et al. 1990);

inhibited phosphorus recycling due to lower sediment redistribution and excre-
tion by benthivorous fish (Horppila & Kairesalo 1990; Keto et al. 1992;
Lamarra 1975; Shapiro et al. 1982; Lammens 1988);

decreased phytoplankton biomass yield per unit phosphorus (Lyche 1990);

improved development of zoobenthos and periphyton (Leah et al. 1980; van
Donk et al. 1989);

creation of refuges for big-sized crustaceans (Shapiro 1990; McQueen & Post
1988).

2.6 CONCLUSIONS

The basic assumptions of the biomanipulation concept were found to be generally

valid, although quantitatively hard to predict. Nevertheless, biomanipulation can
be used as an additional or exclusive measure to improve the quality of stagnant

waters.
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There exist a number of disappointing results and open problems in
biomanipulation research relevant to the application of biomanipulation as
a lake management strategy. Most of them concern the stabilization of the
non-equilibrium structure of the manipulated food-chain and the damped
top-down interactions.

The future application of biomanipulation as a part of an integrated lake restora-
tion approach (load reduction, indirect effects, technical measures) may be of
special importance.
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CHAPTER 3

FOOD WEB ALTERATIONS BY PHYSICAL
CHANGES: EUTROPHICATION AND
SELECTIVE FISHERIES

Moshe Gophen

3.1 INTRODUCTION

Human utilization of freshwater is vital and primarily aimed at drinking, agricul-
tural irrigation, fishery, recreation (tourism), industry and inland transportation.
Nevertheless, only 0.014% of the earth’s water (0.001% in the atmosphere, biota
and rivers; 0.008% in lakes and 0.005% in the soil) is biospheric freshwaters and
an additional of 1.97% is ice and 0.61% ground waters, while the rest (97.406%)
is saline waters (la Riviere 1989 ). The meagre 2.594% of earth’s biospheric waters
has a large significance on human societies. Human life is directly dependent on
fresh water availability i.e., the global distribution of human population is strongly
related to freshwater supply from lakes, rivers, underground and desalination
resources. About 90% of the world’s inland surface water supply comes from
large (>500 ki) lakes and 10% from small lakes and other sources (Herdendorf
1990). Consequently, water quality and limnological processes dynamics in large
and small lakes are a major concern of human society. The food web structure and
dynamics has a large significance for ecosystem stability and prevention of water
quality deterioration.

Food web alterations are defined in different ways. One of them is eutrophication,
which is an enrichment of organic content in the water, with wide varieties of
consequent environmental modifications. The level of importance we give to
eutrophication is mostly due to water utilization. If a lake (or reservoir) is part of
a water supply system where quality protection is top priority in management
design, minor change of algal densities (i.e., organic content) could be crucial. On
the other hand, if a water-body is utilized for recreation, algal densities become
deleterious at a higher level. Moreover, when a water body is utilized for drinking
water supply under certain quality standard levels, respective algal densities are
acceptable. Nevertheless, if the standards are changed to be more rigorous, the
previously accepted level of algal density might be classified as more eutrophic and
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unacceptable under the new tougher formulated levels. Keeping in mind that scien-
tific definitions and quantifications of eutrophication process rate are considered
differently for practical engineering operations.

The eutrophication process is also caused by a very wide spectrum of factors like
development and management modifications in the catchment area, nutrient loads
and internal dynamics, fisheries management, climatological conditions, and
others. Nevertheless, in most cases of advanced eutrophication, combined altera-
tions of internal dynamics of nutrient, biotic community structure and population
dynamics and more, are followed. Therefore, it is not so easy to evaluate causative
reasons of observed effects and distinguish between primary, secondary and terti-
ary factors. In this chapter I will discuss several aspects of food web alterations.
This chapter addresses the potential effects of physical conditions, fisheries
management and eutrophication on food web alterations in lakes. These effects
are complicated and have different significances in large and small lakes and
Teservoirs.

3.2 CLIMATOLOGICAL EFFECTS

Global changes in climatic conditions are significant for aquatic ecosystems in
general, particularly in lakes. Not less significant are the local microclimate
changes in certain locations. The global change that will be considered here is
“warming”. Nevertheless, air loading capacity of nutrients (mostly P and N)
and acidity also has large significance for lakes, especially in highly industrialized
continents.

3.3 GLOBAL WARMING

There is an international consensus about global warming and one of the major
concerns is that due to the greenhouse warming effects, precipitation and evapora-
tion will increase (Schneider 1992) and some regions of our planet will become
wetter and others drier, accompanied by shifting of the global distribution of
rivers, lakes and wetlands (Waggoner 1990). Rind ef al. (1989 a, b) indicated
a possible decrease of variability of temperature and the diurnal range, while
increasing the variability of precipitation. If global warming of 2-4°C occurs,
changes in runoffs over the next century are predicted (Carpenter et al. 1992).

An expansion of the land-water interface and contract with fluctuations in the
water supply in the zone of intense biogeochemical activity is also anticipated
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(Wetzel 1990). This trend of changes in interface is especially important in small
lakes because of their large shore line to volume ratio. Global warming followed
by precipitation changes will likely alter biomass, productivity and species compo-
sition of vegetation in the catchment and consequently the input (quantitative and
qualitative) regime of nutrients into the lakes. Global warming will probably
enhance eutrophication mostly in small-shallow lakes. Physical changes in
eutrophicated lakes might have feed-back influence on riparian environments.
Two case studies will be discussed: Lake Victoria in East Africa and North
American lakes.

3.4 LAKE VICTORIA

Eutrophication was indicated in Lake Victoria (East Africa) during the 1980s.
The effect of two major ecoforces was indicated in enhancing these limnological
modifications: a) top down effect by exotic invading piscivore Nile perch (Lates
niloticus) who devastated the biodiversity of the native and endemic
haplochromine fish fauna; b) changes of nutrient loads and internal dynamic
(Tab. 3.1). Fish and fishery effects will be discussed later. The changes in loads
and internal dynamics were caused by human activity in the drainage basin of the
lake: increase of human population (one of the highest rates known in the world)
and livestock, deforestation, intensive agricultural fertilization, urbanization and
industrialization (Kaufman 1992; Hecky 1993). As a result of enhanced industri-
alization in the catchment area and in adjacent countries, P concentration in
rainfall (85% of inflows) (Tab. 3.1) on and around the lake area increased by
ca 3-fold compared to the 1960s (Hecky 1993). Major (85%) inflows of Lake
Victoria water budget is direct precipitation. Therefore, increase of atmospheric
nutrient loadings enhanced eutrophication. Air pollution and atmospheric condi-
tions initiated pollution in the second largest (by area) lake in the world.
Consequently, the phytoplankton biomass and productivity increased and a shift
from diatom to blue-green occurred. Anoxia was enhanced in the hypolimnion and
fish kills became more frequent. The lake ecosystem was split into two chains with
low algal grazing capacity in the epilimnion and increased densities of prawns in
the deoxygenated hypolimnion (Gophen et al. 1994; Goldschmidt et al. 1993).
Similar effects of air pollution caused acidification of lakes in North America and
Europe.

35



Tab. 3.1 Comparative data from the offshore zone of Lake Victoria: 1960-Uganda- (Talling 1966) ;
1990-Uganda- (Hecky 1993); 1990-Kenya-(Gophen et al. 1994). *

UGANDA KENYA

1960 1990 1990
N-NH; (ppm), Epil. 0.028 0. 008-0. 013
N-NH; (ppm), Hypol. 0.056-0. 12 0.021-0. 152
N-NO; (ppm) 0. 00-0. 01 0.011-0. 084 0.01-0. 030
SRP (ppm) 0.091-0. 50 0.012-0. 043 0. 004-0. 073
Total-P (ppm) 0. 062-0. 124 0. 07-0. 103
Total-N (ppm) 0. 336-0. 448 0.44-1.16
TN/ TP (Wt/Wt) 3.29.0 4.7-18.5
Upper depth of 4.0
ppm DO isopleth 45 m 23 m 23 m
Silica (ppm) 4.2-8.4 0.01-2.5
Chlorophyll (ug 17 2-4 11-23
Dominant alga Diatoms Cyan. Cyan.
P. Prod. (mgO.mi) 100-130 180-600
Secchi Depth 1.2m 1.8m
Euphotic Zone : 0-15 m 0-7.5m

* Source: Gophen et al. 1994,

3.5 NORTH AMERICAN LAKES

As in Lake Victoria, eutrophication was indicated in North American lakes where
both fish communities and climatological conditions were changed. Weather con-
dition anomalies caused by El-Nino and the Southern Oscillation (ENSO) with
several year frequencies were documented by Enfield (1989). Lakes response to
these climatic effects were studied in North America (Melack 1983; Ragotzkie
1978; Barry 1985). Small to moderate sized lakes are affected mostly by local
climatological conditions while large lakes response to global or large scale atmos-
pheric changes is manifested (Melack 1992). Robertson (1989) formulated an
index of combined data of local weather in Lake Mendota, Wisconsin, and ENSO’s
frequency and demonstrated the association between warmer winters, less snowfall,
shorter ice cover duration and ENSOs. Further implications of these
climatological effects go through runoff regime, nutrient loads, stratification and
destratification durations, internal dynamics and interactions between nutrients
and food web effects (Kitchell & Carpenter 1992). Schindler et al. (1990) de-
scribed lacustrine responses of northwestern Ontario lakes, to 2°C increase in air
temperatures where duration of the ice-free season became 3 weeks longer.
Moreover, residence time of lake water increased due to consequent higher
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evaporation and lower precipitation accompanied by more frequent forest fires, in-
creasing tree exposed areas and higher wind speeds, higher mixing in lake water
which caused deeper thermocline and cold water habitat (for lake trout) volume
was reduced.

3.6 LOCAL CLIMATOLOGICAL EFFECTS

Greenhouse effect on global warming and in turn, its effect on lakes, has become
an international concern. Nonetheless, local effect of temporal changes of
climatological conditions on lake dynamics can not be easily analyzed mostly
because of the lack of accurate and methodologically unified long-term records.
Paleolimnological data collected from cores can partly replace long term research.

3.7 THE KINNERET CASE

During the last 25 years, Lake Kinneret waters have cooled by 2.5C (Hambright
et al. 1994 ). Water temperature in the offshore zone (deeper than 10 m; the mean
depth of the lake is 26 m) of the lake declined from 20.2 to 17.5C. During 1969-
1992 the thermocline mean depths became shallower at an average rate of 0.13 m
per year (3.0 m during 23 years) (Hambright et al. 1994). The absolute and
relative (to the epilimnion) volume of the hypolimnion significantly increased.
The consequent implication on the food web is enhancing nutrient fluxes from the
anoxic hypolimnion to algal production in the epilimnion. Stanhill (1993) demon-
strated decline of solar radiation during the last 25 years in the Kinneret area.
He suggested that lake water cooling was accompanied by decline of evaporation
and the heat budget was changed respectively (Stanhill 1993). He also suggested
that the decline of solar radiation was caused by increase of aerosols fluxes from
the Israeli coastal plan and south-eastern Europe to the atmosphere. Temperature
decrease of epilimnic water has a significant effect on the dynamics of the biologi-
cal constituents of the food web, such as photosynthesis, respiration and nutrient
uptake by phytoplankton; respiration, reproduction, ingestion and growth rates of
zooplankton, fish, and others.

Hawkins & Griffiths (1993) documented a case where artificial destratification
(by aeration) in small tropical reservoirs reduced chlorophyll content in the
epilimnion and shifted species composition from cyanophytes (stratified) to
diatoms (destratified ).

37



3.8 PHYSICAL FACTORS

Physical factors such as in-and outflows have a significant effect on lake dynamics.
Changes in the water budget of a lake are natural (floods or droughts) and/or
man made (water removal by pump or diversion). Diversion can be done directly
from the lake or in the catchment before coming into the lake. There are differ-
ences in lake response to water budget changes. Changes in water budget are re-
spectively accompanied by water levels fluctuations and consequently in thermal
structure, nutrient and food web dynamic. In subtropical stratified lakes with high
values of Relative Thermal Resistance (RTR) (Wetzel 1983 ), and long-term de-
cline of solar radiation (Stanhill 1993), reductions of inflows, intensified pumping
or water removal with consequent severe lowering of lake water level can cause
cooling of the hypolimnion, shallower thermocline, delay of turnover (i.e. longer
stratification period) and increase of RTR values. As a result of higher stabiliza-
tion of stratification, reduction of exchange between the hypolimnion and
epilimnion can be predicted. On the other hand, in lakes with internal seiche and
high amplitude movements of the thermocline these exchanges might be intensi-
fied. As a result of lower volume of the epilimnion, the nutrient concentrations and
phytoplankton densities in it will increase. Increasing densities of suspensoids
(phytoplankton, detritus, inorganic particles) in the euphotic zone might also en-
hance light back-scattering (Hambright ef al. 1994; Mazumder et al. 1990) result-
ing in an additional cooling effect of the epilimnion and shallower thermocline. It
should be noted that back scattering of light is positively correlated with the num-
ber of particles suspended per volume unit. Therefore, phytoplankton species com-
position is important: small sized cells with high density is more effective than
large cells or colonies even with higher biomass concentrations (Mazumder et al.
1990). Another scenario of the same system could be changes in water budget
with respective water level lowering but stable climatic conditions. In such a case
the volume of the epilimnion will stay unchanged (i.e. unchanged thermocline
depth-distance between water level and the thermocline-but lower altitude of the
thermocline) and the hypolimnion volume will decline. The activity of the biota in
the epilimnion will stay the same (qualitatively and quantitatively) as before but
suspended matter will sink into a hypolimnion with smaller volume. Soluble nutri-
ents released from bottom sediments and/ or degraded products from decomposed
organic matter will be dissolved in a smaller hypolimnic volume. Consequently, the
concentrations will increase followed by higher reduction capacity (E, values more
negative ), lower pH and higher concentrations of sulfides, ammonia or methane
are predicted if carbon supply from organic decomposition will be sufficiently
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available (Wetzel 1983 ). Volohonsky et al. (1992) calculated the effects of water
budget changes (inflows diversion) in Lake Kinneret (Israel) and the results indi-
cated that reductions of 12% and 18% of the inflows will cause an increase of 24%
and 40% of phosphorous mass content in lake water, respectively.

3.9 THE LAKE SEVAN (ARMENIA) CASE (Ostrovsky 1989; Parparova
1989)

Lake Sevan is an oligotrophic, high altitude large lake. During the period of 1938-
1978 water was removed from the lake through man made canals for irrigation of
agricultural crops in the Ararat Valley. Water outflow was consistently higher
than inflow during almost 40 years and a 19 m drop in water level was recorded.
It was accompanied by introduction of exotic fish. The lake has undergone severe
changes aimed at eutrophication: blue-greens became dominant, primary produc-
tion and algal densities increased, Secchi depths became shallower by 80%,
endemic fishes became extinct and fishery of native species abruptly declined.
Following increased levels of primary production the flux of organic matter to the
bottom was enhanced and a sixfold increase of benthic biomass was recorded.
This is a clear case where man made modifications of water budget caused
eutrophication.

Man made modifications are mostly relevant to moderate or small natural lakes,
but play a major role in reservoirs of all sizes. In man-made reservoirs the water
budget is mostly under human control whereas in natural lakes the control depends
on headwater discharges. Table 3.2 shows three water budgets: 85% of Lake
Victoria inflows are direct rain while in Lake Kinneret and Lake Mendota 8% and
24% respectively. In Lakes Mendota and Kinneret man made modifications have
a significant effect on the ecosystem structure (Lathrop 1992; Volohonsky ez al.
1992), while the effect of natural fluctuations of precipitations in the drainage
basin and consequent inflow discharges depends upon the amplitude of the change,
the time span and the lake size (volume). The higher and longer the fluctuation
is, the more severe are the effects on the ecosystem. In riverine lakes and reservoirs
where residence time (RT) span is weeks or months, the effect of water budget on
the food web structure is different from water-bodies with longer (years) RT pe-
riod. Nutrient flushing rates in short RT riverine lakes is measured in weeks or
months and therefore the impact of internal chemical process is lower (Kennedy
& Walker 1990). De Angelis (1980) analyzed ecosystem resilience. He suggested
that the shorter the time a unit of material resides in an ecosystem, the more
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Tab. 3.2 Water budget of three lakes: Victoria (East Africa) (HEST 1988), Kinneret (Israel)
(Mero 1978), and Mendota (Wisconsin, USA) (Lathrop 1992); % of total inflow are given.

Victoria Kinneret Mendota
Inflow
Direct Rain (10°m’) 100 (8.5 %) 0.07 (8%) 0.03 (27 %)
Runoff (10°m) 18 (15% ) 0.70 (81 %) 0.07 (64 %)
Sublacustrine or groundwater (10°nt)

negligible 0.09 (11 %) 0.01 (9%)
Outflow
Evaporation (10°m) 100 (85 %) 0.30 (35 %) 0.04 (36 %)
Overflow (10°m) 18 (15 %) 0.56 (65 %) 0.07 (64 % )
Total Inflow (10°m’) 118 0.86 0.11
Lake Volume (10°m) 2760 4 0.51
Lake Area (ki) 69000 170 40
Residence time (y) 23.4 4.7 4.6

resilient the ecosystéin will be to perturbations of that material.

When epilimnion volume becomes smaller and the thermocline is shallower there
is less potential refuge for zooplankton to avoid fish predation during day time. It
is because of a smaller volume of epilimnion and increasing encounter probabilities
between predators and prey as well as higher light intensity close to metalimnion
(Lampert 1993).

3.10 EUTROPHICATION AND NUTRIENT COMPOSITION
EFFECTS

The major known factor which enhances eutrophication is increase of nutrient
loads and vice versa: lake restoration by nutrients removal (Lathrop 1990;
Edmondson & Abella 1988; Calderoni et al. 1993). As shown before, nutrient
mass increase in a lake might be a result also of a shorter water residence time
(Volohonsky et al. 1992). Nutrient enhancement is not only driven by a shorter
cycle of water exchange but also by lower water levels. The final result of these dif-
ferent mechanisms is higher nutrient availabilities to algal production and increas-
ing level of organics in the water. Consequent processes are higher levels of oxygen
consumption by decomposition of organic matter, enhanced anoxia and changes of
species composition of biota. Higher densities of species adapted to low oxygen
conditions, like small rotifers or certain species of crustaceans are predicted.
Gophen et al. (1994) indicated high densities of the prawn Caridina nilotica in
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Lake Victoria more than was previously known in the hypolimnion of Lake
Victoria (East Africa) (Goldschmidt et al. 1993). Nevertheless, change in food-
web structure can be observed even before eutrophication symptoms are indicated.
A slight increase of P fluxes in non-eutrophicated Lake Kinneret during the 1980s
enhanced chlorophytes biomass which slightly deteriorated water quality (see
Gophen, L. Kinneret, this volume).

An important effect which accompanies increasing algal biomass concentrations is
higher dissolved oxygen content in the epilimnion. Hecky (1993), Hecky er al.
(1994) and Gophen et al. (1994) documented such a case in Lake Victoria during
the early 1990s where high algal biomass enhanced DO concentration in the
euphotic zone to an oversaturated level during daytime. Talling (1966) measured
concentrations of DO below saturation at similar depths during the 1960s. It
should be taken into account that the complete diurnal cycle is crucial and
oversaturation during daytime is probably followed by low DO levels during night
due to respiration.

The significance of eutrophication to the food web is not only through increasing
algal biomass and lowering levels of DO content. Quite often eutrophication also
causes change of algal species composition and this factor has a large impact on
grazer communities which in turn affect higher trophic levels like pelagic fish
and/ or benthos. These sequences are complicated and highly integrated to each
other (Crowder et al. 1988 ). In general we call them “food web” and their impact
on each other are food web interactions. Alterations, fluctuations or dynamic
changes between food web components as a result of eutrophication can not be in-
dicated without a thorough understanding of the ecosystem complexity (Carpenter
1988 ). Efficiency of ecosystem manipulation depends on its structure and func-
tion. Vanni et al. (1992) demonstrated the viability of management strategy for re-
ducing the severity of summer algal blooms by food web manipulation (reduction
of planktivory) in eutrophicated Lake Mendota. Nevertheless, Kitchell &
Carpenter (1992) rejected the hypothesis that food web interactions alone regulate
algal community structure in Lake Mendota (see also De Melo ef al. 1992). The
cases of Lake Kinneret (see Gophen this volume) and Lake Victoria (Gophen /V
et al. 1994; Hecky 1993) also supported the hypothesis that food-web alterations
in phytoplankton production and species composition is regulated by both food
web interactions (Vanni et al. 1992) and nutrients (Lathrop 1990). Moreover, nu-
trient and food web interact, alternate in importance and operate in different time
and spatial scales (Kitchell & Carpenter 1992).
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Vanni et al. (1992) used a simulation model of the interactions among nutrients
phytoplankton and zooplanktion for Lake Mendota. They (1992) demonstrated
that food web manipulation is a viable management strategy for reducing the se-
verity of summer algal bloom and reduction in planktivory led to reduced
phytoplankton biomass in the summer.

Eutrophication is not only enhanced by load quantities, but also by their relative
abundance. Hecky ef al. (1993) analyzed the impact of particulate C, N, and P
contents in 51 lakes and their basins covering a very high geographical distribu-
tion. The elemental ratios (C:N, C:P, and N:P) occurred in shield lakes with
long residence times were high and originated from in-lake processes and not from
streamborn or atmospherically deposited particles (Hecky et al. 1993). In lakes
there is a very wide variety of N and P deficiency and sufficiency (Sommer
1989a). Throughout this wide spectrum of N/P ratio (Hecky et al. 1993) the
phytoplankton response vary as well: from P and N enriched waters with high
chlorophytes densities to low N (N limitation) predominated by blue-greens. The
more the ecosystem is oligotrophic, the more it is susceptible to nutrient effects.
Increasing nutrient inputs in nutrient-limited ecosystems enhance eutrophication
at a higher rate than similar loadings in meso- or eutrophic lakes. The elemental
ratios in the loadings affect algal species composition. In Lake Victoria, Hecky
(1993) suggested that increasing level of P inputs by precipitations and through
runoffs enhanced dominant diatom production, and silica therefore declined. Silica
decline together with low N/P ratio in loadings enhanced blue greens which are
presently dominant (Hecky 1993 ). Sterner et al. (1993) examined influence of nu-
trient limitation on the nutritional quality of Scenedesmus as food for Daphnia.
Nutrient limitation greatly influences the rate at which Daphnia converts
Scenedesmus into body biomass. The N and P contents and ratio in Scenedesmus
fluctuated when limited while in Daphnia N content and to a lesser extent also P
content was less variable with essential constant N/ P ratio in body tissues (Sterner
et al. 1993). Sterner (1989) suggested a particular pattern of N and P recycling by
Daphnia in ecosystems with different nutrient concentrations: when feeding on P-
limited algae with N/P higher than in the Daphnia the zooplankter must assimi-

late a greater fraction of P than N. Therefore, a greater fraction of ingested N is ’
not assimilated and recycled N is higher than P return to the environment. This
process by itself has an impact on nutrient dynamics. Urabe and Watanabe (1992)
suggested that particulate elemental ratios (C:N:P) may have an effect on
zooplankton community structure. They (1992) documented different threshold
N:C and P:C ratios for Daphnia galeata and for Bosmina longirostris. The effect

42



of food availability (grazed seston) on zooplankton community structure is not
only through particle concentration but also by elemental composition on the
feeding and production rates and consequently, on the density as well as on
competitive interaction between species. Hessen (1992) described similar effects
on zooplankton community structure. Lehman & Naumosky (1985) documented
P content variation in Daphnia at only 1.6-fold when fed on algae with P variations
of 2.3-2.7 fold. Variations of quantities and elemental ratios of the loadings can ini-
tiate changes of seston (algae, detritus) composition and density and consequently
alterations of zooplankton community structure. When N is in excess, zooplankton
regulated by stoichiometry, release higher N content than in the food ingested
(Sterner 1989). In other words, N:P ratio needed for metabolism and in N:P
ingested determine the N:P released. Zooplankton feed on P-limited algae at
suboptical concentration will enhance P-limitation because of lower P content in
the excretions. The same for N: mild N limitation would become severe N limita-
tion (Sterner 1989). Urabe (1993) demonstrated a case of N limited food for
zooplankton and the animals net clearance rate was therefore higher for N than for
P and C, indicating that limited nutrient is removed (assimilated) with a higher
efficiency than nonlimited elements. He (1993) showed how zooplankton keep
their body elemental composition constant when N:P ratio in the food supply
varies. Sterner (1993) represented further results which indicate that the logarithm
of Daphnia’s biomass is well predicted by the logarithm of algal growth rate.
The algal growth rate is related to their elemental (P, N) composition and quality.
The P limitation for Daphnia growth when feeding on low P content algal cells was
concluded (Sterner 1993). Thus, feedback interactions between zooplankton and
phytoplankton indicate potential alterations in nutrient limitations for algae
caused by grazers. Elser & George (1993) determined stoichiometric ratios of
C:N, C:P and N:P in dissolved, seston and zooplankton pools in Castle Lake,
California. They suggested that changes in zooplankton biomass and community
structure may produce significant shifts in nutrient storage among pelagic pools.
They concluded that zooplankton potentially enhanced P limitation of
phytoplankton. One of the most described alteration caused by eutrophication is
the shift from large zooplankters (Daphnia type) to small bodied organisms
(Bosmina type). Such a shift is followed by decline of clearance rate and therefore
grazing capacity of the population is lower, and algal densities are enhanced
(Dawidowicz 1990).
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3.11 SELECTIVE FISHERIES AND FISH INTRODUCTIONS

Selective fisheries and fish introductions in a wide sense is similar to food web
manipulation or biomanipulation. Most food web manipulations include fish as
manipulated component with two major options: 1) introduction of desired species
and b) selective removal of unwanted species. The rational is successive modifica-
tions in the food web structure initiated by higher trophic level organisms (fishes)
towards lower trophic level components (zooplankton and phytoplankton) aimed
at water quality improvement.

The literature on food web manipulation indicate a difference in lake response be-
tween large-deep and small-shallow water bodies (Fig. 3.1) (Carpenter 1988;
Gulati et al. 1990; Kitchell 1992; Sommer 1989b). If a significant change follows
fish manipulation in small lakes, the new structure might be stable for a short
period. If man-made manipulation or natural event like fish mortality are not re-
peated, a reversible process is predicted. This is probably the sequence observed in
Lake Mendota (Kitchell 1992) or in small Danish lakes (Jeppesen et al. 1990). In
larger and deeper lakes fish manipulation can cause lower scale, less stable and
change over longer periods (Fig. 3.1). The most important factor in this compara-
tive consideration is the manipulated fish population stability. If the manipulated
fish population structure is stable during long periods the new food web structure
is stable as well. In Lake Round, after two years reversible changes were observed
as before the rotenone fish removal (Shapiro & Wright 1984 ). Fish mortality in

small-shallow lakes

Change Capacity

Time

Fig. 3.1 A diagram of lake (small-shallow; large-deep) stability (@) as responded to manipulated
(=== ) and unmanipulated (——) changes. In large-deep lakes, manipulated alterations are less
stable, with lower capacity and longer duration, while unmanipulated changes has longer span and
higher stability; in small-shallow lakes its conversely expressed.
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Lake Mendota (Vanni et al. 1990) was consequently accompanied by increase
of zooplankton body size, increasing grazing pressure and longer spring clear
water phase and lower biomass of phytoplankton in summer, but reversible
changes were observed later. Similar effects were demonsirated by Sanni &
Waerragen (1990). A different example is the invasion of the piscivore Nile Perch
in Lake Victoria which produced a new and unchangeable food web structure, but
an unstable ecosystem and long-term fluctuations are predicted. Vadas (1989) in
his reply to Fretwell & Oksanen suggested that compensatory mechanisms are usu-
ally strong enough to overcome temporal changes in consumer abundance. This is
probably relevant to lakes Kinneret and Mendota but not to Lake Victoria. The
different response of large-deep and small-shallow lakes to food web manipulation
is also due to stratification. In deep stratified lakes the manipulated populations
are in the epilimnion while the hypolimnion is indirectly affected. Therefore the
significance of the manipulation is higher in shallow lakes where manipulated
populations occupy the whole volume.

The classical approach to biomanipulation as phytoplankton biomass suppression
by fish-induced shift towards larger zooplankton with increased community graz-
ing rate is given in Hrbacek et al. (1961), Brooks and Dodson (1965), Lynch and
Shapiro (1981), Shapiro and Wright (1984), Carpenter and Kitchell (1988),
Oksanen (1988), Leucke ef al. (1992) and others.

None of the cases presented in these studies existed over a long period of several
years. Nevertheless, the effectiveness of large bodied zooplankton, particularly
Daphnia, is not unlimited (Dawidowicz 1990). Moreover, relations between large
zooplankters (particularly Daphnia) grazing rates and phytoplankton, depend on
algal species. Ingestion of blue-greens (unicell or filamentous) is positively related
to algal concentration up to a certain limit (Gliwicz 1990; de Bernardi & Giussani
1990). Lampert (1988) quantified zooplankton biomass needed for seston concen-
tration control with findings that showed 1.5-4.0 mg dry weight per nf are needed
for clear water phase. He documented a grazing rate value of 200% per day by
zooplankton in mesotrophic lakes. Most of classical biomanipulation studies of
fish effects on the whole community structure were carried out in small and shal-
low lakes, ponds, mesocosms (tanks or tubs) or enclosures. In most studies only
few parameters and treatment combinations were tested. For example: when fish
zooplanktivory was studied - a predator fish with or without not more than 1 or 2
other fish species were also present while in nature many more exist (see papers in
Gulati et al. 1990 and in Kerfoot & Sih 1987). Very few studies on whole natural
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lakes with long term records were carried out, such as Lake Mendota (Kitchell
1992); or Lake Kinneret (see, Gophen, this volume ). Small scale experiments can
give indications only for partial boxes of the food web structure. For the whole
ecosystem analysis of nutrients and food web manipulation effects, both factors
must be simultaneously studied. In several documented whole lake cases, such as
Victoria (East Africa), (Hecky 1990; Gophen et al. 1994), Kinneret (Israel)
(see Gophen this volume) and Mendota (Wisconsin, USA) (Kitchell 1992)
changes in the ecosystem were controlled by nutrients and food web manipulations
simultaneously. It is probably impossible to quantify the relative role (effect) of
each ecoforce. Nevertheless, it is evident that both are involved as driven forces of
the ecosystem alterations. Changes of nutrient dynamics and loadings were altered
as well as fish communities, and the two ecoforces alternated in importance but si-
multaneously affected the systems. In each one of these three lakes the alterations
are differently scaled but clearly documented.

Lammens ef al. (1990) summarized recent studies on fish and zooplankton effects.
In their review they presented a synthesis of studies done in whole lakes and
mesocosms where manipulated fishes were phytoplanktivorous, planktivorous,
benthivorous and piscivorous, and their effects were recorded. They also included
several studies where nutrients were involved. Lammens et al. (1990) indicated
that the most dramatic effects of food web manipulations were observed in shallow
and eutrophic lakes. Lampert (1988) indicated a higher grazing rate in
oligotrophic conditions, but demonstrated that a high rate does not necessarily
mean a high rate of particle elimination. Zooplanktivory declined and zooplankton
biomass was enhanced with consequent intensification of grazing capacity result-
ing in lower algal biomass, deeper secchi depths, higher light penetration and
macrophyte enhancement (Lammens et al. 1990). The positive (improving water
quality) response of shallow small lakes to fish manipulation was more successful
when TP concentration was <50 pg 17*. Therefore selective fishery and removal
of benthivorous fish is important to extend successful zooplanktivory manipula-
tion. Removal of benthivorous fish reduce P release from the sediments (Meijer
et al. 1990).

The top-down effect from piscivorous fish through zooplanktivory to algal control
in most cases caused dominance of small bodied zooplankton assemblages. Small
bodied zooplankters have lower clearance rate as was shown in many studies
(Dawidowicz 1990; Sterner 1989). These conditions can be described as a para-
dox with dense zooplankton assemblages dominated by small species having lower
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grazing capacity of the entire community than ones dominated by large species.
The size structure of the grazers strongly influence total herbivore biomass.
Dominance of larger species have higher biomass than populations dominated by
small species (Sterner 1989). This is the major reason for the abrupt and signifi-
cant decline of algal biomass when zooplanktivory decline and large zooplankters
are more abundant. Zooplankton communities dominated by Daphnia have higher
grazing capacity. It happens when fish zooplanktivory allows Daphnia population
biomass density to become high. Shapiro and Wright (1984) documented higher
grazing rates in seasons when Daphnia dominated and lower grazing rates when
Bosmina dominated. Gulati (1984) presented data on the eutrophic Loosdrech
Lake where small species (Bosmina, Chydorus, rotifers) dominated and the grazing
rate was low.

Arnott & Vanni (1993) presented results of experimental manipulations with large
bodied Daphnia and invertebrate predators and concluded that predation is more
important than competition (between Daphnia and small zooplankton) in restrict-
ing distribution of small zooplankters in big lakes. They found that pH also inhib-
its successful invasion of small organisms. They (1993) concluded that
invertebrate predators and abiotic conditions (pH) are important factors determin-
ing zooplankton community structure.

3.12 THE KINNERET CASE (see also Gophen, Lake Kinneret, this volume)

In Lake Kinneret fish introduction and selective fishery occurred simultaneously
with nutrient changes. Zooplanktivorous bleak populations were enhanced in the
lake and together with exotic and other introduced fish species, zooplanktivory
was intensified. As a result, zooplankton biomass density declined and small bod-
ied zooplankters became more abundant. The community grazing rate declined
during the last 20 years. Independently, P increased, N declined and nanoplankton
(mostly chlorophytes) was enhanced but zooplankton biomass was too low to con-
trol the algal biomass. Zooplankton was predation limited and nanoplankton was
therefore nutrient limited.

3.13 LAKE VICTORIA CASE

During the 1950s the piscivore Nile Perch was introduced to the lake. During the
1960s and 1970s the Perch invaded the entire lake, and increased in the early
1980s. The Nile Perch preyed on a major part of the native and endemic
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haplochromine fishes. More than 50% of their biomass were seston feeders. By
eliminating seston consumers organics content was enhanced and its decomposi-
tion lowered oxygen content in deep layers. Increase of nutrients (mostly P) inputs
started during the 1950s and simultaneously continued with the Nile Perch
piscivory. The outcome is advanced eutrophication. The major changes in the eco-
system were: shift from diatoms to cyanophytes dominance, increased algal
biomass and primary production, higher fluxes of P and N and decline of silica
concentrations (Gophen et al. 1994; Hecky 1993).

De Melo et al. (1992) reviewed studies on food web manipulation effects on the
ecosystem structure. They found that in many cases experimental studies in enclo-
sures, ponds and lakes did not give the predicted results partly because of the com-
pounded effects of other factors not included in treatment combinations.
Nevertheless, studies presented in Gulati et al. (1990) which were carried out in
small and shallow lakes did give predicted results. There is a controversy whether
selective fishery or stocking is sufficiently effective to maintain long term changes
in lakes. It can be concluded that man induced food web alterations by fish can last
a relatively long time if manipulated populations are kept constantly at their modi-
fied compositions and densities. The effectiveness of the change is different be-
tween large-deep and small-shallow lakes. It is more effective in small water
bodies. The effectiveness of the change also depends on nutrient conditions since
these two group of factors are combined and integrated.
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CHAPTER 4

MANIPULATION OF FISH POPULATION FOR
LAKE RECOVERY FROM EUTROPHICATION
IN THE TEMPERATE REGION

Ramesh D. Gulati

4.1 INTRODUCTION
4.1.1 Food-chain, fish and phosphorus

Eutrophication is the primary cause of persistent algal blooms and deterioration of
underwater light climate in lakes. Most efforts to alleviate the detrimental and
undesirable effects of eutrophication on aquatic systems addressed the problem of
nuirient reduction, especially of phosphorus in the inflows (Edmondson &
Lehman 1981). Nevertheless, pioneering studies on the role of fish stock and
species composition of zooplankton by Hrbécek et al. (1961), and subsequently
the “size-efficiency” hypothesis based on such works drew attention to the role of
fish on size-structuring zooplankton. There is now overwhelming evidence, espe-
cially from fresh water lakes, that fish can greatly influence the plankton commu-
nity structure. Basic research has shown that fish are size-selective zooplankton
predators (see in Gophen 1990). The planktivorous fish thus suppress the popula-
tions of large-bodied zooplankters by visually foraging on them (Zaret 1980;
Lazzaro 1987). Consequently, the small zooplankton species become abundant
with an accompanying increase in the phytoplankton populations. When the
planktivorous fish are rare, e.g. if predation by piscivorous fish is high, the
zooplankton community shifts to larger zooplankton species and small densities of
small species are markedly reduced (Brooks & Dodson 1965 ).

The role of fish in the lake ecosystems can be considered as important in three
aspects: a) predation on zooplankton; b) contribution to the nutrient dynamics;
and c) resuspension of the bottom sediments. First, through their size-selective -
predation the planktivorous fish cause greater size-selective mortality of large-
bodied grazers which leads to an increase in the smaller-bodied crustaceans and
rotifers (Gulati 1990) the grazing of which is restricted to relatively smaller-sized
seston particles only so that the grazing pressure on the algae is markedly reduced.
This results in the development of increased algal mass. Second, as regards the
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importance of fish in a lake’s nutrient dynamics and thus also in the eutrophication
process, the fish metabolism, feeding activities and mortality are important factors.
The fish standing crop will, of course, determine the extent of P regeneration by
fish, both via the digestive activity and excretion (see in Lazzaro 1987). Data
from about 30 lakes >10 ha in Sweden and Denmark show that total-P in these
lake systems increases sharply up to 0.1 mg P 17' as the proportion of planktivorous
fish (>10cm) in the total fish (>10cm) reaches about 80% and the total-P even
reaches 1 mg P 17}, or more, if the proportion increases to about 100% (Jeppesen
et al. 1990a). A multidisciplinary study of the Lake Loosdrecht during its restora-
tion (Van Liere & Gulati 1992) demonstrated two important points. About ca
50% of the total particulate-P (>>300 mg P m ™) in different trophic levels is
“locked” in fish. The fish daily regenerated 1.4 mg P m ~>, which is 140% of the ex-
ternal P-loading (see also in VanLiere & Janse 1992). Meijer et al. (1994a)
report that reduction of 150 kg ha™' of fish in lake Wolderwijd, as a
biomanipulation measure, led to a reduction of P-loading via fish, which was
equivalent to 60% of the external loading. Third, the benthivorous fish also
directly contribute to nutrient (P) availability for phytoplankton due to their
browsing activity in the lake bottom, e.g. bream (4bramis brama) in most shallow
lakes, by which sediments may get resuspended. Though difficult to quantify, one
would expect that the resuspension will bring the mineralized P from the sediments
into suspension as well as promote aerobic mineralization of P in open water.

Therefore, the efforts at reducing algal mass in lakes should primarily address the
need to control planktivorous fish. In the light of a direct relationship between
total-P and planktivorous fish, reduction of the stocks of planktivorous fish is
imperative. By contributing to P-flux, fish apparently retard the pace of restora-
tion. So, any steps to reduce phytoplankton abundance in lakes and reservoirs for
improving under-water light climate in these waters should be aimed at reducing
the stocks of planktivorous fish: firstly, to stimulate development of large-bodied
zooplankton, e.g. Daphnia spp, to stimulate grazing-induced mortality on a wider
size range of phytoplankton (Gulati 1990; Gulati et al. 1990) and, secondly, to
reduce nutrient inputs via the fish. Such an approach to restore or rehabilitate
lakes has been called biomanipulation. In this paper I describe the “state of art’ in
the field of lake eutrophication and restoration in the lakes of temperate region
particularly in relationships with fish management and fish manipulation in
Europe and North America.
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4.1.2 Biomanipulation: a lake restoration strategy

The term biomanipulation implies “biological control in lake restoration or im-
provement in which relatively small changes in biological relations produce
favourable changes in a lake” (see e.g. in Edmondson 1991: pages 281-282). Thus,
the changes brought in the food web enable the natural processes to take over and
help bring about the desired improvements in the water quality. This implies
decrease in the rates of primary production and consequently increase in light
penetration to deeper water layers. This method is, however, not considered as an
alternative to direct reduction of nutrient inputs from the external or internal
sources but is a complementary technique. If applied in conjunction with other
control measures it will hasten the process of rehabilitation or recovery.

There are perhaps a whole realm of organisms, from bacteria, fungi and algae to
fish, manipulation (introduction, reduction or removal) of which can be cited as
examples of biomanipulation. Here the biomanipulation concept to lake recovery
is restricted to fish management/manipulation measures. The strategy mainly con-
sists of reducing and regulating the impact of planktivorous fish, respectively,
through their reduction or removal and introduction of piscivorous fish. The
trophic-level response of the lakes to such measures is called top-down or cascad-
ing effect within the food-chain (Carpenter et al. 1985). The response, triggered
by manipulating these fishes, trickles down through zooplankton to the autotrophs,
the phytoplankton. Besides, it is perceptible as changes in the nutrient dynamics
and the underwater light climate. However, in the food-chain these top-down ef-
fects may gradually weaken in the lower trophic levels (McQueen et al. 1986).
Also, discrepancies arise since fish species, being size-structured, switch from
planktivory to benthivory as they grow, e.g. in bream in many Dutch lakes
(Lammens ef al. 1990).

Lake rehabilitation studies are generally primarily aimed at reducing nutrients that
cause high rates of phytoplankton primary production (see in Van Liere & Gulati
1992). They, therefore, also imply reducing the production of higher trophic lev-
els, for example, of the planktivorous fish. However, nutrient reductions do not
necessarily lead to recovery from eutrophication nor are they necessarily accompa-
nied by quick reductions in fish stocks. The fishes affect both the nutrient dynam-
ics and food web relationships. By contributing to P-flux, they apparently retard
the pace of restoration. The planktivorous fish have received more attention than
the benthivorous fish, although in shallow lakes the latter are the predominant fish
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community. Thus, there are two mechanisms by which the fishes affect the ecosys-
tem dynamics. First, the pelagic fish will play a more important role in decimating
the population of the larger zooplankton species, especially the large-bodied
Daphnia species. Also, as mentioned, benthivorous fish, bream (20-30 cm) in shal-
low eutrophic waters, are known to switch to planktivorous feeding behaviour and
may derive a part of their food in this manner. The daphnids are both the most pre-
ferred food of fish and most effective grazers of seston. Since they are the most
important grazers of the pelagic seston (phytoplankton and detritus ), their densi-
ties inversely affect the seston concentrations. Secondly, in contrast to the pelagic
fish, the benthivorous fish, e.g. bream, are known to continuously stir up the
bottom sediments during their foraging activity. They, thus, bring as well the
sedimented seston as the nutrients in to resuspension, causing deterioration of the
under-water light climate. In this respect, these fish probably play an even more
vital role than the pelagic fish in retarding the recovery process. In the temperate
regions, there are no known phytoplanktivorous fish which can reduce the seston
in suspension, as in the tropical waters (Gophen 1990), and thus improve light
climate.

Background information on the status of fisheries, fish-stocks and fish composition
is an essential prelude to the decision making for the feasibility of fish manipula-
tion as a restoration measure.

4.2 TEMPERATE FISH COMMUNITIES AND THEIR TROPHIC
RELATIONS

Fish communities in the lakes of different geographical areas can be classified
on the basis of the frequency of distribution of the more common species.
Ryder & Kerr (1990) examined the fish communities in over 2300 lakes in the
Ontario region (Canada) and divided them broadly in to: 1) percid community,
inhabiting the so-called walleye lakes; and 2) salmonid community with lake
trout (Salvelinus). However, the species common to the two groups are considered
to play a critical role in the process of ‘harmonising’. The salmonids inhabit
oligotrophic lakes while the percids occupy mesotrophic waterbodies. The
trophic difference, though generally reflected in the production rates, is expressed
as mean concentration of the limiting nutrient, for example total-P. A P-level of
<10-20 mg 17" characterizes oligotrophic lakes that are inhabited by salmonids.
But a P-level exceeding this range is found in eutrophic lakes with percids as the
predominant community. However, several species are common to both the
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communities: white sucker (Catostomus commersoni), yellow perch (Perca
flavescens) and, to some extent northern pike (Ryder & Kerr 1990). Such species
are likely to have more generalized niches and to be more successful over a wide
range of environments.

Lake morphometry and water temperature generally contribute to trophic separa-
tion of the fish communities: the oligotrophic lakes are generally deeper and rela-
tively colder than the mesotrophic ones. Some of the large, deep oligotrophic lakes
(having salmonids as the main community) with shallow and sheltered bays also
provide suitable habitats for percid communities (Ryder 1968 ). Nevertheless, the
fish communities in very large lakes such as the Laurentian Great Lakes and ma-
rine ecosystems may be difficult to generalize. This is mainly due to complexities
related to the greater openness and lack of barriers to migration/movement in
these large lakes, or because of the inherent greater diversity in marine systems.

The fishery resources of inland waters both in Europe and North America are over
exploited (Van Densen et al. 1990), especially in large productive lakes because of
the unrestricted access to commercial fishing. The various fish species are,
however, valued differently in the different geographical areas, because of taste
and thus in commercial value. The salmonids are preferred to cyprinids fish in
northern Europe, but the cyprinids are preferred in central Europe. Also in the
countries of the Mediterranean area, in the absence of salmonids, the cyprinids are
a preferred fish. A pragmatic management measure for inland fisheries until
recently was restocking, to retain harvestable pool of fishes in balance, a dynamic
equilibrium between the predator and their prey (Ryder & Kerr 1990). Such a
harmony between the relative biomass of the species will be generally reflected in
ecosystem stability. However, a balance between the terminal predators, e.g.
walleye (Stizostedion vitreum) and northern pike (Esox lucius) as in North
American lakes or pike or pikeperch (Stizostedion lucioperca) or perch (Perca
Sluviatilis) and their cyprinid prey (bream or other white fish ), as in many
European lakes, may be difficult to realize, except in the simplified farm ponds or
manipulated small waterbodies.

4.3 FISHERY MANAGEMENT AND EUTROPHICATION
CONTROL

4.3.1 Influencing factors and strategies

Detailed management plans are necessary in ecosystems in which fishery is either
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overexploited or the system needs to be rehabilitated from eutrophication, espe-
cially to eradicate the undesirable symptoms, usually the persistent algal blooms.
The fishery management becomes all the more important if the nutrient reduction
or removal has not produced the desired results. Though retaining the natural fish
communities may be a very germane approach, it may be rendered unfeasible by
the prevailing abiotic conditions or by the exotic fish. Moreover, there may be a
clash of interests among the fishery managers, the ecosystem restorers and water
quality managers. Fish management for improving the water quality and
eutrophication control necessitates implementing several other corrective measures
that lie essentially outside the domain of the water-body in question. For example,
water level fluctuations, both seasonal and due to draw-downs for power genera-
tion, for irrigation and potable water-supplies, especially during the spawning
period of fish, will adversely affect the fish stocks. Similarly, the lake
morphometry influences: 1) the extent of the lake littoral area as well as its vege-
tation, and 2) the water temperature and level of oxygen in the pelagial zone and
their vertical heterogeneity. These factors will in turn have profound effects on
both the fish growth and distribution. Through the fish there will be a cascade
effect on the other biotic elements in the food chain. Therefore, inlake corrective
measures should always consider the external constraints with regard to the differ-
ent functions assigned to the system under restoration. Besides, there may be socio-
political restraints. In short, both the type of fish introduced and production goals
envisaged will put demands on the system. These will be reflected in food web
interactions encompassing both competition and predation. In addition, food-chain
effects which may be adverse for trophic levels other than the fish, will manifest
themselves in an increase or a decrease of certain species to undesired levels.
Therefore, corrective measures to be taken must consider these factors concur-
rently.

4.3.2 Food web manipulations: progress, perspectives, types of lake responses

In the last one decade fish and fisheries of several lakes have been manipulated to

improve water quality, invariably in conjunction with reduction in nutrient load- .
ing (papers in Benndorf 1988; review by Gophen 1990; and papers in Gulati et al.

1990). Such studies have contributed to our understanding of the cascading food

web effects and their application in lake-recovery.

The assertion of food web biomanipulation, either directly through the manage-
ment of planktivorous fish-stocks or indirectly through the piscivore
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addition, is that the effects cascade through the pelagic community to significantly
affect the algal standing-stock. Support for the theory comes mainly from the
works of Carpenter et al. (1985, 1987), Lynch & Shapiro (1980), Shapiro (1980)
and the works cited in Gulati ef al. (1990). Several long-term studies, however, do
not show correlations between the planktivore biomass and chlorophyll-a
(Benndorf et al. 1984, 1988), Lehman (1988), McQueen et al (1989) and De
Melo et al. (1992). Some of these works cast doubts on the statistical relationship
between decrease in the abundance of planktivore fish and improvement in light
climate since a few extreme lakes, oligotrophic lakes, may considerably influence
the general relationships. The analyses done by McQueen and associates are based
on stratifiying, north temperate lakes in which order of magnitude changes in
planktivore biomass may alter underwater light climate, but long-term changes in
phytoplankton biomass, computed from chlorophyll-a data, are unlikely. Also
several studies on shallow Dutch lakes (Meijer et al. 1994 a, b) have indicated that
the crux of the problem lies with not only reducing the planktivorous biomass to
low levels but also of the benthivorous fish and of sustaining these low levels.
Besides, since in these shallow lakes the nutrients are in constant circulation
due to mixing, the development of littoral vegetation is crucial to limit nutrient
availability to the phytoplankton.

McQueen & Post (1988) derived statistical relationships between total P, chloro-
phyll and planktivorous fish and piscivorous fish in order to determine the relative
importance of nutrient control and food-chain manipultion. They suggested that
role of bottom-up effects - relationships between total-P and chlorophyll and
between chlorophyll and zooplankton - is strongest near the bottom of the food-
chain and weakens at higher trophic levels. In contrast, top-down interactions are
strongest at higher levels: piscivorous-fish/ planktivorous-fish and planktivorous-
fish/zooplankton and that the effects weaken down in the food-chain. From
predictions based on the model of McQueen et al. (1989) it can be deduced that
in the more eutrophic lakes top-down measures become relatively less effectual
than the bottom up measures. In such lakes chlorophyll cannot be effectively
reduced because larger-sized Daphnia populations are inadequately developed.
This is because these daphnids do not have refuges against planktivorous fish, -
predation by which is generally high.

In several cases the failure of the steps was clearly related to a rise in planktivore
biomass. The more recent polemics on the efficacy of biomanipulation approach
(De Melo et al. 1992) ; Carpenter & Kitchell 1992) has come as note of caution for
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those planning or engaged in biomanipulation research to examine the prospects
more critically. One has to define: 1) the goals more critically; and 2) apply
biomanipulation measures in concert with the reduction of nutrients in the lake
and in external loadings.

4.3.3 Wholelake Experiments

Shapiro (1990: Tab. 1) summarised some 50 manipulation works on fish in whole
waterbodies, all of them in the temperate region, along with the methods used and
the effects produced. All these studies were carried out since the classic studies of
Hrbacek et al. (1961) on the Elbe back-waters. Also, Benndorf (Benndorf 1988,
1990 and Benndorf et al. 1988) cites more than two-dozen studies on the European
reservoirs and lakes in Bautzen Reservoir. These are among the classical attempts
to restore water-bodies using a food web manipulation approach, in the so-called
whole-lake experiments. However, not all the cases of manipulation summaized
had the primary aim of improving water quality nor were they all successful.
Virtually all cases involved manipulation of fish stock and fish composition.
Effects produced in most cases were favourable. The studies provide insight into
the role of fish in ecosystem functioning and mechanism causing improved water
quality. Benndorf (1990) divides the fish manipulation studies in to four types,
which are discussed below with remarks on the relative stability in course of time.

4.3.3.1 Unintentional or natural changes in fish stocks

The changes in fish stocks relate to natural fish kill, and subsequent alterations
which may be unstable as in Lake Sobygard (Jeppeson ef al. 1988) or changes in-
volving natural, two-year periodicity in roach (Rutilus rutilus) recruitment as in
Alderfen Broads (Cryer et al 1986). In another case, the changes following the
fish kills or high mortality lasted for 1-2 years, e.g. in Lago di Annone (De
Bernardi & Giussani 1978). However, in the Queen Elizabeth II reservoir
(Duncan 1975) the effect was prolonged over a period of five years as reflected in
its low algal biomass and high water transparency which is considered by Duncan
(1990) as a general feature of these storage reservoirs. Besides the effect of in-
creased mixing depth of the reservoirs to increase light limitation and to reduce
algal growth, the algal growth in spring is curtailed by the grazing impact of large-
bodied daphnid populations (Daphnia magna, D. pulicara & D. hyalina), espe-
cially at concentration >0.2 mg C 17'. The existence of the larger-bodied
zooplankters in the reservoirs is supported by the low levels of predation by fish
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since the late sixties. Based on the populations of ruffe, roach and perch from the
littoral area (depth <4 m), the fish density of reservoir is estimated to be around
0.33 fish m %, assuming absence of the fish in the pelagic part. The fish situation
in the Queen Elizabeth II reservoir appears to have had three phases in a 20-year
period (1968-1988): 1) ‘fish kills’ of mainly large-bodied perch in many of the
reservoirs during 1966 and 1967 due to a viral epidemic that caused dermal
necrosis of the fish; 2) an increasing recruitment of roach and increasing propor-
tion of roach in the fish fauna during 1974-1981; and 3) a mass escape from
the cages in to the reservoir of a new predatory fish, the rainbow trout during
1984-1988. Although this was an unintended change in fish fauna, the effect
cascaded through the trophic levels and was manifest as increased numbers of
daphnids and increased grazing on planktonic algae. Such episodes are quite
instructional and add to our knowledge about the importance of fish which can be
used in the more deliberate attempts of lake rehabilitation.

4.3.3.2 Manipulation related to fish-stock management

The goals of sport fishery and professional fishery differ. For the former, the aim
of active fish-stock management is to enlarge the body-size of the fish, to both
maximize and sustain the yield. For example, the ending of commercial gill-net
fishery in Lake Tjeukemeer (The Netherlands) in 1977 resulted in marked positive
effects on the body size and standing crop of pikeperch - the most important
piscivorous predator in the lake (Vijverberg & Van Densen 1984 ). Before 1977,
the pikeperch population consisted of only a few year-classes. But after the catch
restrictions in 1977, the reproductive part of the population grew markedly, en-
hanced by the abundance of OF smelt which served as an ideal food for the
pikeperch. In 1982, five years after the measure, the pikeperch had reached a stand-
ing stock of about 100 kg ha™'. Such a development would certainly cascade down
to the planktivorous fish and contribute positively to subdue their predation
intensity on zooplankton. This was revealed by the presence in moderate to large
numbers in Lake Tjeukemeer of the large-bodied Daphnia galeata. However, no
specific follow-up data in this regard exist in Lake Tjeukemeer to corroborate these
convictions. The catch restrictions and stocking with both pike and pikeperch were-
found to be appropriate methods for controlling planktivorous fish to moderate
densities in reservoir management (see in Benndorf, 1988 ez al. 1988). Restocking
and protection of piscivores by creating a suitable substrate for development of
macrophyte cover have also been attempted, in Schmachter See in the former East
Germany (Lampe & Schmidt, 1981). In short, the fish-stock management is

61



a more active approach that may lead to relatively stable situations for varying
periods of time.

4.3.3.3 Manipulation for improving water quality

The criterion chosen for the improvement is a discernible or a desired increase in
Secchi-disc depth. This strategy has received increasing attention from water
quality managers, both as a tool in water quality control and management. In the
Netherlands in the last six years several lakes of differing trophy and area have
been manipulated (see papers in Van Donk & Gulati 1989; Gulati 1990; Gulati
et al. 1990). The water managers have gone as far as producing a manual for
fish-farmers/ sport fishers with a questionnaire relating to Daphnia numbers, algal
densities, algal blooms, Secchi-disc depth (turbidity) and benthic fish, etc.
(Hosper & Meijer, 1993). A score list based on the results of the questionnaire
gives indications about the feasibility of carrying out fish manipulation and the
estimates of costs. This is perhaps a maiden attempt in this direction. The validity
of the guidelines given in the manual has to be tested in long-term studies, realizing
that trophic cascades can be very enigmatic. The manual certainly has aroused
interest among sport-fishers and managers to scrutinize the problems and prospects
of their waterbodies, before deciding on the choice of remedial measures.
Undoubtedly, such a manual offers certain basic guidelines, a helping hand rather
than tailor-made solution to water quality problems in general.

4.3.3.4 Manipulations with multiple objectives

Most examples of fish manipulation belong to this category. The cases where
effects were short-lasting are those of selective fishing for cyprinids as in Lake
Trummen (Andersson & Diehl 1988). Hrbéicek et al. (1986) stocked Hubenov
reservoir in Czechoslovakia with brown trout, but roach and perch stocks in-
creased. In some cases the effects were somewhat longer-lasting, 1-2 years.
Manipulations involved either selective fishing and stocking with perch
(Kazprazak et al. 1988), or removal of the cyprinids and restocking with OF
perch as in Bleiswijkse Zoom (Meijer et al. 1990) or with pike fingerlings as in-
Lake Zwemlust and Lake Wolderwijd (Van Donk et al. 1989, 1990 a; Meijer et al.

1994 a). Leah et al. (1980) stocked one compartment of the Broads at Brunall
(UK) with pike leaving a second one untreated for comparison. Also poisoning of
a whole fish community and stocking with piscivorous fish (Hrbécek ez al. 1961)

did not produce improvement lasting longer than one or two years.
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Benndorf (1990) cites at least four cases in which effects of manipulation were no-
ticeable for longer than three years or so, including his own work in Bautzen res-
ervoir in which stocking of piscivores was coupled with catch restrictions for
perch, pike and eel. The effects produced lasted more than five years as indicated
by the improvement in Secchi-disc transparency (see further under case studies ).

4.4 CASE STUDIES

Several lakes in North America and northern Europe were restored in the last dec-
ade or are under restoration. In many cases lake manipulation was used either as
a complementary or as a sole measure to improve water quality (see in Cooke et al.
1986, 1993; and Gulati et al. 1990; Benndorf 1988; Mortensen ez al. 1994). Some
representative cases in which biomanipulation was used are briefly described.

4.4.1 North American lakes

Lake Washington. Lake Washington has a long and well-documented case

history of nutrient reduction and subsequent improvement in the water

quality (Edmondson & Litt 1982: Lehman 1988). The ‘return’ of Daphnia sp.

(D. pulicaria) and the improved light climate in the lake are associated with the

decrease of Oscillatoria spp, O. rubescens and O. agardhii. But preceding the decline

in cyanobacterial densities between 1968 and 1976, other interesting events

occurred. Between 1962 and 1967 Neomysis mercedes, the opossum shrimp, which

predates on Daphnia, decreased by about 90% in its densities because of increase in

abundance of longfin smelt (Spirinchus thaleichthys). That the decrease in

Neomysis contributed to the resurgence of Daphnia was investigated and

confirmed by intensive studies (Edmondson 1991: page 42). However, it was only

in 1976 that the Daphnia numbers really increased. An examination of
phytoplankton records showed a progressive decrease in the Oscillatoria sp.

between 1968 and 1976. Thus, the delayed reappearance of Daphnia was caused by

food conditions. Edmondson & Abella (1988) attributed the increase in smelt to

improved conditions for reproduction due to a revetment construction in the Ceder
River, a source of supply to Lake Washington. Therefore, though the nutrient-
reduction and hydrological factors did play complementary roles, a trophic

cascade was most likely involved in reducing the algal biomass and water quality

improvements and its sustenance.

Lake Michigan. Cooke et al. (1993) cite several studies dealing with the
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biomanipulation of Lake Michigan. Both intensive commercial fishery earlier in
the nineties and the invasion of sea lamprey (Petromyzon marinus) into the lake,
caused a decrease in the density of the lake’s top piscivore, the lake trout
(Salvelinus namaycush). This led to an increase of planktivorous fish during the
mid-fifties, especially the alewife (4losa pseudoharengus ). Size-selective feeding by
alewife caused the zooplankton to shift to small-sized species. This resulted in
reduced grazing intensity and increase in the algal mass, which led to decreased
light penetration in the lake. These trophic alterations were accompanied by a
steady increase in nutrient inputs to the lake. The fishery management measures
included stocking and maintenance of the Pacific salmon populations. In the early
1980s alewife biomass had decreased apparently due to increased piscivory.
Reappearance of large-sized zooplankton-especially, Daphnia pulicaria, was new to
the lake. The dominance of the daphnids in the subsequent few years led to a very
significant improvement in water quality. Between 1960 and early 1980s the
Secchi-depth has increased more than three-fold, from 5 m to 15 m. Also, an
accompanying shift in the phytoplankton species to small flagellates occurred.
Though the roles of the nutrient control measures and food web measures are
difficult to quantify, most probably the latter mainly caused the observed improve-
ment in underwater light-climate. However, starting in 1985 the D. pulicaria
declined in numbers under intensive predation pressure of planktivorous fish,
especially of bloater chub (Coregonus hogi). This nullified some of the observed
improvements in the Secchi-depth tramsparency. The zooplankton grazing
apparently was no match to the phytoplankton growth rates. It had only a small
influence on the algal mass which was reduced both in 1983 and in 1987, the years
with very different densities of D. pulicaria (Lehman 1988). Evans (1990) who
reanalysed the evidence based on the earlier observations casts doubts on the
success of the top-down management measures in large and ecologically complex
systems like Lake Michigan and the other Great lakes, and goes on to say that such
management strategies may be more appropriate in smaller and moderately
eutrophic lakes. Apparently, the noticeable foodweb effects are related to decrease
in P loading of the lake since 1972 when the control measures were initiated.
But it is not clear from the studies if the lake is still going through a food web
change, or if the short-term changes observed are, indeed, in direct response to-
food web manipulations.

Peter, Paul and Tuesday lakes. Carpenter and co-workers (Carpenter et al., 1985,
1987; Elser & Carpenter, 1988; see also in Cooke ef al. 1993) carried out intensive
experimental work on these three small (<2.5 ha) and deep (5-10 m) lakes in
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Michigan. Whereas both Peter and Paul lakes had large populations of piscivore,
the largemouth bass, they lacked planktivores. Tuesday lake had a substantial
population of planktivorous minnows; all lakes had Chaoborus. In 1985, a recipro-
cal exchange of fish was effected in Peter and Tuesday lakes. The piscivore bass
from the Peter Lake were exchanged with minnows in the Tuesday Lake. Paul
Lake was used as a reference. Subsequently, the domination of Lake Tuesday by
large-sized Daphnia pulex and increase in density of Chaoborus sp but decrease of
phytoplankton were consistent with the predictions. The response to the manipula-
tion was more complex in Peter Lake: though phytoplankton biomass and produc-
tivity were likely to increase because of predation by planktivores (minnows) on
daphnids, the mechanism differed. The young-of-the-year (YOY) bass that had
escaped removal from the Peter Lake preyed on the minnows which were ‘driven’
to littoral to escape predation. Thus, in Peter Lake the bass that escaped transfer -
rather than the minnows - caused the decline of zooplankton, particularly D. pulex.
Consequently, the primary productivity increased. On the other hand, in the
Tuesday Lake D. gi;dex became dominant, Chaoborus population increased and
small zooplankters (rotifers) were reduced following the removal of minnows. The
decrease of planktivory and increase of herbivory led to dramatic decreases of
phytoplankton, specially flagellates, and phytoplankton primary production.
Despite the failure to completely remove bass from Peter Lake, the study on these
lakes demonstrates both the complexity of food webs and the importance of
piscivores in food web structure.

Other N. American lakes. In Lake George (Ontario, Canada), a small waterbody

(10.6 ha; max. depth 16.2 m) fish/zooplankton experiments were carried out in

enclosures by McQueen and co-workers (McQueen & Post 1988: Post & McQueen

1987; McQueen et al. 1989 ). These studies also benefited from observations on the

effects of winter kill in 1981-1982 that eliminated ca three-quarters of the large-

mouth bass population. The study extended for six years and included the period

in which the piscivores and planktivores re-established. In the enclosure experi-

ments, as expected, a strong top-down effect was detected. However, the effect was

strongest near the top. Also when the daphnids were large (>1 mm), all the vari-

ability in the total-P/chlorophyll-a regression could be explained by zooplankton.
grazing. Similarly, almost all the variability in the chlorophyll-a/zooplankton

regressions was explained by the planktivorous biomass and predatory mortality of
Daphnia.

The winter kill provided an opportunity to compare some of the enclosure work
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with the lake data (1980-1986). As predicted from the enclosure work, a strong
cascade: piscivores — planktivore — zooplankton was noted. But the final link in the
cascade, viz zooplankton — chlorophyll, was found lacking. The chlorophyll-a
concentration as predicted from the enclosure study was correlated with total-P.
McQueen ef al. (1989) suggested that bottom-up processes (resource availability)
are the long-term processes which, in fact, determine the trophic-level biomass and
the short-term ones - the cascades - the ‘realized biomass’.

4.4.2 European lakes

Danish lakes. Effects of both short-term and long-term manipulation in shallow,
eutrophic lakes in Denmark have been evaluated by Jeppesen et al. (1990a, b).
They used empirical data on total-P, phytoplankton, submerged macrophytes and
fish and examined the data sets in the light of the results from whole-lake fish ma-
nipulation experiments. After about 80% removal of the planktivorous fish, trophic
cascade were studied in three lakes. In Lake Vaeng, which is relatively much less
eutrophic than the other biomanipulated lakes in Denmark, a 50%
removal of planktivorous fish caused marked improvement in the transparency.
Important causal factor for this was a seven-fold increase of zooplankton biomass
in the first year, specially of Daphnia and Bosmina sp., and a shift in the dominance
from rotifers to cladocerans. These changes produced a marked reduction (ca
50%) in the mean phytoplankton biomass in the first year as well as a shift in the
dominance from cyanobacteria and small diatoms to larger diatoms and green-
algae and cryptophycean forms. The improved light climate contributed mainly to
an increase in abundance of submerged macrophytes (Potamogeton crispus and
Elodea canadensis). The internal P-loading was reduced markedly and total-P con-
centration in the lake decreased. In Frederiksborg Castle Lake, the planktivorous
fish biomass was reduced by nearly 80% to about 80 kg ha™'. About 15 ke ha™'
perch Perca fluviatilis was stocked. In contrast to Lake Vaeng, only minor changes
were observed in Frederiksborg Castle Lake, which is eutrophic and dominated
by cyanobacteria. In hypertrophic Lake S@bygérd, dominated by green-algae,
a 16% reduction in planktivorous fish led to notable alterations in trophic
structure: a 40-60 fold increase in the biomass of filter-feeding cladocerans
(D. longispina and B. longirostris) over a three-year period. Nevertheless, the total-
P level in the water column did not decrease. In addition, marked trophy-related
differences were observed in these lakes in the ratio of >10 cm planktivorous fish
to >10 cm piscivorous fish. In Lake S¢bygird no changes occurred in the ratio
after the reduction of roach and rudd. In Lake Frederiksborg Castle (Riemann
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et al. 1990) the changes in the proportion of the two fish types were only minor.
In the relatively least eutrophic Lake Vaeng the proportion of planktivorous fish
>10 cm declined drastically - from 99% before the manipulation to ca 14% three
years later. This differences in response were related to the total-P concentrations
in the lakes.

Jeppesen et al. (1990 b: Fig. 4.4) developed the threshold hypothesis, based on the
empirical regression relationship between the ratio of the numbers of planktivore
>10 cm to the total fish >10 cm (planktivores and piscivores) as the dependent
variable and mean total-P (May-Sept.) as the independent variable. This relation-
ship is based on data from 30 lakes, all >10 ha in area. The main generalization
from the regression model is that a critical relationship exists around the total-P
concentration of 100-200 ug P 17! and the fish ratio of 0.8 or 0.9. A decrease in the
P level at this point leads to a precipitous decrease in the fish ratio. An important
implication of this is that total-P should be reduced to below the 100 ug 17 level
to ensure a reduction in the ratio of planktivorous fish to total fish below 0.8. In
other words, the proportion of the piscivores increases. This is interesting in that
the top-down approach when complemented with the bottom-up strategy to accel-
erate the process of recovery. The P reduction can occur in two ways: first, indi-
rectly by the top-down approach - the planktivore reduction as such and second, by
direct reduction of the P-load. This latter operates as follows: P-reduction — de-
creased algal biomass — improved transparency — more macrophytes — more
piscivores. From this point the top-down effects will effectively ‘take over’ so that
the fish-management measures are likely to produce the desired changes in the
water quality.

No response implies that neither the macrophytes will develop in shallow areas nor
will the Secchi-disc transparency increase to >0.6 m depth. Apparently, in such
cases the removal of planktivorous fish from lakes with high P-levels is not com-
pensated by an increase in proportion of piscivores. Instead, there is seemingly an
increased recruitment in such lakes of the planktivores, caused probably by an
improved food supply. This short-term successes or failures of the measures
applied plead for continuous management (removal) of planktivorous fish or-
re-stocking of piscivores, or perhaps both. However, a feasibility of such steps is
questionable considering the exorbitant costs of fish removal/stocking, more so in
large and deep lakes. Lastly, the studies on Danish lakes suggest that long-term
success of measures will depend on:1) the establishment of submerged
macrophytes which generally do not develop if P is not reduced to well below
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200 pg~'; and 2) that ability of lakes to develop “self perpetuating increases in the
ratio of piscivorous to planktivorous fish” is related to P level, i.e. only if the
P level is reduced to below 100 ug 17" will the ratio switch in favour of piscivorous
fish.

Norwegian lakes. In Norway, biomanipulation has been carried out with two main
objectives: as a complementary measure to reduce algal biomass (see papers in
Lyche et al. 1990; and Sanni & Wevagen 1990) and to improve sport fishery
(Langeland 1990). Lyche et al. (1990) and Sanni & Wavagen (1990) have
described three cases (lakes Gjersjoen, Helgetjern & Mosvatnet) of lake
biomanipulation. All these are lakes are small (<2.7 kii) but vary greatly in their
maximum depths: from 3.2 m in Mosvatnet to 64 m in Gjersjoen. The magnitude
of response was reflected in the intensity of the manipulation measures used. Two
of them, Lake Helgetjern (area 0.12 kii; depth 3.5 m) and Lake Mosvatnet (area
0.46 kii; depth 3.2 m) were rotenone-treated to remove the planktivores. Both lakes
showed dramatic responses to the drastic measure. In Helgetjern the
phytoplankton decreased by an order of magnitude in the year following the rote-
none treatment. A year later the zooplankton biomass doubled, with D. pulex and
D. longispina forming 90% of the zooplankton biomass. This was probably also
partly due to hatching of epihippia added in the preceding autumn to the lake.
However, with the increase in the roach density ‘the response trajectory of
phytoplankton versus zooplankton carbon shows large fluctuations’ (Lyche et al.
1990). In Lake Mosvatnet, the phytoplankton decrease, based on chlorophyll was
more than three-fold. The cyanobacterial densities decreased too. There was both
a five-fold increase in the biomass of D. galeata and a doubling of the individual
weight of this daphnid. Though grazing rates were not measured the studies imply
high clearance rates (30-50% d~') by Daphnia population. The Secchi-depth
increased to >2.3 m (bottom visibility ). Though presumptuous, the observed de-
crease in total-P concentration may be related to increased sedimentation of
detritus originating from Daphnia egestion and gelatinous algae which probably
sank faster. But it may be remarked that what appears to be a decrease in total-P
may be partly due to a trophic shift of total-P to zooplankton which many workers
do not include in the total-P determinations. The large, deep and mesotrophic lake -
Gjersjoen, was stocked with piscivorous fish, the pikeperch, after the density of

planktivorous fish (roach) was reduced by about 80-90%. The lake showed a more

moderate response, with the daphnids (D. cristata) showing an increase only five

years after the roach reduction, even though the mean daphnid size had considera-

bly increased shortly after the fish manipulations. Lyche et al. (1990) conclude
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under conditions of P-limitation the increased zooplankton grazing can decrease
algal biomass through two separate mechanisms: one, reduction of the
P-pool in the phytoplankton and, second, reduction of the internal C: P ratio in the
phytoplankton cells.

Langeland, 1990, has summarized several case in which manipulation was used to
improve sport fishery rather than water quality. Use of rotenone to eliminate fish
in Lake Haugatjern, a eutrophic waterbody (Reinertsen et al. 1989) led to dra-
matic decrease (80%) of algal biomass and cyanobacteria dominance. The changes
were attributed to daphnids which increased both in numbers and mean individual
size. General conclusion from studies on the lakes of varying trophy was: up to
three-fold increase in Secchi-disc transparency accompanying a substantial de-
crease in phytoplankton biomass and production (Olsen 1989: Olsen & Vadstein
1989: cited in Langeland 1990). The recommended criteria, evolved from the
studies are expressed as “water cleansing efficiency” (Langeland 1990: Tab. 2). A
high efficiency envisages small and fast-growing algae and gelatinous greens with
a P/B ratio of > 0.3 d™' and a C/P ratio of <70:1 for the algal biomass produced;
algae to zooplankton biomass ratio of <3; large-bodied zooplankters with mean
daphnid length of >1.2 mm; and fish with trout, pike, pikeperch as the main fish
and biomass of planktivorous fish not exceeding 30 kg ha™'. Nonetheless, these are
only suggested criteria determining ecological status for desired water quality.
Their validity in lakes of differing trophic status and loading rates has not been
tested.

German Lakes. Among the first and most well known study in lake
biomanipulation in Germany is the work of Benndorf (1987, 1988a, b, 1990) on
Bautzen reservoir (area 553 ha: Z, 7.4 m ). The pike which was abundant in the
reservoir after its impoundment in 1974-1975, declined due to intensive angling.
Consequently, planktivorous fish, perch, belonging to the year-class 1977 became
abundant. Starting in 1977, except in 1978, 1979, and 1983, pikeperch (Stizostedion
lucioperca) fingerlings were introduced yearly in to the reservoir in autumn. In
addition, the maximum number of piscivores caught daily and the minimum catch
size (60 cm) were restricted. The predation pressure of piscivores reduced the abun-
dance of zooplanktivorous fish, mainly small perch, but without restricting its
larger, piscivore age classes. This was apparently the key factor controlling the
young-of-the-year of all fish. Already in 1980 the biomass of the most important
filter-feeding cladoceran, Daphnia galeata, increased three-fold and the mean indi-
vidual body-size of the herbivore crustaceans doubled as well. A strong initial
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increase of invertebrate predators, Chaoborus flavicans and Leptodora kindtii, was
controlled by moderate densities of the remaining planktivorous fish. Larger-
bodied daphnids were effective in inflicting high grazing mortality on
phytoplankton. Consequently, there was an extended clear-water phase with the
annual maximum of Secchi-disc depth ranging between 4 and 9 m during the sum-
mer periods of 1981-1988 - an increase of about 40% in the manipulation period ex-
cluding the years with low water-level. Significantly, the mean and maximum
biomass levels of phytoplankton were, except in 1984, higher during the manipula-
tion period than in the period before. This is probably caused by a major shift in
the species composition of algae resulting in the dominance of Microcystis, in re-
sponse to intensive grazing pressure of zooplankton. Also net retention in the res-
ervoir of the incoming P decreased because the external loading rates increased.
According to Benndorf (1990), “some responses of the ecosystem to the
biomanipulation revealed remarkable instability which cannot be attributed to
year-to-year variations in the fish communities”. Benndorf attributes these insta-
bilities to strong fluctuations in the invertebrate predators as well as to summer
phytoplankton and further concludes that by a proper management of the piscivore
stocks, abundance of zooplanktivores can be kept low, though a fast reduction of
O™ fish when recruitment is strong, because of the improved food conditions, is a
key problem which needs more attention in the biomanipulation works.

Dutch lakes. The eutrophication of Dutch lakes, the majority of which are shallow
(1-2 m), has resulted in deterioration of the under-water light climate (Secchi-
disc depth, 30-50 cm ), marked increase in densities of cyanobacteria and a virtual
disappearance of submerged macrophytes. The fish species composition shifted
from predominantly roach, rudd, tench, perch, and pike to that of bream and
pikeperch (Lammens 1989). The fish standing crop in the lakes is generally very
high (200-1000 kg ha™'), in which the planktivore and benthivore, especially
bream, dominate. The success of bream is attributed to: one, its laterally com-
pressed body-form and protruding back, especially as the fish grows in size; second,
to its delayed maturity and larger size at maturity than the other cyprinids. These
factors make the fish much less prone to predatory mortality. Thus, large bream
(20 cm) coexists with pikeperch and as well partly shares with it the pelagic food.-
Both cladocerans and copepods form the main prey of the bream until it becomes
about 25 cm long. Thereafter, they are primarily benthivorous and the chironomids
form 50% or more of its food menu but can switch to column feeding mode, cap-
turing pelagic animal. In contrast, other planktivorous fish (roach and white
bream) measuring >15 cm can hardly feed on cladocerans which are too small to
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be retained on the gill rakers. Since the lakes differ markedly in size-class distribu-
tion of bream, predation pressure by bream also differs considerably so that com-
position and densities of preferred prey, mainly daphnids, can vary considerably
from lake to lake. Thus, in many of these eutrophicated lakes, the increase in
bream standing crop and disappearance of large-sized zooplankters, Daphnia spp,
have gone hand in hand. Moreover, bream >25 cm, as mentioned, switches to
benthivorous diet. It stirs up bottom material and thus contributes to increase in
turbidity of water. These lakes are characterized by the dominance of
cyanobacteria, especially Oscillatoria spp (50-100*10° filaments ml™") and chloro-
phyll-a levels of up to 300 pg 17" are reached.

Measures involving P-reduction by sediment removal, flushing and by precipita-
tion were invariably unsuccessful (Van Liere & Gulati 1992). Additional meas-
ures envisaged a manipulation of planktivorous fish (Gulati 1989, 1990; Gulati
et al. 1990; Meijer et al. 1990; Meijer et al. 1994 a, b; Van Donk & Gulati 1989;
Van Donk et al. 1990 a, b; Hosper & Meijer 1993). Food-web manipulation has
since 1987 been attempted in more than a dozen shallow, eutrophic water bodies
ranging greatly in size (1-2700 ha). Among these, in three lakes, Lake Zwemlust,
Lake Breukeleveen and Lake Wolderwijd, response to food web measures at differ-
ent trophic levels was simultaneously investigated. The salient features of the stud-
ies are described here.

Lake Zwemlust (area, 1.5 ha; Z., 1.5 m) had recurrent blooms of Microcystis and
very high standing stock of fish (ca 1000 kg ha™'), mainly planktivorous fish
(bream ), up to March 1987 when it was biomanipulated. The fish was completely
removed using different capture methods simultaneously with a complete empty-
ing of the lake. The lake got refilled by seepage water in a few days and was
stocked with pike and rudd. Together with fish, Daphnia magna and D. galeata
were introduced. Seedlings of Chara sp and rhizomes of Nuphar lutea were planted
along the shoreline and refuges daphnids and spawning area for pike were created
by fixing stacks of willow twigs to the lake bottom. Despite high nutrient loadings
(24gPm™?y'and 9.6 g Nm ™ y') via underground seepage water from a
nearby river and precipitation (Van Donk et al. 1993) and development in the
early spring period of high algal standing crop, Secchi-disc depth transparency im-
proved considerably, reaching up to lake bottom (=% 2.0 m) from late spring
through summer, except in 1991. This was caused by high grazing rates of crusta-
ceans on seston (Gulati 1990) as well as by macrophyte abundance (Ozimek et al.
1990), which caused severe nitrogen limitation of phytoplankton. Fish standing
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crop, predominantly rudd, increased from about 50 kg ha™' in 1988 to 300 kg
ha™ in 1992. However, besides predating on zooplankton rudd also exploited
alternate food resource, the submerged macrophytes (Van Donk et al. in press).

In 1991, rudd was estimated to have consumed ca 40% of maximum macrophyte
biomass, implying a reduced predation of planktivorous fish on zooplankton. Thus,
rudd is probably both a suitable and desired replacement for bream. Since rudd
appears to prefer Elodea to Ceratophyllum, a change in the dominance to the latter
is likely. But longer-term studies should show if some of the positive effects of
biomanipulation will be mitigated or maintained.

Lake Breukeleveen (area 180 ha; Z., 1.5 m) is one of the Loosdrecht lakes under
restoration, since 1984, by reduction of P in the inflows. Nevertheless, up to 1990
seston concentrations, dominated by filamentous cyanobacteria, did not decline,
nor did the light climate improve. Zooplankton was dominated by small-sized
daphnids (D. cucullata) and bosminids (B. longiristris, B. coregoni) and rotifers.
The lake was biomanipulated in March 1989 by a 60% reduction of the fish stand-
ing crop of ca 150 kg ha™' by seining. It was restocked with 400 ind ha™' of pike fry
(2-3 cm) as well as ‘inoculated’ with roughly 12 ind m™ of large-bodied Daphnia
spp (pulex, galeata) (Van Donk et al. 1990b). No improvement was observed in
the transparency of water during the subsequent summer period. But within six
months after the fish reduction the fish standing crop increased to a level as high
as before the fish reduction. Surprisingly, this increase was 4-5 times higher than
that expected from the growth of the fish alone. This can only be partly ascribed
to rapid growth of the bream on its reduction. Moreover, the invertebrate preda-
tors (Leptodora kindtii) seemingly caused a massive daphnid mortality. In
addition, since the lake is open to prevailing winds, continuous sediment
resuspension and wave action prevented the light climate to improve and
macrophytes to establish. It is obscure if the reduction of fish standing stock in
Lake Breukeleveen was ineffective or if the migration of fish via the sluices from
the neighbouring lakes contributed to the failure of the measure.

Lake Wolderwijd is the largest (area 2700 ha; depth range 0.5-2.5m and Z,
1.5 m) of the lakes biomanipulated in the Netherlands. Between November 1990-
and June 1991, the initial fish-stock (mainly bream, and roach) of 200 kg ha™' was
reduced to ca 45 kg ha™' by seine netting, trawls and fykes (Meijer e al. 1994a).
In May 1991, 600,000 specimens of pike fry were introduced in the littoral
region to control young-of-the-year planktivores. In a few weeks, chlorophyll con-
centration decreased to extremely low levels (5pg 17') and concomitantly the
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Secchi-disc depth increased to 1.8 m, and remained high for five weeks. The values
observed are the highest in two decades. These changes were triggered by high
community grazing of zooplankton (76-100% d™') of crustaceans, in which
Daphnia galeata (300 ind 17') was the most important (Gulati et al. 1993).

However, the Daphnia population collapsed at the end of June and seston mass rose
causing a sharp decrease in Secchi-depth transparency. Fecundity data in mid-
summer indicate that the decline of Daphnia was probably caused by predation
rather than food. Interestingly, compared with preceding years, densities of
Neomysis integer, the mysid shrimp in summer (400 ind m™) were ten times
higher than in preceding summer. Thus, mysids probably also contributed to the
heavy daphnid mortality, but also bream and roach contributed to this. In contrast
to the smaller lakes, the ratio of area with a macrophytes cover to area of the open
water in Lake Wolderwijd was much lower. The pike population did not develop
most likely because of inadequate vegetation. In 1992, the “clearwater phase”
lasted for only three weeks and Secchi-disc depth did not exceed 1.2 m. In 1993, the
lake reverted to thé"pre-manipulation phase. However, in the areas colonized by
Chara and other macro-vegetation, transparency has remained higher after the
measures than in the more inshore areas. Future monitoring will show if perch will
control the mass development of Neomysis, and 2) if increase in predation on
zooplanktors by O" planktivorous fish will be curbed by an ‘optimal’ development
of perch stock. That the pike has failed to establish only confirmed the observation
on other lakes.

4.5 CONCLUDING REMARKS

The studies dealing with top-down control in the food web in the last one decade
or so have not provided any tailor-made solutions for a reduction of algal biomass
and sustainable improvement in light climate. Nevertheless, it has become abun-
dantly clear that, quite analogous to the measures for reducing phosphorus, fish
manipulation is an indispensable, complementary technique if the goal is to obtain
improved under-water light climate. The fish affect both the nutrient dynamics
and food web relationships.

The studies both in Europe (e.g. Benndorf 1990; Meijer et al. 1994 a, b) and North
America (Edmondson & Abella 1988) show that fish removal may lead to in-
creased densities of invertebrate zooplankton predators (Chaoborus, Neomysis, or
Leptodora). Therefore, a complete removal of the planktivorous fish will not per se
lead to optimal conditions for daphnids to establish and stabilize. On the other
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hand, if the biomass of planktivorous fish exceeds a certain critical level the larger
crustacean herbivores will not be able to dominate, nor regulate phytoplankton
densities and biomass. Standing stock of O fish below which larger-bodied
Daphnia can develop well apparently varies between 20 and 50 kg ha™" (see refer-
ences in Benndorf 1990). But there are cases in which Daphnia galeata was not
decimated at much higher fish biomass levels, e.g. smelt (Osmerus eperlanus) in
Lake Tjeukemeer (Lammens et al. 1985), or rudd in Lake Zwemlust, with a
standing stock of 300 kg ha™". In the latter case there is evidence that predation
pressure on daphnids, as mentioned in this paper, was markedly reduced due to the
rudd switching to macrophytes (Elodea sp.) as an alternate food resource. Besides
the alternative food resources, the availability of refuges for zooplankters will in-
crease upper critical level of fish standing stock. Therefore, in addition to size, the
species composition and abundance of fish, the existence of refuges will determine
the chance of larger-bodied Daphnia to withstand the predation pressure of fish.
Important here is also the densities of Daphnia needed to effectually regulate the
phytoplankton densities in these lakes. Based on zooplankton grazing data and
Daphnia numbers in the manipulated Dutch lakes, Gulati (1990) computed densi-
ties of the larger daphnids to vary between 35 and 60 ind. 17" for a 25% d~' removal
of seston mass, roughly the level to sustain the clear-water phase initiated by the
grazers in spring,.

We know that shallow lakes respond generally more rapidly to biomanipulation,
more so when concentration of total-P does not exceed 50 ug 1™' (Lammens ef al.
1990). There are, however, exceptions to this. For instance, in Lake Zwemlust
total-P was always >1.0 mg 1" and yet the biomanipulation measure was successful
for several years (Van Donk et al. 19902). Benndorf (1990) derived from long-
term, whole-lake studies a biomanipulation efficiency threshold-of P-loading of ca
0.6 g total Pm ~* y™', below which the top-down effects are positive. Though this
value is not a universal yardstick to guarantee success, it does, however, imply that
bottom-up measures aimed at P-reduction will only increase the chances of success,
especially if this threshold level is not exceeded. But such threshold concentrations
of total-P will become more meaningful in predicting the success of planned meas-
ures should they take in to account the sources and sinks of P in the system, viz the -
dynamics of P reserves in the macrophytes and fish, which most likely serve both
as a store but also as a source of supply of P. Surprisingly, what has hitherto not
been attempted is the classical fish-farm approach of an equitable balance between
the nutrients inputs and their harvesting as biota, the fish biomass. This is appar-
ently a very sustainable and economically viable approach for at least the small
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shallow lakes.
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