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Summary
The application of biomanipulation as a lake restoration
measure has been carried out in lakes throughout the world since
the late 1970's. Biomanipulation can be defined as the control of
biotic factors in an ecosystem in order to improve the water
quality. One aspect of this is the control of fish-stock, which
involves the removal of planktivorous fish or the enhancement of
the piscivorous fish-stock in order t o relieve the predation
pressure on large, filter-feeding zooplankton. This literature
study has attempted to explore the feasibility of such a measure
in facilitating a lasting improvement in water quality,
characterised by decreased algal production and an increase in
transparency.
In many of the cases reviewed such an improvement was seen,
although the effects were most apparent in the first year
following manipulation. In these cases a shift from smallbodied to large-bodied zooplankton was seen, which resulted in a
decrease in total algal biomass and the presence of small, fastgrowing algae. However, there could still be a chance of a bluegreen algal bloom in autumn when the grazing pressure was
diminished. In three of the four cases where no improvement was
seen this was due to insufficient removal of fish, which
prevented the establishment of a population of large herbivores.
In the other case the increase in fish-stock and phosphorus were
the reasons for continued high algal productivity.
An attempt was made to define critical upper limits for the
phosphorus concentration and fish biomass from results in the
literature. Keeping the total-P below 100 ug/l and the fish
biomass below 45 kg/ha would seem to offer the most chance of
success. However, other factors such as zooplankton refugia and
internal phosphorus fluxes also play a role. The values mentioned
should therefore be seen only as guidelines when used for
management purposes.
It appears that the success or failure of biomanipulation is
dependent on a combination of factors which inter-relate
according to the trophic level of the lake in question. The
implication for successful lake management is that a manipulative
measure should be based on sound background knowledge of the
particular lake, and should involve the control of both fishstock and nutrient level.

Samenvatting
Actief biologisch beheer (biomanipulatie) wordt sinds de
jaren ' 7 0 gebruikt om geeutrofieerde meren te herstellen.
Biomanipulatie kan worden gedefinieerd als het actief ingrijpen
in een oecosysteem met de intentie tot een verbeterde toestand te
komen. In deze studie wordt voornamelijk aandacht besteed aan het
vewijderen van planktivore vis, of het vergroten van de
piscivore visstand, met als doe1 de predatiedruk op grote
algenetende zo6plankters te verlichten. Deze literatuurstudie is
een poging de haalbaarheid van een dergelijke maatregel te
onderzoeken. Het doe1 van de maatregel zelf is tot een afname in
algenproductie en een toename van doorzicht te komen.
In veel van de onderzochte projecten was, met name in het
eerste jaar na de ingreep, een verbetering te zien. In deze
gevallen trad er een verschuiving op van kleine naar grote
zooplankters, met ale gevolg een afname in de totale biomassa van
de algen, en het in grotere getallen voorkomen van kleine snel
groeiende algen. Echter bij het afnemen van de graasdruk in de
herfst kon een bloei van blauwalgen nog steeds optreden. In drie
van de vier gevallen waarbij geen verbetering was waargenomen,
lag de oorzaak in het niet in voldoende mate vewijderen van vis.
Hierdoor vond de opbouw van een populatie van grote zooplankters
in te geringe mate plaats. In het vierde geval was de toename van
de vispopulatie, en hiermee de fosfaat-concentratie, de reden
van de blijvend hoge productiviteit van de algen.
Er is getracht een critische bovengrens voor de fosfaatconcentratie en de visdichtheid te bepalen, waaronder het
waarschijnlijk is dat een ingreep een positief effect heeft. Bij
een totaal-P concentratie lager dan 100 ug/l en een planktivore
visdichtheid beneden 45 kg/ha lijkt de kans op succes het
grootst. Er zijn echter ook andere factoren die een rol spelen
bij het a1 dan niet slagen van een restoratie-project zoals
beschikbaarheid van schuilplaatsen voor het zooplankton en
interne fosfaat-fluxen. Genoemde waarden moeten daarom slechts
als een indicatie worden gezien.
Het succes van een ingreep door middel van biomanipulatie
hangt af van een combinatie van factoren die samenhangen met de
trofische toestand van het betreffende meer. Dit houdt in dat
succesvol beheer gebaseerd moet zijn op een goede kennis van de
toestand van het meer en sturing van zowel visstand als
nutrienten-niveau moet omvatten.
1

1. INTRODUCTION
Anthropogenic influences have led to severe eutrophication
of lakes and reservoirs throughout the world (Jones & Lee, 1982;
Vollenweider, 1976). High levels of phosphates from household
waste water and intensive use of nitrates in fertilisers in
agriculture have led to nutrient-rich waters with considerable
supplies of both phosphorus and nitrogen locked into the
sediments. Eutrophic lakes are characterised by a high
productivity and low diversity of the biotic component (Wetzel,
1983). Low oxygen concentrations occur in the hypolimnion and
reducing conditions at the sediment surface leads to phosphate
and ammonium release (Wetzel, 1983; Balls et al., 1989).
Cyprinids replace salmonids as the dominant fish species (Balls
et al., 1989; Hartmann, 1977).
Phytoplankton growth is favoured by the high nutrient levels
and the abundance of blue-green algae in summer is enhanced due
to the competitive advantage of these species over smaller, fastgrowing algae such as Cryptophyta and Chlorophyta (Leah et al.,
1980). The phytoplankton community becomes successively less
diverse and may even become monospecific as has occurred in lakes
in the Netherlands (Zevenboom & Mur, 1980; Zevenboom et al.,
1982). The ensuing turbidity and competition for nitrates are
contributing factors which lead to the demise of the macrophyte
community (Balls et al., 1989: Irvine et al., 1989).
The disappearance of water plants both emergent and
submerged has several consequences. Piscivorous fish such as pike
require a macrophyte stand in which to spawn and as a refuge for
the larvae and young fish. Without this the young pike are
vulnerable to predation, both intra- and interspecific (Grimm,
1983) and the population diminishes. In the absence of plants the
sediment can become loose and U n s t ~ c t u r e d leading to
resuspension of bottom material by benthivorous fish and wind
(De Haan, 1988; Sendergaard et al., 1988) which again increases
the turbidity of the water.
Cyprinids (bream, roach, tench, rudd and carp) are favoured
by turbid, nutrient-rich conditions whereas salmonids (trout) and
percids (perch and pike-perch) are not (Hartmann, 1977;
Andersson, 1987; De Nie, 1987). The planktivorous young cyprinids
visually select large or slow-moving prey (Zaret, 1980) which
leads to a dominance of rotifers and small cyclopoid copepods in
eutrophied waters (Leah et al., 1980). Rotifers are not efficient
filter-feeders and eat small particles whilst cyclopoid copepods
are raptorial (Wetzel, 1983). A low grazing pressure on the
phytoplankton is the result and the algae can increase in
abundance even more, especially the large, colony forming bluegreen algae (Leah et al., 1980).
Traditionally attempts to alleviate eutrophication have been
through the control of nutrient loading (Vollenweider, 1976).
This has had little effect on the water quality (Andersson, 1987;
Hosper et al., 1987; Moss et al., 1986). One theory which
one plant dominated,
explains this is that of two stable states
the other phytoplankton dominated (Timms & Moss, 1984; Irvine et
al., 1989; Scheffer, 1989). The buffering capacity of each state
spans a range in nutrient loads and reduction of nutrients alone
is insufficient to switch from one state to the other (Scheffer,
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1989; Balls et al., 1989).
The considerable amount of phosphorus and nitrogen in the
sediments contributes to the continuing nutrient loading of the
water under suitable redox conditions (Moss et al., 1986;
Sendergaard et al., 1988). Removal of these nutrient-rich
sediments has led to an improvement in water quality in certain
lakes, for example Cockshoot Broad (Moss et al., 1986) and Lake
Trummen (Bjork, 1982; Andersson et al., 1978), although in both
cases the improvement in water quality lasted for only four years
(Irvine, personal communication; Andersson, 1988). The removal of
sediment on a large scale is also impractical from the point of
view of expense and disposal.
Experiments carried out on the dynamics of the zooplankton
community have shown that the impact of planktivorous fish can
t o smalller
cause a shift from large herbivores (eg. )ones (eg. Bosmina) (Hrbacek et al., 1961; Zaret, 1980; Lynch
1979; Leah et al., 1980; OIBrien, 1979; Bernardi, 1975).
Relieving this predation pressure should lead to a shift back to
large herbivores and a subsequent increase in grazing pressure.
The mechanism by which this can be realised is the manipulation
of the fish-stock and this was termed biomanipulation by Shapiro
(Shapiro et al., 1975). More recently the term necotechnologyll
has been used to describe manipulations of biotic factors in the
ecosystem (Benndorf, 1987; Benndorf et al., 1988). In this review
the term biomanipulation will be used.
Biomanipulation can be carried out in two ways: (1) the
removal of all or most of the planktivorous fish (Stenson et al.,
1978; Shapiro et al.! 1982; Shapiro & Wright, 1984); (2) the
enhancement of the plscivorous fish-stock (Benndorf et al.,
1984; Benndorf et al., 1988: Kohler et al., 1989). (See also Fig.
1.) The former, fish removal, can be accompanied by restocking
with the desired combination of fish species. The latter, fishstock enhancement, is usually in combination with fishing
restrictions on predatory fish.

Fig. 1. A simplified diagram of lake food-web relationships.
Fig. 1 shows a simplified food-web relationship and the
levels at which nutrients and biomanipulation have effect. The
inter-relationship of fish, zooplankton, phytoplankton and

nutrients are such that biornanipulation should be seen as an
additional, rather than an alternative, measure in lake
restoration. Benndorf (1987) has already stressed the importance
of nutrient loading in influencing the effects of a
biomanipulation measure. He suggests that a lake-specific
phosphorus load should be determined under which biomanipulation
would be most efficient. A successful improvement in water
quality, defined as a decrease in algal productivity and an
increase in transparency, is only probable with a decrease in
phosphorus in the lake (Benndorf, 1987). The theoretical aspects
of lake food-web inter-relationships have been covered
extensively in the literature (Zaret, 1980; Andersson, 1984;
McQueen & Post, 1988; McQueen et al., 1986;tarpenter et al.,
1985; Northcote, 1988; Lammens, 1988). In these theories there is
a recognition of complex interactions which are determined both
by fish and by nutrients
The role of fish in the lake ecosystem has been summarised
by Northcote who distinguishes the processes of direct feeding,
selective predation, excretion and decomposition as affecting
nutrient levels, plankton and macrophyte communities and water
transparency (Northcote, 1988). This shows that an extensive
fish-stock has a widespread influence on limnological
parameters. Although planktivorous fish can be divided into four
categories, according t o feeding method (Lazzaro, 1987), the
fish communities are seldom comprised of one type. Consequently,
they will be dealt with as one group in this report. Many fish
species, such as roach and perch, are planktivorous only during
the first year or two of their lives. This distinction has been
made when defining planktivorous fish. Benthivorous fish have not
been treated as a separate group as these were only dealt with
specifically in one case (Lake Balaton).
The role of aquatic macrophytes has not been shown in Fig. 1
but these are important from the point of view of refuge for
zooplankton (Moss et al., 1986) and predatory fish ( G r i m , 1983)
but also in the recycling of nutrients (Carpenter 6 Lodge, 1986).
Fish can also influence the viability of macrophytes, directly by
grazing and indirectly by foraging in the sediments (Ten Winkel &
Meulemans, 1984).
The aim of this literature study was to describe
biomanipulation projects which had been carried out outside the
Netherlands. In this respect it represents an addition to the
work carried out by Richter in 1985 which examined the
possibilities of the application of biomanipulation t o imprbve
the water quality in the Netherlands (Richter, 1985). Since then
several valuable biomanipulation projects have been carried out
in Holland (Meijer et al., 1989; Van Donk et al., 1989) and more
are being planned.
The objectives of this study were two-fold. A comparison of
the projects should give insight into the mechanisms governing
the success or failure of biomanipulation; and a quantification
of the results should enable one to define critical limits of
nutrient loading and fish-stock size under which the application
of biomanipulation would have the most chance of success,
characterised by a decrease in algal productivity and an increase
in transparency.
Most of the biomanipulation experiments cover the first year
or two after planktivorous fish removal or piscivorous fish
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enhancement (Reinertsen & Olsen, 1984: Shapiro & Wright, 1984). A
few projects have been more long-term (Stenson et al., 1978;
Benndorf et al., 1988: Andersson, 1988) and these offer valuable
information for the development of a new fish population and the
effect this has on an aquatic ecosystem.
The report is divided into three sections. The first
describes cases in which the fish-stock was manipulated, a
distinction is made between fish removal, piscivorous fish-stock
enhancement and enclosure experiments. In the second section
critical limits for phosphorus loading and size of the fish-stock
are defined. The final section explores the feasibility of
biomanipulation and dicusses some practical applications. In
Appendix I the fish species mentioned in this report are briefly
described. In Appendix I1 selected data from the cases are
presented, plus data from Dutch cases. All cases are described in
detail in a separate Appendix.

2. BIOMANIPULATION CASE STUDIES

In the following chapter research projects in which
biomanipulation has been carried out are described. These case
studies are categorised as follows: large scale fish removal
(removal by rotenone, removal by netting, accidental fish
removal, others); piscivorous fish-stock enhancement; and
enclosure experiments. Each case is treated separately and
concerns the changes occurring in the year(s) after the
manipulation measure. The results are expressed as summer (MaySeptember) averages.
2.1.

Large scale fish removal.

The removal of fish on a large scale as a lake restoration
measure has been carried out in a number of lakes throughout the
world. Removing most, or all, of the fish from a lake is labourintensive and expensive. Uethods such as netting and electrofishing are effective for large fish and those which are to be
stocked elsewhere. However, these methods are not always
efficient as regards the small or young fish. In order to
eliminate the entire fish population poisoning with fish
toxicants (eg. toxaphene (Shapiro et al., 1982)) or pesticides
such as rotenone has been carried out.
During the 1970's and early 1980's rotenone was applied to
several lakes, especially in Scandinavia and the U.S.A. This
pesticide inhibits oxygen uptake in the gills and leads to a
rapid death (Oberg, 1967). It also affects crustaceans and
severely diminishes the zooplankton population (Reinertsen &
' ~ l s e n ,1984; Henrikson et al:, 1980). There are no negative
effects on phytoplankton (Reinertsen & Olsen, 1984; Andersson et
al. 1978) and no immediate effects on the benthic community
(Koksvik & Aagaard, 1984). The toxicant itself is destroyed by
U.V. light, heat, oxygen and turbidity (Almquist, 1959). It is
removed from slow-moving or stagnant water within two weeks
(Morrison, 1983).
In the following section eleven cases in which manipulation
of the planktivorous fish-stock has taken place will be
described. Six of these concern lakes where rotenone was applied,
in the five other cases the fish were removed by netting. In
addition to these cases there are a number which deal with the
effects of accidental removal of fish such as the drastic
reductions in fish-stock due to the so-called winter-kill (which
is anoxia due to severe ice conditions). These cases are included
here to illustrate the far-reaching effects of removing a
predator from the food-web. Finally there are two cases in which
the fish were removed in another way. In Brundall Broads in the
Broadlands in England virtually all the fish were eaten from an
isolated lake by cormorants (Leah et al., 1980) and in Lago-diAnnone the bleak population was wiped out by a gill disease in
the spring (Bernardi & Giussani, 1978).
Although the removal of cyprinid fish has been carried out
in Lake Trummen, sediment removal was the original form of
restoration carried out and this case will accordingly be dealt
with separately.

2.1.1.

Elimination of the fish population with rotenone

Jake Iiauaatiern (Reinertsen & Olsen, 1984; Koksvik & Aagaard,
1984)
In eutrophic Lake Haugatjern rotenone was applied in September
1980, removing the entire population of whitefish (Coreaonus
fiuviatilis L.).
laveratus L.) and perch (m
Cladocera and Copepoda species were also removed by the poison
and the species which subsequently established themselves were
large herbivores capable of exerting a high filtering pressure.
This increase in grazing pressure l e d t o an increase in smaller,
rapidly growing phytoplankton eg. Bhpdomonas Jacustrk in 1981
and E. lacustris, m t o m o n a s
(both Cryptophyta) and
Anabaena flos-aauae in 1982. Primary production was reduced to
30% of that before the treatment and the late summer algal
biomass by more than 90% (Reinertsen et al., 1982).
The benthic fauna was studied by Koksvik and Aagaard (1984) and
although there was little change in 1981, by 1982 the total
biomass was 1.6 times that of the previous year.

a

Type of manipulation: rotenone treatment September 1980.
Date:
Secchi metres:
Total-P ug/l:
Phytoplankton sp.:
Zooplankton spp.:
Primary production
g C/mZ/day:

1979

-

Blue-gr.

1.1

-1980
-

Blue-greens +
Staurastrum

-

1.4

1981
1982
increased

-

--

Cryptomonads
blue-greens

-

-

0.4

0.6

+

.

Jake Lilla Stockelidsvatten (Stenson et al., 1978; Henrikson et
al., 1980)
A comparison with Lilla Stockelidsvatten, which is oligotrophic,
shows that a similar pattern of events occurred. This lake was
treated with rotenone in November 1973 which resulted in the
total elimination of the roach (Rutilis pwtilb) population.
The zooplankton community changed from one dominated by small
cladocerans (eg. Bosmina l o n a i r o s ~ )to one of large copepods
(eg. Eudia~tomusaracilis). This shift could also be due to the
and
D ~
increased abundance of Chaoborus flavicans and c. Q ~ S C U ~ ~
,
predators which prey
the water bug Glaenocorisa ~ r o ~ i n a u gboth
on small zooplankton.
The pelagial primary production declined steadily and was reduced
to ca. 10% by 1975. During this time the biomass of net
phytoplankton ( > 25 urn) increased. Total nutrient levels
decreased as did the pH. By the end of the observation period (4
years later) the transparency had increased four-fold and showed
a steady improvement during that time.
The longer-lasting effects of fish removal in Lake Lilla
Stockelidsvatten as compared to Lake Haugatjern are possibly due

S

to the low nutrient levels in this lake. Another contributing
factor could be the continuous removal of fish throughout the
period studied.(Shapiro & Wright, 1984)
Type of manipulation: rotenone treatment in November 1973.
Date :
Secchi m:
Total-P ug/l:
Phytoplankton spp.:
Z?oplankton spp.:
Primary production
g C/m2/day:

1973
1.5
14

Bosmina
17.5

1974
2.0
10

1975
5.5
8

1976
5.0
9

1977
6.0
7

domination -> D d i a ~ domination
W
8.0

1.5

2.0

1.5

Bound Lake (Shapiro & Wright, 1984)
Round Lake in Minnesota, U.S.A. was also treated with rotenone in
September 1980, following forced early destratification. In
October restocking with two species of piscivorous fish
(largemouth bass and walleye) and one of planktivorous fish
(bluegill) was carried out in a ratio of 1+1:2.2. Results from
the first two years showed an improvement in water quality.
Transparency increased two-fold, although there were more
fluctuations than before treatment. Nutrients and Chl-a decreased
and the highest phytoplankton peak occurred 1-2 months later in
the year than before biomanipulation. C m t o m o n a s erosa was
present all year (instead of only in the spring) and there were
small peaks of A~hanizomenon flos-aauae and Anabaena flos-aauae
in the summer. Large herbivores (paDhni.3 species and Pia~tomus)
dominated the zooplankton and although their abundance was lower
in 1981-82 their mean size was greater. Observations from late
summer 1982 show that fi~haIIiZomen0~
blooms had increased
resulting in a decrease in transparency and that Bosmina and
Eerioda~hniawere replacing p a ~ h n i aspecies. These events
corresponded to an increase in planktivorous fish which was the
possible cause.
Type of manipulation: rotenone treatment in September 1980.
Date:
Secchi m:
Total-P ug/l :
Phytoplankton spp.:

1980
1.7
49
Blue-greens

Zooplankton spp.:
Chl-a ug/l:

Bosmina
10.8

1981
4.9
40
Cryptomonads
Daphnia
3.9

1982
4.6
28
Cryptomonads +
Aphanizomenon
Diaptomus/Bosmina
6.1

--

- W

(Shapiro et al., 1982)

Wirth Lake was under restoration for four years, from 1974 until
1977, using piscivorous fish-stock enhancement and increased
circulation but no improvement was seen in the water quality.

These results will be briefly treated in the next section
(piscivorous fish-stock enhancement).
It was decided to remove the entire fish population as a final
attempt t o improve the water quality. In August 1977 fish were
removed by netting and rotenone treatment was applied in
September of the same year. Restocking was carried out in October
1977 and from early 1978 until June of the same year.
The summer of 1977 had shown a dominance of 9scillatoria
followed by &~hanizomenonflos-and mabaena. In 1978 there
was an abundance of green
algae
and
no
blue-green
algae
- until the
end of July when w z o m e n o n f l o s e , Microcvstis and the
dinoflasellate Ceratium dominated for nearlv two months. The
corresp6nding significant increase in transparency in 1978 (fivefold) allowed the establishment of a macrophyte population.
Nutrient levels were still high in 1978 due to high rainfall and
circulation but the increase in the
--population
(up
to 32 individuals/litre) was able to keep algal concentration low
and was capable of removing filaments of-blue-green algae.

-

Type of manipulation: rotenone treatment in September 1977.
-

Date:
Secchi m:
Total-P ug/l:
Phytoplankton spp. :
Zooplankton spp.:
Chl-a ug/l:

1974
1975
1976
1977
1978
1.70
0.83
2.92
0.79
0.87
42
54
48
80
206
B1-gr.
B1-gr
B1-gr
Cr/gr
Rotifer/Bosmina ->copepods/Bosmina ->Daphnia
31.07
22.33
29.53
32.5
29.73

pond Habo 1 (Andersson

-

&

.

.

Cronberg, 1984)

This lake was formed by excavation activities and, although
small, has steep sides. Eel was the only fish species present
and, despite high nutrient loading the plankton community was
and &~hanizomenonflosdominated by p a ~ h n i am,B.
m. The original objective of the experiment was to determine
the cause of the blue-green algal blooms in summer (N-limitation
or grazing pressure). Fertilization with nitrate and stocking
with roach and bream led to changes in the plankton community
within three years (1978-1981). Bosmina, Eudia~tomusand rotifers
became abundant and the phytoplankton was dominated by small
Cryptophytes and feratium. In 1982 rotenone was applied and in
1983 no fish were present in the pond.
In 1983 p a ~ h n i apulex became dominant again whilst Bosmina and
rotifers decreased significantly. m o m e n o n formed flake
colonies and was present throughout the summer, accompanied by
other large, colony-forming phytoplankton species. This was the
cause of the high Chl-a values in 1983.
The appearance of ungrazable algae seems to be dependent on the
grazing pressure exerted by the zooplankton population and not
due to N-limitation as this was added in the fonn of nitrate. The
reappearance of large p a ~ h n i aspecies after the removal of bream
and roach and the consequent decline in Bosmina is in accordance
with the results from other experiments.

-

---

-

Type of manipulation: rotenone treatment autumn 1982
Date :
Secchi m:
Total-P ug/l:
Chl-a ug/l:
Zooplankton:

1981
1982
1983
1.5
1.5
2.0
250
486
424
67
11
26
shift from Bosmina/rotifer/copepod dominance to
dominance.
Phytoplankton: shift from Cryptophyte dominance t o large, colonyforming blue-green algae.

-

Jlgbe Helaetjern (Olsen

&

Reinertsen, 1986)

This Norwegian lake was eutrophic with blooms of w t o r i a and
occurring in the summer and an average Secchi depth of
0.5 m. In 1984 the roach population was removed with rotenone.
The following year the algal biomass was considerably lower and
the dominant phytoplankton species were small Cryptophytes and
and P. U n a i s ~ i n apopulations
Euglenophytes. The DaDhnia
which occurred after rotenone treatment were so extensive (50-200
individuals/litre) that they were capable of filtering the entire
volume of the lake (ca. 420,000 m3) within 1-2 days. The
improvement in transparency was also significant, with a maximum
of nearly 3 m in July and a summer average of 2.25 m.
Type of manipulation: rotenone treament late 1984
Date:
Secchi m:
Zooplankton:
Phytoplankton:

2.1.2.

1984
0.5
Cyanobacteria

Removal of fish by netting

1985
2.25
Daphnia abundance
Cryptophytes

-

n
a
ev
s/
d Peter/Paul (Elser & Carpenter, 1988; Carpenter et
al., 1987)
In two lakes in Wisconsin an exchange of fish species was
carried out (Peter Lake and Tuesday Lake) while one served as a
control (Paul Lake) (Elser & Carpenter, 1988; Carpenter et al.,
1987). Strictly speaking the results from !l'uesday Lake belong in
the next chapter (fish-stock enhancement) but are described here
for the sake of comparison.
The lakes were studied for one year to collect background
information before the exchange was carried out. The exchange
meant that the original community structure of Peter and Tuesday
Lakes had been reversed. The lakes were studied for one more
year. The results from Peter and Tuesday Lakes were compared with
those from Paul Lake on particular dates to allow for natural
variation.

The original fish community structure and the exchange were as
follows:
Original structure

+ planktivores
+ planktivores

Paul :
Peter:

piscivores
piscivores

Tuesday:

planktivores

Exchange
None
piscivores
+ planktivores
+ piscivores
planktivores

-

Piscivores were largemouth bass (Micro~terussalmoides) and
planktivores were minnows (phoxinus -).
In Tuesday Lake there was an increase in zooplankton biomass and
a decrease in productivity. The zooplankton community changed
from a Bosmina/rotifer/small copepod dominance to one dominated
by Ji010Dedium aibberum and later, DaDhnia ~ u l e x .
In Peter Lake there was an unexpected increase in zooplankton
biomass (large cladocerans) as well as an increase in
productivity.
An explanation for the unexpected results in Peter Lake is that
potential planktivores sought refuge from the few remaining
piscivores which reduced the predation pressure on the
zooplankton. This is based on the fact that two weeks after the
introduction of the minnows very few were found in the open water
and after four weeks almost no minnows were left. If the minnows
were taking refuge or had died from unknowm causes is unclear.
Whatever the reason the resulting reduction in the foraging of
minnows in the open water led to an increase in DaDhnia ~ u l e x
which kept algal biomass low. However, in July there was an
increase in zooplanktivory from young-of-the-year bass which
caused the mean size of g.
to decrease. At this point the
productivity and algal biomass increased due to an abundance of
gelatinous colonial green algae. Therefore the increase in
zooplankton biomass and increase in algal biomass as seen in
Peter Lake can be explained by the seasonal succession of both
zooplankton and phytoplankton species (Carpenter et al., 1987).
This experiment shows that the seasonal succession of plankton
species before manipulation of the planktivorous fish-stock is
very important in deciding the eventual success of the measure.
Type of manipulation: planktivore or piscivore addition

+ planktivores

Phytoplankton:

Increase in large
cladocerans
Increase in
productivity

+ piscivores
Bolo~ediuq/Da~hnia
dominance
Decrease in
productivity

Predation
pressure :

low->high

low

State:
Zooplankton:

es Vaen
1989).

d S

ar4 (Jeppesen et al.,

A preliminary report of the effects of fish manipulation on lakes
in Denmark of differing levels of eutrophication has been published.
In Lake Vaeng (lowest total-P level, 130 ug P/1) the removal of
50% of the cyprinid fish population (original population of 300
kg/ha: roach, bream and rudd) led t o a six-fold increase in
eooplankton biomass and the replacement of rotifers by Bosmina
and D
m species. The phytoplankton volume decreased but the
cyanobacteria were replaced by Cryptophytes tolerant t o grazing.
Rederiksborg Castle Lake in which 78% of the fish were removed
and which received 15 kg/ha perch did not show any improvement
in water quality. The range of total-P was 300-700 ug P/1 in this
lake and the retention time was high (4-18 years).
The lake with the highest total-P load was wbygard where there
was a natural low recruitment in the fish-stock (probably caused
by low pH) leading to few planktivores. An improvement in transparency was seen and large filter-feeders dominated, leading to a
phytoplankton level only 25-35% of that found two years before.
This was despite the high total-P of 550-1000 ug P/1. Short-lived
(3-5 days) clear water phases were also observed in this lake.
These appeared to be the result of grazing by the intermediate
sized daphnid P a ~ h n i alonais~ina (Sandergaard et al., 1988).

Lake Sovdesborassion (Andersson et al., 1985)
In 1980 ca. 25% of the adult and an unknown percentage of the
young cyprinid population (mostly roach), was removed from Lake
Sovdesborgssjon, a eutrophic lake in Sweden. The original population was 500 kg/ha and removal was carried out by netting and
local rotenone treament. Due to enhanced pike predation the
numbers of roach were significantly reduced (70-90%) within two
years. However, the biomass hardly changed due to increased
growth rate and mean size. In the first year following treatment
no effect was seen until autumn when the transparency increased,
algal biomass decreased and zooplankton increased in number. In
the following year there were large fluctuations between clear
and turbid water, with clear water phases lasting up t o 3-4
weeks; the dominant algae were u o c v s t i s (Andersson, personal
and EudiaDtomus aracicommunication). In 1982
J&
dominated the zooplankton, and Chl-a was low (17.9 ug/l) but
population was significantly
by the following year the
diminished and Chl-a was twice as high (34.4 ug/l).

2.1.3.

Accidental fish -oval

Shapiro et al. (1982) have compiled a review of 19 lakes in
America, 8 of which undergo winter-kills removing most Of the
fish population, 4 which undergo partial kills and 7 which do not
undergo wiriter-kills. It can be summarised as follows. In lakes
where winter-kill occurs or those which have a low planktivorous

depending on the dominant fish species before elimination. Lakes
in which planktivorous fish were abundant showed an immediate
response t o fish removal, presumably because of the enhanced
survival rate of zooplankton and shift to larger species. Those
in which benthivorous fish were abundant showed a gradual
decrease in nutrient recycling and therefore a delayed response
to fish removal.
This survey shows how important it is t o take the ecological
aspects of the lake into account before restoration is
attempted. The increased transparency lasted for more than two
years in only three cases, but no explanation is given for this
success.

-

Jake-of-the-Isles (Shapiro et al., 1982)
The eutrophic Lake-of-the-Isles is situated in the city of
Minneapolis and receives 2 g P/m2/year from urban run-off which
means that it is eutrophic and productive (Shapiro et al. 1982).
A fish-kill in the winter of 1976-77 removed 95% of all fish
(carp (Cv~rinuscaruio), bluegill ( p ~ o m i smacrochirus), northern
fluviatilis) present.
pike ()?sox lucius) and yellow perch (Restocking of piscivorous fish was carried out during 1977 and
1978.
Q. aaleata and P.
Three pa~hniaspecies (p. -,
replaced pianhanosoma, Bosmina and Ceriodanhnia in the year
following the fish-kill (1977). In this year the total-P and
algal abundance were lowest.
There was a shift in phytoplankton species from inedible green
and blue-green algae before the fish-kill to edible green algae
(Chlorophyta and Cryptophyta), blue-green algae (finabaena flosand Oscillatoria limnetica) and dinoflagellates (Ceratium)
after. In August, when the Secchi depth was lowest, Ceratium
hirudinella had its highest abundance although Enabaena flosand Oscillatoria limnetica were also present at this time.
The more than two-fold increase in transparency in 1977 caused an
extensive build up of Potamoaeton, which had to be mechanically
harvested.
By 1978 the transparency had decreased but was still higher than
before the winter-kill. Total-P was twice as high in 1978 as in
the previous year but maximum Chl-a levels were lower. These low
Chl-a values could be explained by the high grazing pressure
exerted by the still extensive D a ~ h n i a~ u l e xpopulation. This
population had a refuge in the oxic hypolimnion which meant that
it could avoid predation by the fish which were limited to the
warm epilimnetic waters. The increase in phosphorus could be
explained by the return of carp which were restocked in August
1977. These fish are responsible for recycling of nutrients from
the sediments (Lammara, 1975). Another explanation could be high
rainfall although this does not always lead to increased
phosphorus levels.

a)

Type of manipulation: accidental fish-kill in winter 1976/77.
Date:
1976
Secchi:
1.2
Total-P:
75
Phytoplankton spp.: Blue-greens/
inedible greens
Copepods/CerioZooplankton spp.:
daphnia/Bosmina
Chl-a:

-

bake Severson (Schindler

6

1977
2.7
55

1978
2.0
110

Cryptophyta/Chlorophyta
blue-greens
Daphnia
Rotifers/
copepods
19.75

26.5

Comita, 1972)

In Lake Severson a winter-kill in 1964 led to the removal of all
fish as well as individuals of DiaDtomuS siciloides. The
resulting dominant zooplankton species was p a ~ h n i a~ a r v u l abut
which had not been found
this was quickly replaced by 8 .
before the winter-kill. Diatoms and green flagellates were
abundant and no blue-green algae were present. At the end of
July the zooplankton population collapsed, as this was several
weeks after the collapse in phytoplankton it seems that the
p a ~ h n i ahad another food source.
During the summer period, when transparency was high, the
macrophytes Mvrio~hvllum and potamoaeton became established, some
to a depth of 3 m. Nitrogen and phosphorus levels in the water
were low during this time. It is suggested that this was due to
enhanced uptake by macrophytes from the sediments, combined with
less release from the sediments due to consistent oxic conditions
caused by lack of thermal stratification
The authors describe a series of steps leading to "senescence" of
a eutrophic lake whereby the availability of oxygen and absence
of fish play an important role.
Brundall Broads (Leah et al., 1980)
The Brundall Broads are connected to the River Yare, a highly
eutrophic river which carries wastewater from Norwich in Great
Britain. The isolation of one of the broads was carried out in
order t o study the effect of reduced nutrient levels on the
aquatic communities as compared to a broad still connected to
the river. However, leaks occurring in the banks of the isolated
broad led to the inlet of river water which meant that nutrient
levels stayed high. Predation by cormorants and pike led to the
decimation of the fish population.
The effects of this elimination of fish were the following:.an
increase in transparency; an increase in filter-feeding
cladocerans (pa~hnialonais~ina/Bosmina longirostris); a lower
phytoplankton cell number but similar succession in phytoplankton
species t o reference lake (unicellular and small colonial
phytoplankton); and the establishment of a macrophyte community.
There were no Cyanophyta in either of the broads which was
probably a consequence of the high flushing rate due t o tidal
influences.

The authors suggest that a combination of planktivorous fish
removal (to allow the establishment of Q a ~ h n i a )and flushing (to
prevent a build-up of blue-green algal colonies) could be a tool
for successful water management.
Type of manipulation: accidental fish-kill.
State:
Secchi m:
Total-P ug/l:
Phytoplankton epp.:
Zooplankton spp.:
Chl-a ug/l:

uuo-di-Annone

With fish
1.14
770
Diatoms/Chloroph.
Bosmina/Copepods
97.1

(Bernardi

&

Without fish
1.83
660
Cryptophyt./Diatoms
Daphnia/Bosmina
34.3

Giussani, 1978)

In Lago-di-Annone, a small eutrophic lake in Northern Italy, the
bleak (Alburnus alburnus alborella) population in one of the
basins was destroyed by a gill disease in August 1975. This led
to a 95% reduction in fish-stock, from f 145 kg/ha to 10-15
kg/ha. In the other basin the bleak were left unharmed.
p a ~ h n i ahvalina replaced posmina as the dominant zooplankton
species in the basin without fish. The mean length of the pa~hnia
(an important prey item of the bleak) increased from 1000 um in
1975 to 1600 um in 1976 in this basin. In the other basin it
remained at ca. 1400 um and was less abundant; in this basin
Bosmina was the dominant zooplankton species. A peak in the
P a ~ h n i apopulation in April/May in the fishless basin was
followed by sharp oscillations during the next four months,
probably caused by food limitation.
Type of manipulation: accidental fish-kill in August 1975.
Date :
Secchi m:
Zooplankton spp.:
Chl-a ug/l:

1975
-Bosmina
10.0

1976

-

Daphnia/Bosmina
23.0

Lake Washinaton (Edmondson & Abella, 1988)
In Lake Washington an improvement in the spawning grounds for the
keystone predator smelt (SDirinchuS thaleichthves) led to a
decrease in peomvsis, which formed 85% of the fishes diet. This
led t o the release of the predation pressure on pa~hniapulicaria
and a rise in the population of this cladoceran followed. A
corresponding decrease in Oscillatoria ashardii due to lowered
nutrient levels following sewage diversion also contributed to
the increase in p a ~ h n i aabundance. Oscillatoria interferes with
the feeding of Daphnia. The combination of these two factors led
to a long-lasting increase in transparency which was still high
in 1985, 10 years after the increase in
first became
apparent (Edmondson, personal communication). This case is a good

example of the advantageous effects of enhancing the population
of a desired species (in this case pa~hnia)which is already
part of the community rather than introducing an allochtonus
species.
2.1.4.

Other cases

Pleasant Pond (Lynch, 1979; Shapiro et al., 1982)
Pleasant Pond, a fishless lake in Minnesota, U.S.A. was divided
in two and one half was stocked with minnows (planktivores); the
other half was stocked with walleye (piscivores) but these did
not survive the summer, as a result this half was designated
fishless. This case therefore compares the plankton community of
a naturally fishless lake with that of one where planktivores
were added.
In the fishless half of the pond the most dominant zooplankton
species was Cerioda~hniareticulata which can compete with
pa~hnia.Rotifers dominated the zooplankton in the fish-stocked
half where the algal volumes were ca. 5 times greater than in the
fishless half in July.
There was an abundance of phosphorus in the fish-stocked half
which could have been caused by release due to anoxia in the
sediments or release due to minnows foraging (Shapiro et al.,
1982).
Type of manipulation: planktivore stocking in one half of pond
State :
Secchi metres:
Total-P ug/l:
Phytoplankton spp.:
Zooplankton spp.:
Algal biomass g/m3:

-

With fish

-

Without fish

93
Blue-greens

77
B1-gr./clear-water phase
Ceriodaphnia
244

-

831

The original restoration of Lake Trummen was carried out over a
period of two years from 1970 to 1971 during which time 60 cm of
sediment was removed (Bengtsson et al., 1975; Cronberg et al.,
1975; Andersson et al., 1975). In the winter of 1970/71, in the
middle of the restoration, a fish-kill occurred as a result of
severe ice conditions (Andersson et al., 1975). This led to the
elimination of bream and silver bream and the first two year
classes of roach but no effect was seen on the pike or perch
populations. Rudd and tench left the open lake for an undisturbed
bay. Total fish catches declined until 1973.
In the years following the restoration levels of nutrients
remained low and although the zooplankton abundance was
considerably lower than before.the mean size was greater and the
grazing pressure was able to keep the phytoplankton levels down
to ensure continuing water quality improvements. Submerged plants
colonised the lake bottom and potamoaeton and Nitella species

became abundant.
This appeared to be a successful project until 1975 when eutrophic conditions were again apparent (Andersson, 1988). The rise in
.nutrient levels, phytoplankton biomass and biomass of Cyanobacteria observed was thought to be the result of a re-establishment
of the fish population, especially bream and roach, both from
within the lake as from lakes downstream (Andersson, 1988).
Subsequently intensive fishing was applied from 1976-79 as well
as local applications of rotenone; the pike and perch populations
were spared as far as possible. A total of 15 tons of fish (ca.
230 kg/ha) was removed during the four year period. During this
time the levels of nutrients, phytoplankton and blue-green algae
remained low but as soon as the fishing was stopped they rose
again and in 1986 the level of phytoplankton biomass was the
highest since the end of restoration in 1971. Moreover, ca. 90%
of the phytoplankton present were Cyanobacteria (Andersson,
19881.
The author suggests that the combination of sediment removal and
the unintentional fish-kill is a successful one, until the fish
population becomes re-established. Once the eutrophic situation
has returned the reduction of the planktivorous fish population
is not effective enough for a long-term improvement in water
quality (Andersson, 1988). Possibly the removal of more fish at
one time would have led to longer term success.

2.1.5.

Discussion

The improvements in water quality caused by the large-scale
removal of fish can be relatively long-term (Lilla Stockelidsvatten & Trummen), immediate but short-lived (Haugatjern & Round),
only studied for a short period of time (Wirth, Lake-of-theIsles, Helgetjern & Pond Habo 1) or even, as in one case (Sovdesborgssjon), apparent only for a short period due to the instability of the system and subsequent fluctuations. In those cases
where fish-kills occurred the information is often only incidental and short-term, as this was usually not the original objective of the research being carried out. These cases are, however,
important from the point of view of the immediate reaction of the
aquatic ecosystem to the removal of a predator.
In Lake Lilla Stockelidsvatten the water quality improved
steadily throughout the period studied. This lake was oligotrophic when the manipulation was carried out which i e probably the
key factor for the success seen. The level of internal nutrient
fluxes was low and a reduction in the fish population would only
enhance this due to decreased excretion, less resuspension of
sediments and reduced mineralization via zooplankton (Henrikson
et al., 1980). A contributing factor to the continuing success
and possibly the reason for the large increase in transparency in
the second year is that the fish population was kept low throughout the period studied (Shapiro & Wright, 1984).
The situation occurring in Lake Trummen bears certain similarities to that in Lilla Stockelidsvatten. Although Trummen was
a eutrophic lake before manipulation, the removal of 60 cm of
sediment implied that the accumulated effects of many years of
nutrient-rich conditions were effectively negated within two

years. The corresponding fish-kill during this period served to
further reduce the nutrient recycling and to allow the
establishment of a zooplankton community capable of exerting an
effective grazing pressure on the phytoplankton. The lack of
plankton inocula in the sediments contributed to the low
phytoplankton levels (Cronberg, 1982). The improvements lasted
four years after which time the fish population was reestablished and eutrophic conditions were again apparent although
at a much lower nutrient level. The inability to restore the
water quality could be due t o several factors, one of which is
that the predation pressure from the fish population was still
too high to allow the establishment of an effectively large
zooplankton population.
In a eutrophic lake the seasonal succession of phytoplankton
shows a dominance in spring of small, rapidly growing species
which take advantage of the nutrient-rich conditions at this
time. These are followed by slow-growing, colony-forming species
during the summer, of which the Cyanobacteria are typical
examples (Reinertsen et al., 1982). In some eutrophic lakes a
period of clear water can occur after the spring algal peak
(Lampert et al., 1986; Jeppesen et al., 1988). This is caused by
intensive grazing of zooplankton and is usually short-lived,
lasting from a few days to one or two weeks. When the zooplankton
population diminishes due to food limitation or predation
(Lampert et al., 1986) blue-green algae then become dominant.
In those lakes which showed an immediate but short-lived
response to fish removal the major change was the increase in
abundance of large, herbivorous zooplankton. The resulting
increase in grazing pressure led to a decrease in the total algal
biomass. There was, however, also a shift in species composition.
The ability of larger zooplankton to ingest large algal particles
meant that the abundance of blue-green algae diminished. This
corresponded to an increase in small, rapidly growing algae
during the summer months. In some cases a clear water phase was
the result (Pond Habo 1, Lake-of-the-Isles, Severson). In late
which
summer there was a peak of blue-green algae (-izomen~n)
was usually small and short-lived in the first year after
biomanipulation (Wirth Lake; Round Lake).
The experiment in Pond Habo 1 (Andersson & Cronberg, 1984)
,
&
n was a result of intensive
showed that a peak of A
grazing by DaUhI&.
The removal of particles 50-80 um in diameter
by these herbivores resulted in a clear water phase in the
summer. In the absence of competition from other algae and with
the ability to form colonies which are inedible for
B han no men on was consequently able t o survive the high grazing
pressure. Other algal species also show defense mechanisms
against grazing, such as ceratium N m n d i n e m which forms spines
and Volvox which forms large, spherical colonies (Andersson &
Cronberg, 1984).
In Lake Haugatjern there was no specific peak of blue-greens
although hnabaena flos-aauae was present throughout the summer in
both years following treatment. In the second year in Round Lake
the late summer bloom was extensive and the transparency had
decreased. In this case Bosmina and Ceriodauhnia were taking the
place of Dauhnia as dominant zooplankton species.

w,

..

It appears that late summer is a critical period for lakes
in which biomanipulation has been applied. Both high and low
grazing pressure can lead to a blue-green algal bloom. As mentioned above the presence of D a D h U can cause grass-blade blooms of
A~hanizomenon (Pond Habo 1, Wirth b Round
first year). Low
grazing pressure in late summer can also lead to blue-green algal
second year).
colony formation (Round Lake
A factor which may increase the chance of algal blooms is
the enhanced availability of phosphates at this time. Anoxic
conditions at the sediment/water interface caused by intensive
respiration (Sendergaard et al., 1988) lead to an increase in
phosphates. Phytoplankton are favoured by this increase in nutrients and if the zooplankton population is not able to exert
sufficient grazing pressure then a blue-green algal bloom can
occur.

-

-

The succession of zooplankton and phytoplankton in Peter
Lake after the addition of planktivores and under changing predation pressure (Carpenter, 1987) shows how dynamic the system is
and stresses the fact that late summer is a critical time for
manipulated lakes, in this case for the zooplankton population.
The absence of colonial blue-green algae in the Brundall
Broads is probably due to the tidal influence and consequent
circulation of the water which mechanically disrupts colony
formation. High bicarbonate levels may also be responsible (Leah
et al., 1980; Timms & Moss, 1984).
In Lake Sovdesborgssjon no lasting improvement in transparency was seen during the four years studied (Andersson et al.,
1985). Although there were periods of clear water, these were
followed by conditions in which the algal biomass was high and
transparency was low. The zooplankton population was also unstable, changing significantly from one year to the next (184 ind/l
to 44 ind /I). Reason probably is the increased predation pressure from pike and consequent instability of the roach population.
Lake Washington (Edmondson & Abella, 1988) is actually the
only lake where increased transparency lasted for more than four
years, although it is possible that Lake Lilla Stockelidsvatten
continued to be clear and low in productivity.
2.1.6.

Conclusions and summary

A general trend becbmes obvious when one compares the results
of different cases.
In the first year after manipulation there was an increase in
transparency in all cases except S6vdesborgssjon. In this case
the periods of clear water were short-lived and the instability
of the system led to large fluctuations in plankton species.
A shift from small zooplankton (eg. w)
t o large ones (eg.
Da~hnia)and an increase in small, fast-growing phytoplankton
(eg. Cryptomonads, Chlorophyta) was also apparent in most cases.
* There was a decrease in the abundance of blue-green algae in
summer.
The chance of the occurrence of a late summer blue-green algal
bloom was still present after biomanipulation both under high and
low grazing pressure.
+ The structure of the existing plankton community can determine
the outcome of a manipulation measure.

* Internal nutrient fluxes can influence the success of a manipulation measure:
there is reduced recycling of phosphorus and nitrogen by
larger zooplankton as compared to smaller zooplankton;
the release of phosphates from the sediment can occur
under reducing conditions, ie. when anoxia occurs, induced
by high respiration.

-

Table I. A summary of the cases where fish removal was carried
out is shown below
Case

Success

Reasons

Frederiksborg

No

Peter

No

High P and N loading, long
retention time.
Increased predation pressure on
pa~hnia
Clear water periods but unstable.
High grazing pressure led to
A ~ h a n i z o m e n obloom
~
in first year.
High grazing pressure led to
A~kanizomenonbloom in first year.
Q&~hnia and macrophyte Isles
establishment; increase in P in
second year due to carp reestablishment.
Initial success (lowered
production) but increase of bluegreen algae in second year.
Re-establishment of fish in second
year.
4 years of success but subsequent
re-establishment of fish
population.
Low pH, short retention time.
Only one year of
Shift to
data.
Shift to Jiolo~ediumand pa~hnia.
Only one year of data.
P in comparison to control
pond.
Establishment of DaDhnia
population and macrophytes.
and macrophyte
establishment, nutrient loading
still high. Only one year of data.
Increase in
size.
Low nutrient loading
4 years of
success

u.

Sdvdesborgssjon No/Yes
Wirth
Yes/No
Pond Habo 1

Yes/No

Lake-of-the-

Yes --> No

Haugat jern

Yes -->

Round

Yes --> No

Trummen

Yes --> No

Sebygard
Helgetjern

Yes
Yes

Tuesday

Yes

Pleasant
Pond
Vaengso

Yes

Brundall
Broads

Yes

Yes

Lago-di-Annone Yes
Lilla
Yes
Stockelidsvatten
Washington
Yes

-

No

gradual

m.

-

Removal of key-predator (Beomvsis)
and establishment of p a ~ h n i a
population
10 years of success.

-

2.2.

Piscivorous fish-stock enhancement

The ecological disadvantage of a total elimination of the
fish community as well as severe depletion of crustaceans and the
subsequent instability of the system have led several scientists
to attempt lake restoration by enhancing the stock of piscivorous
fish (Benndorf et al., 1984; Benndorf, 1987; Benndorf et al.,
1988; Kohler et al., 1989). This method is also more effective
than manual removal for the elimination of small or young fish.
The underlying philosophy is essentially the same as the
to allow the
removal of all (especially planktivorous) fish
establiehm~nt of a zooplankton community dominated by large
herbivores which limit phytoplankton growth by grazing. However,
this approach is yet another trophic level further away from the
level where the desired effect should be, that of the primary
producers. The effects this has on the success of the
manipulation and on the long-term stability of the system can be
seen in the following examples.

-

2.2.1.

Descriptions of cases

Bautzen Reservoir (Benndorf, 1987; Benndorf et al., 1988)
Bautzen Reservoir has been covered extensively in the literature
and forms an excellent example of the developments following the
enhancement of the pike-perch population. This reservoir is
highly eutrophic and used extensively for recreation. The
depletion of the pike population due to sport fishing led to the
establishment of populations of perch and roach. It was attempted
to control these fish by introducing pikeperch and imposing
fishing restrictions on predatory fish (1981-1985). The perch
population diminished, although the biomass increased, but the
roach population increased after an initial drop in numbers (in
1981).
The transparency increased in the first year (1981) but decreased
gradually until 5 years later it was lower than before the
manipulation. This can be explained by studying the phytoplankton
succession during the biomanipulation years (1981-1985) as shown
in the diagram below.
In 1981 the spring diatom peak was followed by a clear vater
phase. At the beginning of summer there was an abundance of the
filamentous algae ~vdrodictvonwhich was subsequently grazed by
the grass carp present leading to a clear water phase from midsummer until the autumn. In the next four years (1982-1985) the
clear water phase gave way to a dominance of blue-green algae the
initiation of which was dependent on the prevailing weather
conditions (warm and windy -> acrocvstis). This bloom lasted
until the autumn. The total-P and ortho-phosphate levels
increased 1.5 and 1.7 times, respectively (comparison of 19761980 and 1981-1985). This could be caused by reduced phosphorus
uptake from the water due to the low phytoplankton abundance
during the clear water phase, as was apparent in 1981. In other
years the reason is probably the abundance of algae with low
growth rates which therefore remove relatively less phosphorus
from the water column.

1

p a ~ h n i aaaleata replaced the small cladocerans and copepods which
had been present before the manipulation. Summer average of mean
body size of all crustaceans showed a gradual decrease while that
of the dominant p a ~ h n i aaaleata increased. The selective
predation of Chaoborus on small zooplankton probably contributed
aalaats was exempt from predation due t o its
to this,
large size.
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Fig. 2 . Phytoplankton succession in Bautzen Reservoir. After
Benndorf et al., 1 9 8 8 .
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Grafenhain (Benndorf et al., 1984; Kohler et al., 1989)
The experimental water Grafenhain is a small well-protected
former quarry near Dresden in the GDR. It has an unusual
stratification (warm monomictic) which leads to an oxygen deficit
in the hypolimnion and a consequent build-up of H2S. The release
of this during the once yearly turn-over in autumn causes an
annual crash in the zooplankton population.
Stocking with 22 kg/ha large perch and 9 5 kg/ha rainbow trout in
of the
April 1 9 8 1 led to the elimination of the population
. .
pianktivorous fish, moderlieschen (Leucasoius delineatus). The
effects on the zooplankton were an increase in crustacean biomass
and individual body weight as well as a reduction in mortality
among herbivorous zooplankton. The population of Chaoborus
flavicans increased but this could not exert the same predation

pressure as the fish due to their own predation by the fish
present.
The phytoplankton growth was nutrient limited during the summer,
when iron was the limiting nutrient, which meant that
biomanipulation only has a slight effect on mean and maximum
summer phytoplankton biomass. There was a dominance of algae with
gelatinous sheaths and forming large colonies. The increased
Secchi depth, macrophytes and benthic algae led to increased
macrozoobenthos.
In an article over the results from Grafenhain five years after
the biomanipulation it can be seen that the improvement in water
quality has been long-lasting (Kbhler et al., 1989). The Secchi
depth was nearly as high as the first year and the phytoplankton
biomass had remained approximately the same although the
percentage of inedible algae (eg. Eeratium hirundinella (large
size), Coelastrum micro~orum (gelatinous sheath)) had increased.
The mean summer biomass of herbivorous zooplankton had decreased
but due to the replacement of PaDhniq hvalina and g. cucullata by
Q. Jonais~inaand Eudia~tomusaracilis the mean individual body
weight of crustaceans increased. The dominant herbivores (Da~hnia
Jonais~inaand FudiaDtom~Saracilis) remained in the water column
during the daytime as did the larvae of Chaoborus flavicans. This
suggests that their behaviour changed in the absence of predation
by fish.
Type of manipulation: enhancement of piscivore fish-stock 1981
Date:
Secchi m:
Total-P ~ g / l :
Phytoplankton:

1979
1980
2.35
2.1
2.9
9.6
Cyanobacteria/Peridinales/
Chlorococcales
w/o-gelat-inous-sheath

Zooplankton:

Rotifers+
small crustaceans -->

2.2.2.

1981

1985
3.07
10.4
Cryptomonads/Peridinales/Chloro-cocca%es-with
gelatinous sheath
sm crust/ Daphnia/
Daphnia-> Chaoborus
3.33
5.2

Discussion

Xt is expected that the total fish-stock should diminish as
a result of the stocking of predatory fish. In Bautzen this was
the case for the perch population during the first two years of
the manipulation. However, the death of a considerable proportion
of the perch population two years later (especially the older
individuals which are also piscivorous) and a steady increase in
the roach population, meant that the fish-stock biomass
increased. Due to the fact that the highest predation pressure
from pike-perch was later in the year than the time when perch
and roach fry were abundant, this predator was unable to control
these fish. In Grafenhain piscivorous fish were stocked each year
and the planktivorous fish population remained low. In this lake
the improvements in water quality (lower productivity, increased
transparency) lasted for five years.

Benndorf (1988) explains the nearly two-fold increase in
phosphorus seen during biomanipulation in Bautzen Reservoir as
being due to decreased uptake by phytoplankton. In Grafenhain
there is also a two-fold increase in total-P in the five years of
biomanipulation corresponding with an increase in slow-growing,
inedible algae. According to the authors this would seem to
explain the enhanced nutrient loading in these lakes. However, it
is unlikely that this is the only reason. The enhancement of the
fish-stock, and subsequent increased recycling of nutrients,
might be responsible for the increase in nutrients in Bautzen.
In this reservoir, where the nutrient levels were high, the
result was an overall increase in phytoplankton biomass and a
steady deterioration in transparency throughout the period
studied. In Grafenhain, where the nutrient levels were low, both
the phytoplankton biomass and transparency remained virtually the
same in the five years studied. This suggests that the lower
internal nutrient loading in Grafenhain is responsible for the
success of this project. The limitation of phytoplankton growth
by iron is probably also a contributing factor.
The role played by high fish-stock in the recycling of
nutrients is undefined but excretion and subsequent recycling of
nutrients through this pathway must not be discounted.
A comparison of Wirth Lake and Tuesday Lake where
piscivorous fish were stocked shows differing success. In the
former (p.ll), there was little improvement until the rotenone
treatment, whilst in the latter (p. 13) decreased productivity
resulted in the first year. In this case (Tuesday Lake) there was
a reciprocal removal of planktivorous fish which possibly
enhanced the effect of the addition of predatory fish.

-

2.2.3.

Conclusions and summary

Although fish-stock enhancement is less traumatic for the
aquatic ecosystem than a total elimination of fish it can also be
limited in its success. The separation of predator and prey in
time as well as the viability of the fish populations contribute
to this.
4 The increased nutrient loading, which can be caused by enhanced
recycling, diminished nutrient uptake by phytoplankton and low
rates of sedimentation, can lead in the long-term to
deterioration of the water quality. If the Xnitial nutrient
loading is low or the phytoplankton are nutrient limited then
this increased loading is not necessarily detrimental.
+ In Tuesday Lake the establishment of a population of large
herbivores meant that the stocking with piscivorous fish was a
success.
Table 11. A summary of case where fish-stock enhancement was
carried out.
Case

Success

Reason

Bautzen

Yes --> No

Grafenhain

Yes

Wirth

No

Tuesday

Yes

High nutrient levels; reduced
elimination of phosphorus.
Low nutrient levels; iron
limitation in summer.
High nutrient levels; inadequate
piscivore stocking.
Establishment of large herbivores.

2.3.

Enclosure experiments and small ponds

From experiments which are carried out in enclosures it is
possible to study certain interactions as well as community
responses in a relatively controlled environment. This method of
experimentation is especially valuable from the point of view of
biomanipulation for the quantification of the influence of a
fish-stock of a certain size on the plankton communities (Tatrai
et al., 1985; Tatrai, 1987; Tatrai et al., in press; McQueen &
Post, 1988a: McQueen 6 Post, 198833; Goad, 1984). It is also of
importance in the elucidation of predator-prey relationships
within fish and plankton communities (Lynch, 1979; Langeland et
al., 1987; Koksvik 6 Langeland, 1987).
Although enclosure experiments are extremely useful, being
relatively easy and cheap to set up and run, the extrapolation of
the results to a whole lake situation should be done with the
inherent drawbacks in mind (short-term, no turbulence,
disruption of natural migratory patterns) (Bloesch et al., 1988).
2.3.1.

Enclosure experiments

Tatrai et al. (1985) and Tatrai and Istvanovics (1986)
carried out experiments in two enclosures in Lake Balaton. In
1982 one enclosure was stocked with 1000 kg/ha bream (Jibramis
brama) whilst the other was left fishless. The presence of fish
led to increased primary production and a higher algal density as
well as lower transparency. NH4 and PO4 levels were higher in the
enclosure with fish which suggests that recycling of nutrients
was occurring (Tatrai et al., 1985).
The excretion of nitrogen and phosphorus by bream was
quantified in a series of experiments in 1984 (Tatrai &
Istvanovics, 1986). In this case 860 kg/ha bream was stocked in
the fish enclosure. Nitrogen excretion was calculated to be 28
mg/m2/day and phosphorus excretion 5.3 mg/mZ/day in the
enclosure. This means that bream is responsible for ca. 15% of
the nitrogen and phosphorus load in Lake Balaton (Tatrai and
Istvanovics, 1986).
Tatrai (1987) studied the release of nitrogen in more detail
and has demonstrated that metabolic activity of bream leads to a
release of ammonium in the range of 0.3-27.6 mg
NH4/individual/day. The level of release is dependent on the size
of the fish concerned and the water temperature. Between 15 and
20 ' C the amount of NH4 excreted increased with an increase in
fish size. The fish population of Lake Balaton (10,305
individuals of age groups O+ to 7+) would,therefore, excrete 12.2
kg total-N/ha/year (which is equivalent t o a loading of 400 ug/l)
and 6.6 kg NH4/ha/year. Release of inorganic nitrogen by
chironomids was about 4 g/m2. Bream and chironomids combined are
responsible for ca. 20% of the total annual nitrogen load to Lake
Balaton.
In another article the effects of different fish-stock sizes
on the phytoplankton was shown (Tatrai et al., in press). A
comparison of fish-stocks showed that blue-green algae replaced
diatoms at high stocking (800 kg/ha) whereas green algae replaced
diatoms at lower stocking (460 kg/ha). Foraging activity of bream
was responsible for enhanced levels of suspended matter (800

well as adding to the turbidity.
The enclosure experiments carried out by McQueen and Post in
Lake St. George are extensive (Post and McQueen, 1987; McQueen
and Post, 1988a; McQueen h Post, 1988b). These authors used
enclosures which were 15 m deep and open to the sediments. From
the results it is possible to define the biomass of the planktivorous fish-stock which leads to a switch in zooplankton from
daphnids t o bosminids. Therefore the maximum biomass which will
allow the maintenance of a population of large zooplankton can be
estimated as well as the factors affecting this. The fish species
flavescens).
used was the yellow perch (m
Post and McQueen (1987) showed that at 20-30 kg fish/ha the
b ~ h n i qsp. population collapsed to be replaced by posmina sp. as
dominant filter-feeding species. A similar biomass was found by
UcQueen and Post (1988a), here 30-50 kg/ha was the level at which
the p a ~ h n bpopulation collapsed. However, McQueen and Post
(1988b) found that the Cladocera population was only reduced
above 100 kg perch/ha. The reason for this discrepancy lies in
the presence of an oxic hypolimnion in the enclosure studied.
This meant that the zooplankton had a refuge from the fish which
were then confined to the epilimnion due t o the temperature
difference. Therefore, when attempting to define a critical fish
biomass it is important to take the possiblity of zooplankton
refugia into account.
Mills et al. (1987) also defined a critical fish density
based on 15 years of observations in Oneida Lake in New York
state. A fish density of ca. 30 kg/ha of O+ yellow perch had a
severe impact on the p a ~ h n i a
population (Mills et al.,
1987).

A combination of laboratory, enclosure and pond experiments
carried out by Lynch (1979) have elucidated some competitive
interactions between zooplankton species as well as the effects
of fish and invertebrate predation. Enclosure experiments were
carried out in Pleasant Pond in enclosures of 1 m diameter, 0.8 m
deep and with a closed bottom (Lynch, 1979; Shapiro et al.,
1982). Results showed that pa~hnia~ u l e x ,Q. aaleata mendotae and
maoborus disappeared under fish predation pressure but that
Bosmina lonairostris increased at increasing fish predation.
However, the disappearnce of D a ~ h n i a~ u l e xin midsummer was due,
not t o predation pressure, but to co-exploitative interaction
with Cerioda~hniq. Preferential feeding by Chaoborus on cladocerans and calanoid copepods over cyclopoid copepods, on calanoids
over cladocerans and on small cladocerans over large ones, meant
that aaoborus determined the zooplankton community structure
when vertebrate predators were absent or rare. When maoborus was
also in low abundance it was possible for small herbivores such
as Bosminq to dominate, if these zooplankton have a competitive
advantage over larger herbivores.
In experiments in Lake Gjersjoen carried out by Brabrand et
al. (1987) the enclosures used were 10 m in diameter, 20 m deep
and not open to the sediments. The authors found that the
predation pressure of 230 and 1000 kg/ha of 2+ roach (Rutilus
~ t i l u s )had no significant effect on the maximum biomass of

predation pressure of 230 and 1000 kg/ha of 2+ roach (Jtutilus
~ t i l u s )had no significant effect on the maximum biomass of
Qscillatoria as compared to an enclosure without fish. The reason
for this was probably the predation of the cyclopoid Copepod
D c l o ~ s@cutifel: on
in the absence of fish, which is
comparable to the predation exhibited by the fish. The thermal
stratification of the lake, which was also apparent in the
enclosures, led t o a spatial distribution of predators and prey..
and h r c l o ~ s co-existed in the meta- and hypolimnion,
while the roach was limited to the warmer waters of the epi- and
upper metalimion. Gut analyses showed that the fish preyed on
both Qauhnia and fvclo~s. This meant that the predation pressure
on
was little changed in the presence or absence of
roach. As $?vclous g c u t i f e ~cannot survive in the epilimnion alone
the presence of this copepod is not to be expected in shallow,
unstratified lakes.
In Lake Haugatjern enclosure experiments were carried out in
1980 prior to the rotenone treatment which took place in
September. The objective was to attempt to predict the responses
of the lake based on the outcome of the enclosure experiments.
Enclosures 6 m deep and anchored in the sediments were used for
this. Koksvik and Langeland (1987) studied the size and
fecundity of the zooplankton p a ~ h n i aaaleata in the presence and
absence of the whitefish Coreaonus lavaretus. The predation
pressure of ca. 670 kg/ha fish caused a decrease in the size of
egg-bearing Dauhnia females from 1.1 to 0.7 mm within two weeks.
The mean size was also reduced, to below that susceptible to
whitefish predation.
In the enclosure without fish the predatory zooplankton
Cvclous scutifer, which is also an important item of prey for
the whitefish, disappeared. This is probably because of the
increase in mean individual size and decrease in birth rate,of g.
aaleata which led to food limitation for cvclo~s. The minimum
size of egg-bearing females increased from 1.1 t o 1.3 mm in the
absence of fish.
In the same experiments Langeland et al. (1987) observed
that the presence of fish led to a higher particulate phosphorus
concentration and a higher sedimentation rate of carbon,
phosphorus and nitrogen. Correspondingly the algal biomass and
primary production were higher in the fish enclosure which also
had an abundance of rotifers and a high biomass of bacteria.
The enclosure experiments were able to predict the trehd of
events following the rotenone treatment but not the magnitude.
The reduction in algal biomass, productivity and phosphorus and
the increase in transparency were larger than expected and the
importance of the small Cryptophyta had been underestimated.
Koksvik and Langeland (1987) suggest that the almost immediate
shift in the average size of egg-bearing females points to the
existence of morphs in the population with different growth
properties. The planktivorous fish-stock should be kept at a
level low enough to allow these morphs to develop whilst keeping
a high production in the larger prey zooplankton such as g.
aaleata.
In enclosure experiments carried out in Lake Trummen in 1978
(Andersson, 1984) the effects of different fish species on the
zooplankton and benthic communities were studied. Each enclosure,

which were not open to the sediment, was stocked to a total of
500 kg fish/ha. The fish species perch, roach, bream and a
combination of roach and bream were used. The enclosure without
fish and the one with perch showed a high number of chironomid
larvae and pa~hnia,and the transparency was highest. Roach and
bream both reduced the p a ~ h n i apopulation and transparency
considerably and there were no chironomids in the presence of
bream. The combination of bream and roach had the most effect,
causing a reduction in
and in transparency and leading to
the highest Chl-a and total-P values. In this case the plankton
consisted of rotifers, small copepods and the blue-green algae
)ricrocvstis.
The enclosure experiments carried out in Green Lake (Goad,
1984) in enclosures 2 x 2 x 3 m, showed that 150 kg perch/ha did
not change the zooplankton community structure in the 12 days of
the study and p a ~ h n i awas the dominant filter-feeder. 1500 kg/ha
led t o a dominance of Boslaina and at 600 kg/ha trout (which is
piscivorous) p a ~ h n i awas again dominant. The author suggests
that control of the planktivorous fish population should take the
form of total elimination of the planktivorous fish species or
enhancement of the piscivorous fish-stock with large fish ( > 400
rnm) as these are nearly totally piscivorous (85%).

2.3.2.

Small experimental ponds

- Norfolk

Broads

Work by Balls et al. (1989) and Irvine et al. (1989) in
experimental ponds in the Norfolk Broads describes the possiblity
of two steady states, one plant-dominated and the other
phytoplankton-dominated, over a range of nutrient levels (ca. 60200 ug P/1). The states are buffered against change at further
nutrient increases by a combination of factors inherent to that
part-icular state involving plant and algal physiology as well as
the zooplankton community structure.
The experiments were carried out in nineteen small ponds (10
x 3.5 x 0.8 m deep), seven of which were manually cleared of
plants during the summer, in ten the plant community was left
intact and the other two served as controls. In 1982 all fish
were cleared from the ponds by electrofishing and in 1983 fish
(roach, bream, perch and gudgeon) were restocked to fifteen of
the ponds. Due to variable survival the fish predation pressure
was different in each pond. In the plant ponds no fish survived
due t o deoxygenation. All ponds were fertilized with ammonium
nitrate and varying sodium phosphate concentrations (some had no
extra phosphate).
The results show that in the absence of fish predation the
phytoplankton were dominated by a large variety of small, often
flagellated, algae. Dominant zooplankton species were Da~hnia
Jonais~inaand Q. w.The same algal community structure was
found in the presence of fish although here the algal biomass was
much higher. An explanation could be that the PaDhnia present at
low fish predation selectively graze the larger algae. At high
fish predation (and few Qa~hni.3)these large algae are not grazed
but are lost from the short water column (1 m) more easily than
the small, flagellated algae.
Fish determined the size structure of the zooplankton

community. In the absence of fish D a ~ h n i a,lonais~,jJM and Q.
were dominant in the cleared ponds and ,Simoce~halusin the plant
ponds. At intermediate fish predation (50 kg/ha) Eudiantomus
aracilis was the dominant zooplankton species. Increasing
predation pressure led initially to a decrease in Zooplankton
biomass but eventually to an increase due to the abundance of
at high predation pressure. This influence appeared to be
independent of nutrient loading.
Pertilisation did not reduce the abundance of macrophytes
which suggests that the switch to a phytoplankton-dominated state
is not dependent on nutrient loading alone.
Taken together this means that it is possible to have a
plant-dominated situation with large zooplankton at high nutrient
concentrations.
2.3.3.

Conclusions

Bream are responsible for nitrogen and phosphorus recycling by
metabolic activity and foraging.
Increased primary production and bacterial production are a
result of the metabolic (excretion and egestion) and foraging
activities of bream.
The presence of bream leads to enhanced levels of suspended
matter. 800 kg/ha led to a two-fold increase in suspended solids,
while 460 kg/ha increased these 1.5-fold.
The fish biomass above which the fish has a significant impact
on p a ~ h n i ahas been defined as ranging from 20-50 kg/ha (McQueen
& Post, 1987; McQueen & Post, 1988; Post & McQueen, 1988: Mills
et al., 1987). In the presence of a refuge for the zooplankton
this biomass can be as high as 100 kg/ha.
In enclosure experiments in Pleasant Pond the importance of
competition was shown as regards large, intermediate and smallsized herbivores. Predation, both vertebrate and invertebrate,
determines the basic community structure but competition is
responsible for the particular species composition.
In enclosure experiments the role of the predatory copepod
C v c l o ~ sscutifer on p a ~ h n i ahas been described both in the
presence and absence of predation from 2+ roach. As this copepod
is characteristic of stratified lakes and does not occur in
shallow or unstratified lakes i t is unlikely to be a problem in
Dutch waters.
It appears that enclosure experiments can be useful in
predicting the trend of events following manipulation, but not
the magnitude.
A description of two steady-states, one plant-dominated, the
other phytoplankton-dominated, was made by Irvine et al. (1989)
and Balls et el. (1989). These states are dependent on nutrient
levels and fish populations and can exist over a range of these
two limiting factors. Their stability is dependent on a
combination of factors involving plant and algal physiology as
well as zooplankton community structure.

2.4.

Conclusions and Summary

- Biomanipulation Case Studies

In nearly all the cases studied an increase in transparency was
apparent in the first year following the removal of planktivorous
fish.
Fish removal leads to a shift from small zooplankton species to
large ones. This affects not only the grazing efficiency but
also the amount of nutrients being recycled. Large zooplankton
are less effective in nutrient recycling than small ones.
Fish removal leads to shift from large, cdlony-forming
phytoplankton to small, fast-growing ones in summer but also
increases the chance of blue-green algal blooms in late summer.
The presence of small, fast-growing algae also means that more
phosphorus is removed from the water column than when blue-green
algae (slow-growing) are abundant. Another contributing factor is
that blue-green algae sediment at a lower rate than the smaller
algae.
Fish-stock enhancement should lead to a more gradual decrease
in planktivorous fish but this is not always the case.
Internal nutrient fluxes can influence the outcome of a
manipulation measure. This is especially important when the
sediments have a large supply of nutrients. These can be released
under reducing conditions, such as caused by anoxia due to
intensive respiration at the sediment/water interface.
* Predation determines the plankton community structure but
competition is responsible for the eventual species composition.
This means that the initial species composition can influence the
outcome of a manipulation measure (eg. presence of invertebrate
predators).
It is possible to define a critical fish biomass above which
there is a severe impact on the P a ~ h n i apopulation. This appears
to be between 20 and 50 kg fish/ha, in the absence of refugia.
Bream are responsible for nitrogen and phosphorus recycling due
to metabolic activity (excretion and egestion) and foraging. The
enhanced levels of nutrients lead to increased primary
production and egested organic substances benefit bacterial
productivity.
Two stable states, one phytoplankton-dominated, the other
macrophyte-dominated, were described. These states can exist over
a range of nutrient levels and fish population size. Their
stability is dependent on a combination of factors involving
plant and algal physiology as well as the zooplankton community
structure.

The results from all the cases (not including the enclosures) are
shown on the next page.
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3. QUANTIFICATION OF RESULTS
Results from the biomanipulation cases treated have been
collected in a database (separate Appendix). From these it is
possible to quantify the effects of fish-stock manipulation and
t o define certain critical limits under which biomanipulation has
the most chance of success. These values must, however, be
applied with caution as they are based on several different
cases. They are meant to be guidelines in aiding a management
decision and are certainly not the only parameters which must be
taken into account when planning a biomanipulation measure.
The data which have been included in the figures are summer
averages (May-September) and are derived from the cases described
in this report. Dutch cases have also been included. Fish-stock
biomass values are based on estimates made in the autumn. All
results are presented in Appendix 11.
3.1. Transparency
An increase in transparency can be seen a a measure of
success after biomanipulation has been carried out. Fig. 3 shows
the improvement (or deterioration) of Secchi depth at different
levels of total phosphorus. Fig. 3A shows cases where fish
removal has taken place and it can be seen that in all cases the
transparency improved in the first year after biomanipulation. In
Lake Lilla Stockelidsvatten this improvement was also obvious in
the three following years. In Round Lake and Lake-of-the-Isles
the Secchi depth decreased in the second year, due to enhanced
phytoplankton abundance caused by increased planktivory and
increased phosphorus from carp activity, respectively.
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Fig. 3. A: increase in transparency after removal of fish; B:
change in transparency after fish-stock enhancement. 1, Lake
Lilla Stockelidsvatten: 2, Round Lake; 3, Lake-of-the-Isles; 4,
Wirth Lake; 5, Lake Vaeng: 6, Pond Habo 1; 7, Grafenhain; 8,
Wirth; 9, Bautzen Reservoir, the first three points are before,
and the last three are during biomanipulation.

Although the Secchi depth improved in Wirth Lake the total-P
increased significantly due to artificial circulation started in
that year which allowed phosphorus otherwise confined to the
hypolimnion to mix into the epilimnion. If reducing conditions at
the sediment also play a role is unspecified.
The effect of piscivorous fish-stock enhancement on the
transparency is much less dramatic than the removal of fish (Fig.
3 ) In Bautzen Reservoir the total-P increased after pike-perch
additions and although the transparency increased a little the
effect was short-lived. A similar experiment in Grafenhain showed
an increase in Secchi depth which was still obvious five years
later. In Wirth Lake there was one year of improvement after
which the situation deteriorated again.
A comparison shows that fish-stock enhancement can be
successful if the nutrient loading is low, as can fish removal.
However, this effect is probably only short-term at higher levels
and possibly dependent upon factors other than nutrient loading
alone.
3.2.

Limits for fish-stock and total-P

In Fig. 4 data from the literature is shown in order to
and planktivorous fish.
quantify the relationship between
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Pig. 4. The density of the p a ~ h n i apopulation as influenced by
planktivorous fish-stock. Results from the foreign cases are
based on summer averages and autumn estimates. Those from the
Dutch cases are based on autumn estimates.

Taking the nuances mentioned above into account, it can be
seen that below about 45 kg fish/ha the highest Da~hniadensities
are found. Assuming that p a ~ h n i ais the zooplankton species most
able t o control phytoplankton growth in lakes, it would appear
that the desired level for the planktivorous fish-stock is below
45 kg/ha.
In Fig. 5 the influence of phosphorus, as well as
planktivorous fish, on
is shown, using different data to
that used in Fig. 4. Again, it appears that the most chance of a
i m under 4 5 kg/ha.
high density of
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Fig. 5. The p a ~ h n i apopulation as influenced by fish and total-P.
Please note that the axes for fish-stock and t o t a k ~are not
linear.
This limit agrees well with other data in the literature.
Fish densities which had a significant impact on pa~hnia
populations were observed, ranging from 30-40 kg/ha (Post &
McQueen, 1987), 30-50 kg/ha (McQueen L Post, 1988a) and 20-30
kg/ha (Mills et al., 1987).
The relationship between Chl-a and total-P is, however, not
so obvious and it is not possible to define a maximum desired
level for total-P in the water column from this figure (Fig. 6).
What can be seen in Fig. 6 is the nCUWVOvl line which shows the
maximum amount of Chl-a possible at a particular total-P
concentration. This is based on observations made in Dutch inland
waters (CUWVO, 1988). Points which lie to the right of the line

represent cases where Chl-a is limited by a factor other than
phosphorus. Zooplankton grazing on phytoplankton is one
possibility. In most cases the Chl-a is indeed regulated by
another factor.
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Fig. 6. This figure shows the relation between Chl-a and total-P.
The line is the "CUWVOw line and represents the amount of Chl-a
possible at each phosphrus concentration.
In order to define a critical total-P level a figure was
made in which three parameters were set against each other (Fig.
7). In Fig. 7 the influence of fish and phosphorus on Chl-a is
shown. Water managers in the Netherlands hope that a level of 10
ug Chl-a/l will lead to the desired water transparency (1 m).
From this figure it can be seen that this level, or below, is
apparent below about 0.11 mg P/1. The most cases are also below
45 kg fish/ha, in the lower lefthand corner of the figure. There
are four exceptions t o this. In two cases the p a ~ h n i apopulation
was very low (Irvine et al., 1989; Andersson et al., 1985). In
the other two cases the high Chl-a was caused by an abundance of,
for pa~hnia,inedible algae, Ceratium in one case (Shapiro et
al., 1982) and (unspecified) blue-green algae in the second
(Andersson et al., 1985).

Fig. 7. Chl-a as influenced by total-P and fish. Please note
that the axes for total-P and fish-stock are not linear.
According to Moss (1987) 100 ug P/1 could be too high,
allowing both phytoplankton or macrophyte dominance, and a
concentration of 50 ug/l should be aimed for. Jeppesen et al.
(1989) suggest that the phosphorus concentration should be below
100-200 ug P/1 and Benndorf (1987) defined 0.5-1.0 g totalP/mZ/year as a desirable range of P-loading (ca. 80-160 ug P/1).
This reflects the variation found in lake ecosystems and the
ideal value is, as Benndorf also suggests, probably lakespecific. Internal loading of nutrients probably contributes to
this.

3.3.

Conclusions and summary

The removal of fish leads to an immediate improvement in
transparency, although this is, in most cases, short-lived.
It is difficult to elucidate the effects of piscivorous fishstock enhancement on the transparency. It appears that the
transparency can improve at low nutrient levels.
A critical planktivorous fish biomass of 45 kg/ha was defined
based on results from the literature. Caution must be used in
applying this value and it serves only as a guideline. It does,
however, agree well with other data in the literature.
A critical total-P level of 110 ug/l was defined, when taking
Chl-a, g a ~ h n i aand planktivorous fish into account. Again,
caution should be used by the interpretation of this value.
4 There is some discrepancy in the literature about a critical
phosphorus.concentration, the values range from 50-200 ug P/1.
This value is probably lake-specific due to other influences, for
example internal loading.

4. THE FEASIBILITY OF BIOMANIPULATION IN

W(E

RESTORATION

Some theoretical considerations

4.1.

The importance of planktivorous fish in determining the
zooplankton community composition was not recognised until the
early 1960's when Hrbacek (1961) first published his
observations. These showed that fish-stock and plankton
relations were as important as physical and chemical factors in
influencing the plankton composition (Hrbacek et al., 1961).
Shortly after this, Brooks and Dodson (1965) presented the now
classic size-selective predation theory to explain the absence of
species in lakes where the planktivorous fish
large Da&&a
gestivalis) was abundant. The corresponding
alewife (w
effects of zooplankton on the phytoplankton community were shown
by Shapiro et al. (1975) who thereby proved the importance of
fish-stock on primary production. This effect led to the
division into top-down (predator controlled) and bottom-up
(nutrient controlled) forces in determining lake productivity
(McQueen et al., 1986). Top-down effects would have less
influence under eutrophic conditions according to McQueen et al.
In this case bottom-up effects determine algal productivity to
such an extent that an extreme reduction in planktivorous fishstock would be required in order to achieve an improvement in
water quality (McQueen et al., 1986: McQueen & Post, 1988a).
The predatory fish -> planktivorous fish -> zooplankton ->
phytoplankton relationship formed the basis for the cascading
trophic interactions theory as defined by Carpenter (Carpenter et
al., 1985) whereby changes at one trophic level affect the one
below (Fig. 8). This does not mean that nutrient loading has no
effect. The potential productivity of a lake ecosystem is
determined by nutrient loading whilst the actual productivity is
dependent upon community structure and species interactions
(Carpenter et al., 1985). This combines both top-down and bottomup processes as being regulatory factors in lake ecosystems.

I

P L A N K T l VOR E

HERBIVORE

PHYTOPLANKTON

PlSClVORE BIOMASS
Fig. 8. The relation of piscivore biomass to planktivores,
herbivores and phytoplankton. From Carpenter et al., 1985.

There appears to be a subtle discrepancy between the two
theories (fop-down and bottom-up vs cascading trophic
interactions). Although extensive discussion of such theoretical
aspects is desirable and valuable it is not possible within the
framework of this report. However, the ideas are important from
the point of view of the recognition of the role played by fish
in lake productivity.
Theoretically, manipulation of the fish-stock should lead to
a decrease in actual productivity. Several examples in the
literature bear this out. If, however, potential productivity
remains high then biomanipulation has little chance of long-term
success. Unfortunately, much of the nutrient loading originates
from internal sources in lakes with a long history of
eutrophication. Uinimising the effects of this internal loading
is a problem inherent in restorative measures and biomanipulation
can aid this. It should be seen as an additional measure t o
nutrient reduction and can be considered an invaluable tool in
the realisation of lake restoration.

4.2.

Practical applications of biomanipulation

In virtually all the cases described in this report an
improvement in water quality was seen in the first year following
biomanip~lation. This was shown as a decrease in algal productivity and a subsequent increase in transparency and offers
promising perspectives for the application of biomanipulation. In
those cases where no improvement was seen the reason was an
insufficient reduction in the number and biomass of planktivorous
fish. However, the most effective manipulation measure seems to
be one which involves nutrient reduction as well as fish-stock
control. This has been confirmed by several authors (Moss, et al.
1988; Benndorf, 1987; McQueen et al., 1986; Carpenter and
Kitchell, 1988)
If the aim of a biomanipulation measure is that of long-term
water quality improvement then the natural variation and longterm dynamics of the lake ecosystem must be taken into account
(Carpenter 6 Kitchell, 1988).
Some of the factors influencing the success of biomanipulation are considered below.

.

4.2.1.

The availability of phosphorus for lake productivity.

As was shown above the potential productivity of a lake is
determined by the nutrient loading. Measures taken to reduce
phosphates in effluents and waste water result in lower levels of
dissolved and particulate phosphorus in the water column. This
means that the direct availability for primary production is
reduced. If the level is kept to below ca. 100 ug P/1 then the
chances of disruptive algal blooms are diminished. The phosphorus
locked into the sediments, however, remains.
Phosphate can be released from the sediment under reducing
conditions. This decrease in redox potential can be caused by
anoxia at the sediment/water interface. Intensive respiration in
the water column and the sediments and consequent reduction of
the oxidised microzone can lead to anoxia when the overlying
water is stagnant or slow-moving (as occurs during stratification) (Hakanson & Jansson, 1983). The respiration of an abundant
stand of macrophytes also results in a high oxygen demand above
the sediment. Lowered mixing of water between the plants again
leads to anoxia at the sediment/water interface.
A high pH results from intensive photosynthesis of phytoplankton and/or aquatic macrophytes. This can also lead to the
mobilisation of phosphorus from the sediments as hydroxide ions
replace the phosphate bound to iron or aluminium causing the
phosphate to return t o solution. In water rich with CaC03 a high
pH favours phosphorus binding, resulting in the precipitation of
phosphate out of the water column (Hakanson & Jansson, 1983).
An example of the effects of anoxia can be seen in Cockshoot
Broad in Great Britain where the removal of nutrient-rich
sediments l e d t o a clear water, plant-dominated lake community.
After four years the abundance of macrophytes was so great that
the oxygen demand and low mixing resulted in anoxia and subsequent release of phosphate (Moss et al., 1986). This means that
phosphate can be released from the sediments in both the
eutrophic, phytoplankton-dominated situation as in a situation

where macrophytes dominate.
The establishment of a stand of aquatic macrophytes can also
be beneficial from the point of view of water quality, offering a
refuge for zooplankton and predatory fish such a s the pike.
Macrophytes, however, can form a pathway of phosphorus from
sediment to water by uptake and subsequent release during
senescence and decomposition (Carpenter 6 Lodge, 1986).
It appears that macrophyte growth can be both beneficial and
detrimental and a solution to the eventual negative effects would
seem t o lie in the prevention or the management of excessive
growth. Advice on this matter is beyond the scope of this study
but solutions could be sought in harvesting and removal of
macrophytes (which is expensive) or in the introduction of a
grazer such as the grass carp (~enowharvnuodgnfdella).
Implementation of the latter has consequences for nutrient
recycling, not all of which are positive, and further study is
required to elucidate the value of this fish in water management.
See also De Nie, 1987.
4.2.2.

Critical density of planktivorous fish population

The critical size of the planktivorous fish population of 45
kg/ha is a rough estimate and several factors must be taken into
account before applying this in a management situation.
The data used in Figs. 4 and 5 are based on experiments
involving young fish but are, in most cases, estimates made in
late summer or autumn. This biomass can differ from that present
during the summer due to the influences of growth and predation.
However, results in the literature from experiments regarding the
direct influence of young fish on p a ~ h n i acorrespond well with
the estimate of 45 kg/ha (eg. 30-50 kg/ha (McQueen & Post,
1988a) )
The use of fish biomass in determining the impact of fish on
zooplankton must also be applied with caution. A biomass of 30
kg/ha of young-of-the-year fish is equivalent t o one of 200 kg/ha
of older fish as far as the predation pressure is concerned
(Huisman, 1974). This is not relevant for the critical fish
biomass as defined above as this is based on experiments which
involved young fish. However, it stresses the importance of a
sound knowledge of the size and age structure of a fish
population before manipulation is attempted. Uany fish species
are planktivorous for the first year or two (eg. perch) and then
switch to larger invertebrate or insect larvae. When the age
structure is known an estimate can be made of the predation
pressure and how this might change by the removal of a certain
percentage of the fish population. As young and small fish are
less efficiently removed than larger ones by manual fishing
methods, this can influence the outcome of a manipulation
measure.
A sound knowledge of the species composition of the fish
population is also important, as factors such as growth and
recruitment (Cryer et al., 1986) and feeding method and predatorprey interactions (Lazzaro, 1987) can be species-specific.

.

The natural dynamics of the zooplankton community are such
that the population shows a decline in the summer due to food
limitation and predation (Lampert et al., 1986; Bernardi et al.,

in press). At this time, when young fish can be abundant, the
predation pressure on the zooplankton can be excessive. Older
fish also feed more on zooplankton during this period. It would
appear that the critical fish density must be achieved during the
summer months in order to allow the zooplankton to establish a
population large enough to prevent algal blooms in late summer.
The realisation of such a low fish-stock biomass by
piscivorous fish stocking alone would require a considerable
number of these predators, especially considering the fact that
the planktivorous fish-stock in eutrophied lakes is in many cases
around 200 kg/ha. This is one reason not to apply piscivorous
fish-stock enhancement alone as a restoration measure. The large
numbers of predatory fish required could lead to an enhanced
recycling of nutrients due to excretion (Langeland et al., 1987).
The most promising manipulation is therefore one which
initially reduces the planktivorous fish-stock whilst ensuring
that enough predatory fish are available t o keep the level of
planktivores below that required to allow a sufficiently large
population of efficient filter-feeding herbivorous zooplankton.
Pike-perch (Stizostedion lucio~erca)can probably be used with
success in the first year of manipulation as this fish can
survive in turbid, eutrophic conditions, whilst other predators
(eg. pike) cannot. The only problem is the temperature
sensitivity of this fish, it survives best at water temperatures
of 26 'C, although it is found throughout northern Europe (OVB,
1986). Predictions made by Van Densen and G r i m suggest that
stocking of this species in early summer with large individuals
of 0+ and 1+ year classes can lead to an optimal impact on the
planktivorous fish and enhance the chances of its survival (van
Densen & Grimm, 1988).
In the following years it should be attempted to achieve a
viable population of pike, rather than pike-perch, as the top
predator ( G r i m , in press). In order for this to succeed, clear
water and a.healthy macrophyte community are required (De Nie,
1987). It is hoped that macrophyte growth is not so extensive
that it leads to the problems described above.
4.2.3.

Invertebrate predators.

The presence of invertebrate predators in a lake can also
influence the outcome of a manipulation measure. In the absence
of fish, organisms s u ~ has maoborus or carnivorous copepods can
determine the structure of the zooplankton community (Lynch,
1979; Brabrand et al., 1987; Vanni, 1988). As these invertebrates
are themselves eaten by fish their importance may be
underestimated before restoration is attempted. It is advisable
to sample selectively for invertebrates such as aaoborus
(Diptera), Peomvsis (Crustacea) and U ~ t o d o r a(Cladocera)..
These predators prey on small zooplankton (Stenson et al., 1978;
Hrbacek et al., 1986) or juvenile stages of larger ones such as
pi4~hnia aaleata (Wetzel, 1983). The abundance of small
zooplankton, when fish predation is high, leads to an
exploitation of this resource by small instars of b ~ t o d o r a
k,j.ndtii and maoborus according to Hrbacek (1986).
In Lake Lilla Stockelidsvatten the increase in Chaoborus
flavicans, 6 . 0bScuriDes and the water bug Glaenocorisa ~ r o ~ i n a u a
contributed towards the shift from small cladocerans to large

copepods (Stenson et al., 1978; Henrikson et al., 1980).
The predation pressure of a few 3rd and 4th instar ghaoborus
americanus larvae in Pleasant Pond in the absence of fish was
higher than that of three times as many 1st and 2nd instars when
fish were present (Lynch, 1979). This shows the importance of
planktivore predation in keeping the m o b o m s population under
control.
Edmondson and Aiella (1988) have shown how important the
pulicaria in Lake
predation of Peomvsis mercedis was on
Washington. When the mysid population was reduced due to
predation from the keystone-predator smelt -(
thaleichthves), the daphnids increased considerably in numbers
and have remained abundant in the absence of the invertebrate
predator.
As Peomvsis is capable of removing large zooplankton, it is
especially important that the abundance of this particular
invertebrate predator be quantified before manipulation takes
place.
Brabrand et al. (1987) showed that the carnivorous copepod
C v c l o ~ ss c u t i f e ~could exert a predation pressure similar to 2+
roach on D a ~ h n i alonairemis. However, as this copepod cannot
survive in shallow or unstratified water, it is not of importance
in the population dynamics of lakes with such characteristics.
The effect of invertebrate predation can be considerable in
determining the zooplankton community structure, especially in
the absence of vertebrate predators. Therefore, knowledge of the
community structure is necessary to elucidate the role played by
predation and to predict how this will change after the removal
of fish. Studies on competition should complement those on
predation and make a prediction more accurate (Lynch, 1979;
Vanni, 1988; W o t t & Kerfoot, 1982).
4.2.4. Influences on the abundance or viability of pa~hnia, other
than predation.
p a ~ h n i aspecies are efficient filter-feeders and are capable
of keeping phytoplankton biomass low. However, there are some
factors which affect the viability of
one of which is
the presence of blue-green algae (Zaret, 1980; Dawidowicz et al.,
1988). An increase in filamentous blue-green algae (Chl-a from
5-20 ug/l) led t o a two-fold decrease in filtering rate. A
further increase in Chl-a had no effect on the filtering rate but
reduced the fecundity significantly. This means that unless large
are established before algal blooms occur then the
chances of these zooplankton controlling the blue-green algae are
small (Davidowicz et al., 1988).
Edmondson and Abella (1988) also noted the inhibitory effect
This was studied experimentally by
of Qscillator& on
Infante and Abella (1985) who found that Qscillatoria inhibited
growth and reproduction of Q. pulicaria and Q. M o r a t a even with
an abundance of E m t o m o n a s as food source. The growth of
Erntomonas was also inhibited by the blue-green algae which
could suggest competition or allelopathic effects. Again, a
complete discussion of these aspects is beyond the scope of this
report.

w.

4.2.5.

Nitrogen limitation and nitrogen-fixing phytoplankton.

The occurrence of nitrogen limitation has been observed in
lakes in the Netherlands (Zevenboom & Uur, 1980) and also in
lakes where biomanipulation has been carried out (Van Donk et
al., in press). In the first case there was no shift to nitrogenfixing algae (eg. mhanizo-)
and
remained the
to be the
dominant phytoplankton species. Lightlimiting factor. In the second cas; it was thought that nitrogen
competition was occurring with the macrophytes. (See also Balls
et al. 1989.)
Experiments in which nitrates were added showed that
- A
blooms occurred regardless of the level of nitrate
in the water (Andersson & Cronberg, 1984: Iathrop, 1988). Blooms
were thought to occur as a protective mechanism against grazing
by p a ~ h n i a (Andersson and Cronberg, 1984).
4.2.6.

Control of inedible algae.

Algae such as Oscillatoria a a a r d m which forms long
inedible filaments can possibly be controlled in other ways when
grazing by paDhnia.fa.ils. The ingestion of pscillatoria by the
gymnostomid ciliate-passula ornata was studied in the laboratory
and in enclosure experiments by Brabrand et al. (1983). Nassula
was capable of suppressing Oscillatoria (and Anabaena flos-auuae)
under laboratory conditions but did not in the field situation
due to predation from Cvclous strenuus and small roach. However,
the promising results from the laboratory may offer some
perspective for temporary applications of fJassula to alleviate or
prevent Oscillatoria blooms.
A reseach project into the application of the zebra mussel
(preissena DolVIn0?3ha) as a biological filter of algae is at
present being carried out in the Netherlands. Preliminary results
are promising, the mussel is capable of exerting a high filtering
pressure even in the presence of blue-green algae (Reeders et
al., 1989).

4.3.

Final remarks

The lake ecosystem is a dynamic one and variation is
inherent. Therefore a solution to the problem of eutrophication
will have to be dynamic and capable of accomodating spatial and
temporal variability. As such it may be necessary to repeat
certain measures and to manipulate at different levels, each with
its own time scale. In management terms this means that after the
initial reduction in planktivorous fish-stock to below the
critical biomass suggested, it might be necessary to intensify
fishing on cypriniZs in the following years. This should,
ideally, be combined with a certain degree of flexibility as far
as responding to developments at different trophic levels is
concerned. Consequently, additional measures, such as
inoculations of Q a ~ h n i qor Nassula or placement of Qreisseng,
should not be ruled out as remedial measures to help achieve the
desired level of water quality.
The application of biomanipulation as a restorative measure
is feasible if the dynamic character of the lake ecosystem is
taken into account. Some of the results of biomanipulation as
well as factors contributing to lake dynamics have been treated
in this report. Although this study is by no means definitive it
will hopefully help elucidate some of the unanswered questions in
lake management.

Acknowledgements
This literature study vas done under commission from the
Institute for Inland Water Management and Waste Water Treatment
(DBW/RIZA) in Lelystad. Thanks are due to all those who helped
collect and interpret the wealth of information available on the
subject of biomanipulation. Thanks are especially due to MarieLouise Meijer, Uarten Scheffer and Jan Uunk for their constructive criticism and enthusiastic support. Harry Hosper offered many
valuable suggestions and Uartin de Haan helped extensively with
the graphics. Thanks too, to the "verkgroep ABBw. The librarians
and other staff from the Institute were helpful throughout the
study. Thanks are also due to those scientists vho willingly sent
preprints, information or suggestions. Uy apologies to those
whose ideas have only been treated superficially.

References
Almquist, E. 1959. Observations on the effect of rotenone
emulsives on fish food organisms, Rep. Inst. Freshwater Res.
Drottingholm, 40:146-160.
Andersson, G. 1984. The role of fish in lake ecosystems
and in
limnology, Nordisk limnologsymposium, Oslo, 215 pp, pp.189197.
Andersson, G. 1987. The influence of fish on eutrophic lake
ecosystems. In: Vismara et al. Lake Pollution and Recovery,
EWPCA, Milano pp. 112-116.
Andersson, G. 1988. Restoration of Lake Trummen, Sweden. Effects
of sediment removal and fish manipulation. In G. Balvay
(Ed.) Eutrophication and Lake Restoration. Water Quality and
Biological Impacts, French-Swedish Symposium, Thonon-lesBains, pp. 205-214.
Andersson G. 6 G. Cronberg. 1984. &~hsninzomenon flos-amae and
large D a ~ h n i a an interesting plankton association in
hypertrophic waters, pp. 63-76 in Nordisk limnologsymposium,
Oslo 215 pp.
Andersson, G.! H. Berggren 6 S. Hamrin. 1975. Lake Trummen
restoration project. 111. Zooplankton, macrobenthos and
fish, Verh. Internat. Verein. Limnol., 19:1097-1106.
Andersson, G., H. Berggren, G. Cronberg 6 C. Gelin. 1978. Effects
of planktivorous and benthivorous fish on organisms and
water chemistry in eutrophic lakes, Hydrobiologia, 59:9-15.
Andersson, G., S.F. Hamrin, 0. Lessmark 6 L. Persson. 1985.
Fisksamhallen och fislananipulering i eutrofera sjoekosystem,
Slutrapport, Limnologiska instituten, Lund, 24 pp.
Balls, H., B. Moss & K. Irvine. 1989. The loss of submerged
plants with eutrophication: I. Experimental design, water
chemistry, aquatic plant and phytoplankton biomass in
experiments carried out in pond in the Norfolk Broadland,
Freshwater Biology, in press.
Bengtsson, L., S. Fleischer, G. Lindmark 6 W. Ripl. 1975. Lake
Trummen restoration project. I. Water and sediment chemistry, Verh. Internat. Verein. Limnol., 19:1080-1087.
Benndorf, J. 1987. Food-web manipulation without nutrient
control: a useful strategy in lake restoration?, Schweiz. 2 .
Hydrol., 49(2):237-248.
Benndorf, J., H. Kneschke, K. Kossath 6 E. Penz. 1984.
Manipulation of the pelagic food-web by stocking with
predacious fish, Int. Rev. Ges. Hydrobiol., 69:407-428.
Benndorf, J., H. Schultz, A. Benndorf, R. Unger, E. Penz, H.
Xneschke, K. Kossatz, R. Dumke, U. Hornig, R. Kruspe, S.
Reichel. 1988. Food-web manipulation by enhancement of
piscivorous fish-stocks, long-term effects in the
hypertrophic Bautzen Reservoir, Limnologica (Berlin)
19 (1):97-110.
Bernardi, R. de. 1975. Population dynamics of three cladocerans
of Lago Maggiore related to predation pressure by a
planktophagous fish, Verh. Internat. Verien. Limnol.,
19:2906-2912.
Bernardi, R. de, G. Giussani 6 M. Manca. Cladocera: predators and
prey, Hydrobiologia, in press.
Bernardi, R. de 6 G. Giussani. 1978. Effect of mass fish
mortality on zooplankton structure and dynamics in a small
Italian lake (Lago-di-Annone), Verh. Internat. Verein.

-

-

Limnol., 20:1045-1048.
Bjork, S. 1982. Goals, methods and possibilities for directing
developments of limnic ecosystems, Hydrobiologia,
86:177183.
Bloesch, J., P. Bossard, H. Biihrer, H.R. Biirgi & U. Uehlinger.
1988. Can results from limnocorral experiments be
transferred t o in situ conditions? (Biomanipulation in
limnocorrals VI), Verh. Internat. Verein. Limnol., 23:762-

~

763.

Brabrand, A., B. A. Paafeng, T. Kallqvist & J.P. Nilssen. 1983.
Biological control of undesirable cyanobacteria in
culturally eutrophic lakes, Oecologia (Berlin) 60:l-5.
Brabrand, A., B. A. Paafeng & J.P.M. Nilssen. 1987. Pelagic
predators and interfering algae: stabilizing factors in
temperate eutrophic lakes, Arch. Hydrobiol., 110(4):533-552.
Brooks, J.L. & S.L. Dodson. 1965. Predation, body size and
composition of plankton, Science Vol. 150, 28-35.
Carpenter, S.R. & D.M. Lodge. 1986. Effects of submerged
macrophytes on ecosystem processes, Aquatic Botany, 26:341370.
Carpenter, S.R. & J.F. Kitchell. 1988. Consumer control of lake
productivity, BioScience, 38(11):764-769.
Carpenter, S.R., J.F. Kitchell & J.R. Hodgson. 1985. Cascading
trophic interactions and lake productivity, BioScience,
35 (10):634-639.
Carpenter, S.R., J.F. Kitchell, J.R. Hodgson, P.A. Cochran, J.J.
Elser, M.M. Elser, D.M. Lodge, D. ~retchmer,X. He 6 C.N.
Von Ende. 1987. Regulation of lake primary productivity by
food-web structure, Ecology 68(6):1863-1876.
Cronberg, G. 1982. Changes in the phytoplankton of Lake Trummen
induced by restoration, Hydrobiologia, 86:185-193.
Cronberg, G., C. Gelin & K. Larsson. 1975. Lake Trummen
restoration project. 11. Bacteria, phytoplankton and
zooplankton productivity, Verh. Internat. Verein. Limnol.,
19:1088-1096.
Cryer, M., G. Peirson & C.R. Townsend. 1986. Reciprocal
interactions between roach putilis rutills , and zooplankton
in a small lake: prey dynamics and fish growth and
recruitment, L & 0 31(5):1022-1038.
CUWVO. 1988. Samenvatting en conclusies van het vergelijkend
onderzoek naar de eutrofiering in nederlands meren en
plassen, resultaten van de derde eutrofiirings-enquete, 26

. .

PP

.

1

Dawidowicz, P., Z.M. Glivicz & R.D. Gulati. 1988. Can Da~hnia
prevent a blue-green algal bloom in hypertrophic lakes?,
Limnologica (Berlin), 19(1):21-26.
De Aaan, H.W. 1988. Kwantificering van de factoren die het
zwevende-stof-gehalte beinvloeden en de gevolgen voor de
extinctie, M&W Aquasense Rapport Nr. 88002, 40 pp.
DeMott, W.R. & W.C. Kerfoot. 1982. Competition among cladocerans:
nature of the interaction between posmina and Ba~hnia,
Ecology, 63(6):1949-1966.
De Nie, H.W. 1987. The decrease in aquatic vegetation in Europe
and its consequences for fish populations, EIFAC/CECPI,
occasional paper, 19, 52 pp.
Edmondson, W.T. & S.E.B. Abella. 1988. Unplanned biomanipulation
in Lake Washington, Limnologica (Berlin), 19(1):73-79.
Elser, J.J. & S.R. Carpenter. 1988. Predation-driven dynamics of

zooplankton and phytoplantkon communities in a whole-lake
experiment, Oecologia (Berlin) 76:148-154.
Goad, J.A. 1984. A biomanipulation experiment in Green Lake,
Seattle, Washington, Arch. Hydrobiol., 102(2):137-153.
Grimm, H . P . 1983. Regulation of biomass of small (< 41 cm)
L.), with special reference to
Northern Pike (m
the contribution of individuals stocked as fingerlings (4-6
a ) , Fish. H p t . 14(3):115-133.
Grimm, H.P. 1989. Northern Pike (=
lucius L.) and aquatic
vegetation. Tools in the management of fisheries and water
quality in shallow waters, in press.
Hakanson, L. 6 M. Jansson (Eds.). 1983. Priciples of lake
sedimentology, Springer-Verlag, Berlin, 316 pp.
Hartmann, J. 1977. Pischereiliche Veranderungen in kulturbedingt
eutrophierenden Seen, Schweiz 2 . Hydrol., 39:243-254.
Henrikson, L., H.G. Nyman, H.G. Oscarson 6 J.A.E. Stenson. 1980.
Trophic changes without changes in the external nutrient
loading, Hydrobiologia 68(3):257-263.
Hosper, S.H., W.L. Meijer 6 E. Jagtman. 1987. Actief Biologisch
Beheer, nieuwe nogelijkheden bij het herstel van meren en
plassen, H20, 12~274-279.
Hrbacek, J., M. Dvorkova, V. Korinek & L. Prochazkova. 1961.
Demonstration of the effect of the fish-stock on the species
composition of zooplankton and the intensity of metabolism
of the whole plankton association, Verh. Internat. Verein.
Limnol., 14:192-195.
Hrbacek, J., 0. Albertova, B. Desortova, V. Gottwaldova 6 J.
Popovsky. 1986. Relation of the zooplankton biomass and
share of large cladocerans to the concentration of total
phosphorus, chlorphyll-a and transparency in Hubenov and
Vrchlice reservoirs, Limnologica (Berlin) 17(2):301-308.
Huisman, &.A. 1974. Optimalisering van de groei bij karper
(Cmrinus c a m i o L.), Proefschrift/Dissertation, LAndbouw
Hogeschool Wageningen, 95 pp.
Infante, A. & S.E.B. Abella. 1985. Inhibition of Da~hniaby
Oscillatoria in Lake Washington, L 6 0, 30(5):1046-1052.
Irvine, K., B. Moss & H. Balls. 1989. The loss of submerged
plants with eutrophication: 11. Relationships between fish
and zooplankton in a set of experimental ponds, and
conclusions, Freshwater Biology, in press.
Jeppesen, E., M. Sondergaard, 0. Sortkjaer, E. Mortensen & P.
Kristensen. 1988. Interactions between phytoplankton,
zooplankton and fish in a shallow, hypertrophic lake: study
on phytoplankton collapses in Lake Sebygaard, Denmark, in
press.
Jeppesen, E., M. Sondergaard 6 H. Rossen. 1989. Restaurering af
soer ved ingreb i fiskbestanden: status for inganvaewrende
undersogelser, Del 1: 73 pp.; Del 2: 114 pp.
Jones, R.A. & G.F. Lee. 1982. Recent advances in assessing impact
of phosphoms loads on eutrophication related water quality,
Water Res., 16:503-515.
Kohler, J., A. Kohler & J. Benndorf. 1989. Biomanipulation in
Grafenhain experimental water: altered direct and indirect
effects after five years, Acta hydrochim. hydrobiol., 17, in
press.
Koksvik, J.I. 6 K. Aagaard. 1984. Effects of rotenone treatment
on the benthic fauna of a small eutrophic lake, Verh.
Internat. Verein. Limnol., 22:658-665.

Koksvik, J.I. 6 A. Xangeland. 1987. Effects of size-selective
predation by whitefish (Foreaonus lavaretus L.) on
aaleata Sars and Evclo~sscutifer Sars, in limnocorral
experiments, Pol. Arch. Hydrobiol., 34(1):67-80.
Lamarra, V.A., Jr. 1975. Digestive activities of carp as a major
contributor to the nutrient loading of lakes, Verh.
Internat. Verein. Limnol., 19:2461-2468.
Lammens, E.H.R.R.
1988. Trophic interactions in the hypertrophic
lake Tjeukemeer: top-down and bottom-up effects in relation
t o hydrology, predation and bioturbation during the period
1974-1985, Limnologica (Berlin) 19(1):81-85.
Lampert, W. 1988. The relationship between zooplankton biomass
and grazing: a review, Limnolgica (Berlin) 19 (10):11-20.
Lampert, W., W. Fleckner, H. Rai 6 B.E. Taylor. 1986.
Phytoplankton control by grazing zooplankton: a study on the
spring clear-water phase, L 6 0 31(3):478-490.
Langeland, A., J.I. Koksvik, Y. Olsen & H. Reinertsen. 1987.
effects of
Limnocorral experiments in a eutrophic lake
fish on the planktonic and chemical conditions, Pol. Arch.
Hydrobiol., 34(1):51-65.
Lathrop, R.C. 1988. Evaluation of whole-lake nitrogen
fertilization for controlling blue-green algal blooms in a
hypertrophic lake, Can. J. Fish. Aquat. Sci., 45:2061-2075.
Lazzaro, X. 1987. A review of planktivorous fishes: their
evolution, feeding behaviours, selectivities and impacts,
Hydrobiologia, 146:97-167.
Leah, R.T., B. Moss & D.E. Forrest. 1980. The role of predation
in causing major changes in the limnology, Int. Rev. Ges.
Hydrobiol., 65(2):223-247.
Lynch, M. 1979. Predation, competition and zooplankton community
structure: an experimental study, L & 0 24(2):253-272.
McQueen, D.J. & J.R. Post. 1988a. Cascading trophic
interactions: uncoupling at the zooplankton-phytoplankton
link, Hydrobiologia, 159:277-296.
McQueen, D.J. & J.R. Post. 1988b. Limnocorral studies of
cascading trophic interactions, Verh. Internat. Verein.
Limnol., 23:739-747.
McQueen, D.J., J.R. Post & E.L. Mills. 1986. Trophic
relationships in freshwater pelagic ecosystems, Can. J.
Fish. Aquat. Sci., 43:1571-1581.
Meijer, M.L., A.J.P. Raat 6 R.W. Doef. 1989. Restoration by
biomanipulation of Lake Bleiswijkse Zoom (The Netherlands):
first results, Hydrobiological Bulletin, in press.
Mills, E.L., J.L. Forney 6 K.J. Wagner. 1987. Fish predation and
its cascading effect on the Oneida Lake food chain. In: W.C.
Kerfoot and A. Sih (Eds.): Predation: Direct and Indirect
Impacts on Aquatic Communities, United Press of New England,
pp. 118-131.
Morrison, B.R.S.
1983. Use and effects of pesticides. In: P.S.
Haitland and A.K. Turner (Eds.): Angling and Wildlife in
Freshwaters, ITE Symposium No. 19.
Moss, B. 1987. The art of lake restoration, New Scientist, 5-387, pp. 41-43.
Moss, B., H. Balls, K. Irvine & J. Stansfield. 1986. Restoration
of two lowland lakes by isolation from nutrient-rich water
sources with and without removal of sediment, J. Appl.
Ecology, 23:391-414.
Moss, B., K. Irvine 6 J. Standfield. 1988. Approaches to the

-

restoration of shallow eutrophicated lakes in England, Verh.
Internat. Verein. Limnol., 23:414-418.
Northcote, T.G. 1988. Fish in the structure and function of
freshwater ecosystems: a "top-downn view, Can. J. Fish.
Aquat. Sci., 45:361-379.
OIBrien, J.W. 1979. The predator-prey interaction of
planktivorous fish and zooplankton, American Scientist,
67:572-581.
Oberg, K.E. 1967. On the principal way of attack of rotenone in
fish, Ark. Zool., 18:217-220.
Olsen, Y. 6 H. Reinertsen (Eds.). 1986. NTNF1s Program for
eutrofieringsforskning sluttrapport fase 2, 1983-85, 34 pp..
OVB. 1986. Cursus vissoorten, 2 delen. Deel -1: 152 pp.: Deel 2 89
PP
Post, J.R. 6 D.J. McQueen. 1987. The impact of planktivorous fish
on the stucture of a plankton community, Freshwater Biology
17 :79-89.
Reeders, H.H., A. bij de Vaate 6 E. Slim. 1989. The filtration
rate of Dreissena
(Bivalvia) in three Dutch
lakes, with reference to biological water quality
management, Freshwater Biology, in press.
Reinertsen, H. & Y. Olsen. 1984. Effects of fish elimination on
the phytoplankton community of a eutrophic lake, Verh.
Internat. Verein. Limnol., 22:649-657.
Richter, B. 1985. Mogelijkheden van biomanipulatie ten behoeve
van het waterkwaliteitsbeheer in Nederland, Verslag
Limnologisch Instituut Oosterzee/Nieuwersluis, nr. 8, 109
PP
Scheffer, M. 1989. Alternative stable states in eutrophic
freshwater systems. A minimal model, Hydrobiol. Bull., 23,
in press.
Schindler, D.W. & G.W. Comita. 1972. The dependence of primary
production upon physical and chemical factors in a small
senescing lake, including the effect of complete winter oxic
depletion, Arch. Hydrobiol., 69(4):413-451.
Shapiro, J., V. Lamarra, & M. Lynch. 1975. Biomanipu1ation:an
ecosystem approach to lake restoration. In: P.L. Brezonik
and J.L Fox (Eds.), Water Quality Mangement Through
Biological Control, Report No. ENV-07-75-1, University of
Florida, Gainesville, pp. 85-96.
Shapiro, J. & D.I. Wright. 1984. Lake restoration by
biomanipulation Round Lake, Minnesota, Freshwater Biology,
14:371-383.
Shapiro, J., B. Forsberg, V. Lamarra, G. Lindmark, M. Lynch, E.
Smeltzer 6 G. Zoto. 1982. Experiments and experiences in
biomanipulation: studies of biological ways to reduce algal
abundance and eliminate blue-greens, Environmental
Protection Agency (EPA) Project Summary EPA-600/S3-82-096,
251 pp.
Sondergaard, M., E. Jeppesen, P. Kristensen 6 0. Sortkjaer. 1988.
Interactions between sediment and water in a shallow and
hypertrophic lake: a study on phytoplankton collapses in
Lake Sebygaard, Denmark, Draft, in press.
Stenson, J.A.E., T. Bohlin, L. Henrikson, B.I. Nilsson, H.G.
Nyman, H.G. Oscarson & P . Larsson. 19.78. Effects of fish
removal from a small lake, Verh. Internat. Verein.
Limno1.,20:794-801.
Tatrai, I. 1987. The role of fish and benthos in the nitrogen

.

.

-

budget of Lake Balaton, Hungary, Arch. Hydrbiol.,
110 (2):291-302.
Tatrai, I. 6 V. Istvanovics. 1986. The role of fish in the
regulation of nutrient cycling in Lake Balaton, Hungary,
Freshwater Biology, 16:417-424.
Tatrai, I., L.-G. Toth & J.E. Ponyi. 1985. Effects of bream
( r a i s
L.) on the lower trophic level and on the
water quality in Lake Balaton, Arch. Hydrobiol., 105(2):205217.
Tatrai, I., L.-G. Toth, V. Istvanovics 6 J. Zlinszky. 1989.
Enclosure study of trophic level interactions in the
mesotrophic part of Lake Balaton, Dev. Hydrobiol., in press.
Ten Winkel, E.H. 6 J.T. Meulemans. 1984. Effects of cyprinid fish
on submerged vegetation, Hydrobiol. Bull., 18:157-158.
Timms, R.M. 6 B. Moss. 1984. Prevention of growth of potentially
dense phytoplankton populations by zooplankton grazing in
the presence of zooplanktivorous fish in a shallow wetland
ecosystem, L & 0 29:472-486.
Van Densen, W.L.T. & M.P. Grim.' 1988. Possibilities for fishstock enhancement of pikeperch (Stizostedion lucio~erca)in
order to increase predation on planktivores, Limnologica
(Berlin) 19(1) :45-49.
Van Donk, E., R.D. Gulati & M.P. Grim. 1989. Food-web
manipulation in Lake Zwemlust: positive and negative effects
during the first two years, Hydrobiol. Bull., 23, in press.
Vanni, M.J. 1988. Freshwater zooplankton community structure:
introduction of large invertebrate predators and large
herbivores to a small-species community, Can. J. Fish.
Aquat. Sci., 45:1758-1770.
Vollenweider, R.A. 1976. Advances in defining critical loading
levels for phosphorus in lake eutrophication, Hem. 1st.
Ital. Idrobiol. 33:53-83.
Wetzel, R.G. 1983. Limnology, 2nd ebition, Saunders College
Publishing, Philadelphia, 753 pp.
Zaret, T.M. 1980. Predation and Freshwater Communities, Yale
University Press, New Haven and London, 187 pp.
Zevenboom, W. & L. Mur. 1980. N2-fixing cyanobacteria: why they
do not become dominant in Dutch hypertrophic lakes. In: J.
Barica and L. Mur (Eds.), Developments in Hydrobiology, Vol.
2, pp. 123-130.
Zevenboom, W., A. bij de Vaate & L. Mur. 1982. Assessment of
paardhii in
factors limiting growth rate of gscilhypertrophic Lake Wolderwijd 1978, by use of physiological
indicators, L 6 0 27(1):39-52.

APPENDIX I: FISH APPENDIX

-

Bass
largemouth
(grootbekforelbaars)
Hicro~terusp a l m o m ; Pam. Centrarchidae.
Feeding habits: small bass feed temporarily on zooplankton
and then progress to invertebrates such as larvae from the
Trichoptera (caddis flies), Ephemeroptera (mayflies) as well
as small fish and frogs.
Spawning: May-June, males guard the eggs and fry.
Bleak (alver)
&Iburnug glburnus; Pam. Cyprinidae.
Feeding habits: young are planktivorous; adults feed at
water surface on floating insects.
Spawning: May-July in shallow water above stones and gravel.
Bluegill (soort zonnebaars)
M ~ o m i smacrochirus; Fam. Centrarchidae
bass

-

related to largemouth

Bream (brasem)
D r a m i s brama; Fam. Cyprinidae.
Feeding habits: young bream eat zooplankton (cladocera and
copepods) but older ones feed on benthic organisms. The
mouth can be protruded to search for food in soft sediments
Spawning: end April-May in aquatic vegetation or other
sheltered places.
Bullhead (rivierdonderpad)
Cottus aobbio; Fam. Cottidae.
Feeding habits: insect larvae.
Spawning: April, males guard eggs which are stuck to
underside of large stones.
Carp (karper)
C m r i n u s c a m i o ; Fam. Cyprinidae.
Feeding habits: fry up to 2 cm long feed on zooplankton,
larger fish eat benthic invertebrates (chironomid larvae,
mayfly larvae and snails) and, when other food is scarce,
water plants.
Spawning: May-June on aquatic vegetation and flooded grass
of river banks.
Eel (paling)
mauilla mauillq; Pam. Anguillidae.
Feeding habits: eel spend 8-15 years of their lives in.
freshwater where they eat molluscs, crustaceans and other
fish.
Spawning: in the Sargasso Sea (Atlantic Ocean) where the
females die once they have spawned. The eel larvae live for
several years in the Atlantic Ocean and are carried by the
Gulf Stream to Europe where the developing elvers enter
freshwater. Females swim upstream to lakes and ponds while
the males remain in the river estuaries.

ni.nnow (elrits)
~hox*;
Fam. Cyprinidae.
Feeding habits: crustaceans and insect larvae (chironomids
and mayflies (Ephemeroptera)).
Spawning:April-June/July in schools above gravel or stones
in running water; the eggs aare attached to stones and hatch
within 5-10 days.
Uodetlieschen (vetje)

W Ddelineatus;
~ UPam.
S
Cyprinidae.
Feeding habits: these fish eat mostly zooplankton and plant
material but also insect larvae.
Spawning: takes place in June-July between aquatic
vegetation in shallow, slow-streaming water. Female lays
eggs in strips around water plants where they are fertilised
by the male who subsequently guards them.
Perch (baars)
fluviatilis; Pam. Percidae.
Feeding habits: young perch eat zooplankton and insect
larvae (mayflies) and small fish. Older ones eat exclusively
fish.
Spawning: takes place April-June and the eggs are laid and
fertilised in long strips (1-2 m by 1-2 cm) which are
wrapped around water plants and submerged branches.

-

yellow (gele baars)
Perch
Perca flavescens: Fam. Percidae

-

closely related to perch.

Pike (snoek)

Esox lucius; Fam. Esocidae.
Feeding habits: predatory fish feeding on fish fry when
young (even their own) and larger fish when older.
Spawning: in spring between aquatic vegetation or on flooded
vegetation of river meadows.
Pikeperch (snoekbaars)
Stizostedion lucio~erca;Fam. Percidae.
Feeding habits: young eat invertebrates but progress quickly
to a diet of only fish.
Spawning: April-June in shallow water, preferably above
stones or gravel.'Eggs are guarded by both male and female
and hatch within 5-10 days.
Roach (blankvoorn)
Butilis mtilis; Pam. Cyprinidae.
Feeding habits: aquatic invertebrates (cladocera and
chironomids) older fish sometimes eat water plants.
Spawning: nay-June in shallow, backwaters amongst water
plants.

Rudd (rietvoorn)
Scarervtro~hthalmus; Pam. Cyprinidae.
Feeding habits: young fish feed on zooplankton, older ones
on insect larvae and water plants.
Spawning: May-June in schools amongst aquatic vegetation.
Smelt (spiering)
Osmerus ;
Pam. Osmeridae.
Mote: this is a different species to the one described by
Edmondson & Abella, 1988 ( s ~ i r i -+hves).
m
Feeding habits: young eat zooplankton and crustaceans and
older individuals,eat invertebrates and small fish.
Spawning: March-May in rivers or banks of lakes. Eggs
initially rest on bottom but after the outer membrane bursts
they are carried by the river. Young fish return to sea
where they become adult after about two years.
Tench (zeelt)
Fam. Cyprinidae.
Feeding habits: feeds on molluscs, crustaceans and insect
larvae near lake bottom.
Spawning: prolifically in May in shallow water amongst water
plants.

Tinca

m;

-

brown (forel)
Trout
a l m o trutta; Pam. Salmonidae.
Feeding habits: small fish eat larval and adult insects and
larger ones hunt for and eat other fish, even their own
species.
Spawning: September and October migrates upstream t o spawn
and female lays fertilised eggs in a hollow in the river bed
which she shapes with her tail. The eggs hatch after about
150 days and the fry remain in the same river for about a
year after which they migrate to larger rivers.

-

Trout
rainbow (regenboogforel)
Salmo aairdneri; Fam. Salmonidae.
Feeding habits: young trout feed on larval and adult insects
whilst older ones feed almost exclusively on fish.
Spawning: October-March, eggs laid in nests on gravel in
rivers and hatch after 100-150 days. Migration to larger
rivers occurs eventually.
Walleye
Ftizostedion yitreum; Pam. Percidae

- related to pikeperch.

Sources:
Cihar, J. 1976. Freshwater Fishes, Octopus, London, 184 pp.
Maitland, P.S. 1983. Elseviers gids van de zoetwatervissen,
Elsevier, Amsterdam, 255 pp.

APPENDIX 11
Results from selected biomanipulation case studies, including the
Dutch cases. In Bleiswijk the compartment G (Galgje) had all
planktivorous and behtivorous fish removed, Z (Zeeltje) served as
a control. In Wolderwijd 1 is the pond without fish, and 2 is the
pond vith fish.
Case
'Foreign casesa
Broadlands Ponds

Brundall Broads
Wirth Lake
Lake-of-the-Isles
Haugatjern
Lake Vaeng
Dutch cases
Bleiswijk 87
Bleiswijk 88

--

Wolderwijd 87
Wolderwijd
Beesd 86

G
Z
G

-

Z

1
2
88 - 1
-2

Fish-stock
kg/ha

Daphnia
ind /l

Chl-a
ug/l

Total-P
ug/ 1

0
18
51
181
228
258
291
4
250
10
175
8
0
300
162

28
11
11
1
1
2
2
190
0
74
33
84
23
33
167

23.8
229.8
27.7
26.3
36.5
65.6
26.6
34.3
97.1
29.73
32.5
19.75
0.16
54
33

14 1
96.1
103.2
57.2
214.7
156.2
95
660
770
206
80
55
15
130
100

40
0
35
25
5
45
0
100
250
0

67
173
52
5.33
59
53.14
27.86
0.71
4.34
39.13

4.5
77.3
33.75
152.17
1.14
7.57
3.29
123.86
11.29
4.82

110
280
290
370
72
93
96
183
59
67

.

