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ABSTRACT

The aim of this review is to identify problems, find
general patterns, and extract recommendations for
successful biomanipulation. An important conclu-
sion is that the pelagic food chain from fish to algae
may not be the only process affected by a biomanipu-
lation. Instead, this process should be viewed as the
“trigger” for secondary processes, such as establish-
ment of submerged macrophytes, reduced internal
loading of nutrients, and reduced resuspension of
particles from the sediment. However, fish reduc-
tion also leads to a high recruitment of young-of-the-
year (YOY) fish, which feed extensively on zooplank-
ton. This expansion of YOY the first years after fish
reduction is probably a major reason for less success-
ful biomanipulations. Recent, large-scale biomanipu-
lations have made it possible to update earlier
recommendations regarding when, where, and how
biomanipulation should be performed. More appli-
cable recommendations include (1) the reduction in
the biomass of planktivorous fish should be 75% or
more; (2) the fish reduction should be performed

efficiently and rapidly (within 1-3 years); (3) efforts
should be made to reduce the number of benthic
feeding fish; (4) the recruitment of YOY fish should
be reduced; (5) the conditions for establishment of
submerged macrophytes should be improved; and
(6) the external input of nutrients (phosphorus and
nitrogen) should be reduced as much as possible
before the biomanipulation. Recent biomanipula-
tions have shown that, correctly performed, the
method also achieves results in large, relatively deep
and eutrophic lakes, at least in a 5-year perspective.
Although repeated measures may be necessary, the
general conclusion is that biomanipulation is not
only possible, but also a relatively inexpensive and
attractive method for management of eutrophic
lakes, and in particular as a follow-up measure to
reduced nutrient load.
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INTRODUCTION

Despite considerable reduction in external nutrient
loading, many lakes affected by urban and agricul-
tural activities have remained eutrophic with algal
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blooms and fish kills. One of many methods for
improving the conditions in such lakes is biomanipu-
lation, a term coined in 1975 (Shapiro and others
1975) and since embraced as one of the more
controversial applications of ecological theory. Gen-
erally, the word refers to manipulation of the fish
community to reduce predation pressure on herbivo-
rous zooplankton, supposedly followed by an in-
creased abundance and size of zooplankton, particu-
larly Daphnia. This, in turn, theoretically leads to
higher grazing pressure on phytoplankton and,
subsequently, to clear water.

The logic behind this chain of causes and conse-
quences is appealing and easy to understand (Hairs-
ton and others 1960). The simplicity of the theory,
and the clear predictions derived from it, have
attracted considerable interest from researchers,
especially freshwater ecologists, making the food-
chain theory one of the most thoroughly tested
theories in aquatic ecology [for example, see Carpen-
ter and Kitchell (1993) and Polis and Winemiller
(1996)]. Numerous laboratory, enclosure, and
whole-lake studies have, at least partly, corrobo-
rated the hypotheses derived from the theory. How-
ever, many studies have failed to show any effects
on zooplankton and algae following perturbations
in the fish community [for a review, see Lyche
(1989), Walker (1989), DeMelo and others (1992),
Phillips and Moss (1994), Reynolds (1994), and
Moss and others (1996a)].

The road from basic science to application is
generally winding and the progress laborious. This,
however, has not been the case in applying the
food-chain theory to biomanipulation. In the early
stages of theory application, several biomanipula-
tions were performed (Shapiro and Wright 1984;
Benndorf and others 1988) in an attempt to elimi-
nate nuisance algal blooms from eutrophic lakes.
Despite improved technical capabilities, the theoreti-
cal foundation used by lake managers when conduct-
ing biomanipulations often remains similar to that
in 1975, regardless of the substantial progress made
in food-chain theory since then (Carpenter and
others 1985; Persson and others 1988; Scheffer
1990; Moss and others 1996a). Because recent
biomanipulations have failed to prove that the
simple fish-zooplankton-algae food chain is the
only process involved in biomanipulation, the exclu-
sive use of food-chain theory for explaining ob-
served patterns has been drastically criticized: “To
some extent, the original idea of biomanipulation
(increased zooplankton grazing rate as a tool for
controlling nuisance algae) has become a burden”
(Horppila and others 1998). Removal of planktivo-
rous fish or addition of piscivorous fish to a lake

clearly affects lower trophic levels, but the effects
may not necessarily be the ones predicted by the
simple and appealing food-chain theory. The impor-
tance of other processes besides pure food-chain
dynamics has been demonstrated mainly in shallow
lakes (Jeppesen and others 1990a, 1990b, 1997,
1998; Moss 1990, 1996a; Scheffer 1990, 1998),
where theoretical development has progressed in
closer cooperation with lake managers than in the
case of deeper lakes. Consequently, theoretical ad-
vances were implemented early in the management
of shallow lakes [for example, see Jeppesen and
others (1990a, 1990b, 1997), Moss (1990), Hosper
and Meijer (1993), Moss and others (1996a), Per-
row and others (1997), and Scheffer (1998)].

In this review, we discuss processes, derived from
results of recent whole-lake biomanipulations, that
are likely to confound and support, respectively, a
successful rehabilitation of eutrophic lakes. Our aim
is also to reevaluate earlier reviews on biomanipula-
tion and to provide updated recommendations for
biomanipulation as a lake-management tool. More-
over, we aim to provide a useful guide for lake
managers, meaning that we focus more on applica-
tions, synthesis, and recommendations, that is, on
the connection between basic and applied research,
than on theoretical background. For a more thor-
ough description of the theory behind biomanipula-
tion, see Carpenter (1988), Carpenter and Kitchell
(1993), and Polis and Winemiller (1996)

REsULTS FROM WHOLE-LAKE
BIOMANIPULATIONS

Most studies performed to test food-chain theory
are conducted in small-scale laboratory or field
enclosures. The restricted spatial and temporal scales
of such studies cause problems in extrapolation to
the whole-lake scale. We therefore focus exclusively
on whole-lake studies, including the removal of
planktivorous fish and the addition of piscivorous
fish, as well as unintentional major fish kills. Among
whole-lake manipulations, the quality of available
data varies widely from occasional samplings to
long-term monitoring before and after the bioma-
nipulation. To avoid dubious conclusions, we have
established criteria that a study should fulfill to be
included in the evaluation:

1. The manipulation has been intensive; that is,
carried out over a limited period (generally 1-3
years).

2. Data are available for at least 5 years after the
manipulation was initiated (exceptionally a briefer
period was accepted). Although, this criterion ex-
cluded many short-term biomanipulations from this
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review, the value of lake responses after only 1 or 2
years is limited in making future recommendations.
Most agencies involved in biomanipulations are
interested in longer-lasting effects. Short-term stud-
ies are reviewed by Benndorf and others (1988),
Lyche (1989), Walker (1989), Shapiro (1990), Phill-
ips and Moss (1994), and Reynolds (1994).

To focus the discussion and allow valid compari-
sons, we have standardized the evaluations by
quantifying selected diagnostic variables and com-
paring them during June to September the year
before the manipulation began (year 0) and 5 years
after the manipulation (year 5). One problem with
this standardization is that if one or even both of the
years 0 and 5 happen to be “exceptional” in one way
or another, so conclusions drawn from that specific
case study will be affected. Despite this, we believe
that a large number of well-documented studies
treated in a standardized way is a powerful tool in
extracting general conclusions. The selected vari-
ables are Secchi depth, chlorophyll-a concentration,
submerged macrophyte cover, Daphnia biomass,
total phosphorus concentration, and blue-green
algal density.

Below, we briefly describe some recent biomanipu-
lations that fulfill the criteria just outlined. For
details about the measures undertaken, we refer to
the references given for each study. The effort and
methods differ among the case studies, but all aimed
to reduce cyprinid fish numbers. The methods used
include cyprinid fish removal or piscivore addition
or a combination of both. Also “nonselective” fish
removals, such as major fish Kills, are included.
Some of the studies presented are well documented,
allowing for extraction of more details, including
additional diagnostic variables, as well as discussion
of temporal changes.

In most of the case studies discussed, the external
nutrient loading had been reduced prior to bioma-
nipulation so that, for the majority of the lakes, the
total phosphorus concentration was below 200 pg
L~ at the start of the biomanipulation. Data pre-
sented are all summer means (June to September
inclusive).

Cyprinid Removal in Combination
with Piscivore Addition

Cyprinids were generally removed by trawling.
Piscivorous fish caught were returned to the lake,
whereas the cyprinids were removed. As a comple-
ment to the fish removal, young piscivorous fish
were added to the lakes to increase the predation
pressure on remaining cyprinids.

Bleiswijkse Zoom is a small, shallow (14.4 ha; mean
depth, 1 m), wind-exposed lake in the Netherlands

(Meijer and others 1990, 1994). Five years after
biomanipulation, the phosphorus concentration had
not changed, but the Secchi depth had increased
from 0.1 to 0.5 m and the chlorophyll concentration
was reduced by about 50% (Table 1). The biomass of
Daphnia was lower, whereas the cover of submerged
macrophytes had increased considerably (Table 1).

Lake Zwemlust, in the Netherlands, is a small,
urban, swimming lake (1.5 ha) that was drained,
refilled, and biomanipulated in 1987 (Ozimek and
others 1990; van Donk and others 1990b). The
results were dramatic, including an increase in
Secchi depth from 0.1 to 1.9 m, a reduction in
chlorophyll concentration of 95%, and a 50% reduc-
tion in total phosphorus concentration (Table 1).
Moreover, the biomass of large grazers increased
sevenfold and the sediment surface was completely
covered with submerged macrophytes 5 years after
the treatment (Table 1). However, the biomanipula-
tion in Lake Zwemlust should be viewed as an
extreme case in that such drastic manipulations are
not realistic in larger lakes.

Sévdeborgssjén in southern Sweden is small (11
ha) and shallow (mean depth, 2.5 m). The fish
reduction was only 20%, but may have been further
reduced by high predation pressure from pike and
pike perch (Persson and others 1993). The effects of
the biomanipulation were minor, with the excep-
tion of Daphnia biomass, which showed a modest
increase (Table 1).

Lake Vesijarvi, situated close to the city of Lahti in
Finland, is large (110 km?), with a mean depth of
6.8 m. Only one of the three basins, the Enonselké
Basin (26 km?), was biomanipulated (Horppila 1994;
Sammalkorpi and others 1995; Kairesalo and others
1996; Horppila and others 1998). During and after
the biomanipulation, there was a decrease in the
concentrations of total phosphorus and chlorophyll,
whereas Secchi depth doubled (Figure 1). The per-
centage of blue-green algae decreased from 67% to
about 9% of total phytoplankton biomass. With
respect to Daphnia, data are scarce or not yet
analyzed, but no major changes in abundance seem
to have occurred (Figure 1). The coverage of sub-
merged macrophytes increased after the biomanipu-
lation, especially Elodea canadensis and Ceratophyllum
demersum. Before the biomanipulation, E. canadensis
grew at depths below 2 m, whereas in 1993 it had
colonized areas at 4-m depth (Sammalkorpi and
others 1995).

Cyprinid Fish Removal

Norddiep is, like Bleiswijkse Zoom, a shallow and
wind-exposed lake in the Netherlands [31 ha; mean
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Lake Vesijirvi

Figure 1. Temporal fluctua-
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depth, 1.6 m (Meijer and others 1990, 1994)]. The
outcome of the biomanipulation was similar to that
in Bleiswijkse Zoom except that the concentration
of total phosphorus increased markedly (Table 1).

Veng is a small (15 ha) lake situated in Jutland,
Denmark (Sgndergaard and others 1990; Jeppesen
and others 1991, 1998; Meijer and others 1994). As
for Vesijarvi, the phosphorus and chlorophyll con-
centrations decreased, whereas the Secchi depth
increased during the first years after the biomanipu-
lation (Figure 2). Daphnia biomass showed an in-
crease the year after the biomanipulation, but then
decreased to very low values. The percentage of
piscivorous fish increased from 20% to almost 80%
of total fish biomass 2 years after the biomanipula-
tion, and the submerged macrophytes expanded
and covered almost 80% of the sediment surface
after 4 years. However, in 1991-92 (about 5 years
after biomanipulation), several features started to
deteriorate, with increase in total phosphorus, de-
crease in Secchi depth, increase in chlorophyll, and
decline in submerged macrophytes. Since then, the
trophic structure of the lake has fluctuated mark-
edly (Figure 2) (E. Jeppesen and M. Sgndergaard
unpublished)

Finjasjon is a relatively large, shallow lake (1100
ha; mean depth, 2.7 m) in southern Sweden. Cy-
prinids were removed from October 1992 to June
1994 by trawling (Annadotter and others 1998).
Total phosphorus was high and variable before

1993, but decreased after the biomanipulation (Fig-
ure 3). The chlorophyll concentration, however,
had already started to decrease before the bioma-
nipulation, whereas Secchi depth showed no in-
crease before 1994 (Figure 3). Total zooplankton
biomass showed an increasing trend, whereas the
portion of Daphnia varied considerably following
the biomanipulation. Before biomanipulation, cy-
prinids (roach and bream) constituted about 75% of
total fish biomass, whereas piscivores (pike and pike
perch) comprised only 10%. If young-of-the-year
(YOY) fish are excluded, the proportion of pisci-
vores was 50% in 1995. However, in the first years
following fish removal, the YOY biomass (mainly
perch) increased considerably (Figure 3). The most
pronounced changes in Lake Finjasjon were the
increase in submerged macrophyte cover from less
than 5% of the lake area to almost 25% (J. Strand
personal communication) and the decrease in pro-
portion of blue-green algae from almost 95% to less
than 20% (Figure 3).

Satoftasjon is one of three basins forming Lake
Ringsjon in southern Sweden. The lake is relatively
shallow (mean and maximum depths are 3and 17.5
m, respectively). Cyprinid fish removal was initiated
in 1989 by means of trawling. Declines in total
phosphorus concentration and percentage of blue-
green algae began before the biomanipulation and
were most probably results of measures in the
catchment area, such as improved wastewater treat-
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ment and reduced agricultural fertilization. How-
ever, the decrease in chlorophyll concentration,
followed by an increase in Secchi depth, occurred
immediately after the biomanipulation and were
possibly a result of fish reduction (Figure 4). No
changes were observed in the zooplankton commu-
nity, in the percentage of piscivorous fish, or in the
overall cover of submerged macrophytes (Figure 4).
However, local stands of submerged macrophytes
developed in some parts of the basin.

Western Ringsjon is another basin of Lake Ringsjon,
southern Sweden. The basin is very shallow (mean
and maximum depths are 3.1 and 5.4 m, respec-
tively). Only minor improvements occurred in the
basin following fish removal (Table 1).

Cockshoot Broad is one of the small and shallow
lakes (mean depth, 1 m) in the Norfolk Broadland in
the eastern part of the United Kingdom (Moss and

others 1996a, 1996b). About 95% of the cyprinid
fish fauna were removed, and 5 years after the
removal the number of Daphnia had doubled,
whereas the chlorophyll concentration was reduced
by 40% compared with before the biomanipulation
(Table 1). The biomass of the submerged macro-
phytes had increased considerably, whereas the
phosphorus concentration had increased 5 years
after the biomanipulation (Table 1).

Addition of Piscivorous Fish

In these lakes, piscivorous fish were added, thereby
increasing the predation pressure on cyprinid fish.
This measure is cheaper than trawling, but provides
highly variable results. Bautzen Reservoir is one of the
pioneering large-scale biomanipulations in the
world. The reservoir is large (more than 500 ha) and
situated in the eastern part of Germany. Contempo-
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Finjasjon

Figure 3. Temporal fluctua-
tions in chemical and bio-
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rary to the biomanipulation, the nutrient load to the
reservoir increased, which most probably underlies
the negligible improvements in water quality ob-
served (Benndorf 1990). Despite an increase in
Daphnia abundance, the chlorophyll concentration
increased and the Secchi depth decreased (Table 1).

Gjersgen is a relatively large and deep lake (270 ha;
mean depth, 23 m) situated close to Oslo, Norway
(Brabrand and others 1990). Five years after the
addition of pike perch, the chlorophyll concentra-
tion had decreased considerably and the blue-green
algae had decreased from 60% to 7% of the algal
community (Table 1). A minor reduction in the
phosphorus concentration was also noted (Table 1).

Lyng is a small, nutrient-rich Danish lake (10 ha;
mean depth, 2.4 m). To test the capacity of pike fry
to control 0+ cyprinids, pike were stocked in differ-
ent densities (500-3600 ha~1) in early summer for 4
years (1990-93). Marked changes occurred in both
abundance of 0+ fish of cyprinids, total phospho-
rus, chlorophyll a, abundance of blue-green algae,

and Secchi depth after stocking, particularly in years
with high stocking densities (Berg and others 1997;
Sgndergaard and others 1997). The lake returned to
the turbid state 2 years after the last stocking
(Sgndergaard and Jeppesen unpublished results).

Nonselective Fish Removal

Lake St. George is small (10 ha) and close to Toronto,
Canada. A fish kill in 1981-82 reduced the total
number of fish by 60% (McQueen and others
1989). Five years after the fish kill, the Secchi depth
had increased from 1.7 to 2.4 m and the chlorophyll
concentration had decreased from 9 to 5 pg L™?
(Table 1).

Haugatjern is a small, relatively deep lake (9 ha;
mean depth, 7.6 m) situated in central Norway. The
lake was treated with rotenone in September 1980
and trout fry were introduced in 1982-84 (Lange-
land 1990; Reinertsen and others 1990). Five years
after manipulation, the number of Daphnia had
increased from 45 to 74/L~! and the phytoplankton
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Sétoftasjon

Figure 4. Temporal fluctua-
tions in chemical and bio-
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biomass was reduced by 75% (Table 1). The concen-
tration of total phosphorus decreased by 25%, but
blue-green algae constituted a higher portion of the
algal commuity than before the rotenone addition
(Table 1).

In Eastern Ringsjon (2000 ha; maximum depth,
16.4 m), southern Sweden, a partial fish kill oc-
curred in winter-spring 1988 that reduced the
roach biomass by about 80%. The Secchi depth
more than doubled, and the phosphorus concentra-
tion and the blue-green algae decreased by 40% and
60%, respectively, 5 years after the fish kill (Ta-
ble 1).

Helgetjern, in southeastern Norway, is a small,
shallow lake (12 ha; maximum depth, 3.5 m) that
was treated with rotenone in 1984 (Faafeng and
Brabrand 1990). After 5 years, the Secchi depth
increased by 40%, and the concentrations of chloro-
phyll, total phosphorus, and blue-green algae de-
creased (Table 1). The abundance of Daphnia, how-

ever, did not increase (Table 1). During later years,
the lake returned to a turbid state (B. Faafeng
personal communication)

GENERAL EXPERIENCES
FROM CASE STUDIES

The original argument for most of the aforemen-
tioned biomanipulations was that reduced fish pre-
dation on zooplankton would lead to higher grazing
rates and thereby to reduced algal biomass. In many
of the case studies, this was true during the first year
or years after the biomanipulation. Generally, how-
ever, zooplankton abundances then decreased and
often returned to levels observed before biomanipu-
lation (Figure 5). Despite this, the chlorophyll con-
centration, Secchi depth, and phosphorus concentra-
tion continued at low levels in most of the lakes. The
conclusion from this is that although the simple
food chain is initially important, other processes are
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of greater importance in the longer term, including
maintaining the clear-water state after biomanipula-
tion. In the following sections, we identify some of
these secondary effects of fish removals.

SECONDARY EFFECTS
OF BIOMANIPULATIONS

Expansion of Submerged Macrophytes

A general feature of the more successful biomanipu-
lations is that submerged macrophyte cover in-
creased (in Vang, Finjasjon, Vesijarvi, and Zwem-
lust). An important aspect of submerged macrophyte
biology is the ability to absorb large quantities of
nutrients during the summer season, thereby reduc-
ing the possibility of algae growth. Epiphytic algae
attached to the macrophytes also bind phosphorus
from the water (Kairesalo and others 1985; J.
Strand unpublished). Moreover, macrophytes stabi-
lize the sediment surface, reducing resuspension of
sediment particles, thereby improving light penetra-
tion through the water column (Secchi depth).
Although “true planktonic” zooplankton seem to
avoid dense stands of macrophytes, possibly be-
cause of low concentrations of food, macrophytes

may also function as a refuge from fish predation
(Timms and Moss 1984). Furthermore, macro-
phytes tend to favor predatory fish, such as pike
(Esox esox) and large perch (Perca fluviatilis), more
than cyprinids, such as roach (Rutilus rutilus) and
bream (Abramis brama) (Winfield 1986; Grimm and
Backx 1990). It has been suggested that some
macrophytes excrete allelophatic substances that
negatively affect blue-green algae (Wium-Andersen
and others 1982; Jasser 1995; Scheffer and others
1997). These results are based mainly on laboratory
studies and the effect of allelophatic substances in
natural systems is still to be demonstrated. How-
ever, it is obvious that blue-green algae and sub-
merged macrophytes rarely occur in large concentra-
tions simultaneously (Scheffer and others 1997),
unless the density of planktivorous fish is high
(Schriver and others 1995).

Reduced Nutrient Concentrations

In a study including 300 Danish lakes, it was shown
that at total phosphorus concentrations below 50 ug
L~1, the water was clear, macrophytes were numer-
ous, and piscivores were common in the fish commu-
nity (Jeppesen and others 1991). At phosphorus
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concentrations between 80 and 150 pg L-%, cy-
prinids were common, macrophytes were rare, and
blue-green algae dominated in 20% of the lakes. At
even higher phosphorus concentrations, no sub-
merged macrophytes were present, and the algal
and fish communities were dominated by blue-
green or green algae and cyprinids, respectively.
From these observations, it was concluded that total
phosphorus concentration in equlibrium with the
present external loading [for example, estimated
from the empirical equation by Vollenweider (1968)]
should preferably be below 100 pg P L~1 to obtain a
long-term effect of biomanipulation in shallow lakes
unless the nitrogen input is low (Jeppesen and
others 1991). This does not imply, however, that the
actual concentration has to be below this threshold.
Providing the external phosphorus loading has been
reduced, biomanipulation may occur at higher concentra-
tions and still fullfill the aforementioned criteria, as the
manipulation often leads to a reduction in total phospho-
rus. Such reductions have occurred following sev-
eral biomanipulations, including those of Lakes
Finjasjon, Vesijarvi, Helgetjern (Lyche and others
1990), and Veeng (Sgndergaard and others 1990). In
Lake Finjasjon, the reduction in phosphorus was
caused by reduced internal loading (P.-A. Nilsson
unpublished) and by phosphorus absorption by
submerged macrophytes and their periphytic algae
(J. Strand personal communication). Other factors
affecting the phosphorus concentration—such as
light climate at the sediment surface, stimulating
periphytic algal growth and thereby oxygen produc-
tion, chemical sorption, and biological uptake of
phosphorus at the sediment surface (Bostrom and
others 1982)—may be improved by biomanipula-
tion. Reduced bioturbation, that is, feeding by ben-
thic fish at the sediment surface, may also reduce
the phosphorus release from sediment to water (see
the section on The feeding of benthic fishes).

The Risk of Increased Recruitment
of Young-of-the-Year Fish

When the abundance of cyprinid fish is reduced,
competition for food decreases and the recruitment
of strong year classes of young fish is improved.
Although very small, their consumption rate is high.
YOY fish may eat their own weight in zooplankton
per day (Post and others 1992). Moreover, YOY fish
eat and grow rapidly, thereby mobilizing and excret-
ing high amounts of nutrients (Post and others
1997). Hence, high recruitment of YOY fish and
their predation on zooplankton may strongly coun-
teract the effect of biomanipulation. This counterac-
tive effort can be shown by plotting YOY fish against
Daphnia (Figure 5). In three of the lakes investigated

(Bleiswijk, Zwemlust, and East Ringsjon), the bio-
mass of zooplankton increased the year after bioma-
nipulation (year 1; Figure 5). However, the increase
was replaced with a decrease 2-5 years after bioma-
nipulation, which corresponds with the increase in
YOY abundance (Figure 5). Sévdeborgssjon and
Finjasjon showed YOY increases 1 and 2 years,
respectively, after biomanipulation, which may be
the reason the increase in Daphnia biomass was
delayed until the year after the YOY maximum
(Figure 5). Norddiep showed no increase in Daphnia
biomass, but a considerable decrease in year 2 when
YOY abundance was at its maximum (Figure 5).
Although the investigated lakes show different pat-
terns, there seems to be an inverse relationship
between the biomass of large zooplankton and YOY
fish abundance. However, proper quantification of
YOY fish is very difficult (Romare and Bergman
1998), which may be one factor behind the oscilla-
tions in estimated YOY abundances (Figure 5).
Moreover, Daphnia biomass is affected by other
factors besides YOY predation, such as predation
from larger fish, competition, and shortage of food,
which may disturb a relationship between YOY and
Daphnia. If YOY affects Daphnia, very high and very
low biomass of YOY may be expected to lead to low
and high biomasses, respectively, of Daphnia. By
normalizing all YOY and Daphnia values (that is,
setting the highest value in each lake to 1.0), data
from all lakes can be used together. Then, defining
high YOY as a normalized value higher than 0.8 and
low YOY as values below 0.2, comparing the Daphnia
biomasses in the two groups shows that high Daph-
nia biomass is associated with low biomass of YOY
(Z = —2.204;, P < 0.028; ni,, = 8, Npigh = 6;
Mann-Whitney U test; note that year O in figure 5 is
not included in the analysis because predation from
adult fish then affected the Daphnia). Hence, despite
methodological problems, two conclusions may be
drawn from these data: a YOY “boom” is to be
expected 1-4 years after a biomanipulation if the
increase in abundance of piscivorous fish is not large
enough, and this boom reduces the abundance of
large, efficient herbivores. Hence, the very high
reproductive potential of fish, manifested in strong
year classes, is indeed a problem that has to be
considered when planning biomanipulation. Pos-
sible solutions are follow-up fish reductions, recruit-
ment prevention by egg destruction, or addition of
piscivorous fish to the lake.

The Feeding of Benthic Fishes

As already stated, the theory behind biomanipula-
tion rests entirely on pelagic processes, such as fish
predation on zooplankton. The possible importance
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of bottom-feeding fish species has been acknowl-
edged (Lammens 1989; Meijer and others 1990).
Specialized benthic feeding fish are “vacuum clean-
ing” the sediment surface, searching for inverte-
brates. This feeding behavior causes resuspension of
sediment particles, which may, especially in shallow
lakes, reduce the light penetration through the
water (Meijer and others 1990). Although roach
mainly feed on zooplankton, they switch to benthic
animals, algae, and plants when zooplankton be-
come scarce, thereby possibly causing bioturbation
and resuspension (Horppila and Kairesalo 1992;
Horppila 1994). Moreover, the feeding behavior
also transfers nutrients to the water, providing
phytoplankton with additional resources (Lam-
marra 1975; Andersson 1984) and possibly reducing
submerged macrophyte establishment (Meijer and
others 1990). Hence, there is an argument for
reducing the abundance of benthic feeding, as well
as zooplanktivorous fish.

WHAT IS A SUCCESSFUL
BIOMANIPULATION?

Specific criteria for a successful biomanipulation
mainly lie in the eyes of the observer, but general
criteria would include (a) decrease in algal turbidity,
(b) decrease in blue-green algae amounts [blue-green
algae tend to form nuisance “blooms” that may be
poisonous (Annadotter and others 1998)], and (c)
stability of the improvement; that is, if the effects are
only temporary or if they last for a longer period.
Based on these criteria and on the diagnostic vari-
ables used in Table 1, the success of a specific
biomanipulation may be roughly quantified. We
may consider how many of the diagnostic variables
show improvement for each lake. The biomanipula-
tions may be ranked from those where all (100%b) of
the variables improved, to those where only a few
variables improved. The proportion of variables
improved for each lake is listed in Table 2. In three
lakes, all diagnostic variables were still improved 5
years after biomanipulation, whereas in four lakes
less than 50% of the variables were improved 5
years after biomanipulation (Table 2). A reasonable
criterion for a successful biomanipulation may be
that about 75% of the diagnostic variables remain
improved 5 years after the biomanipulation. Thus,
we conclude that more than half of the biomanipu-
lations should be categorized as successful, given the
5-year time span (Table 2). This is a judgmental
view, but since biomanipulation can be expensive to
perform, it is important to provide a quantitative
measure of how well the investment is reflected in
actual improvements.

Table 2. Number of Improved Diagnosis Variables
and the Reduction in Cyprinid Fish Abundance
(%)

Fish
Improvement Reduction

Lakes (%) (%)
Finjasjon 100 80
Zwemlust 100 89
Gjersjoen 100 80
Vesijérvi 83 85
Helgetjern 80 99
Lyng 80 —
Vaeng 80 50
Cockshoot Broad 75 95
Haugtjern 75 100
Lake St. George 75 60
Eastern Ringsjon 67 80
Bleiswijkse Zoom 60 75
Norddiep 60 56
Satoftasjon 50 60
Western Ringsjon 33 49
Sévdebordssjon 25 20
Bautzen Reservoir 25 —

An improvement is here defined as a change by at least 15% (see Table 1). The
number of improved variables were then divided with the total number of
quantified variables in that specific lake. Diagnosis variables are similar to those in
Table 1. In Bautzen Reservoir and Lake Lyng, the fish reduction was not possible to
estimate.

CosT-BENEFIT ANALYSIS: Do RESULTS
RerpAY EFFORT?

If biomanipulation through fish reduction really has
a positive effect on lake status, then the number of
diagnostic variables that improve might be expected
to be positively related to the intensity of the
measure; that is, to the amount of fish removed.
This would be a critical test of whether the fish
removal is the probable cause of the observed
improvements. As seen in Figure 6, there is a
relationship between the proportion of improved
diagnostic variables and the percentage of the cypri-
nid fish community that has been removed from the
lake. In other words, the intensity of the measure is
proportional to how “successful” the biomanipula-
tion is likely to become (Figure 6). If the cyprinid
proportion is reduced by less than 50%, for ex-
ample, due to a restricted budget, the biomanipula-
tion should be avoided since only a limited number
of the diagnostic variables outlined in Table 1 would
be expected to be improved 5 years after the
biomanipulation (Figure 6). However, if the budget
allows a reduction of 75% of the cyprinid fish
assemblage, the probability is high that the bioma-
nipulation will be viewed as a success 5 years after



Biomanipulation as an Application of Food-Chain Theory 569

110

1004 ] L]

F, Gj z
90
§ Ve ®
= 804 o Heg
3 St.G Con _Ha
= . ° o
<
5 70 OR
g °
N BI
B 60 ° °
>
o
= SA
g o .

40

30

20 T T T T T T T T T
10 20 30 40 50 60 70 80 90 100 110

Cyprinid fish reduction (%)

Figure 6. Proportion of the diagnosis variables (%) that
were still improved 5 years after the biomanipulation in
relation to the amount of fish taken from the lake.
Variables are Secchi depth, chlorophyll, cover of sub-
merged macrophytes, Daphnia biomass, total phosphorus,
and blue-green algae. The correlation is significant: t;3 =
3.534; P < 0.005. All lakes in Table 1 are included, except
Bautzen Reservoir and Lake Lyng, since data are lacking
on the amount of fish taken out. S6, Sévdeborgssjon; VR,
Western Basin (Ringsjon); SA, Satoftasjon (Ringsjon); N,
Norddiep; Bl, Bleiswijk Zoom; St.G., Lake St. George; V,
Veeng; OR, Eastern Basin (Ringsjon); Ve, Vesijarvi; Co,
Cockshoot Broad; Ha, Haugatjern; He, Helgetjern; Z,
Zwemlust; Gj, Gjersjgen; F, Finjasjon.

the measure (Figure 6). This level of reduction was
also recommended by Hosper and Meijer (1993),
Perrow and others (1997), and Jeppesen and others
(1997). It should be noted, however, that this
relation is by no means a guarantee of a successful
result, but should rather be used as a guideline and a
basis for planning discussions. The intensity of the
fish reduction is also important; that is, a fish
reduction of 1 ton each year over 10 years is not the
same as 10 tons over 1 year, since the fish commu-
nity can compensate mortality with reproduction if
the intensity is too low.

SYNTHESIS: WHAT HAPPENS
AFTER A BIOMANIPULATION?

As stated in the introduction, the main theory
behind biomanipulation is still focused on pelagial
processes. This evaluation, however, together with
those by Moss and others (1996a), Horppila and
others (1998), Hosper (1997), Perrow and others
(1997), and Jeppesen and others (1998), suggest
that littoral and benthic factors, such as submerged
macrophytes and benthic feeding fish, strongly af-

fect the success of a biomanipulation and that these
should receive equal consideration. Instead of being
the only mechanism involved, alterations in the food
chain may be viewed as triggers that initiate other
processes.

Figure 7 summarizes what may happen after a
biomanipulation. The hatched line in the middle
represents the status of the lake before biomanipula-
tion—a strongly eutrophic lake with repeated algal
blooms. All processes above the line force the lake
toward clear water and less common algal blooms,
whereas processes below the line force the lake
toward turbid water with intense algal blooms
(Figure 7). At the top of the figure, there is an
approximate time axis where the fish reduction
denotes year 0. The fish reduction has several
primary effects that are shown in the grey box (Figure
7). Hence, often, but not always, a biomanipulation
leads to an increase in zooplankton abundance
within 1-2 years (see also Figure 5). This results in
reduced algal biomass, which in turn leads to im-
proved light conditions and improved possibilities
for submerged macrophytes to establish. The macro-
phytes absorb nutrients, leading to a further reduc-
tion in algal biomass, and a positive spiral is created.
Additionally, the reduction in benthic feeding fish
results in less resuspension of sediment particles,
which improves the light penetration and reduces
phosphorus transport from sediment to water, as
well as reduced damage to macrophytes. These
processes further strengthen the positive spiral.
However, another primary effect of a fish reduction
is reduced food competition among fish (Figure 7).
If the biomanipulation is intense enough and the
density of piscivorous fish high enough, the recruit-
ment of YOY fish may not become a problem.
However, if insufficient fish are removed, the YOY
hatching in the years following the biomanipulation
will have access to an almost unlimited food re-
source, since competition with larger fish is negli-
gible.

However, this negative spiral may be avoided by
addition of piscivorous fish, a method that has been
tested in several lakes (Table 1). If the planktivorous
fish biomass is not sufficiently reduced, it will
recover to a similar biomass as before the biomanipu-
lation within 2—4 years, a scenario leading to deterio-
ration in the status of the lake (Figure 7). An
example of this comes from a comparison of fish
catches in Lake Satoftasjon and Lake Finjasjon,
southern Sweden. The fish reductions were carried
out over 420 and 610 days, respectively. However,
owing to technical problems, only 80 days (19%)
were efficient trawling days in Lake Satoftasjon,
whereas the corresponding value for Lake Finjasjon
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Figure 8. Catch of cyprinid fish (kilograms per day) in
Lake Finjasjon and Lake S&toftasjon. The biomanipula-
tions were performed from October 1992 to May 1994
and from September 1989 to December 1990, respec-
tively.

was 230 days (38%). In Lake S&toftasjon, the catch
per day did not decrease, indicating that the final
fish stock after the biomanipulation was not very
different from that before the measure (Figure 8). In
Lake Finjasjon, however, the trawling was very
efficient due to more appropriate methods, such
that the catch per day decreased from more than 3
tons to less than 0.5 tons, indicating a considerable
decrease in the fish stock. (Figure 8).

RECOMMENDATIONS

Recommendations regarding biomanipulation have
been presented several times before, for example

A
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3 yrs Figure 7. An overview of

I important processes trig-
gered by a reduction in cy-
prinid fish abundance (bio-
manipulation). Primary
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shaded box. These in turn
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the recent reviews by Hosper and Meijer (1993),
Phillips and Moss (1994), Reynolds (1994), Moss
and others (1996a), and Perrow and others (1997).
Despite these relatively recent reviews, new knowl-
edge has emerged from large-scale biomanipula-
tions that were initiated at the end of the 1980s and
the beginning of 1990s. Many of the earlier recom-
mendations, especially those outlined in Reynolds
(1994) and Phillips and Moss (1994), may now be
viewed as too conservative. Hence, the recommen-
dations that lake size should not exceed 4 ha and
that the maximum depth should not be more than 4
m (Reynolds 1994) or 3 m (Phillips and Moss 1994)
would have argued against the successful bioma-
nipulations in Finjasjon (1100 ha; maximum depth,
12.5 m) and Vesijarvi (2600 ha; maximum depth, 33
m). Similarly, retention times of less than 30 days
(0.08 years) were recommended if a biomanipula-
tion were to be successful (Reynolds 1994). Few of
the lakes involved in this evaluation have such short
retention times. Another recommendation was that
phytoplankton must not be dominated by blue-
green algae (van Donk and others 1990a; Phillips
and Moss 1994; Reynolds 1994). Although bioma-
nipulation is probably easier and cheaper to perform
in a shallow, small lake with a short retention time
that lacks blue-green algae, these factors may not
restrict the success of a hiomanipulation (Jeppesen
and others 1997; Perrow and others 1997). Al-
though it may be wise to be cautious when present-
ing recommendations, the problem is that caution
may prevent many biomanipulations with excellent
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odds for success from ever being performed. We
have, thus, revised earlier recommendations:

The biomanipulation should be intense and reduce the
planktivorous fish stock by at least 75%. Intensive
removal increases the probability of a successful
biomanipulation by reducing the predation on
zooplankton as well as the risk of a “boom” of young
fish in the immediately subsequent years. Prefer-
ably, fish removal should not take longer than 2
years, although in larger lakes the measure may,
due to practical reasons, take longer. A lengthy
process at low intensity increases the risk of strong
recruitment of young fish. Hosper and Meijer (1993),
Jeppesen and others (1997), and Perrow and others
(1997) also recommended reducing cyprinid fish
stock by 75%.

Benthic fish should be strongly reduced.  Benthic
feeding fish, such as bream (Abramis brama) and
gizzard shad (Dorosoma cepedianum), resuspend sedi-
ment particles and transfer nutrients from sediment
to water. They also injure submerged macrophytes
during feeding. A strong reduction of benthic fish
may therefore affect water clarity in several ways
(Meijer and others 1994).

Recruitment of young fish should be reduced. The
YOY fish generally increase considerably in biomass
1-3 years after the biomanipulation. They may be
kept within acceptable numbers by applying an
intense measure or by adding piscivorous fish to the
lake during, or the first year after, the biomanipula-
tion, or both (Sgndergaard and others 1997).

Establishment of submerged macrophytes should be
improved. If large numbers of birds are feeding on
vegetation in the lake, macrophyte beds may be
protected with nets (Lauridsen and others 1994;
Moss 1996a; Sgndergaard and others 1997). Earlier
reviews (Phillips and Moss 1994; Reynolds 1994;
Jeppesen and others 1997; Perrow and others 1997)
made similar recommendations. It should, however,
be noted that this measure may not always be
necessary.

The phosphorus concentration should be lower than
about 100 pg L™t.  The examples in this report
suggest that when providing an efficient reduction
of cyprinid fish, a trophic cascade most often occurs
in eutrophic lakes irrespective of the nutrient level.
Even some of the highly nutrient-enriched lakes
dominated by blue-green algae shifted toward a
clear-water state (Zwemlust, 1200 pug P L1; and
Lake Lyng, 790 pg P L™1). Less promising results
were obtained for the Bautzen Reservoir. However,
several of the more nutrient-enriched lakes in our
collection have shifted back to the turbid state or
deteriorated markedly during recent years: for ex-
ample, Bleiswijke Zoom [see Meijer and others

(1995) and Hosper (1997)], Lake Lyng (M. Sgnder-
gaard and E. Jeppesen unpublished results), and
Helgetjern (B. Faafeng personal communication).
Exceptions are Finjasjon, which today receives low
external P input (Annadotter and others 1998), and
Zwemlust, which shows considerable instability.
The observed drawbacks correspond to the thresh-
old hypothesis described by Jeppesen and col-
leagues (1990a, 1990b) and Benndorf (1990).

If a long-term effect (more than 2-5 years) is to be
achieved, we therefore presently recommend a
reduction in the external loading prior to biomanipu-
lation to such a level that the future equlibrium
concentration [for example, as estimated by the
empirical equation of Vollenweider (1968)] would
be below 100 pg P L~ for shallow temperate lakes
and possibly even lower for deep lakes (Jeppesen
and others 1997). If the N input is low, a clear-water
state seems to be maintained at a higher P concentra-
tion at least in shallow lakes (Jeppesen and others
1991; Moss and others 1996a). Moreover, if the fish
community changes toward a higher proportion of
piscivores, the response in chlorophyll is lower at
similar nutrient loads than if the lake is planktivore
dominated (Carpenter and others 1995). Similar
results were found when comparing fishless with
planktivore-dominated lakes (Hansson 1992); that
is, the increased algal productivity at increasing
nutrient availability is transferred into a growing
grazer community. Hence, the Vollenweider models
on phosphorus load versus chlorophyll concentra-
tion may be applicable only in planktivore-domi-
nated systems.

Defining the thresholds in nutrient concentration
for different types of lakes is a challenge for the
future and awaits more and, in particular, longer-
term experiments (more than10 years) than those
presented in this review.

Engagement! A factor that generally is underesti-
mated or not mentioned at all is the participants
involved. The best results have been achieved when
the biomanipulation was supported by politicians,
agencies, authorities, and inhabitants around the
lakeshores, as in the case in Lake Finjasjoén (Swe-
den) and especially in Lake Vesijarvi (Finland).

FINAL REMARKS

Some of the biomanipulations described in this
review have not been as successful as expected,
whereas others have been very successful. The
reasons underlying the different outcomes are now
beginning to emerge, illustrated by the connection
between low intensity of fish removal and a less
successful result. Recent studies have shown that
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biomanipulation can also be successful in large,
relatively deep lakes with long retention times.
Moreover, dominance of blue-green algae may be
eliminated by biomanipulation. Although this may
suggest that almost any lake can be successfully
biomanipulated, it is obvious that some lakes pre-
sent better conditions than others and that bioma-
nipulations in large, deep lakes consume more
resources and funding than small, shallow ones.
Low external and internal phosporus loading and
large areas suitable for colonization of submerged
macrophytes increase the probability of successful
biomanipulation. Another important conclusion is
that the formerly dominant view that the only
mechanism involved in biomanipulation is the pe-
lagic food chain (fish-zooplankton-algae) should be
revised. Instead, this process may be viewed as the
trigger for secondary, mainly benthic and littoral,
processes, such as establishment of submerged mac-
rophytes and reduction in benthic feeding by fish.
The final conclusion is that well-planned biomanipu-
lation is, in combination with a reduction in the
external nutrient input, an attractive method with
high odds of improving the water quality in most
types of eutrophic lakes, at least in a 5-year perspec-
tive.
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