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Biomanipulation ﬁshery on ice-covered Lake Finjasjön, southern Sweden. Photo: Karin Wrangborg/Sveriges Radio.

Summary
In recent decades, many attempts have been
made to restore eutrophied lakes through biomanipulation. Reducing the populations of
planktivorous and benthivorous fish (either
directly or through stocking of piscivorous fish)
may induce ecosystem changes that increase
water transparency and decrease the risk of algal
blooms and fish kills, at least in the short term.
However, it is not well known how the effects of
biomanipulation on water quality vary across
lake types and geographical regions. Therefore,
we have undertaken a systematic review of such
effects in temperate eutrophic lakes throughout
the world.
Our searches for literature identified more than
14,500 potentially useful articles. After screening for relevance, 233 of these remained. After
exclusions based on quality appraisal, our evidence base included useful data on 128 biomanip4

ulations in 123 lakes. Of these interventions,
85% had been made in Europe and 15% in North
America.
Meta-analysis showed that removal of planktivores and benthivores (with or without piscivore
stocking) leads to increased Secchi depth and decreased chlorophyll a concentration during the
inter vention and the first three years afterwards.
Piscivore stocking alone has no significant effect.
Our results indicate that removal of planktivorous and benthivorous fish is a useful means of
improving water quality in eutrophic lakes.
Biomanipulation tends to be particularly successful in relatively small lakes with short retention times and high phosphorus levels. More
thorough fish removal increases the efficacy of
biomanipulation. Nonetheless, successes and
failures have occurred across a wide range of
conditions.
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Eutrophication of lakes
may be difficult to reverse
Over the past century, many lakes in urban or
agricultural regions of the world were eutrophied
due to sewage discharges or nutrient runoff from
arable land. The excess of nutrients, especially
phosphorus, stimulates the growth of phytoplankton, often to such an extent that the water
becomes turbid. The reduced light penetration
and increased sedimentation of dead planktonic
algae puts submerged plants at a disadvantage,
in some cases eliminating them altogether.
Certain species of phytoplankton – cyanobacteria in particular – can give rise to massive algal
blooms in the summer. The decomposition of
dead plankton can lead to anoxia (lack of oxygen)
and fish kills.

There are indications that eutrophication has
caused many lakes to shift from one state to another. In shallow lakes, one state is characterised
by moderate abundance of phytoplankton, transparent water and vegetated bottoms, the other by
high abundance of phytoplankton, turbid water
and little or no submerged vegetation. In deep
lakes, one state is characterised by oxygenated
water in the deeper layers and low recycling of
phosphorus, and the other by anoxia in deep
waters and rapid recycling of phosphorus.

In lakes that exhibit ‘alternative states’ of these
kinds, ecological mechanisms result in feedbacks
that may stabilise the eutrophied state of the
lake. Certain fish species may maintain high
abundances of phytoplankton by feeding intensively on zooplankton, thereby reducing the grazing pressure by zooplankton on phytoplankton.
The predation by planktivorous (zooplanktonProblems of these kinds have often persisted
even when nutrient inputs from the surroundings feeding) fish can therefore sustain eutrophic
conditions in the lake that are beneficial to the
have been reduced, e.g. through sewage treatfish themselves. This feedback may prevent the
ment. One important reason is that phosphorus
lake from returning to less eutrophic conditions
stored in the sediments of eutrophied lakes
even if nutrient concentrations in the water decan exchange with the water, thereby keeping
crease.
it nutrient-rich for decades.

Biomanipulation of Lake Finjasjön in the autumn. Photo: Johan Forssblad.
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Biomanipulation a possible
short-term remedy
In some cases where eutrophied lakes have
failed to recover after a reduction of nutrient
supplies, attempts have been made to remedy
the problems through intervention in the lakes
themselves. Several of the methods tried, including dredging, are very expensive and often not
successful.
At least in the short term, however, notable improvements in water quality have been achieved
through biomanipulation, i.e. alteration of the
ecosystem by adding or removing species. In
most cases, biomanipulation involves removal
of the planktivorous fish which typically dominate the fish fauna of eutrophic lakes. In Eurasia,
cyprinids such as roach (Rutilus rutilus) and

bream (Abramis brama) are among the most
common planktivores in nutrient-rich lakes. In
North America, important planktivores of eutrophic lakes include sunfish (Lepomis spp.) and
gizzard shad (Dorosoma cepedianum) as well as
various cyprinid species.
Reducing the stocks of planktivorous fishes enhances survival of zooplankton that such fish
feed on, and this in turn can reduce the abundance of planktonic algae that serve as food for the
zooplankton. Another reason why removal of
planktivorous fish may improve water quality is
that the adults of some of these species (e.g.
bream and gizzard shad) are also benthivorous
(bottom-feeding). They search for food in the
sediments, dispersing nutrient-rich silt and
thereby adding to the turbidity and high phosphorus content of the water in eutrophic lakes.

BEFORE
MANIPULATION
Eutrophic lakes often
contain many planktivorous ﬁsh and therefore limited amounts
of zooplankton. This
beneﬁts planktonic algae, which otherwise
would largely have
been eaten by zooplankton. The algae
can grow so profusely
that the water becomes turbid.
Planktonic algae

Zooplankton

Planktivorous ﬁsh

Piscivorous ﬁsh

AFTER
MANIPULATION
If stocks of planktivorous ﬁsh are reduced,
the abundance of
zooplankton can
increase, leading to
decreased amounts
of algae and improved
water transparency.
From Anthony
Thorpe, Lakes of
Missouri Volunteer
Program (image
edited).
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Their feeding behaviour may also contribute to
the lack of submerged vegetation in such lakes.
Ideally, then, a reduction of the populations of
planktivorous and benthivorous fish may shift a
eutrophied lake back to a less eutrophic state, increasing transparency, allowing benthic vegetation to recolonise and decreasing the risk of disturbances such as algal blooms and anoxia.
Removal of planktivores and benthivores for the
purpose of lake restoration is usually carried out
through intensive fishing, although there are
also cases where all fish have been eradicated for
this purpose, e.g. through treatment with chemicals. An alternative to removing planktivorous
and benthivorous fish through direct intervention may be to reduce their dominance by stocking lakes with predatory fish (piscivores). These
two approaches have frequently been used in
combination – following removal of planktivores
and benthivores, piscivores have been stocked in
order to prevent zooplankton-feeding fish from
regaining their former dominance.

Synthesis of a large
body of evidence
The efficacy of biomanipulation as a means of
improving water quality is of considerable interest for lake and water management. In
Europe, requirements for measures against eutrophication have become more stringent with
the introduction of the EU Water Framework
Directive. While such measures mostly involve
actions to reduce nutrient loads, biomanipulation
has been suggested as an additional or alternative way of achieving ‘good ecological status’ in
eutrophic lakes.

reported on studies of particular sets of lakes,
e.g. providing national overviews of biomanipulation efforts or analyses based on relatively
small international selections of lakes. Here, instead, we have widened the scope – using the
‘systematic review’ approach, we have performed
a quantitative synthesis of how biomanipulation
has affected water quality in eutrophic lakes in
temperate regions throughout the world.
Following an a priori protocol, we assembled a
large sample of studies and screened them for
relevance and reliability. This enabled us to extract a substantial amount of quality-assured
data on how lakes are affected by biomanipulation. Our aim is that this review will provide a
useful basis for deciding if and when biomanipulation is feasible as a tool for improving water
quality in eutrophic lakes.
Most of the biomanipulations covered by this review were carried out in central or northern
Europe – more than half of them in Scandinavia
and Finland alone – whereas the remaining 15%

What is a systematic review?
In this review, we used a systematic approach to synthesise available evidence
on the effects of biomanipulation. Systematic reviews are entirely based on existing
studies – in this respect, they do not differ
from ordinary literature reviews of scientiﬁc
questions. The difference lies, instead, in
the rigour. A systematic review is characterised by meticulous planning, methodical
procedures and a transparent, objective and
complete documentation of all assessments
carried out in the course of the work. This

The purpose of the review that is summarised
here was to clarify whether reduction of planktivorous and benthivorous fish may prevent eutrophication problems in lakes. A number of conventional literature reviews on this subject have

approach is designed to increase reliability
and repeatability, avoid bias and facilitate
meta-analysis (quantitative conclusions
based on data from several different studies).
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Characteristics of biomanipulated lakes included in the review
Median
Mean depth (m)
Lake area (ha)
Retention time (days)
Total phosphorus (pre-manipulation summer mean, μg/l)
Mean annual atmospheric temperature (°C)

Min.

Max.

2.1

0.7

3.5

37
220
133
7.8

1.2
1
25
1.3

3985
3870
1195
13.1

The 123 biomanipulated lakes that were included in this review are typically shallow, small and very nutrient-rich.

were performed in North America. Our literature Clear indications that
searches also identified a number of biomanipu- biomanipulation works
lation studies in temperate parts of Asia,
Australia and South America, but all of these
The biomanipulations that we reviewed included
cases were excluded due to insufficient subject
interventions of highly varying strength, ranging
relevance or study quality.
from complete eradication of the entire fish
fauna to very modest planktivore/benthivore reOf the 128 individual lake biomanipulations
moval or stocking of limited numbers of pisciin the review, 102 included fish removal. In 81
vores. Moreover, they were performed in a set of
of these cases, stocks of planktivorous and/or
lakes that covered wide ranges of size, depth, nubenthivorous fish were reduced solely by fishing. trient levels and climatic conditions.
Eleven other manipulations involved rotenone or
other chemicals toxic to fish, while ten included
Yet, the outcomes indicate that a clear majority of
partial or complete emptying of the lake or reser- the interventions had positive effects on water
voir, often but not always in combination with
quality. The water transparency (measured as
fishing. In 35 cases where planktivorous and
Secchi depth) had in most cases increased,
benthivorous fish were reduced, this intervenwhereas the amount of phytoplankton (measured
tion was combined with stocking of piscivores
as concentration of chlorophyll a) had in most
such as pike (Esox lucius), pikeperch (Sander lu- cases decreased. These effects usually appeared
cioperca) or perch (Perca fluviatilis). The bioma- both during biomanipulation and in the early
nipulations reviewed by us also include 26 cases post-manipulation phase. Nonetheless, we found
solely based on piscivore stocking.
a great deal of variability among case studies.
Most studies of biomanipulation have followed
the effects of the intervention over time. They
usually compare data that were collected before
and after the removal or stocking of fish. Since
many biomanipulations extend over several
months or even years, studies may also present
data sampled during the intervention. In the
review, therefore, we summarised comparisons
of lake data acquired both before/during and
before/after manipulation.

One reason for the variability may be that biomanipulation has frequently been performed in
combination with other efforts to improve water
quality, such as aeration or artificial mixing of
deep waters, dredging (sediment removal), or
in-lake phosphorus removal with aluminium or
iron salts. In many eutrophic lakes, moreover,
fish kills caused by oxygen deficiency may have
water-quality effects resembling those of deliberate manipulations of the fish fauna. Therefore,
most of our analyses were based on a high9
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quality ‘selected dataset’ where data confounded
by such interventions and events had been excluded. Outcomes consisting of single data per
year had also been excluded from this dataset.

average of 84% from the pre-manipulation
period to the first three years after manipulation.

Our analyses of the selected dataset show that
Secchi depths were 0.11–0.33 m greater and
chlorophyll a levels 17–42 μg/l lower during biomanipulation than before manipulation. Average
changes were 0.22 m and –30 μg/l, respectively.
The first 3 years after biomanipulation, Secchi
depths were 0.23–0.70 m greater and chlorophyll
a levels 14–52 μg/l lower than before manipulation (or 0.47 m and –33 μg/l on average). All
these effects were statistically significant.

• Removal of planktivores/benthivores led to
increased Secchi depth and decreased chlorophyll a concentration, both during intervention
and in the first three post-intervention years,
and regardless of whether the removal was combined with piscivore stocking or not.

Four years or more after biomanipulation, the
effects on Secchi depth and chlorophyll a were
no longer significant, or just barely significant.
However, this may at least partly be due to precision decreasing with decreasing amounts of data
– few biomanipulation studies continued to monitor impacts many years after the treatment.
The mean effects show no obvious signs of diminishing even up to 7 years after intervention.
Among the lakes for which we found long and unbroken time series, there are cases where biomanipulation effects lasted for 10 years or more.

We also found the effects of biomanipulation to
vary with lake properties and with the intensity
of manipulation:

Cyanobacteria abundance can also be reduced by
biomanipulation. In summer, it decreased by an

Different kinds of biomanipulation had different
effects on water quality:

•

By contrast, manipulation based on piscivore
stocking alone had no significant effect on Secchi
depth or chlorophyll a concentration, neither
during nor after the intervention.

•

Biomanipulation tended to be particularly
successful in relatively small lakes with short retention times and high pre-manipulation phosphorus levels.

•

More thorough fish removal increased the efficacy of biomanipulation.

•

For chlorophyll a, these two relationships also
tended to reinforce each other – increasing the
fish removals had the strongest effect in lakes
that were small and/or had high pre-manipulation phosphorus concentrations.

Effects on Secchi depth

Effects on chlorophyll a

Removal of planktivores and benthivores

Removal of planktivores and benthivores

During manipulation
1–3 years afterwards

During manipulation
1–3 years afterwards

Stocking of piscivores

Stocking of piscivores

During manipulation
1–3 years afterwards
–0.6

–0.4

During manipulation
1–3 years afterwards
–0.2

0

0.2

0.4

0.6

Mean difference to before manipulation (m)

0.8

–60

–40

–20

0

20

40

60

80

Mean difference to before manipulation (μg/l)

Removal of planktivorous and benthivorous ﬁsh increases Secchi depth and decreases chlorophyll a, but stocking of
piscivorous ﬁsh has no signiﬁcant effect on water quality. The diagram is based on meta-analyses of a high-quality
'selected set' of lake data. Positions and widths of the diamond-shaped symbols indicate means and 95% conﬁdence intervals, respectively. Symbols not spanning the zero line represent signiﬁcant effects.
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Effects during and 1–7 years after biomanipulation
μg/l

Secchi depth

Mean difference to before biomanipulation

Mean difference to before biomanipulation

m
1.0
0.8
0.6
0.4
0.2
0

Chlorophyll a

60
40
20
0
–20
–40
–60
–80
–100

–0.2
D

1–3

1

2

3

4

5

6

7

D

Years after main biomanipulation (D = During)

1–3

1

2

3

4

5

6

7

Years after main biomanipulation (D = During)

Biomanipulation effects on Secchi depth and chlorophyll a remained statistically signiﬁcant the ﬁrst three years after
treatment. Four to seven years after manipulation, effects were no longer signiﬁcant, but the means showed no obvious signs of returning to zero. The analyses shown here are based on the selected dataset.

Relationships between lake properties, intervention strength
and biomanipulation effects
Secchi depth
Lake properties
Lake area

During
manipulation

1-3 years after
manipulation

*

Chlorophyll a
During
manipulation

1-3 years after
manipulation

*

*

*
* **

*
* **

Mean depth
Retention time
Pre-manipulation phosphorus concentration
Mean atmospheric temperature

**
*

Measures of intervention strength
Duration of main manipulation
Fish removal (kg/ha)
Fish removal (kg/ha/yr)
Fish stock depletion (%)

**

**
* **

Water-quality improvement due to biomanipulation strengthens with increasing value of lake property or intervention strength
Water-quality improvement due to biomanipulation weakens with increasing value of lake property or intervention strength

This diagram indicates whether changes of lake properties or intervention strength tend to strengthen or weaken the
ability of biomanipulation to improve water quality (i.e. to increase the Secchi depth or decrease the chlorophyll a
concentration). The signiﬁcance of the relationships is indicated with one (p < 0.05), two (p < 0.01) or three (p < 0.001)
asterisks. All analyses used the selected dataset with stocking-only biomanipulations excluded.
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Relationships between ﬁsh removals and water quality changes during manipulation
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Increased ﬁsh removals tend to strengthen the increase of Secchi depth and the decrease of chlorophyll a during
biomanipulation. After manipulation, these relationships are not statistically signiﬁcant, however. Each symbol
represents one biomanipulation. Symbol sizes indicate statistical weights based on the precision of the data.

One reason why small lakes tend to show
stronger responses to biomanipulation may be
that it is easier to remove large fractions of the
planktivore and benthivore stocks from them
than from larger lakes. The relationship between
phosphorus levels and biomanipulation effects
on chlorophyll a could be due to the fact that
chlorophyll concentrations are often very high in
highly eutrophic lakes (with high phosphorus
levels), which may mean that a large chlorophyll
reduction is easier to achieve there than in less
eutrophic lakes.

Several earlier findings supported,
but some were not
Our review improves upon previous reviews of
biomanipulation in several ways. We obtained all
of the literature that was available on a range of
literature databases and systematically screened
for useful studies. As a result our review includes
a large number of case studies from many parts
of the world. We used a consistent, repeatable
process to screen published reports for inclusion
in further assessments. We then analysed the
data using standard methods of meta-analysis.
Several of our findings, e.g. that substantial fish
removals are needed for successful biomanipula12

tion, are consistent with the conclusions of a
number of earlier reviews. Our findings on the
importance of lake properties differ from those
of some previous assessments, however. Several
other reviews have concluded that biomanipulation is mainly successful in lakes that are both
shallow and small, while our results show that
successful and failed biomanipulations have occurred in overlapping ranges of lake mean depths
and surface areas. Nonetheless, we found that
biomanipulation effects decline with increasing
lake area. Moreover, we found that lakes with
higher pre-manipulation phosphorus levels respond more strongly to biomanipulation. This
does not support the conclusion of an earlier review that biomanipulation will not work if phosphorus levels are too high.

Implication for policy
and management
Biomanipulation is a useful means of improving
water quality in eutrophic lakes. Removal of
benthivorous and planktivorous fishes (with or
without stocking of piscivores) is effective, but
piscivore stocking alone is not. More thorough
fish removal increases the effectiveness of biomanipulation, particularly in reducing chlorophyll a concentrations.
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Since long-lasting studies are rare, it is difficult
to draw conclusions regarding biomanipulation
effects more than three years after intervention,
but the duration of the effects clearly varies from
case to case. In many cases re-treatment is necessary after a few years, but sometimes effects
may last a decade or more.

Implication for further research
Our review and meta-analysis uncovered several
patterns worthy of further research. More research on the interactive effects of biomanipulation with other lake management tools would be
useful and could reveal beneficial combinations
of management interventions. The factors that
lead to breakdown or persistence of biomanipulation effects in various types of lakes are not yet
known. Better understanding could improve ecological theories related to stability and perhaps
reveal new information useful for managers.
Our screening process excluded many biomanipulations that could have been analysed had authors provided appropriate data in their original
publications. Researchers reporting on the outcomes of such interventions should always publish variances and sample sizes of water quality

data, or provide raw data in an electronic appendix. The effects of biomanipulation cannot
be assessed properly unless water quality data
have been obtained prior to the intervention.
Monitoring of water quality should also be continued for at least as long as effects remain evident. Quantitative measures of fish removal,
stocking, or biomass changes are necessary and
should always be reported.

How this review was conducted
This systematic review was initiated and financed by the Mistra Council for Evidence-Based
Environmental Management (EviEM). The review was conducted as a project by a specially
appointed team of researchers chaired by Per
Larsson, professor of aquatic ecology at the
Linnaeus University in Kalmar, Sweden. The
project was managed by Claes Bernes, EviEM.
Stakeholders with an interest in lake management were invited to suggest modifications of the
scope and focus of the review at the start. The final design of the review was established in detail
in a protocol that was published in May 2013.
We started the review by searching for relevant
literature using four different kinds of sources:

The team that conducted this review
included (from left to right) Per Larsson (chair), Lennart Persson, Ellen
Van Donk, Christian Skov, Claes
Bernes (EviEM project manager),
Steve Carpenter and Anna Gårdmark.
Photo: Matilda Miljand.
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Overview of literature searches and screening of articles
28,329 articles found with
main English search string
in 15 article databases

4,251 articles found with
complementary English search
string in 4 article databases

A total of 32,580
articles found

18,028 duplicates
removed

14,552 articles
screened on title

12,606 articles
excluded during
screening on title

1,946 articles
screened on abstract

1,527 articles
excluded during
screening on abstract

551 articles
screened on full text

320 articles
excluded during
full-text screening

14 articles found with
non-English search
terms in 4 databases

118 articles found
using search engines,
specialist websites,
review bibliographies
or stakeholder contacts

231 articles on 144
manipulated lakes included
after full-text screening

Assessments of
individual articles
Assessments of combined
data on each lake

8 lakes added when
search update identiﬁed
2 new relevant articles

Quality assessment
of data on 152
manipulated lakes

29 lakes excluded
because data were
highly susceptible to bias

Analysis of data
on 123 manipulated lakes
(and 128 biomanipulations)

Our searches in literature databases identiﬁed more than 14,500 potentially useful articles, but most of them were excluded as irrelevant during subsequent screening based on titles, abstracts and full text. The ﬁnal analysis was based
on data on 128 individual biomanipulations in 123 different lakes.
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18 online publication databases, search engines
such as Google and Google Scholar, websites of
agencies, institutes and organisations with an
interest in lake management or the freshwater
environment, and bibliographies of selected
literature reviews.

EviEM
The Mistra Council for Evidence-Based
Environmental Management (EviEM) strives
to ensure that environmental management in
Sweden is informed by the best possible scientiﬁc evidence. Through systematic reviews

The majority of the more than 14,500 articles
found during these searches could be excluded as
irrelevant based on their titles or abstracts, but
we studied 553 potentially useful articles at fulltext level. The 233 articles that we judged to be
relevant described a total of 152 biomanipulated
lakes. When we assessed the quality of these articles, however, 29 of the lakes were excluded
from the review. The most common reason for
exclusion was that data on pre-manipulation
water quality were insufficient or entirely absent.
In 5 of the 123 manipulated lakes that were included in the review, interventions had been performed twice at sufficiently long intervals (8–10
years or more) that they could be regarded as
independent of each other. Therefore, 128 individual biomanipulations have been considered
in this review.
Data on the outcomes of these biomanipulations
were extracted from 124 articles. Of these, we
had found 69 in literature databases. The other
ones largely consisted of ‘grey literature’ (e.g. reports issued by national or local authorities, consultants etc.) rather than traditional academic
papers. While 77 of the 124 articles were written
in English, 30 were in Danish, 3 in Dutch, 2 in
German and 12 in Swedish.
The outcomes that we extracted were dominated
by measurements of Secchi depth, chlorophyll a
and total phosphorus. We also extracted data on
abundances of cyanobacteria, total phytoplankton, Daphnia, cladocerans and total zooplankton, although such information was found for
relatively few of the biomanipulations.

of relevant research, we aim to improve the
basis for decisions in environmental policy.
Funded by the Swedish Foundation for Strategic Environmental Research (Mistra) and
hosted by the Royal Swedish Academy of
Sciences, EviEM is ﬁnancially and politically
independent.

The meta-analyses that we finally conducted
were aimed at determining the average effects of
biomanipulation on Secchi depth, chlorophyll a
and cyanobacteria. We also investigated to what
extent biomanipulation effects on Secchi depth
and chlorophyll a depended on lake properties
(mainly lake area and pre-manipulation phosphorus concentration), on the amounts of fish removed, and on the interaction between these two
factors. In addition, we made separate analyses
of how biomanipulation effects were influenced
by each of a number of lake properties and measures of fish removals.
Studies that were based on a large number of observations, and therefore able to present relatively reliable data, were given greater weight in
the meta-analyses than less extensive studies.

Free access to full report
The full report on this systematic review is
published in the Environmental Evidence journal (www.environmentalevidencejournal.org/
content/4/1/7). The report is also available at
EviEM's website (www.eviem.se).
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EviEM Summary
Can the water quality in nutrient-rich lakes be improved by a reduction of
zooplankton-feeding ﬁsh such as roach and bream? This method, known
as biomanipulation, has been tried in many parts of the world, often with
positive results. In the systematic review that is summarised here, Mistra
EviEM has assessed how useful it is.

www.eviem.se
EviEM conducts systematic reviews of environmental issues identiﬁed
as important by public agencies and other stakeholders. These provide
an overall assessment of the state of scientiﬁc knowledge and help to
improve the basis for environmental decision-making in Sweden.
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