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Abstract

Background: In recent decades, many attempts have been made to restore eutrophic 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, the generality of biomanipulation effects on water quality across lake types and
geographical regions is not known. Therefore, we have undertaken a systematic review of such effects in eutrophic
lakes in temperate regions throughout the world.

Methods: Searches for literature were made using online publication databases, search engines, specialist websites
and bibliographies of literature reviews. Search terms were developed in English, Danish, Dutch and Swedish. Identified
articles were screened for relevance using inclusion criteria set out in an a priori protocol. To reduce the risk of bias, we
then critically appraised the combined evidence found on each biomanipulation. Data were extracted on outcomes
such as Secchi depth and chlorophyll a concentration before, during and/or after manipulation, and on effect
modifiers such as lake properties and amounts of fish removed or stocked.

Results: Our searches identified more than 14,500 articles. After screening for relevance, 233 of them remained. After
exclusions based on critical appraisal, our evidence base included useful data on 128 biomanipulations 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 intervention and the first three years afterwards. Piscivore stocking alone has
no significant effect. The response of chlorophyll a levels to biomanipulation is stronger in lakes where fish removal is
intense, and in lakes which are small and/or have high pre-manipulation concentrations of total phosphorus.

Conclusions: Our review improves on previous reviews of biomanipulation in that we identified a large number of
case studies from many parts of the world and used a consistent, repeatable process to screen them for relevance
and susceptibility to bias. 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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Water quality, Phytoplankton

* Correspondence: claes.bernes@eviem.se

'Mistra Council for Evidence-Based Environmental Management, Royal Swedish
Academy of Sciences, P.O. Box 50005, SE-104 05 Stockholm, Sweden

Full list of author information is available at the end of the article

- © 2015 Bernes et al, licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
( B.oMed Central Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,
unless otherwise stated.


mailto:claes.bernes@eviem.se
http://creativecommons.org/licenses/by/4.0
http://creativecommons.org/publicdomain/zero/1.0/

Bernes et al. Environmental Evidence (2015) 4:7

Background

Over the past century, many lakes in urban or agricul-
tural regions of the world were eutrophied due to sew-
age discharges or nutrient runoff from land. Excess
nutrients, especially phosphorus, stimulates the growth
of phytoplankton, often to such an extent that the water
becomes turbid [1]. The reduced light penetration and
increased sedimentation of dead planktonic algae puts
submerged macrophytes at a disadvantage, in some cases
even eliminating them, often with strong impacts on
ecosystem interactions and dynamics [2]. Certain species
of phytoplankton — cyanobacteria in particular — can give
rise to massive ‘algal blooms’ in the summer. The decom-
position of dead plankton can lead to oxygen depletion
and fish kills [3].

Problems of these kinds have often persisted even when
nutrient supplies from the surroundings have been reduced,
e.g. through sewage treatment. One important reason is
that phosphorus stored in the sediments of eutrophied
lakes can exchange with the water and thereby keep it
nutrient-rich for decades [4]. There are indications that eu-
trophication has caused many lakes to shift from one state
to another. In shallow unstratified lakes, one state is charac-
terised by moderate abundance of phytoplankton, trans-
parent water and vegetated bottoms, the other by high
abundance of phytoplankton, turbid water and little or
no submerged vegetation. In deep stratified lakes, one state
is characterised by an oxygenated hypolimnion and low re-
cycling of phosphorus, and the other by anoxia in the
hypolimnion and rapid recycling of phosphorus. Once a
lake has reached the latter state, it may tend to remain
there even if nutrient concentrations in the water decrease.

The occurrence of ‘alternative states’ (stable turbid or
clear-water states) of pelagic ecosystems can be a conse-
quence of food web interactions [5,6]. Certain food web
configurations lead to high abundances of planktivores, or
fishes that eat zooplankton. Planktivorous fish species can
feed intensively on zooplankton and thereby release phyto-
plankton from grazing, leading to turbid water. The preda-
tion by planktivorous fish can therefore sustain eutrophic
conditions in the lake, conditions that are beneficial to the
fish themselves, and this feedback may prevent the lake
from returning to less eutrophic conditions despite re-
duced nutrient inputs.

In some cases where eutrophied lakes have failed to re-
cover 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, in-
cluding dredging, are very expensive but by no means al-
ways successful [7,8].

At least in the short term, however, notable improve-
ments in water quality have been achieved through bio-
manipulation, usually in the form of decimating the
planktivorous fish which typically dominate the fish
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fauna of eutrophic lakes [9,10]. 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 plank-
tivores of eutrophic lakes include sunfish (Lepomiis
spp.) and gizzard shad (Dorosoma cepedianum) as well
as various cyprinid species.

Reducing the stocks of planktivorous fishes enhances sur-
vival of the zooplankton that such fish feed on, and this in
turn can reduce the abundance of planktonic algae that
serve as food for the zooplankton [11,12]. Another reason
why removal of planktivorous fish may improve water qual-
ity is that the adults of some of these species (e.g. bream
and gizzard shad) are also benthivorous. They search
for food in the sediments, dispersing nutrient-rich silt and
thereby adding to the turbidity and high phosphorus con-
tent of the water in eutrophic lakes [13]. Their feeding
behaviour may also contribute to the lack of submerged
vegetation in such lakes.

The dominance of planktivorous/benthivorous species in
eutrophic lakes has been related to the possibility that such
species induce an interspecific competitive bottleneck in
the recruitment of juvenile predators to predatory (pisciv-
orous) stages, thereby limiting the predation pressure by
piscivores [14]. One factor that may induce such a bottle-
neck is the presence of resources (e.g. cyanobacteria) that
are exclusively available to planktivorous/benthivorous spe-
cies. Another is that many planktivorous/benthivorous spe-
cies are less affected in their feeding by the low water
clarity in eutrophic lakes than visually feeding piscivorous
species [14,15].

Ideally, then, a reduction of the populations of plank-
tivorous and benthivorous fish may shift a eutrophied
lake back to a less eutrophic state, increasing transpar-
ency, allowing benthic vegetation to regain lost ground
and decreasing the risk of disturbances such as algal
blooms and fish kills. Such changes of lake ecosystem
properties — and of the plankton flora in particular —
may be driven both ‘bottom-up’ (i.e. by nutrient avail-
ability) and ‘top-down’ (via the upper parts of the food
web) [11]. Numerous studies have indicated that aquatic
ecosystems may have the potential of being controlled
both ways, e.g. [16].

The persistence of biomanipulation effects will partly
depend on whether the lake is likely to exhibit alterna-
tive stable states or not [17]. For example, this likelihood
is greater in shallow lakes and lakes with warm hypolim-
nia [18]. If alternative states of water clarity do occur,
the lake may remain in the new state induced by bioma-
nipulation if it is not destabilised by some other event. If
the lake has only a turbid stable state, the rate at which
it returns to its previous condition after biomanipulation
will among other things depend on the time scale at
which the slowest component of its ecosystem operates.
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In most lake food webs, piscivorous fish form the slowest
component, with a time scale extending to a decade or
more [19,20]. This time span is of the same order as that
reported for the effects of many biomanipulation attempts.

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 rotenone
treatment or temporary emptying of ponds or reservoirs
[21,22]. An alternative to removing planktivorous and
benthivorous fish through direct intervention may be to
reduce their dominance by stocking lakes with predatory
fish (piscivores) such as pike (Esox [ucius). These two ap-
proaches have frequently been used in combination — fol-
lowing removal of planktivores and benthivores, piscivores
have been stocked in order to prevent zooplankton-feeding
fish from regaining their former dominance [23,24]. In
some cases, fisheries regulations aiming to increase pisci-
vore biomass have also been used to support biomanipula-
tion (e.g. [25]).

In recent decades, a large number of attempts have been
made to restore eutrophic lakes through planktivore deci-
mation or other forms of biomanipulation, not least in
Denmark [26], the Netherlands [11] and Finland [27]. In-
terventions of these kinds have also been the subject of
several reviews over the years, e.g. by Sendergaard et al
[7,16], Gulati et al. [8], Meijer et al. [11], Jeppesen et al.
[12,28], Hansson et al. [29], Drenner & Hambright [30]
and Hansson [31]. Their approaches and conclusions vary,
but in general they have found the likelihood of successful
biomanipulation to increase when a) internal and external
nutrient loadings have been sufficiently reduced, b) post-
manipulation abundance of submerged macrophytes has
increased and c¢) substantial removals have been made of
planktivorous fish, and of benthivorous fish in particular.
Moreover, fish manipulation by direct removal of planktiv-
orous and benthivorous fish has a higher success rate than
stocking of piscivores as a means of controlling plankti-
vores and benthivores [7,8,28,30]. Long-term studies are
still not numerous, but they indicate that positive effects
of biomanipulation generally last a relatively limited num-
ber of years, especially if attempts to reduce internal and
external nutrient loadings have failed [7,8,28].

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 intro-
duction of the EU Water Framework Directive [32]. 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 [33,34]. However, the generality of biomani-
pulation effects on water quality across different lake prop-
erties and geographical regions is not known.
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Objective of the review

The purpose of this review is to clarify whether reduction
of planktivorous and benthivorous fish may prevent eu-
trophication problems in lakes. A number of conventional
literature reviews on this subject have reported on studies
of particular sets of lakes, e.g. providing national overviews
of biomanipulation efforts [11,16,27] or analyses based on
relatively small international selections of lakes [12,28-30].
Here, instead, we widen the scope — using the ‘systematic
review’ approach [35], we perform a quantitative synthesis
of water-quality effects of biomanipulation in temperate
eutrophic lakes throughout the world. Rather than review-
ing a specific selection or random sample of such inter-
ventions, we have have sought to cover all available cases
that fulfill our inclusion criteria.

Following an a priori protocol [36], we have thus as-
sembled a large number of studies and screened them
for relevance and susceptibility to bias. This has enabled
us to extract a substantial amount of quality-assured data
on how water quality is affected by biomanipulation. The
rigour and transparency of the systematic approach is
intended to avoid bias and permit quantitative and repeat-
able evaluation by means of meta-analysis. Our aim is that
this review will provide a useful basis for deciding if and
when biomanipulation is useful as a tool for improving
water quality in eutrophic lakes.

The review examines full-scale applications of bioma-
nipulation only. While small-scale experimental studies
of such interventions can be valuable for clarifying the
mechanisms involved, studies of whole-lake manipula-
tion are more relevant when assessing the method as an
instrument for environmental management.

In addition to deliberate attempts to improve water qual-
ity, we initially also considered unintentional water-quality
effects of fish-community changes (caused e.g. by altered
fish management practices). Only a few studies of the latter
kind of effects were found, however (e.g. [37,38]). Moreover,
since unintentional water-quality effects are more likely to
have been reported in the scientific literature if they were
appreciable than if they were insignificant, inclusion of such
studies could increase the risk of publication bias. Therefore,
this review covers deliberate biomanipulation efforts only.

Primary question
What is the influence of a reduction of planktivorous
and benthivorous fish (performed directly or indirectly
through stocking of piscivores) on water quality in
temperate eutrophic lakes?

Components of the primary question

o Subject (population): Temperate eutrophic lakes
anywhere in the world.
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e Intervention: Reduction of populations of
planktivorous and benthivorous fish.

This includes removal of planktivorous and/or
benthivorous fish, stocking of piscivorous fish and any
combination of such interventions. Quantification of
the intervention may be based on amounts of fish
removed or stocked, and/or on estimates of standing
fish stocks before, during and after the intervention.

e Comparator: No intervention.

e Outcomes: Changes of water-quality parameters such
as Secchi depth, concentrations of nutrients and
chlorophyll 2 and abundance of phytoplankton.

If available, data on changes of community-
structure parameters such as abundance of
zooplankton and fish and coverage of submerged
macrophytes have also been recorded.

Methods

Design of the review

The design of this systematic review was established in de-
tail in an a priori protocol [36]. It follows the guidelines
for systematic reviews issued by the Collaboration for
Environmental Evidence [39].

As described in the protocol, we developed the review
design in close cooperation with stakeholders, primarily in
Sweden. Before submission, peer review, revision and final
publication of the protocol, a draft version was open for
public review at the website of the Mistra Council for
Evidence-Based Environmental Management (EViEM) in
December 2012 and January 2013. Comments were re-
ceived from scientists, environmental managers and other
stakeholders, and the protocol was revised appropriately.

Searches for literature
Searches for relevant literature have been made using
online publication databases, search engines, specialist
websites and bibliographies of literature reviews. When-
ever possible, the search strings specified below were ap-
plied throughout the searches using online databases,
search engines and specialist websites. In several cases,
though, they had to be simplified as some sites can han-
dle only a very limited number of search terms or do
not allow the use of ‘wildcards’ or Boolean operators.
Full details of the search strings used and the number
of articles found at each stage of the search are provided
in Additional file 1.

Search terms

A scoping exercise had identified the following search
terms as being capable of returning a satisfactory set of
relevant articles:

e Subject: lake*, reservoir*, pond*, fresh$water
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e [ntervention: *manipulat*, remov*, restor*, stock*,
introduc*, reduc*, addition

o Target: *planktivor*, *benthivor*, cyprinid*, piscivor®,
“predatory fish*”, Rutilus, Abramis, Esox, Perca,
Stizostedion, Micropterus, Dorosoma, Coregonus,
Oncorhynchus, Salmo, roach, bream, pike, muskellunge,
perch, pike$perch, zander, sander, ““mouth bass”,
whitefish, cisco, minnow, “gizzard shad”.

The terms within each category (‘subject’, ‘intervention’
and ‘target’) were combined using the Boolean operator
‘OR’. The three categories were then combined using the
Boolean operator ‘AND’. An asterisk (*) is a wildcard that
represents any group of characters, including no character,
while a dollar sign ($) represents zero or one character.
The full search string thus reads as follows:

o English: (lake* OR reservoir* OR pond* OR
fresh$water) AND (*manipulat* OR remov* OR
restor* OR stock* OR introduc* OR reduc* OR
addition) AND (*planktivor* OR *benthivor* OR
cyprinid* OR piscivor* OR “predatory fish*” OR
Rutilus OR Abramis OR Esox OR Perca OR
Stizostedion OR Micropterus OR Dorosoma OR
Coregonus OR Oncorhynchus OR Salmo OR roach
OR bream OR pike OR muskellunge OR perch OR
pike$perch OR zander OR sander OR “*mouth bass”
OR whitefish OR cisco OR minnow OR “gizzard shad”).

Based on the English search string, the following Danish,
Dutch and Swedish search strings were also developed:

e Danish: (s¢* OR dam OR mose* OR ferskvand*) AND
(*manipulat* OR opfisk* OR restau* OR udseet* OR
introduk* OR reduk*) AND (*planktivor* OR
*benthivor* OR cyprinid* OR piscivor* OR rovfisk*
OR fredfisk* OR skidtfisk* OR Rutilus OR Abramis
OR Esox OR Perca OR Stizostedion OR Coregonus OR
Oncorhynchus OR Salmo OR skalle OR brasen OR
gedde OR sandart OR aborre OR *grred OR helt)

e Dutch: (meer* OR plas* OR zoetwater*) AND
(biomanipul* OR “actief biologisch beheer” OR afvissen
OR restauratie* OR uitzetten*) AND (*planktivor* OR
*benthivor* OR planktoneten* OR bodemomwoel* OR
piscivor* OR visetende* OR roofvis* OR Rutilus OR
Abramis OR Esox OR Perca OR Stizostedion OR brasem
OR snoek OR ruisvoorn OR snoekbaars OR karper)

o Swedish: (sjo* OR insj6* OR *magasin* OR *damm*
OR sotvatten* OR firskvatten*) AND (biomanipul*
OR utfisk* OR reduktionsfisk* OR reducer* OR
*restaurer* OR inplanter* OR utplanter* OR
utsdttning*) AND (*planktivor* OR *planktonita*
OR bent$ivor* OR bottendta* OR bottendjurséta*
OR cyprinid* OR karpfisk* OR piscivor* OR rovfisk*
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OR Rutilus OR Abramis OR Esox OR Perca OR

Stizostedion OR Coregonus OR Oncorhynchus OR
Salmo OR mort OR brax* OR giddda OR abborre
OR gos OR sik OR *lax OR *6ring OR regnbéage).

No time, language or document type restrictions were
applied during the searches.

In addition to searches using the main search string de-
scribed above, a complementary search was made in a few
of the sources mentioned below (Academic Search Premier,
Aquatic Sciences and Fisheries Abstracts, Scopus, and
Web of Science). The complementary search focused on
potential mechanisms and outcomes of biomanipulation,
using the following set of search terms:

e Subject: lake*, reservoir*, pond*, fresh$water

e Target: fish*

e Mechanisms: trophic, cascad*, food$web, top$down,
bottom$up, resuspen®, “stable state*”, bistable,
“regime shift*”

e Outcomes: water$quality, transparency, clarity,
turbid*, secchi, “suspended solids”, phosph?*,
nitrogen, oxygen, chlorophyll, phytoplankton

Publication databases
Searches were made in the following online databases:

1). Academic Search Premier

2). Agricola

3). Aquatic Sciences and Fisheries Abstracts
4). Biological Abstracts

5). BioOne

6). COPAC

7). Directory of Open-Access Journals
8). Forskningsdatabasen.dk

9). GeoBase

10). IngentaConnect

11). JSTOR

12). Libris

13). PiCarta

14). Scopus

15). SpringerLink

16). SwePub

17). Web of Science

18). Wiley Online Library.

Search engines
Internet searches were also performed using the following
search engines:

Google (www.google.com)

Google Scholar (scholar.google.com)
Growyn

Scirus.

Page 5 of 28

In each case, the first 100 hits (based on relevance) were
examined for appropriate data. Potentially useful docu-
ments that had not already been found in publication
databases were recorded.

Specialist websites

Websites of the specialist organisations listed below were
searched for links or references to relevant publications
and data, including ‘grey literature’. Potentially useful doc-
uments that had not already been found using publication
databases or search engines were recorded.

Broads Authority (www.broads-authority.gov.uk)
Danish Centre for Environment and Energy (dce.au.dk)
Environment Canada (www.ec.gc.ca)

European Commission Joint Research Centre
(ec.europa.eu/dgs/jrc)

European Environment Agency (www.eea.europa.eu)
Finland’s environmental administration
(www.environment.fi)

International Union for Conservation of Nature
(www.iucn.org)

IVL Swedish Environmental Research Institute (www.ivl.se)
Leibniz Institute of Freshwater Ecology and Inland
Fisheries, IGB (www.igb-berlin.de)

National Institute for Public Health and the
Environment (RIVM) (www.rivm.nl)

Netherlands Institute of Ecology (www.nioo.knaw.nl)
Norwegian Institute for Water Research (NIVA)
(www.niva.no)

Swedish Agency for Marine and Water Management
(www.havochvatten.se)

Swedish County Administrative Boards
(www.lansstyrelsen.se)

Swedish Environmental Protection Agency
(www.naturvardsverket.se)

Swedish River Basin District Authorities
(www.vattenmyndigheterna.se)

UK Environment Agency
(www.environment-agency.gov.uk)

United Nations Environment Programme
(www.unep.org)

United States Environmental Protection Agency
(www.epa.gov).

Other literature searches
Relevant literature was also searched for in bibliograph-
ies of literature reviews such as those mentioned in the
Background section. Potentially useful documents that had
not already been found in online sources were recorded.
A few more articles were brought to our attention by
stakeholders.

In addition, unpublished data were in some cases
made available by e.g. study authors, consultants or
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local authorities involved in biomanipulation projects.
Stakeholders had been asked to suggest suitable contacts.

Search update

An update to the literature searches was made in late
2013, about ten months after the main searches. The
update involved searches in Web of Science and Google
Scholar using the main English search string. Web of
Science was also searched with the complementary search
string.

Screening

Screening process

Articles found by searches in databases were evaluated for
inclusion at three successive levels. First they were assessed
by title by a single reviewer (CB). In cases of uncertainty,
the reviewer chose inclusion rather than exclusion. As a
check of consistency, a subset of 100 articles was assessed
by all members of the review team. Since this check showed
that the main reviewer was considerably more inclusive
than the average team member, it seemed safe to proceed
with the screening without modification or further specifi-
cation of the inclusion/exclusion criteria.

Next, each article found to be potentially relevant on the
basis of title was judged for inclusion on the basis of ab-
stract, again by a single reviewer (CB) who in cases of un-
certainty tended towards inclusion. A second reviewer
(LP) assessed a subset consisting of 199 (10%) of the ab-
stracts, and the agreement between the two reviewers’ as-
sessments was checked with a kappa test. Since the
outcome, K =0.71, indicated a ‘substantial’ agreement [40]
and since the inconsistency had chiefly been caused by the
main reviewer being more inclusive than the second one,
the screening was allowed to proceed without revision.

Finally, each article found to be relevant on the basis of
abstract was judged for inclusion by a reviewer studying the
full text. This task was shared by all members of the review
team. The articles were randomly distributed within the
team, but some redistribution was then made to avoid hav-
ing reviewers assess studies authored by themselves or arti-
cles written in an unfamiliar language. Articles found using
search engines, specialist websites, review bibliographies or
stakeholder contacts were also entered at this stage in the
screening process. Doubtful cases — articles that the re-
viewer could not include or exclude with certainty even
after having read the full text — were discussed and decided
on by the entire team.

A list of all articles rejected on the basis of full-text as-
sessment is provided in Additional file 2: Table B together
with the reasons for exclusion. This file also contains a list
of potentially relevant articles that were not found in full
text (Additional file 2: Table A).
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Study inclusion criteria

Each study had to pass each of the following criteria in
order to be included, either by providing all the required
data itself or by referring to other articles where supple-
mentary information was presented.

e Relevant subjects: Temperate freshwater lakes
or reservoirs (with an area equal to or larger
than 1 hectare) characterised by study authors
as eutrophic (or hypertrophic) and/or having
summer concentrations of total phosphorus (TP)
exceeding 30 pg/l before biomanipulation.

o Relevant types of intervention: Removal of
planktivorous or benthivorous fish, stocking
of piscivorous fish and any combination of such
interventions, provided that the intention was to
improve water quality.

e Relevant type of comparator: No intervention.

e Relevant types of outcome: Change of Secchi depth,
change of concentrations of chlorophyll a, total
phosphorus, total nitrogen, oxygen or suspended
solids, or change of total phytoplankton or
cyanobacteria abundance.

e Relevant types of study: Any primary field study of
water quality in lakes or reservoirs (or in artificially
separated compartments with areas > 1 ha in such
water bodies) that had been subject to large-scale
biomanipulation of any of the kinds described above.
The study could be based on before/after comparisons
or site comparisons or both (see Study quality
assessment below).

During screening on full text, the following inclusion
criterion was also applied:

o Language: Full text written in English, Danish,
Dutch, German, Norwegian or Swedish.

Potential effect modifiers and reasons for heterogeneity
To the extent that data were available, the potential effect
modifiers listed below were considered and recorded. This
was done on a lake-by-lake rather than article-by-article
basis.

Geographical coordinates

Altitude

Lake area

Mean and maximum lake depth

Retention time

Lake connectivity (whether the lake had tributaries
and/or connections to other lakes)

Lake salinity

Water colour

Concentration of dissolved organic carbon (DOC)
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Occurrence of stratification in the lake

Annual mean temperature

Presence of introduced species

Presence of grazing or piscivorous birds

Study duration and seasonality

History of biomanipulation (years and seasonality of

interventions, amounts of fish removed or stocked,

methods for fish removal, species, age and size of
stocked fish, etc.).

History of other interventions and disturbances, e.g.

1) other in-lake attempts to mitigate eutrophication
problems (such as dredging, aeration, improvement
of recruitment habitats for predatory fish etc.);

2) external supplies of phosphorus (and other
pollutants) from point sources and runoff, internal
nutrient loading and any experimental nutrient
additions to the lake;

3) land use in the surrounding area (including attempts
to reduce nutrient losses by modifying the use of
fertilisers, establishing buffer zones with permanent
vegetation between fields and watercourses etc.);

4) damming, lake lowering and other hydrological
disturbances;

5) special weather conditions (droughts, heat waves,
storms);

6) fisheries and stocking not intended as a means of
biomanipulation;

7) natural or unintended anthropogenic fish-kills.

Study quality assessment

In many cases, the biomanipulation of an individual lake
has been described in several articles that cover different
aspects of the intervention and its consequences. One
article may focus on the stocking or removals of fish and
how they have affected standing fish stocks, whereas de-
tails on how this intervention has influenced water qual-
ity may be found elsewhere.

For this reason, once the full-text screening of articles
was completed, the review proceeded on a lake-by-lake
rather than article-by-article basis — all articles with rele-
vant data on a certain lake or biomanipulation project
were considered together. Contrary to what was stated in
the protocol [36], therefore, quality assessment of studies
that had passed full-text screening was based on the entire
evidence found on a certain lake biomanipulation, not
on individual articles. A few articles that initially had
been excluded due to absence of relevant water-quality
data were re-entered at this stage, since they contained
useful data on other aspects of a biomanipulation
project.

The quality assessment was performed by the six ecol-
ogists in the review team (SRC, AG, PL, LP, CS and
EVD) — again with care taken that reviewers would not
assess articles authored by themselves — and double-
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checked by the seventh member of the team (CB). Doubt-
ful cases were discussed and decided on by the entire
team.

Exclusion criteria

If the combined evidence on a biomanipulated lake had
any of the deficiencies listed below, it was considered to
have high susceptibility to bias. In such cases, the lake
was excluded from the review.

e No (or insufficient) data on water quality before
biomanipulation. The available data were regarded
as insufficient if they covered less than one full
pre-manipulation summer season.

o No useful quantitative data on fish removals
or changes of standing fish stocks.

o Insufficient methodological description.

A list of lakes rejected on the basis of quality assessment
is provided in Additional file 3 together with the reasons
for exclusion.

Additional quality criteria

For lakes that were not rejected based on the above exclu-
sion criteria, the combined evidence was considered to
have either low or medium susceptibility to bias. If any of
the criteria listed below applied, susceptibility to bias was
classified as medium. If none of them applied, susceptibil-
ity to bias was considered to be low (meaning that the
quality of evidence was regarded to be high).

o Confounding interventions or disturbances.
Interventions like aeration, dredging, aluminium
treatment or sewage diversion (or disturbances like
fish-kills) occurred just before, during or just after
fish manipulation.

o [nsufficient data on potential effect modifiers.
Available lake metadata and data on lake history
were so incomplete that they allowed no conclusions
on whether other interventions or disturbances had
occurred besides fish manipulation.

o No useful data on within-year water-quality variation.
Available water-quality data consisted of only one
observation per year or of annual means without
standard deviations, standard errors, confidence
intervals or similar measures of variation.

o Multiple basins. The lake or lake system consisted of
at least two basins that were manipulated differently
and/or had markedly different water quality.

Data extraction strategy

Annual means and variation of summer-season water-
quality data have been extracted from tables and graphs
in articles and reports, using image analysis software



Bernes et al. Environmental Evidence (2015) 4:7

(WebPlotDigitizer) when necessary. In some cases, study
authors or database managers were asked to supply data in
digital format. This was done where useful data had been
published in graphs from which they were difficult to ex-
tract accurately enough, or when it was known or assumed
that considerable amounts of relevant but unpublished
data could be available in addition to the published results.

In cases where raw data were received, summary statis-
tics have been calculated by us. Where individual water-
quality data have been available, multi-year means and
variation have been calculated based on these data rather
than on annual averages.

The summer season has been defined differently by
different authors, but 1 May — 30 September is the most
common choice. This was also the period that we used
ourselves when selecting relevant raw data (although our
search for data was global, all biomanipulations found
suitable for quantitative analysis had been performed in
the northern hemisphere).

Data on potential effect modifiers and other metadata
were extracted from the included articles whenever avail-
able, but data on annual means of the atmospheric
temperature were downloaded from the WorldClim data-
base [41].

Initially, outcomes and metadata were recorded in a
separate Excel file for each included lake. Data to be
used in meta-analysis were then transferred to an Access
database.

Definitions of pre-, during- and post-manipulation periods
Most studies of biomanipulations have a Before/After
(‘BA’) design — they compare data that have been collected
prior to and following the intervention (or at least during
different stages of the intervention). Since a biomanipula-
tion may extend over several months or even years, BA
studies often present data sampled not only before and
after but also during the intervention. Due to the com-
plexity of many biomanipulation projects, however, it is
not always obvious when the main intervention started or
ended. For instance, mass removals of fish may have been
preceded or followed by less significant fish removals, and
stocking may have taken place not only after periods of
mass removal but also before or during them.

For intervention involving fish removal, we defined the
main biomanipulation period as the years during which
significant amounts of fish (at least 7-8 kg per hectare)
were removed. Piscivore stocking performed within this
period was normally seen as part of the main biomani-
pulation, but not if the fish removal resulted in complete
eradication of the fish stocks. For interventions based on
stocking only, the main biomanipulation period was de-
fined as the years during which adult piscivores or sig-
nificant numbers of young piscivores (at least 50—100
individuals per hectare) were stocked. A single year with
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insignificant or no fish removal or stocking was included
in the main biomanipulation period if it was both pre-
ceded and followed by years with significant manipulation.

Building on these definitions, we applied the following
rules to decide whether water-quality data sampled dur-
ing a certain summer season represented Before, During
or After conditions in the manipulated lake. Data that
could not be included in any of these categories were
not used.

The Before period was defined to stretch back as long as
water-quality data were available and pre-manipulation
summer conditions (concentrations of total phosphorus
and chlorophyll a4, Secchi depth etc.) were reasonably
stable. If confounding interventions or disturbances (e.g.
aeration, dredging, in-lake chemical treatment, significant
increases or decreases of phosphorus inputs, or fish-kills
due to oxygen deficiency) took place during the pre-
manipulation period, the Before period was said to start
after the last onset or end of such events. The Before
period was defined to end with (and include) the last pre-
manipulation summer. Periods without water-quality data
were included in the Before period if they lasted no more
than 5 years and were preceded by a year with water-
quality data.

The During period was defined to begin with the first
during- or post-manipulation summer and conclude with
the last year with significant biomanipulation. This means
that no summer season was categorised as ‘During’ if the
manipulation was confined to a single autumn.

The After period was defined to begin with the first
post-manipulation year and last as long as water-quality
data were available and no additional interventions or
confounding events began. Periods without water-quality
data were included in the After period if they lasted no
more than 5 years and were followed by a year with
water-quality data.

Two biomanipulations of a single lake were regarded
as distinct interventions (to be analysed individually) if
they were separated by at least 8—10 years without sig-
nificant manipulation. The last 3 years before the second
biomanipulation were then defined as the Before period
of that intervention.

Data synthesis and presentation

Meta-analysability and selection of a high-quality dataset
Although we have access to water-quality data for each of
the biomanipulation projects included in this review, a
considerable part of these projects do not appear in any of
the meta-analyses described below. One reason is that for
some biomanipulations, the available data do not include
any of the water-quality parameters covered by the meta-
analyses (Secchi depth, chlorophyll & concentration and
cyanobacteria abundance). Another reason is that some of
the data available to us are not meta-analysable due to
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absence of useful information on variation (such as stand-
ard deviations, standard errors or confidence intervals) or
on the number of observations. Published data on water
quality in manipulated lakes sometimes consist of single
measurements per year or of summer averages without
any information on within-year variation. In other cases,
published summer means or medians are accompanied by
fractiles or ranges, but there is no reliable way of convert-
ing such data to measures of variation that can be used in
meta-analyses.

Where water-quality data were available for more than
one year within a Before-, During- or After-manipulation
period, calculation of interannual variation enabled us to
include them in some meta-analyses even if there was no
useful information on within-year variation. However, due
to the large seasonal fluctuations of primary production
and phytoplankton abundance that characterise most eu-
trophic lakes, within-year variation of water quality may
be larger than the interannual variation, even if the ana-
lysis is restricted to data sampled during summer. If this is
the case, we may introduce bias by using effect sizes with
interannual variation only, since such data will then tend
to have lower variance and hence be given higher weight
in meta-analyses than if their within-year variation had
been known and included too.

Another important quality aspect is the presence or
absence of confounding interventions or disturbances.
Biomanipulation has frequently been performed in com-
bination with other efforts to improve water quality,
such as aeration or artificial mixing of deep waters,
dredging (sediment removal), sewage diversion or other
reductions of external nutrient inputs, or in-lake phos-
phorus removal with aluminium or iron salts. In many eu-
trophic or hypertrophic lakes, moreover, fish-kills caused by
oxygen deficiency may have water-quality effects resem-
bling those of deliberate manipulations of the fish fauna.

For these reasons, much of our analysis uses a high-
quality ‘selected dataset’ where effect sizes based on single
data per year and/or confounded data have been excluded.
An alternative way of identifying a high-quality dataset
would have been to include effect sizes only for biomani-
pulations where data were categorised as having low sus-
ceptibility to bias. The classification of susceptibility to
bias is somewhat coarse, however, being based on the
combined evidence on a biomanipulation project rather
than on individual effect sizes. Even for the same biomani-
pulation, some effect sizes may be based on confounded
data or single data per year, while others are not.

Meta-analyses

The impacts of biomanipulation on water quality were
mainly analysed using meta-analytical approaches. The
meta-analyses were carried out using the metafor package
[42] within the R environment v. 3.0.2 [43].
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Most of the meta-analyses used water transparency
(measured as Secchi depth) or chlorophyll & concentration
as response variables. Since all data for these variables
could be converted to the same units (m and pg/l, respect-
ively), the comparisons were based on mean differences.
The effect sizes were calculated as the difference between
the mean response during or after the main biomanipula-
tion period and the mean response before the manipula-
tion. Positive effect sizes thus indicate that the response
parameter was higher during or after intervention than be-
fore intervention. When analysing effect sizes based on
the selected dataset, we also explored the consequences of
exchanging mean differences for mean log ratios.

Moreover, a few meta-analyses were made of data on
cyanobacteria abundance. Since these data were given in
several incommensurable units, mean log ratios were used
as effect sizes for the cyanobacteria meta-analyses.

Random effects models were developed for each re-
sponse variable, comparing data acquired Before/During
or Before/After manipulation. For the Before/After com-
parisons, models were developed for each of the first
7 years after manipulation, as well as the average of years
1-3 after manipulation. Random effects models were run
using restricted maximum likelihood to estimate hetero-
geneity, and data are presented in forest plots showing
mean effect sizes and 95% confidence intervals. Random
effect models were also developed for separate subgroups
of comparisons, covering various aspects of data quality
and different types of biomanipulation.

To investigate to what extent lake properties and bioma-
nipulation methods influence the effects of biomanipula-
tion on Secchi depth and chlorophyll a concentrations,
we performed meta-regressions on Before/During and Be-
fore/After comparisons (the latter covering years 1-3 after
manipulation). The most relevant effect modifiers — lake
area, mean depth, retention time, pre-manipulation total
phosphorus (TP) concentration, mean annual atmospheric
temperature, duration of fish removals, amount of fish re-
moved (expressed as kg/ha or kg/ha/yr) and depletion of
fish stocks — were used as co-variates.

Data were not plentiful enough to allow a complete ana-
lysis using all explanatory variables simultaneously. How-
ever, since lake area, mean depth and pre-manipulation
TP concentration were highly correlated (see Additional
file 4), we applied principal component analysis (PCA) to
convert observations of these lake properties into a set of
linearly uncorrelated variables (principal components,
PC). We then used the first PC (PC1) as an explanatory
variable in the meta-regressions.

PC1 explained 80% or more of the variation in the three
selected lake properties, reflecting increasing lake area and
decreasing pre-manipulation TP concentrations, whereas
mean depth was mainly reflected in PC2 that only ex-
plained a minor part of the variation (see Additional file 5).
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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

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

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

8 lakes added when
search update identified
2 new relevant articles

Figure 1 Overview of article inclusion, article screening and quality assessment of lake data.
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Table 1 Susceptibility to bias of the evidence on included
biomanipulations

No. of cases
Low 53
Medium due to confounding interventions or 31
disturbances
Medium due to insufficient data on potential effect 13
modifiers
Medium due to absence of useful data on within-year 43

water-quality variation

Medium since the lake consisted of multiple basins with 6
different interventions or water quality

The evidence on some biomanipulations has medium susceptibility to bias
based on more than one of the quality criteria.w

Meta-regression models were made using the combined
‘lake-property’ variable (PC1), a measure of intervention
strength (fish removals expressed as kg/ha/yr), and the
interaction between these two as explanatory variables. Se-
lection between the models (including the intercept-only
model) was based upon minimum Akaike’s information
criterion corrected for small sample size (AICc).

Since we were not able to test all effect modifiers
listed above at the same time, we also performed meta-
regressions with each of them separately.

All meta-regressions were based on the selected dataset,
with stocking-only biomanipulations excluded (see Results).
Due to skewness of the data, lake areas, mean depths, reten-
tion times, pre-manipulation TP concentrations and amounts
of fish removed were log-transformed before analysis.

Finally, Secchi depth and chlorophyll a data (both from
the selected set and from the entire set of meta-analysable
data) were tested for possible publication bias using funnel
plots.

Results

Review descriptive statistics

Literature searches and screening

The main searches for literature were conducted between
10 December 2012 and 4 March 2013, and an update was
made on 26 October 2013.
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Searches with the main English search terms in 15 pub-
lication databases returned a total of 28,329 articles (or
12,908 after removal of duplicates) — see Figure 1. Four of
the databases (Academic Search Premier, Aquatic Sciences
and Fisheries Abstracts, Scopus, and Web of Science)
were also searched with the complementary search string,
which returned a total of 4,251 articles (or 2,270 after re-
moval of duplicates). Of these articles, 1,644 had not been
found with the main search string.

After title screening of the 14,552 unique publications
found by the main and complementary searches, 1,946 of
them remained included. Screening based on abstract left
419 articles that still were considered as potentially rele-
vant. Most of the excluded articles contained no relevant
information on how water quality had responded to bio-
manipulation, or did not touch on reductions of planktiv-
orous or benthivorous fish at all (see Additional file 6).

Searches with Danish, Dutch and Swedish search terms
in national bibliographic databases yielded 4, 3 and 7 poten-
tially relevant publications in these languages, respectively.
Searches using search engines returned 33 potentially rele-
vant articles (17 found with English search terms, 10 with
Danish and 6 with Swedish ones) in addition to those that
already had been identified. Similarly, searches on specialist
websites located another 9 potentially useful publications (2
found using English search terms and 7 using Danish ones).
An additional 38 articles were found in bibliographies of lit-
erature reviews, while 38 more were added by members of
the review team or included as a result of stakeholder con-
tacts or Google searches for the names of known biomani-
pulated lakes. A large part of the publications referred to in
this paragraph can be characterised as grey literature.

In all, the searches resulted in 551 articles to be screened
based on full text. After screening, 231 of them were still
included. At this stage, the most common reason for ex-
clusion was that studies contained no relevant primary
data (see Additional file 6 and Additional file 2: Table B).
In 22 cases, publications had to be excluded because they
were not found in full text (see Additional file 2: Table A).
When the search for publications was updated in late
2013, two new articles were included.

no. of articles
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T ."Il II Ill I I I.,
2000

Figure 2 Year of publication of the 124 articles that were used for data extraction.
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Figure 3 Locations of biomanipulated lakes included in the review. More detailed maps are available in Additional file 9.

Quality assessment

The 233 articles that had passed full-text screening de-
scribed a total of 152 biomanipulated lakes. A single lake
could be referred to in up to twenty different articles,
while a single publication could describe a large number
of different manipulation projects. Quality assessment of
the available evidence was therefore performed per lake
rather than per article.

This assessment led to the exclusion of 29 lakes from
the review, since the evidence found on them was cate-
gorised as highly susceptible to bias. The most common
reason for exclusion was that data on pre-manipulation
water quality were insufficient or entirely absent (see
Additional file 3).

In 5 of the 123 manipulated lakes that remained in-
cluded 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.

For 53 of the 128 biomanipulations we found the quality of
the available evidence sufficient to have low susceptibility to
bias. In the remaining 75 cases, we classified the susceptibility
to bias as medium (see Table 1 and Additional file 7: Table B).

Sources of articles used for data extraction

Although 233 articles had been judged as relevant during
full-text screening, only 124 of them were actually used for
extraction of data. In some cases, the reason for not using
an article was that it related to a lake that had been ex-
cluded during quality assessment, but the most common
reason was that articles were redundant for the purposes of
this review — they reported data that could also be found
elsewhere (see Additional file 2: Table C and D). Many of
them were reviews rather than sources of primary data.

Fennoscandia

Denmark
Finland
Norway

Sweden

The Netherlands
Garmary
Poland

United Kingdom
Estonia

Hungary

Italy

usA
Canada

Figure 4 Number of included biomanipulations per country.

[
I 12
H
K
Other European countries
I 20
I s
Il 3
I 2

1
1
1

North America
I 15
| B

] 10 20 30 40 50
no. of biomanipulations




Bernes et al. Environmental Evidence (2015) 4:7

Table 2 Characteristics of included lakes

Median Min. Max
Mean depth (m) 2.1 0.7 135
Lake area (ha) 37 12 3985
Retention time (days) 220 1 3870
Total phosphorus concentration 133 25 1195
(pre-manipulation summer mean, ug/l)
Mean annual atmospheric temperature (°C) 78 13 13.1

Of the 124 articles that were used for data extraction, 69
had been found in publication databases (see Additional
file 8). Of these, 61 were identified using the main English
search terms, while 5 others were found with the supple-
mentary search string only and 3 with Dutch or Swedish
search terms.

Of the remaining 55 articles used for data extraction, we
had found 35 using search engines (mostly by searching for
names of known biomanipulated lakes), 4 at specialist web-
sites, 5 in review bibliographies and 3 through stakeholder
contacts, whereas 8 had been provided by members of the
review team. While 77 articles were written in English, 30
were in Danish, 3 in Dutch, 2 in German and 12 in Swedish.

Only 3 of the 124 articles were published before 1990.
Years of publication of the more recent articles were distrib-
uted fairly evenly over the period 1990-2013 (see Figure 2).

Narrative synthesis

Overall characteristics of included lakes and
biomanipulations

Most of the biomanipulations covered by this review were
carried out in central or northern Europe — more than half
of them in Fennoscandia alone — whereas the remaining
15% were performed in North America (see Figures 3 and
4 and Additional file 9). Our literature searches also iden-
tified a number of biomanipulated lakes in temperate
parts of Asia, Australia and South America, but all of these
cases were excluded during full-text screening or quality
assessment.

Table 3 No. of biomanipulations with available effect sizes
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The included lakes are typically shallow, small, and
hypertrophic rather than merely eutrophic (see Table 2).
Based on the available literature, 73 of them were cate-
gorised as natural lakes (although some of these have
been lowered or modified in other ways), while 8 were
characterised by study authors as artificial lakes, 11 as
impoundments and 16 as former peat, sand or gravel
pits (see Additional file 7: Table A).

Of the 128 individual lake biomanipulations in the re-
view, 102 included fish removal. In 81 of these cases, stocks
of planktivorous and/or benthivorous fish were decimated
solely by fishing. Eleven other manipulations involved ro-
tenone or other piscicides, while ten included partial or
complete emptying of the lake or reservoir, often but not
always in combination with fishing (see Additional file 7:
Table C). Several of the latter interventions resulted in
complete eradication of all fish species. In 35 cases where
planktivorous and benthivorous fish were decimated, this
intervention was combined with stocking of piscivores such
as northern pike (Esox lucius), pikeperch (Sander lucio-
perca) or perch (Perca fluviatilis). The biomanipulations
reviewed by us also include 26 cases solely based on pisci-
vore stocking.

Details on the included biomanipulations are presented
in three tables in Additional file 7. Table A in this file
provides basic data on the manipulated lakes: location,
lake type, lake area, mean depth, occurrence of stratifica-
tion in summer, retention time, average pre-manipulation
concentration of total phosphorus in summer, and mean
annual atmospheric temperature. Table B presents study
design, assessments of study quality, basic data on the
main biomanipulation (type, timing and duration), and a
selection of water-quality data (summer averages of Secchi
depth and chlorophyll @ concentration before and during
the main biomanipulation and in the first three post-
manipulation years). Table C provides details about fish
removals and/or fish stockings included in the main
biomanipulation, and also available data on changes of
standing fish stocks.

Before/During effect sizes

Before/After effect sizes*

All Meta-analysable Selected dataset All Meta-analysable Selected dataset
Chlorophyll a concentration 87 75 30 73 65 26
Secchi depth 94 81 34 78 66 27
Total phosphorus concentration 106 81 28 92 71 27
Cyanobacteria abundance 35 27 13 23 13 5
Total phytoplankton abundance 39 29 13 24 13 4
Daphnia abundance 22 15 8 22 12 6
Cladocera abundance 24 15 8 23 13 7
Total zooplankton abundance 23 14 8 20 10 6

*Data available for at least one of the first three post-manipulation years.
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Availability of water-quality data and other outcomes data have not been used due to confounding interventions
The availability of water-quality data from different stages  or disturbances.
of each of the included biomanipulation projects is shown Of the 128 biomanipulations included in the review, 125

in Figures 5 and 6. This figure also indicates where available  are covered by studies that — in a wide sense — have a ‘BA’
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(Before/After) design. In 86 of these cases, we have access  design (see the Methods section). In 27 other cases, we
to water-quality data sampled not only before and after  have data collected before and during the biomanipula-
but also during the main biomanipulation, and we there-  tion, but not afterwards. We refer to such cases as having
fore refer to them as having a ‘BDA’ (Before/During/After) a ‘BD’ (Before/During) design. The remaining 12 cases
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may be called ‘true BA, since in these cases we have access
to data collected before and after but not during the
manipulation.

Three of the biomanipulations in the review — Bleiswijkse
Zoom, Prairie Potholes 2 (adults) and Prairie Potholes
2 (fry) — are covered by studies that present no pre-
manipulation data. Instead, these studies are based on com-
parisons between the manipulated lakes and similar lakes
where no such intervention has taken place. This means
that they have a ‘CI' (Comparator/Intervention) design. In
our quantitative synthesis, CI comparisons made during
biomanipulation are included among Before/During com-
parisons, whereas CI comparisons made after biomanipula-
tion are included among Before/After comparisons.

The outcomes that we have extracted from articles
and databases are dominated by observations of Secchi
depth, chlorophyll & and total phosphorus. We also ex-
tracted data on abundances of cyanobacteria, total phy-
toplankton, Daphnia, Cladocera and total zooplankton,
although such information was found for relatively few
of the biomanipulations (see Table 3). Data on oxygen
levels, concentrations of suspended solids and cover of
macrophytes were found to be too scarce and/or heteroge-
neous to be useful. We have also chosen not to use data on
total nitrogen concentrations — such data are frequently
available in the literature, but they have limited relevance to
lake eutrophication.

An overview of all available Secchi depth and chlorophyll a

data

The biomanipulations reviewed here include interven-
tions of highly varying strength, ranging from very mod-
est planktivore/benthivore removal (only 13-30 kg/ha/yr
in some cases) or stocking of limited numbers of
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piscivores to complete eradication of the entire fish
fauna. Moreover, they have been performed in a set of
lakes that covers wide ranges of size, depth, trophic sta-
tus and climatic conditions.

Yet, even a cursory inspection of the outcomes indicates
that a clear majority of the interventions have had positive
effects on water quality (see Figure 7 and Additional
file 7: Table B). Secchi depths have in most cases in-
creased, whereas concentrations of chlorophyll a have
in most cases decreased. These effects usually appear
both during biomanipulation and in the early post-
manipulation phase. Nonetheless, we found a great deal
of variability among case studies, and there are cases of
lakes that did not improve.

Quantitative synthesis

Summary effect sizes based on datasets of different quality

Quantitative analysis of available data substantiates the
observations that concluded our narrative synthesis. Ac-
cording to the meta-analyses summarised in Figure 8, bio-
manipulation leads to a significant (p <0.05) increase of
water transparency (measured as Secchi depth) and a sig-
nificant decrease of phytoplankton abundance (measured
as concentration of chlorophyll ) in summer, not only
during years when such manipulation is carried out, but
also during the first three post-manipulation years.

A large proportion — 85% or more — of all available
Secchi depth and chlorophyll a effect sizes (i.e. the data
presented in Figure 7) are meta-analysable in the sense
that we have access to information on variation and
sample sizes. Our meta-analyses of these data indicate
that, on the average, Secchi depths are 0.22 m greater and
chlorophyll a concentrations 22 pg/l lower during bioma-
nipulation than before manipulation. The first three years

During manipulation

. RN i |

1-3 years after manipulation

-14 -12 10 08 06 04 -02 O 02 04 08

During manipulation

1-3 years after manipulation

=340 -320 -300 -280 -260 =-240 -220 -200 -180 =160 =140

Individual Secchi depth effect sizes for all biomanipulations

Individual chlorophyll a effect sizes for all biomanipulations

08 10 12 14 16 18 20 22 24 26 28 m

Mean difference to before biomanipulation

=120 -100 -80 =60 =40 -20 1] 20 40 60 B0 gl

Mean difference to before biomanipulation

Figure 7 Effect sizes based on mean Secchi depth and chlorophyll a concentration. All biomanipulations with available data are
represented in the diagram. ‘Before” and ‘During’ periods have been defined as in Figures 5 and 6. All Secchi depth and chlorophyll a data in this
and the following figures and tables are based on summer means.




Bernes et al. Environmental Evidence (2015) 4:7

Table 4 Summary effect sizes based on the selected
dataset (mean differences to before manipulation)

Mean  95% C.l.
Secchi depth during manipulation (m) 0.22 0.11-033
Secchi depth 1-3 years after manipulation (m) 047 023 -0.70
Chlorophyll a during manipulation (ug/!) -30 —42 - =17
Chlorophyll a 1-3 years after manipulation (ug/l)  —33 —52--14

after biomanipulation, Secchi depths are 0.46 m greater
and chlorophyll a concentrations 30 upg/l lower than
before manipulation, again based on averages of all meta-
analysable data. All these summary effect sizes are statisti-
cally significant (see the topmost row in Figure 8 and pp.
1-4 in Additional file 10).

Calculation of interannual variation has enabled us to in-
clude some water-quality data in meta-analyses even in
cases when there was no useful information on within-year
variation (see Methods). However, there are indications
that the within-year variation of water quality differs from
the interannual variation. In 13 lakes where we have mul-
tiple data per summer season for at least 5 years within a
pre-, during- or post-manipulation period, the within-year
Secchi depth variation during these periods was on aver-
age 56% larger than the interannual variation. For chloro-
phyll a data, the corresponding difference was 68%. There
are also some differences between summary effect sizes
based on single vs. multiple data per year (i.e. data with in-
terannual variation only and data with within-year vari-
ation over one or several years, respectively), as shown on
rows 2 and 3 in Figure 8 (and pp. 5-8 in Additional
file 10). The difference is statistically significant for Be-
fore/During comparisons of chlorophyll a, but while
the summary effect size is smaller for single- than for
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multiple-per-year chlorophyll a data, the reverse applies to
Secchi depth data.

Moreover, we have classified outcomes of about a
quarter of the included biomanipulations as con-
founded since additional interventions or disturbances
took place during, just before or just after the main
biomanipulation (see Additional file 7: Table B). Con-
founded effect sizes tend to be smaller than non-
confounded ones (see Figure 8, rows 4 and 5, and
Additional file 10, pp. 9-12).

In order to reduce the risk of bias, we have based most
of the further quantitative analysis on the ‘selected data-
set’ from which single data per year and confounded
data have been excluded (see the Methods section).
Summary effect sizes calculated using the selected
dataset are shown in Table 4, in Figure 8 (bottom
row) and in Additional file 10 (pp. 17-18). For
Secchi depth, they are almost identical to summary effect
sizes based on all meta-analysable data, whereas for
chlorophyll a they are somewhat larger, but not signifi-
cantly so.

Alternatively, we could have defined a high-quality data-
set by including effect sizes only for those biomanipulations
where data were categorised as having low susceptibility to
bias (see Methods). Summary effect sizes based on such
data are very similar to those based on the selected dataset,
as indicated by the two bottommost rows in Figure 8
(and pp. 13-16 in Additional file 10).

The Secchi depth and chlorophyll a effect sizes re-
ported above are all based on mean differences. We also
explored the consequences of exchanging mean differ-
ences for mean log ratios when analysing the selected
dataset, but this did not alter the main results — Secchi
depth increases and chlorophyll a decreases all remained
significant.

plots showing all individual effect sizes are presented in Additional file 10.

Summary effect sizes for biomanipulation subgroups defined by data-quality aspects

Secchi depth Chlorophyll a
During manipulation 1-3 years after manipulation During manipulation 1-3 years after manip.

n n n
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Single data per year — 31 ——— 00 - |24 —p— 20
Multiple data per year - 50 ——— 44 i 51 —— 45
Confounding interventions — 14 ——— 18 - |14 e 17
Mo confounding interventions —_ 67 ————— 48 —=mma— 61 —m— 48
Medium susceptibility to bias ——— 43 | ——— 33 39 30
Low susceptibility to bias ——- 38 ——mEEm—— 33 T 36 e ——— a5
Selected dataset — 30 —— 52 =g 41 —e—— 34
(single data per year and
confounded dataremoved) o g2 04m 0 02 04 06 08m 40 20 Opgl -40 -20 O pgh

Mean difference to before biomanipulation

Figure 8 Summary effect sizes for biomanipulation subgroups defined by different aspects of data quality. The diamond-shaped symbols
show means based on meta-analysable Secchi depth and chlorophyll a data (with 95% confidence intervals indicated by the widths of the symbols).
The number of individual effect sizes (n) is indicated for each subgroup. ‘Before’ and ‘During’ periods have been defined as in Figures 5 and 6. Forest
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Summary effect sizes during and 1-7 years after biomanipulation
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Figure 9 Summary effect sizes during and 1-7 years after biomanipulation. Means based on the selected dataset are shown during
manipulation (D) and 1-3 years after manipulation, and also for each of the first 7 years after manipulation. Vertical lines indicate 95% confidence
intervals. Numbers of biomanipulations with data are indicated in the upper part of the panels. ‘Before’ and ‘During’ periods have been defined as in
Figures 5 and 6. Forest plots showing all individual effect sizes are presented in Additional file 10 (pp. 19-22).

Persistence of biomanipulation effects This may at least partly be due to the decrease of available
Summary effect sizes for individual post-manipulation information over time (see the number of observations in
years show that four years or more after biomanipulation, the upper part of Figure 9, and also the distribution over
the effects on Secchi depth and chlorophyll a are no lon-  time of all individual meta-analysable effect sizes in
ger significant, or just barely significant (see Figure 9).  Figure 10).
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Figure 10 Individual effect sizes during and 1-12 years after biomanipulation. Here, distributions of effect sizes based on the selected
dataset can be compared with those of other meta-analysable data. Individual effect sizes are shown during manipulation (D) and 1-3 years after
manipulation, and also for each of the first 12 years after manipulation. Summary effect sizes based on the selected dataset are shown during
manipulation and for the first 5 years after manipulation. ‘Before’ and ‘During’ periods have been defined as in Figures 5 and 6.
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Another factor that most likely contributes to the
variation of summary effect sizes in Figure 9 is that the
data are based on different sets of manipulations in dif-
ferent years. In Figure 11, therefore, we present individ-
ual effect sizes for biomanipulation cases where long
and more or less unbroken time series are available.
These data, too, indicate that manipulation effects may
last for a considerable number of years, in some cases
ten years or more.

It is difficult to draw any general conclusions from these
results, however, since a selection effect is involved. In this
review, we followed the water quality of manipulated lakes
only as long as no new mass removals of fish or other
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large-scale interventions were carried out. In many cases,
though, lake managers repeated the biomanipulation after
a few years since the water quality had then deteriorated.
After the renewed intervention, such lakes no longer ap-
pear in our data. This means that lakes where manipula-
tion effects have been more persistent than average are
likely to be overrepresented in the set of biomanipulations
for which we have data over many years.

Moreover, in 6 of the 13 cases represented in Figure 11
(panels at right), the main biomanipulation was followed
up with other interventions (e.g. stocking or aeration)
over several years, and this may have contributed to the
persistence of the water-quality effects.

Individual effect sizes for biomanipulations followed up over long time
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Figure 11 Individual effect sizes for biomanipulation cases where long time series are available. The effect sizes shown for Engelsholm
Sw, Lake Christina, Maribo Sendersg, Vaeng Se, Vastra Ringsjon and Ostra Ringsjon + Satoftasjon are based on single data per year. The data in the
panels at right may also have been influenced by interventions performed after the main biomanipulation, as detailed in the figure.
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Effects on cyanobacteria abundance

Biomanipulation can also reduce the abundance of cyano-
bacteria (see Figure 12). Based on data for six biomanipula-
tions in the selected set, the cyanobacteria abundance in
summer decreased by an average of 84% from the pre-
manipulation period to the first three years after manipula-
tion. The available post-manipulation data is very limited,
however, and the summary effect size remained significant
only during the first year after manipulation.

Effects of planktivore/benthivore removal vs. piscivore
stocking

The biomanipulations that we have studied include re-
movals of planktivorous and/or benthivorous fish as well
as stockings of piscivorous fish, and also cases where these
two approaches have been combined.

We have found clear contrasts between the water-
quality effects of different kinds of biomanipulation (see
Figure 13). Removal of planktivores/benthivores led to in-
creased Secchi depth and decreased chlorophyll 4 concen-
tration, both during intervention and in the first three
post-intervention years, and regardless of whether the re-
moval was combined with piscivore stocking or not.
With one exception (Secchi depth 1-3 years after re-
moval plus stocking), the effects were all significant.
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 effects in relation to lake properties and
intervention strength

The studies we have reviewed and analysed indicate that
removal of planktivorous and/or benthivorous fish is
capable of increasing water transparency and decreasing
the amount of phytoplankton in lakes. However, the size
of these effects varies both with lake properties and with
intervention strength.

In Table 5, lakes that responded to biomanipulation (i.e.
where water quality improved significantly) are compared
with ‘unresponsive’ lakes (i.e. lakes where water quality
did not change significantly, or even deteriorated). Lakes
where water transparency was significantly larger after
manipulation than before tended to be smaller and have
shorter retention times than lakes where transparency did
not improve. Similar tendencies can be seen in lakes
where the chlorophyll a concentration was significantly
lower after manipulation than before. These lakes also had
higher pre-manipulation concentrations of total phos-
phorus (TP) than lakes where the chlorophyll level did not
decrease.

We based this analysis on the selected dataset, but ma-
nipulations solely consisting of piscivore stocking were
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Cyanobacteria abundance effect sizes

® Data from selected set

-12 Other meta-analysable data

Mean log ratio to before manipulation
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Figure 12 Individual and summary effect sizes of cyanobacteria
abundance in summer. Shown here are individual effect sizes
based on all meta-analysable data during manipulation (D) and 1-3
years after manipulation, and also for each of the first 7 years after
manipulation. Summary effect sizes based on the selected dataset
are shown during manipulation and the first 5 years after manipulation.
‘Before’ and ‘During’ periods have been defined as in Figures 5 and 6.
Forest plots showing individual effect sizes from the selected
dataset are presented in Additional file 10 (p. 23).

excluded, since we had found no evidence that such
treatment improves water quality. This means that the
analysis was based on a relatively limited amount of
data, and none of the differences between responsive
and unresponsive lakes was significant.

Meta-regression model selection showed that the ef-
fect of biomanipulation on chlorophyll a levels depends
on the amount of fish removed, on the combination of
the area and pre-manipulation TP concentration of the
lake as represented by PC1 (see Methods), as well as on
the interaction between these two variables (Table 6
and Additional file 11).

The selected models for chlorophyll & concentration dur-
ing and after biomanipulation were both strongly supported
(with AICc values more than 15 units less than the next
best models; cf. [44]). The mean decrease of the chlorophyll
a concentration was greater during biomanipulation in
lakes where fish removal was more intense, and it was
greater both during and after biomanipulation in lakes that
were small and/or had high pre-manipulation TP concen-
trations (i.e. small values of PC1; Table 6). These relations
also tended to reinforce each other — higher intensity
of fish removal had a stronger effect on the chlorophyll a
concentration in lakes that were small and/or had high
pre-manipulation TP concentrations (as shown by the sign
of the interaction term between between PC1 and fish
removal; Table 6), both during and after biomanipulation.
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Table 5 Comparison of responsive and unresponsive lakes
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Responsive lakes (significant improvement)

Unresponsive lakes (no significant improvement)

Mean 95% C.I. n Mean 95% C.I. n
Response: Secchi depth 1-3 years after manipulation (vs. before manipulation)
Lake area (ha) 18 10 - 32 19 40 14 - 119 8
Mean depth (m) 1.7 13-22 19 1.8 13-25 8
Retention time (days) 171 63 - 461 11 409 221 - 754 5
Pre-manipulation TP (ug/l) 144 93 - 223 19 127 62 - 260 6
Mean atmospheric temperature (°C) 8.0 70-90 19 7.8 64-92 8
Duration of main manipulation (yr) 2.1 16-25 19 24 15-33 8
Fish removal (kg/ha) 233 160 — 338 18 251 198 - 317 7
Fish removal (kg/ha/yr) 124 84 -183 18 119 70 - 203 7
Fish stock depletion (%) 56 37 -76 13 40 17 - 62 5
Response: Chlorophyll a 1-3 years after manipulation (vs. before manipulation)
Lake area (ha) 12 5-36 12 35 14 - 86 15
Mean depth (m) 1.3 1.1-16 1 1.8 14 -24 15
Retention time (days) 78 22 - 275 4 210 103 - 428 9
Pre-manipulation TP (ug/l) 196 120 - 322 12 126 83 - 190 13
Mean atmospheric temperature (°C) 8.1 7.1 -9.1 12 8.2 75 -89 15
Duration of main manipulation (yr) 20 14-26 12 20 1.5-25 15
Fish removal (kg/ha) 250 149 - 420 11 272 184 — 403 12
Fish removal (kg/ha/yr) 137 74 - 252 11 140 98 - 202 12
Fish stock depletion (%) 78 56 - 99 7 58 42 -75 12

Data are based on the selected dataset, with stocking-only interventions excluded. Lake areas, mean depths, retention times, pre-manipulation TP concentrations
and fish removals were log-transformed before calculation of means and confidence intervals, and then back-transformed.

Lake characteristics, in terms of area and pre-manipulation
TP, clearly influence the effect of biomanipulation on chloro-
phyll @ concentration both during and after manipulation, as
the model with fish removal alone had a A AICc >20
(Table 6).

High intensity of fish removal also corresponded to
greater increases in water transparency (measured as Secchi
depth) during biomanipulation (Table 6). In contrast to
chlorophyll @ concentrations, Secchi depth changes during
biomanipulation were not related to lake properties (as the
best model included only the intensity of fish removal).
Several models of water transparency after biomanipulation
received similar level of support (Table 6). The most sup-
ported model included only lake properties (PC1), but the
support for the null (intercept only) model was almost as
high (A AICc=1.15). The model with only fish removal
also had a A AICc < 2, showing that Secchi depth after bio-
manipulation may be explained either by lake properties or
intervention strength.

For the purposes of exploration and illustration, we
also performed meta-regressions with single effect
modifiers (see Figure 14 and Additional file 12). These
showed the improvement of water-quality caused by
biomanipulation to decrease with lake area and to in-
crease with pre-manipulation TP concentration (although

not significantly so for Secchi depth after manipulation).
Moreover, the effect of biomanipulation on chlorophyll a
decreased significantly with increasing retention time. We
also found that biomanipulation effects on water quality
increased with fish removals as expressed per hectare and
year (significantly so for Secchi depth and chlorophyll a
during but not after manipulation; see Figures 14 and 15)
and with the depletion of fish stocks (but significantly so
only for Secchi depth after manipulation; see Figures 14
and 16).

Using effect sizes based on mean log ratios instead of
mean differences produces similar results, although rela-
tions between Secchi depth changes and effect modifiers
tend to become more significant, whereas the reverse
applies to chlorophyll a changes.

Tests for possible publication bias

Earlier reviews have found certain evidence of publica-
tion bias in the literature about biomanipulation effects
— seemingly, negative results have not been reported to
the same extent as positive experiences [8]. In this re-
view, we tested our selection of studies for publication
bias using funnel plots (see Additional file 13). These
plots do indicate that studies that have high precision
(i.e. low standard error, usually due to a large number of
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Table 6 AlCc model selection

Intercept PC1 Fish removal PC1 x Fish removal AlCc A AlCc
Chlorophyll a during manipulation

+1 -1 -1 +1 245.06 0.00
+1 +1 =1 26091 1585
+1 -1 26720 2213
-1 +1 27104 2598
-1 283.14 3807
Chlorophyll a 1-3 years after manipulation

-1 -1 +1 +1 201.11  0.00
+1 +1 =1 21644 1533
-1 +1 22351 2241
+1 -1 22387 2276
-1 23428 3317
Secchi depth during manipulation

-1 +1 2470 0.00
-1 -1 +1 2767 297
-1 +1 41 -1 2781 311
+1 -1 2894 424
+1 3126 656
Secchi depth 1-3 years after manipulation

+1 =1 4471 0.00
+1 4587 115
-1 +1 4611 139
+1 +1 -1 -1 4698 226
+1 -1 +1 4718 247

The explanatory variables included in each model are indicated by +1 or -1,
which shows the sign of their effects. AICc values are given, and also the
difference in AlCc between each model and the model with the lowest AlCc.
Models are arranged according to AlCc value. Data are based on the selected
set of effect sizes, with stocking-only interventions excluded. The output of
the most supported models is presented in Additional file 11.

observations) generally report effect sizes closer to zero
than studies with lower precision. This asymmetry,
which suggests the possibility of publication bias, is
clearly visible when all studies in the review are consid-
ered, especially among Secchi depth data, but it also ap-
pears in the selected dataset.

Discussion

Our review and meta-analysis show that biomanipulation
of lakes increases Secchi depth and decreases chlorophyll 4
concentration (Figure 8, Table 4). Nonetheless, there is
considerable variability among lakes, which is discussed
further below. Within this variability some significant pat-
terns are evident: (1) The effects of biomanipulation are
significant during and 1-3 years after treatment (Figures 9,
10 and 11). (2) Removal of planktivores and benthivores,
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with or without stocking of piscivores, is capable of im-
proving water clarity, but piscivore stocking alone has
no significant effect of that kind (Figure 13). (3) Lakes
that do not respond to biomanipulation tend to have
longer water residence times and lower percentage de-
pletion of stocks of planktivorous and benthivorous fish
(Table 5). There is also a tendency for non-responding
lakes to be larger in surface area, although there is a wide
range in lake area for responding and non-responding
lakes. (4) Effects of biomanipulation on chlorophyll a are
significantly stronger in cases where fish removal is more
intense and where pre-manipulation TP is higher and/or
the lake area smaller.

Cyanobacteria are of special interest in lake manage-
ment because of their potential toxicity and their capacity
to form noxious scums on the lake surface. The case stud-
ies that reported responses of cyanobacteria were fewer
than those that reported Secchi depth or chlorophyll a.
Nonetheless, we found that biomanipulation significantly
decreased cyanobacteria concentrations for up to three
years after treatment (Figure 12).

Our review improves in several ways on previous reviews
of biomanipulation. We obtained all of the literature that
was available on a range of literature databases and system-
atically screened for useful studies. As a result our analyses
included 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 analyses.
We then analysed the data using standard methods of
meta-analysis [39].

Several previous reviews have concluded that biomanipula-
tion is successful under some conditions [7,11,16,29,30,45,46].
These reviews reach various conclusions about the factors
that lead to success or failure of biomanipulations.
Some of the variability among reviews may be explained
by differences in datasets available at the times the papers
were written, or differences in the process for selecting pa-
pers for review.

As noted in Table 7, our findings are consistent
with the conclusion of a number of previous reviews
that substantial fish removals are needed for successful
biomanipulation [11,16,29]. According to our meta-
analysis, removal of benthivores and planktivores (with
or without stocking of piscivores) has significant effects on
water quality effects. By contrast, and in line with conclu-
sions by Sendergaard et al. [7], our findings also suggest
that piscivore stocking alone does not affect water quality
as measured by Secchi depth and chlorophyll a.

On the other hand, our findings on the importance of
lake properties differ from conclusions of some previous
reviews (Table 7). Several authors point out that biomani-
pulation is mainly successful in shallow and/or small lakes
[30,46], while our results show that successful and failed
biomanipulations have occurred in overlapping ranges of
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Summary effect sizes for different kinds of biomanipulation
: . : . Mean lake Mean pre-  Mean fish removal
Secchi depth during manipulation area(ha) manip. TP (/) (kg/halyr)
Piscivore stocking only —— n=4 21 156 0
Planktivore/benthivore removal only —— 20 51 81 80
Planktivore/benthivore removal - 15 21 198 152
with piscivore stocking
Planktivore/benthivore removal —— 35 a5 118 107
with or without piscivore stocking
02 0 02 04 06 08 10 m
Mean difference to before biomanipulation
f - A ish removal
Secchi depth 1-3 years after manipulation M;:::;';? n a?m.pp'{:'g,“ M“&;?;W: Y
Piscivore stocking only i n=5 20 142 0
Planktivore/benthivore removal only ————— ¢ 29 89 96
Planktivore/benthivore removal — 13 17 228 153
with piscivore stocking
Planktivore/benthivore remaoval ——— 27 23 139 123
with or without piscivore stocking
02 0 02 04 06 08 10 m
Mean difference to before biomanipulation
. o - Mean lake Mean pre-  Mean fish removal
Chlorophyll 2 during manipulation area(ha)  mani. TP (g tka/haAyn)
Piscivore stocking only ———— [ = 10 10 197 1]
Planktivora/benthivore removal only = 17 52 129 82
Planktivore/banthivore removal ——E— 14 21 191 159
with piscivore stocking
Planktivore/benthivore remaoval e 3 35 153 113
with or without piscivore stocking
-80 -60 -40 -20 20 pgh
Mean difference to before biomanipulation
. “ Mean lake Mean pre-  Mean fish removal
Chlorophyll a 1-3 years after manipulation area (ha)  manip. T'Pp'ﬂ.lg"'lj {kg/halyr)
Piscivore stocking only e n=7 17 190 0
Planktivora/benthivore removal only ———— 15 26 118 17
Plankti fbenthivore | ———————— 1 7 1
with piscivore stocking = L 222 =
Planktivore/benthivore remaval ——— o7 29 156 139
with or without piscivore stocking
-80 -60 -40 -20 20 g
Mean difference to before biomanipulation
Figure 13 Summary effect sizes for biomanipulations based on piscivore stocking and/or planktivore/benthivore removal. The
diamond-shaped symbols show means of Secchi depth and chlorophyll a data from the selected set (with 95% confidence intervals indicated by
the widths of the symbols). In the bottom row of each panel, data presented in the second and third rows have been pooled. Forest plots showing all
individual effect sizes are presented in Additional file 10 (pp. 24-27). Subgroup means of potential effect modifiers (lake area, pre-manipulation total
phosphorus concentration (TP) and fish quantities removed per hectare and year) are shown at right. These data were log-transformed before
the calculation of means, and then back-transformed.

lake mean depths and surface areas (Table 5, Figure 14).
Nonetheless, we found that biomanipulation effect size de-
clines with increasing lake area. We found that lakes with
higher pre-manipulation TP respond more strongly to bio-
manipulation. Thus our findings do not support the
conclusion that biomanipulation will not work if TP is
too high [46].

Some of the studies included in this review reported
on effects of biomanipulation that persisted even when

the system would have been expected to return to initial
conditions in the absence of alternative stable states
[17,19]. The number of lakes with long-lasting biomani-
pulation effects was small, however (see next section),
and data that would allow an analysis of mechanisms re-
lated to alternative stable states (such as the develop-
ment of macrophytes over time) were lacking in most of
these cases. We therefore refrain from attempting any
such analysis in this report.
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biomanipulations excluded.

Relations between biomanipulation effects,
lake properties and intervention strength

Secchi depth Chlorophyll a
During 1-3 years after During 1-3 years after

Lake properties manipulation manipulation manipulation  manipulation
Lake area * * *
Mean depth
Retention time * *
Pre-manipulation TP concentration * % *k%k * k%
Mean atmospheric temperature *
Measures of intervention strength
Duration of main manipulation
Fish removal (kg/ha)
Fish removal (kg/ha/yr) * % * %k
Fish stock depletion * k%

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

Figure 14 Relations between biomanipulation effects, lake properties and measures of intervention strength. Colours indicate whether
changes of lake properties or intervention strength tend to strengthen or weaken the ability of biomanipulation to improve water quality (i.e. its ability
to increase the Secchi depth or decrease the chlorophyll a concentration). Some of the meta-regressions summarised here are also presented in
Additional file 12. The significance of the relations is indicated with one (p < 0.05), two (p < 0.01) or three (p < 0.001) asterisks. Lake areas, mean depths,
retention times, pre-manipulation TP concentrations and fish removals were log-transformed. All analyses used the selected dataset with stocking-only

Reasons for heterogeneity

The variability among lakes in responses to biomanipu-
lation has many dimensions, some of which can be illu-
minated using our dataset. It must be noted that no
review of biomanipulation, including ours, has access to
datasets in which important co-variates such as lake area,
phosphorus loading, and magnitude of fish removal are
statistically independent and sampled continuously from
pre-manipulation until effect of the manipulation are no
longer discernible. In the absence of such datasets, any
evaluation of co-variate effects is provisional. Nonetheless,
several statistically significant effects of co-variates should
be discussed here.

Data quality appears to influence outcomes, especially
the response of chlorophyll a (Figure 8). Therefore we
focused on a high-quality ‘selected’ dataset that excludes
studies based on a single datum per year and studies
that confound biomanipulation with other types of
manipulations.

Effects of biomanipulation are detectable statistically
up to 3 years after the manipulation in the meta-analysis
(Figures 9 and 10). Biomanipulation studies performed
over longer periods are rare, however, and the variation
of summary effect sizes increases as the number of lakes
included in the meta-analyses goes down with the
number of years elapsed after intervention (Figure 9).
No statistically significant effect can therefore be

found 4 years or more after biomanipulation, but the
mean effect sizes show no obvious signs of diminishing
even up to 7 years after intervention (Figure 9). In certain
lakes the effects of biomanipulation last considerably
longer, up to 10 or more years (Figure 11). Long-lasting
effects were observed in deep stratified lakes (e.g. Men-
dota) as well as shallow well-mixed ones (e.g. Zwemlust).
These results are in line with findings by Gulati and Van
Donk [45] and Sendergaard et al. [7,16], which suggest
that effects of biomanipulation can last up to 6-10 years
but that water clarity eventually degrades in most cases.
Physical and chemical characteristics of lakes that affect
biomanipulation success include lake area, water reten-
tion time, and pre-manipulation TP (Table 5, Figure 14).
It is easier to remove large fractions of the benthivore
and planktivore stocks from smaller lakes, which may
be one reason why these tend to show stronger re-
sponses to biomanipulation. Lakes with longer retention
times (i.e. slowly-flushed lakes) are less affected by bio-
manipulation, maybe because fish removal effects are
counteracted by a higher degree of internal phos-
phorus loading. Lakes with high pre-manipulation TP
show stronger responses to biomanipulation, especially
when it comes to chlorophyll a. Initial chlorophyll
concentrations are often very high in highly eutrophied
lakes, which could mean that a large chlorophyll reduction
(in absolute terms) is easier to achieve there than in less
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Figure 15 Meta-regressions of Secchi depth and chlorophyll a during manipulation vs. fish removal. Each symbol represents one
biomanipulation. Symbol sizes indicate statistical weights based on inverse variances.
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Table 7 Overview of conclusions in this and earlier reviews

Conclusions in Ref. Supported
earlier reviews by this
review

Planktivore/benthivore removal increases water — [7,11,16,29] Yes

transparency

Planktivore/benthivore removal decreases [7,11,16,29] Yes
chlorophyll a

Planktivore/benthivore removal decreases [16,29] Yes
cyanobacteria abundance

Increased planktivore/benthivore removal [11,1629]  Yes
increases biomanipulation effects

Piscivore stocking is less efficient than [7,30] Yes
planktivore/benthivore removal

Biomanipulation is more efficient in shallow lakes [30,46] No
Biomanipulation is more efficient in small lakes ~ [30] Yes
Biomanipulation is less efficient in lakes with  [46] No

high pre-manipulation TP

eutrophic lakes with lower pre-manipulation chlorophyll
levels. These speculations are interesting topics for future
research but cannot be resolved here.

Intervention strength has variable but detectable ef-
fects on the response of lakes to biomanipulation
(Table 5, Figures 14, 15 and 16). The high variance of
fish population estimates may be a factor in the stat-
istical analyses. Uncertainty in the x-axis will decrease
the slope of a regression, for example (e.g. Figures 15
and 16). Nonetheless, there may be real effects of
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intervention strength as also noted in some earlier
review papers [11,16,29,30]. Lake Zwemlust is an im-
portant case study in this regard. Removals of benthi-
vores and planktivores from Zwemlust in 1987 were
exceptionally high, and the response to biomanipula-
tion was also large (Figure 15). As noted above, water
quality improvements lasted for an exceptionally long
time in Zwemlust.

Chlorophyll a and Secchi depth are widely-used mea-
sures of water quality. Secchi depth is largely determined
by chlorophyll a, which is a proxy for phytoplankton
abundance. The two variables are inversely related, but
the correlation is never perfect. At a given chlorophyll a
concentration, the Secchi depth can be higher or lower
depending on the concentration of coloured dissolved
organic matter, the concentration of inorganic particles
suspended in the water, or the particle size distribution
of phytoplankton. Therefore we should not expect to ob-
tain completely consistent results for chlorophyll a and
Secchi depth responses to biomanipulation. It is worth-
while to examine both indicators.

Review limitations

We were unable to analyse every aspect of biomanipulation
due to limitations of the available data. For example, we
were not able to evaluate relations between biomanipula-
tion and biodiversity. Nonetheless it is clear that certain
species, such as rooted submerged plants and large-bodied
cladocerans such as Daphnia, play a critical role in many

-
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Figure 16 Meta-regression of Secchi depth 1-3 years after manipulation vs. fish stock depletion. Each symbol represents one biomanipulation.
Symbol sizes indicate statistical weights based on inverse variances.
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successful biomanipulations. Moreover, the dataset did not
allow us to explore the outcomes of piscivore stocking in
relation to the species or sizes of stocked fish, although this
could have refined our overall conclusion that piscivore
stocking alone has no impact on water clarity.

Of the 128 biomanipulations included in this review,
more than half (68) were carried out in Denmark or the
Netherlands, where most lakes are small, shallow and
nutrient-rich. The median area, depth and pre-manipulation
TP of the included Danish and Dutch lakes were 23 ha,
1.5 m and 162 pg/l, respectively, whereas the corresponding
medians for included lakes in other parts of the world were
78 ha, 2.7 m and 86 pg/l, respectively. This means that the
selection of lakes in this review may not be entirely repre-
sentative of e.g. Swedish, Finnish, Norwegian or North
American lakes where biomanipulation has been carried out
or could be considered as a future option.

Conclusions

Implication for policy/management

Available evidence suggests that biomanipulation is a use-
ful 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 removal of benthi-
vorous and planktivorous fishes increases the effectiveness
of biomanipulation in reducing chlorophyll @ concentra-
tions. Biomanipulation tends to be particularly successful
in relatively small lakes with short retention times and
high pre-manipulation phosphorus levels.

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 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 combina-
tions of management interventions. The factors that lead to
breakdown or persistence of biomanipulation effects in vari-
ous 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 ap-
propriate 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
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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.
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