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Abstract We considered the limnological literature

for an overview of biomanipulation methods that were

implemented to avoid or reduce cyanobacterial bloom

development in ponds and lakes. For this purpose, we

reviewed 48 publications representing 34 whole-lake

and large-scale case studies of different biomanipula-

tion approaches clearly mentioning the extent of a

cyanobacteria bloom problem and the cyanobacteria

taxa involved. This delivered complementary infor-

mation to the suite of review papers already providing

elaborated syntheses on biomanipulation and associ-

ated ecotechnological measures as a restoration tool

for overall eutrophication reduction and control. We

considered nature-based solutions such as fish removal

and associated water drawdown, addition of piscivo-

rous fish, filter-feeding planktivorous fish, Daphnia or

bivalves, re-introduction of macrophytes and a com-

bination of accompanying restoration methods. Rea-

sons for success or failure to control cyanobacterial

blooms of especially Anabaena, Pseudanabaena,

Aphanizomenon, Aphanocapsa, Limnothrix, Micro-

cystis, Oscillatoria or Spirulina spp. could be

explained through bottlenecks encountered with fish

removal, stocking densities, cascading effects, asso-

ciated zooplankton grazing, diet shifts away from

cyanobacteria, macrophyte recovery, nutrient or pH

status. Threshold values to avoid failures are synthe-

sized from experiments or monitoring studies and

presented in a conceptual scheme about cyanobacteria

reduction through (1) direct abatement of existing

blooms and forcing/maximization of biotic key inter-

actions (2) reducing risk of blooms and improving lake

or pond multi-functionality and (3) avoiding blooms,

balancing biotic communities and enhancing existing

ecosystem services. More information will be required

on temporal dynamics and abundances of cyanobac-

teria taxa in whole-lake pre- and post-biomanipulation

conditions to better evaluate the applicability and

effectiveness of such nature-based solutions.

Keywords Biomanipulation � Nature-based

solutions � Cyanobacteria � Blooms � Drawdown � Fish

removal � Piscivore stocking � Filter-feeding fish

Introduction

Nature-based solutions are measures which are sup-

ported by nature and jointly benefit the environment,

society and the economy. Because of these multiple
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benefits, they are more efficient and cost-effective than

traditional methods. A principal goal that can be

addressed by nature-based solutions is the restoration

of degraded ecosystems (European Union 2015). As a

nature-based solution to restore lake and pond ecosys-

tems, enabling them to deliver vital ecosystem

services, biomanipulation can be a relatively cost-

effective, albeit mostly ephemeral substitute for large-

scale nutrient reductions (Søndergaard et al. 2008;

Jeppesen et al. 2012). Biomanipulation, described as

the intervention in an ecosystem by manipulating key

components of the ecological community, has been

proposed as a means to restrain freshwater primary

production boosted by eutrophication (Shapiro et al.

1975). In productive, shallow water bodies, the nature

of alternative stable states may prevent a systematic

improvement of water clarity in spite of efforts

reducing eutrophication (Scheffer et al. 1993, 2001;

Ibelings et al. 2007). Similarly, larger and deeper lakes

may benefit from biomanipulation in order to shift the

balance in favor of a stable state characterized by non-

cyanobacterial phytoplankton dominance in the pela-

gic zone (Horppila et al. 1998; Peckham et al. 2006),

although significant fish removal in very large lakes is

less likely to be cost-efficient (Jeppesen et al. 2007).

Problematic and recurrent cyanobacterial blooming

justified managers to resort to biomanipulation,

mainly by modifying the fish fauna. The induced

interactions affecting cyanobacterial abundance can

be either direct (by increasing filtration capacity of

filter feeders) or indirect (through a trophic cascade,

changes in nutrient dynamics or macrophyte-associ-

ated mechanisms).

We did not intend to repeat the overall effects of

biomanipulation on reducing phytoplankton biomass

through pelagic cascading effects because these have

been comprehensively reviewed (e.g., Hansson et al.

1998; Drenner and Hambright 1999; Gulati and van

Donk 2002; Mehner et al. 2002; Søndergaard et al.

2007; Gulati et al. 2008; Sierp et al. 2009; Jeppesen

et al. 2012). This review will focus on selected

literature, only concerning whole-lake studies or

large-scale studies, clearly reporting on cyanobacteria

reduction, their taxa and abatement as an essential

target of biomanipulation efforts. We only highlight

those measures involving manipulation of aquatic

organisms as well as water drawdown, which is used to

assist fish removal and therefore relates to biomanip-

ulation. Acute chemical or physical treatment of

blooms of cyanobacteria neither is considered, nor

are methods involved in external or internal nutrient

reduction.

Most studies about the effects of biomanipulation

on water clarity do not mention the effects on

cyanobacteria biomass or blooms but only refer to

the effects on phytoplankton biomass or Chl a con-

centration. Moreover, reports of case studies involving

biomanipulation vary in the use of different units to

describe cyanobacterial abundance (cell density, bio-

volume, biomass or Chl a concentration). Therefore,

the degree of change after biomanipulation is seldom

comparable.

In total, nine case studies and meta-analyses

describing effects on cyanobacterial prominence or

parameters were reviewed in which restoration

involved only fish removal, or in which effects of fish

removal could be clearly separated from other man-

agement actions (Table 1). In order to assess the

consequences of biomanipulation through fish

removal, changes in the fish assemblage, establishment

of macrophytes and nutrient or pH dynamics are

treated separately. We considered five studies dealing

with the effect of piscivore stocking on cyanobacteria

(Table 1) and six studies mentioning the effects of

stocking filter-feeding planktivorous fish on cyanobac-

teria (Table 1). Eight studies combined fish removal

with piscivore stocking, whereas six studies combined

multiple restoration techniques, providing a clear

description of effects on cyanobacteria (Table 1).

The majority of the 34 reviewed case studies dealt

with water bodies that were (highly) eutrophic com-

prised an area between 0.002 and 110 km2 with a depth

ranging from 0.5 to 48 m and included temperate as

well as tropical water bodies. A brief description of the

characteristics of the considered water bodies as well

as their usage is given in Table 2.

We aim to review the effect on cyanobacteria

reduction in three main biomanipulation methods (fish

removal, piscivorous fish stocking and stocking with

filter-feeding fish) as reported in representative case

studies. Additionally, we aim to unravel the effects of

those case studies that combined different restoration

techniques. Our objective further was to discuss

bottlenecks and threshold values related to the
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Table 1 Overview of whole-lake and large-scale studies investigating the effect of fish manipulation on cyanobacteria

Water body Method Dominant cyanobacteria Reduction in

cyanobacteria

biomass/

blooms

References

Lago Paranoá,

Brazil

FF Pre-biomanipulation: Microcystis

aeruginosa, Botryococcus braunii

Yes Starling et al. (1998)

Saidenbach

Reservoir,

Germany

FF – No Horn (2003)

Lake Donghu,

China

FF Pre-biomanipulation: Microcystis,

Aphanizomenon, Anabeana blooms

post-biomanipulation:

Merismopedia, Oscillatoria but no

dominance

Yes Xie and Liu (2001)

Lake Taihu,

China

FF Post-biomanipulation: Microcystis No Ke et al. (2007)

Lake Yuehu,

China

FF Pre-biomanipulation: Microcystis

aeruginosa, Oscillatoria princes,

Spirulina maxima

Yes Lu et al. (2006)

Netofa

Reservoir,

Israel

FF – Yes Leventer and Teltsch

(1990)

Lake

Loenderveen,

the

Netherlands

FR Pre-biomanipulation: Oscillatoria

agardhii

Yes Ter Heerdt and Hootsmans

(2007), Pot and ter

Heerdt (2014)

Lake Eymir,

Turkey

FR Post-biomanipulation: increase in

Microcystis aeruginosa, Oscillatoria,

Anabaena

No Beklioglu and Tan (2008)

Lake Terra

Nova, the

Netherlands

FR Pre-biomanipulation: Oscillatoria,

Microcystis

Yes Bontes et al. (2006), Ter

Heerdt and Hootsmans

(2007)

Lake Vesijärvi,

Finland

FR Pre-biomanipulation: Aphanizomenon

flos-aquae, Microcystis spp.

Yes Horppila et al. (1998), Keto

and Tallberg (2000)

10 lakes,

Finland

FR Pre-biomanipulation: Aphanizomenon

flos-aquae Anabaena spiroides, A.

circinalis post-biomanipulation:

Anabaena curva, Microcystis

aeruginosa and less blooms

Variable Olin et al. (2006)

36 lakes,

Denmark

FR – Yes Søndergaard et al. (2008)

Lake Zwemlust,

the

Netherlands

FR Pre-biomanipulation: Microcystis Yes Romo et al. (1996), van de

Bund and van Donk

(2002)

Lake Ülemiste,

Estonia

FR Pre-biomanipulation: dominance of

Limnothrix redekei post-

biomanipulation: Microcystis,

Aphanocapsa, Aphanizomenon

skujae, Oscillatoria agardhii and

others

No Pedusaar et al. (2010)

Peri-urban

ponds,

Belgium

FR – Yes Peretyatko et al. (2009,

2010, 2012a), De Backer

et al. (2012, 2014),

Teissier et al. (2012)
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Table 1 continued

Water body Method Dominant cyanobacteria Reduction in

cyanobacteria

biomass/

blooms

References

Lake Gjersjoen,

Norway

PF Pre-biomanipulation: Oscillatoria

agardhii

Yes Lyche (1990)

Bautzen

Reservoir,

Germany

PF Post-biomanipulation: Microcystis

blooms

No Benndorf (1995), Deppe

et al. (1999), Kasprzak

et al. (2007)

Lake Lyng,

Denmark

PF Pre-biomanipulation: Anabaena

spiroides, A. flos-aquae

Yes Søndergaard et al. (1997)

Balancing

Reservoir,

USA

PF – No Drenner et al. (2002)

Lake Mutek,

Poland

PF – No Dawidowicz et al. (2002)

Lake

Haugatjern,

Norway

FR, PF – Yes Reinertsen et al. (1990)

Lake Christina,

USA

FR, PF Pre-biomanipulation: Chroococcus,

Lyngbya, and Microcystis

Yes Hanson and Butler (1994)

Bugach pond,

Siberia

FR, PF Pre-biomanipulation: Anabaena flos-

aquae, Microcystis and

Aphanizomenon flos-aquae

Yes Gladyshev et al. (2003),

Kolmakov and

Gladyshev (2003),

Prokopkin et al. (2006)

Feldberger

Haussee

Lake,

Germany

FR, PF – No Kasprzak et al. (2003,

2007)

Maltanski

Reservoir,

Poland

FR, PF Pre-biomanipulation: dominance of

Planktothrix agardhii

No Kozak and Goldyn (2004)

Major Lake,

Hungary

FR, PF – Yes Tátrai et al. (2003)

Round Lake,

USA

FR, PF Post-biomanipulation: Aphanizomenon No Shapiro and Wright (1984)

Botany

Wetland,

Australia

FR, PF – Yes Pinto et al. (2005)

Lake Shirakaba,

Japan

PF, Daphnia stocking Post-biomanipulation: disappearance

of Microcystis blooms

Yes Ha et al. (2013)

Lake

Kraenepoel,

Belgium

FR, PF, dredging – Yes Van Wichelen et al. (2007)

18 lakes, the

Netherlands

FR, PF, dredging,

flushing, isolation,

nutrient reduction

– Variable Meijer et al. (1999)

Lake Ringsjön,

Sweden

FR, nutrient reduction Pre-biomanipulation: dominance of

Microcystis, Anabaena

lemmermannii and Gloeotrichia

echinulata post-biomanipulation:

decrease in biomass and other

species: Anabaena, Aphanizomenon,

Snowella, Radiocystis, Woronichinia

Yes Cronberg (1999), Ekvall

et al. (2014)
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biomanipulation methods to control cyanobacteria,

including the potential ecological impacts of stocking

with alien species. We then conceptually emphasize

the use of biomanipulation strategies as nature-based

solutions.

Overview of biomanipulation methods

and proposed working mechanisms

Fish removal

Removal of benthivorous and zooplanktivorous fish

probably is the most popular management tool to

manipulate the lacustrine food web. As primary

production in aquatic systems is strongly nutrient-

driven, biomanipulation often can be thought of as a

short-lived surrogate for a more thorough remediation

of excess internal and external nutrient supply

(Søndergaard et al. 2008; Hobbs et al. 2012). When

nutrient levels are not dealt with, a return of elevated

phytoplankton turbidity or cyanobacterial blooms

often is inevitable. The different processes involved

in classical biomanipulation and useful for cyanobac-

terial reduction are described hereafter.

Catch effort

The minimal fish catch effort needed lies within the

order of either a 75–80 % reduction within a few years

(Meijer et al. 1999; Søndergaard et al. 2000) or a

removal of [200 kg ha-1 over a three-year period

(Olin et al. 2006; Søndergaard et al. 2008). A

mathematical relation for temperate shallow lakes

was described by Jeppesen and Sammalkorpi (2002)

as: required annual catch (kg ha-1) = 6.9 TP0.52 (total

phosphorus in lg P L-1). In deeper lakes, the neces-

sary catch effort could be lower (Jeppesen and

Sammalkorpi 2002).

Establishment of a clear-water phase

Fish removal can increase transparency in a number of

ways, including bottom-up and top-down effects. In

shallow lakes and ponds, decreased bioturbation by

benthivorous fish reduces concentration of suspended

particles and nutrient availability in the water column

(Søndergaard et al. 2008) (Fig. 1). The reduced

sediment resuspension by large bream, carp, tench or

roach to a great extent can be responsible for creating a

window of opportunity for submerged macrophyte

colonization in spring, and tends to outlive effects of

biomanipulation on phytoplankton turbidity (Bekli-

oglu and Tan 2008; Søndergaard et al. 2008). How-

ever, turbid water bodies might benefit primarily from

an increased grazing pressure of large Cladocera,

released from predation by zooplanktivorous fish

(Fig. 1).

Filter-feeding Cladocera, especially Daphnia spp.,

are able to create periods of clear water, thereby

stimulating macrophyte growth. Nevertheless, filtra-

tion of both Daphnia and relatively small-bodied

Bosmina could potentially alter the composition of

phytoplankton in favor of large, difficult-to-process

filamentous cyanobacteria or Microcystis colonies

(Hanson and Butler 1994; Dawidowicz et al. 2002),

thus actually increasing the risk of toxic bloom

formation after biomanipulation. Although taxon

identity as well as respective densities influences the

interaction between daphnids and cyanobacteria

Table 1 continued

Water body Method Dominant cyanobacteria Reduction in

cyanobacteria

biomass/

blooms

References

Lake Finjasjön,

Sweden

FR, dredging, nutrient

reduction

Pre-biomanipulation: Microcystis and

Anabeana

Yes Annadotter et al. (1999)

Lake Alte

Donau,

Austria

PF, water exchange,

chemical flocculation,

nitrate oxidation,

macrophyte plantation

Pre-biomanipulation:

Cylindrospermopsis raciborskii and

Limnothrix redekei

Yes Donabaum et al. (1999)

FF addition of filter-feeding fish, FR fish removal, PF addition of piscivorous fish
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Table 2 Water body characteristics

Water body Water usage Trophic state Depth (m) Size (km2) References

Lago Paranoá,

Brazil

Aesthetic and recreational

purposes

Eutrophic Mean: 13

Max.: 40

38 Starling et al. (1998)

Saidenbach

Reservoir,

Germany

Drinking water supply and

limited recreational

fishing

Mesotrophic Mean:

15.3

Max.: 48

1.46 Horn (2003)

Lake Donghu,

China

Water supply, recreation

and commercial fishing

Hypertrophic Mean: 2.2 32 Xie and Liu (2001)

Lake Taihu,

China

Water resource and tourist

attraction

Hypertrophic 1.8–2.3 100 Ke et al. (2007)

Lake Yuehu,

China

Tourist attraction and

recreational value

Hypertrophic Mean: 3.2 0.09 Lu et al. (2006)

Netofa

Reservoir,

Israel

Water supply for

agriculture and drinking

water

Eutrophic – – Leventer and Teltsch (1990)

Lake

Loenderveen,

the

Netherlands

– Eutrophic Max.: 2.7 2.1 Ter Heerdt and Hootsmans (2007), Pot

and ter Heerdt (2014)

Lake Eymir,

Turkey

Aesthetic value Eutrophic Mean: 3.1

Max: 5.5

1.25 Beklioglu and Tan (2008)

Lake Terra

Nova, the

Netherlands

Aesthetic and recreational

purposes

Hypertrophic Mean: 0.9

Max.: 1.5

0.005; 0.85 Bontes et al. (2006), Ter Heerdt and

Hootsmans (2007)

Lake Vesijärvi,

Finland

Recreational and fishery

use

Heavily

eutrophicated

Mean: 6.0 110 Horppila et al. (1998), Keto and

Tallberg (2000)

10 lakes,

Finland

– All eutrophic Mean:

0.9–11.2

0.15–9.70 Olin et al. (2006)

36 lakes,

Denmark

– All eutrophic Mean:

0.8–4.3

0.02–8.62 Søndergaard et al. (2008)

Lake Zwemlust,

the

Netherlands

Recreational use Eutrophic Mean: 1.5 0.01 van de Bund and van Donk (2002)

Lake Ülemiste,

Estonia

Drinking water reservoir Eutrophic Mean: 3.4

Max.: 5.2

9.75 Pedusaar et al. (2010)

Ponds, Belgium Aesthetic and recreational

purposes

Eutrophic to

hypertrophic

Max:

0.5–3

0.002–0.06 Peretyatko et al. (2009, 2010, 2012a),

De Backer et al. (2012, 2014),

Teissier et al. (2012)

Lake Gjersjoen,

Norway

– Mesotrophic Mean: 23

Max: 64

2.68 Lyche (1990)

Bautzen

Reservoir,

Germany

Water supply, irrigation,

flood control and

recreational activities

Hypertrophic Mean: 7.4

Max: 13.5

5.3 Benndorf (1995), Deppe et al. (1999),

Kasprzak et al. (2007)

Lake Lyng,

Denmark

Recreation and fishing Eutrophic Mean: 2.4

Max: 7.6

0.1 Søndergaard et al. (1997)

Balancing

Reservoir,

USA

Water supply and fishing Eutrophic Max: 12.9 0.15 Drenner et al. (2002)
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(Asselman et al. 2014; Jiang et al. 2014), large-sized

Daphnia are able to reduce even theoretically inedible

cyanobacteria and tolerate high toxin concentrations

under certain conditions (Sarnelle 2007; Chislock

et al. 2013; Ekvall et al. 2014). Strong decrease in

filamentous cyanobacteria following fish removal has

also been attributed to peaks of Bosmina (ter Heerdt

and Hootsmans 2007). Furthermore, isotopic analyses

in the context of biomanipulation have suggested a

generalistic feeding behavior of zooplankton toward

available food sources, with consumers incorporating

more carbon of prokaryotic origin when cyanobacteria

dominate (Bontes et al. 2006).

High cyanobacterial densities ([50,000 cells mL-1)

prior to biomanipulation were related to a limited

chance of achieving lake bottom view in shallow lakes

of the Netherlands, although this pattern could be

explained by an insufficient fish reduction (Meijer

et al. 1999). Nevertheless, an initial strong dominance

of cyanobacteria appears to be no obstacle for

successful restoration (Olin et al. 2006; Søndergaard

et al. 2008).

Table 2 continued

Water body Water usage Trophic state Depth (m) Size (km2) References

Lake Mutek,

Poland

– Highly

eutrophic

Max: 17 0.1 Dawidowicz et al. (2002)

Lake Haugatjern,

Norway

– Eutrophic Mean: 7.6 0.09 Reinertsen et al. (1990)

Lake Christina,

USA

Designated Wildlife

Management Lake

Eutrophic Mean: 1.5

Max: 4

16.19 Hanson and Butler (1994)

Bugach pond,

Siberia

Recreation and fishing Mesotrophic Max: 7 0.32 Gladyshev et al. (2003), Kolmakov

and Gladyshev (2003), Prokopkin

et al. (2006)

Feldberger

Haussee Lake,

Germany

Recreational value Highly

eutrophic

Mean: 6.0

Max: 12

1.36 Kasprzak et al. (2003, 2007)

Maltanski

Reservoir,

Poland

Recreational purposes Hypertrophic Mean: 3.1 0.64 Kozak and Goldyn (2004)

Major Lake,

Hungary

– Hypertrophic Mean: 1.1 0.11 Tátrai et al. (2003)

Round Lake,

USA

– – Mean: 1.0

Max.: 2.9

0.12 Shapiro and Wright (1984)

Botany Wetland,

Australia

Stormwater basin,

heritage significance

– – All

wetlands:

0.58

Pinto et al. (2005)

Lake Shirakaba,

Japan

Supply of agricultural

water and recreational

facilities

Eutrophic Max.: 10.5 0.36 Ha et al. (2013)

Lake

Kraenepoel,

Belgium

Aesthetic and

recreational purposes

Hypertrophic Mean: 1.0

Max.: 1.5

0.22 Van Wichelen et al. (2007)

18 ponds, the

Netherlands

Aesthetic and

recreational purposes

Eutrophic to

hypertrophic

Mean:\2.5 0.01–[20 Meijer et al. (1999)

Lake Ringsjön,

Sweden

Reserve drinking water

source and recreation

Eutrophic Mean: 4.7 40 Cronberg (1999), Hansson et al.

(1998), Ekvall et al. (2014)

Lake Finjasjön,

Sweden

Recreational value Eutrophic Mean: 3.0

Max.: 12

11.1 Annadotter et al. (1999)

Lake Alte

Donau, Austria

Recreation area Mean: 2.3

Max.: 6.8

1.6 Donabaum et al. (1999)
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Apart from interacting in the trophic food chain, fish

removal might weaken cyanobacterial dominance when

growth of colonies or filaments is stimulated by gut

passage. Following excretion, growth of ingested Mi-

crocystis spp. and Oscillatoria agardhii can be facili-

tated, at least partly as a result of nutrient uptake in the

alimentary canal (Kolmakov and Gladyshev 2003;

Lewin et al. 2003; Zeng et al. 2014). In a Siberian

reservoir, removal of crucian carp (Carassius auratus)

has been shown to control blooms dominated by

Microcystis, likely aided by decreased gut passage since

no daphnid grazing was observed (Gladyshev et al. 2003;

Kolmakov and Gladyshev 2003; Prokopkin et al. 2006).

Submerged macrophyte colonization

Once a clear-water phase has been established,

submerged macrophytes may gradually colonize shal-

low regions of the water body (Fig. 1). In shallow

lakes and ponds, aquatic vegetation has the potential to

occupy the whole surface area, a feature with far-

reaching implications for the suppression of plank-

tonic blooms. A suite of macrophyte-mediated inter-

actions enhancing the stability of the clear-water state

have been identified, among others nutrient competi-

tion with phytoplankton, provision of shelter for

horizontally migrating zooplankton and allelopathy

(Burks et al. 2002; van Donk and van de Bund 2002).

In the end, it becomes unrealistic to unravel mecha-

nisms of biomanipulation once large beds of sub-

merged macrophytes have developed.

In temperate regions, those macrophytes experi-

encing winter die-off rely on a yearly return of a

sufficiently long clear-water phase in spring in order to

establish stands large enough to inhibit phytoplankton

growth in summer. Unfortunately, following bioma-

nipulation, the likelihood of an ideal light climate for

macrophyte recruitment early in the growing season

diminishes year after year (Søndergaard et al. 2008;

De Backer et al. 2012). A long-term stability after

biomanipulation often becomes compromised by an

unfavorable nutrient state or the impossibility to

achieve a balanced fish community (Meijer et al.

1999). Regime shifts in shallow lakes can be distinct

and do not necessarily occur consecutively during

multiple years (Zimmer et al. 2003).

Addition of piscivores

Addition of piscivorous fish as a biomanipulation tool

has certain advantages compared to fish removal (Berg

et al. 1997), but usually is less successful than

traditional fish removal (reviewed in Drenner and

Hambright 1999; Søndergaard et al. 2007; Jeppesen

et al. 2012) in reducing phytoplankton biomass.

Addition of piscivores is frequently used to

enhance water transparency through a trophic cas-

cade (Drenner and Hambright 1999; Seda et al. 2000;

Scharf 2007; Ha et al. 2013) (Fig. 1) allowing large

zooplankton (mainly Daphnia species) to increase

grazing pressure on phytoplankton (Carpenter et al.

1985) (Fig. 2).

PISCIVORE 
ADDITION

FISH 
REMOVAL

ADDITION OF FILTER-
FEEDING FISH

MACROPHYTE 
REINTRODUCTION

DAPHNIA
ADDITION

4

5

1. Cannibalism
2. YOY fish explosion
3. Zooplanktivory
4. Stimulation of grazing 

resistance
5. Stimulation through 

gut passage
6. Invasive spread

3

6

6

BIVALVE 
STOCKING

1

2

3

3

Fig. 1 Biomanipulation

tools to control

cyanobacteria.

Biomanipulation-mediated

biotic interactions

preventing cyanobacterial

growth are given in black.

Undesired side effects of

biomanipulation are shown

in gray (see box for

explanation). Conventional

arrows represent facilitating

effects, while–—|

interactions indicate

negative influences. Dotted

arrow: nutrient recycling by

fish; YOY fish: young-of-

the-year fish
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Several studies in the European temperate zone

mainly used pike (Esox lucius) and pikeperch (Sander

lucioperca) to control planktivorous fish for biomanip-

ulation (Meijer and Hosper 1997; Drenner and Ham-

bright 1999; Seda et al. 2000; Skov et al. 2002; Jacobsen

et al. 2004; Søndergaard et al. 2007; De Backer 2011).

Repeated stocking of piscivorous eels (Anguilla angu-

illa) and trout (Salmo trutta lacustris, Onchorhynchus

mykiss) was frequently used in reservoirs in Germany

occasionally combined with catch restrictions for pis-

civores (Dörner and Benndorf 2003; Kasprzak et al.

2007; Scharf 2007). Other piscivorous species used to

generate top-down control included European catfish

(Silurus glanis) and asp (Aspius aspius) in Czech and

German reservoirs (Drenner and Hambright 1999; Seda

et al. 2000), walleye (Sander vitreus) and largemouth

bass (Micropterus salmoides) in the USA (Potthoff et al.

2008; Deboom and Wahl 2014) and perch (Perca

fluviatilis) in the Netherlands (Drenner and Hambright

1999; Gulati and van Donk 2002). In Australia,

Australian bass (Macquaria novemaculeata) was used

(Pinto et al. 2005), while Sierp et al. 2009 discussed the

potential of using Murray cod (Maccullochella peelii

peelii) as a predator.

Addition of filter-feeding planktivorous fish

This method aims at direct cyanobacteria abatement

through consumption by omni-planktivorous filter-

feeding fish species (Figs. 1, 2). When conditions do

Fig. 2 Overview of different biomanipulation strategies for

cyanobacterial control at different levels of the cascading food

web and the benthic compartment according to their application

in different water bodies and different categories that maximize

either selected key services (productivity, clear-water condi-

tions) or the number of ecosystem services (eutrophication

control, functional biodiversity). A selection of various

thresholds or indicative values is presented after (*1) Ke et al.

(2008), (*2) De Backer et al. (2014), (*3) Peretyatko et al.

(2010), (*4) De Backer et al. (2012), (*5) Søndergaard et al.

(2000), (*6) Meijer et al. (1999), (*7) Ha et al. (2013), (*8)

Søndergaard et al. (2007), (*9) Hosper and Jagtman (1990),

(*10) Skov and Nilsson (2007), (*11) Jeppesen et al. (1990),

(*12) Zimmer et al. (2009)
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not allow neither effective planktivorous fish removal

nor external and internal phosphorus reduction, or a

submerged macrophyte re-establishment, then the

cascading concept of biotic manipulations through

increased zooplankton grazing rate as a tool for

controlling nuisance phytoplankton becomes invalid

but ultimately can be replaced by stocking phyto-

planktivorous fish (Zhang et al. 2008). This restoration

method implements productivity through enforcing

key biotic interactions and envisages to a much lesser

extent the restoration of biodiversity and ecosystem

services (Fig. 2). Piscivorous fish, submerged macro-

phyte beds and large zooplankton usually are absent or

non-effective biotic components in highly productive

(sub)tropical lakes. This food-web manipulation

method aims to improve water quality in highly

productive (sub)tropical lakes, where grazing pressure

from large zooplankton is decoupled from the pelagic

food web because cyanobacterial blooms flourish to

form scum (Xie and Liu 2001).

In China, large-bodied planktivorous cyprinids,

silver carp (Hypophthalmichthys molitrix) and big-

head carp (Aristichthys nobilis) are intensively cul-

tured for their use in controlling especially Microcystis

blooms (Tang et al. 2002; Ke et al. 2007; 2008; Xiao

et al. 2010). In general, bighead carp is considered an

opportunist, feeding more on zooplankton than on

phytoplankton, whereas silver carp mainly feeds on

phytoplankton (Cremer and Smitherman 1980; Chen

1990). These filter-feeding carps can be used to control

algal blooms (Xie and Liu 2001) despite lacking a

specific, stable ecological niche (Spataru and Gophen

1985) and exhibiting a diet choice largely depending

on their stocking density (Wilson and Turelli 1986;

Rowland et al. 2006). In addition to filter-feeding

carps, filter-feeding tilapias (Oreochromis niloticus)

have been used in China (Lu et al. 2006) and in tropical

semiarid regions of Brazil (Menezes et al. 2010).

Combined restoration methods and macrophyte

inoculation

Many of the reviewed biomanipulation studies were

accompanied by supplemental restoration measures

(i.e., nutrient reduction, drawdown, dredging, macro-

phyte plantation or Daphnia addition) or combined

fish removal with piscivore addition which makes it

difficult to interpret various biomanipulation out-

comes with regard to cyanobacterial abundance.

Fish removal with piscivore addition

Examples of successful cyanobacterial control after

fish removal with the addition of piscivorous fish

(Reinertsen et al. 1990; Tátrai et al. 2003) show the

potential of an increased grazing pressure of zooplank-

ton (and concomitant macrophyte establishment) or

reduced nutrient cycling in controlling cyanobacterial

blooms. Nevertheless, the added value of piscivore

addition has been contested in some of the studies

where both measures were combined (Shapiro and

Wright 1984; Meijer et al. 1999; Kozak and Goldyn

2004; Søndergaard et al. 2008; De Backer et al. 2011).

Because generally the stocking of piscivores shows

limited or no success in the absence of other (eco)tech-

nological measures (see Sect. 3.2), it seems that active

fish removal constitutes the key component controlling

cyanobacteria when both methods are combined. In the

Feldberger Haussee Reservoir in Germany (Kasprzak

et al. 2003, 2007), the combination of fish removal and

piscivore stocking only had a limited success probably

due to insufficient removal of planktivorous fish plus a

low yield of piscivorous fish. In an Australian wetland

system, invasive carp removal during multiple years

combined with stocking Australian bass Macquaria

novemaculeata could significantly reduce cyanobac-

terial dominance (Pinto et al. 2005).

Piscivore and Daphnia addition

We found one study that combined piscivore stocking

(Oncorhynchus mykiss) with Daphnia stocking (Ha

et al. 2013) (Fig. 1). The authors concluded that

biomanipulation using rainbow trout and Daphnia

stocking succeeded in improving water quality of

Lake Shirakaba (Japan) by reducing algal abundance

and a disappearance of Microcystis blooms.

Water drawdown with fish removal

In flow-through systems that can be hydrologically

controlled, biomanipulation was accompanied by

water drawdown to facilitate fish removal (van de

Bund and van Donk 2002; Van Wichelen et al. 2007;
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Peretyatko et al. 2009). Oxygenation, mineralization

and compaction of exposed sediments may act in

combination with the down-sizing of fish populations

to impair algal and cyanobacterial blooms after

refilling (Cooke et al. 2005; Van Wichelen et al.

2007). The return of a desired ecological status might,

however, not be plausible as long as sediments have

not been dredged, for instance if oxidation of sulfides

leads to strong acidification of the water (Van

Wichelen et al. 2007).

A possible, but speculative, advantage of water

drawdown could be the destruction of cyanobacterial

resting stages accumulated on the sediment during years

of bloom formation. Since massive emergence under

favorable conditions can lead to cyanobacterial blooms

(Microcystis: Ståhl-Delbanco et al. 2003) and relation-

ships exist between numbers of settled resting stages and

ensuing water column concentrations (Anabaena flos-

aquae: Kravchuk et al. 2011), the termination of in situ

recruitment could decrease the competitive abilities of

cyanobacteria within the plankton community and

prolong the positive effect of biomanipulation. How-

ever, survival of a small fraction of settled akinetes or

colonies might be enough to generate noxious blooms in

summer (Cirés et al. 2013).

Direct macrophyte stimulation

In shallow lakes and ponds, macrophyte recovery can

be directly assisted by introducing whole plant shoots

or thalli or by translocating either propagules or

propagule-rich sediments (Smart et al. 1998; Sønder-

gaard et al. 2000; Hilt et al. 2006) (Fig. 1). This form

of biomanipulation alone is not likely to promote a

sudden shift from very turbid, cyanobacteria-infested

water to a clear state, but could accelerate lake-wide

macrophyte establishment in combination with other

restoration measures (Donabaum et al. 1999). Inocu-

lating a very shallow (e.g.,\0.50 m), sufficiently large

zone with macrophytes also could locally lower

cyanobacterial abundance (as shown in a microcosm

experiment; Wang et al. 2012) and increase water

transparency in the immediate surroundings of the

macrophyte stands (van den Berg et al. 1998), thus

permitting a gradual expansion over multiple years

(van den Berg et al. 2001). This could eventually

disrupt the dominance of cyanobacteria in the whole

water body, provided that macrophyte expansion is not

significantly hindered.

Stocking with alien species

Although stocking with alien species is not the rule,

sometimes commercially important piscivore fish

species (Salmo trutta lacustris, Oncorhynchus mykiss)

have been introduced in a water body as a restoration

tool (Scharf 2007; Ha et al. 2013) without fully

knowing the impact they have on local native biodi-

versity. Gulati et al. (2008) discussed in detail the use

of invasive zebra mussel (Dreissena polymorpha) to

control cyanobacteria (Fig. 1). Apparently, there are

some promising results showing that zebra mussels

filter and ingest Microcystis under laboratory condi-

tions (Baker et al. 1998; Dionisio Pires et al. 2005).

Large-scale enclosure experiments, in systems where

the zebra mussel is already present, investigating the

effect of zebra mussels on both native biodiversity or

cyanobacteria blooms have not, to our knowledge,

been conducted yet in Europe. On the other hand in the

USA, where they combined field surveys with large-

scale experiments, a higher biomass of M. aeruginosa

and Anabeana spp. was found in the presence of D.

polymorpha (Raikow et al. 2004; Knoll et al. 2008).

It is striking that most of the studies dealing with D.

polymorpha as a biomanipulation tool neglect largely

the potential ecological impacts of introducing inva-

sive mussels. Dreissena polymorpha is an invasive

species in many European countries (Karatayev et al.

2007; Hallstan et al. 2010; Oscoz et al. 2010; Sousa

et al. 2011) and recognized as an ‘‘ecosystem

engineer’’ (Sousa et al. 2009). Vilà et al. (2010) even

placed the zebra mussel in the top 10 of invasive

species with detrimental impacts on a wide range of

ecosystem services. Established zebra mussels usually

compete with native bivalves and other benthic

invertebrates, alter the nutrient cycle considerably

and disturb the benthic structure and fish community

(Strayer 2009; Higgins and Vander Zanden 2010).

Many of these effects encountered in the Great Lakes

of the USA have hardly been investigated in Europe.

Dionisio Pires et al. (2005) found no significant

differences in the clearance rates on cyanobacteria

between Daphnia galeata and Dreissena polymorpha.

Moreover, Bontes et al. (2007) and Dionisio Pires et al.

(2007) showed that native unionid mussels are also

able to filter and ingest Microcystis and Oscillatoria.

Recently, He et al. (2014) showed a positive associ-

ation between the development of macrophyte beds of

Vallisneria natans and the presence of the native
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bivalve Hyriopsis cumingii. Given the abovemen-

tioned ecological impacts, the introduction of invasive

mussels is not recommended. The practical applica-

tion of using native mussels for biomanipulation of

cyanobacteria presents some considerable limitations

(substrate suitability, culturing…), but their use is

considered worthy of further investigation.

Causes of success or failure to control

cyanobacteria

Bottlenecks of fish removal

The shock effect of a sufficiently large reduction in

cyprinid fish mostly inhibits cyanobacterial abundance

on short notice, especially early in the growth season.

Through time, increased dominance and reoccurrence

of summer blooms appear to be inevitable in many

cases of fish removal (Meijer et al. 1999; van de Bund

and van Donk 2002; Beklioglu and Tan 2008; Sønder-

gaard et al. 2008). Because a principle goal of

biomanipulation is to lower the risk of cyanobacterial

blooms, a return to turbid conditions but without

dominance of cyanobacteria and related health risks

could still be considered as a partial temporary success.

Fish: scale of reduction, in-lake recruitment

and recolonization

A primary cause for biomanipulation failure or lack of

prolonged effects is insufficient fish removal, or a

quick recovery of zooplanktivorous populations via

recruitment or dispersal. Cyanobacterial abundance is

not affected when the minimal catch has not been

reached (Olin et al. 2006; Søndergaard et al. 2008). A

complete removal of fish often results in a trophic

cascade powerful enough to allow cyanobacteria to be

controlled, even in the absence of macrophytes (van de

Bund and van Donk 2002; Peretyatko et al. 2012a), but

in some instances, the uncontrolled development of

invertebrate zooplanktivores (especially Chaoborus)

may induce a collapse of Daphnia populations (Ben-

ndorf 1995). Whether or not the filtering action of

Daphnia and its limitations increase the probability of

cyanobacterial blooms, might depend on taxon iden-

tity and the size of the daphnid species (see

Sect. 2.1.2). Some studies clearly demonstrate the

ability of Daphnia to reduce cyanobacteria after

biomanipulation (Benndorf 1995; Annadotter et al.

1999; Peretyatko et al. 2012a; Ekvall et al. 2014), even

under high toxicity, while others found Daphnia to be

incapable of or insufficiently abundant for cyanobac-

terial control (Hanson and Butler 1994; Horppila et al.

1998; Dawidowicz et al. 2002; Pedusaar et al. 2010).

In a study conducted by Olin et al. (2006),

cyanobacterial biomass decreased in European boreal

lakes (Finland) in which a considerable portion of

larger cyprinid fish had been removed over a number

of years. Only when the catch exceeded[200 kg ha-1

within 3 years, chances of reduced cyanobacterial

occurrence were high, and blooms of cyanobacteria

were delayed toward the end of the growth season

while duration shortened.

In the large Enonselkä basin of Lake Vesijärvi

(Finland), biomanipulation was conducted in order to

tackle massive blooms of Aphanizomenon flos-aquae

andMicrocystis spp. (Horppila et al. 1998). Cyanobac-

terial blooms were successfully inhibited, and summer

average biomass of cyanobacteria decreased from

1.4 mg L-1 to values below 0.4 mg L-1. There was

no evidence for a strong trophic cascade, and conse-

quently, it was hypothesized that biomanipulation

decreased resuspension by bottom-dwelling fish as

well as translocation of P from the littoral to the

pelagic zone via migrating roach (Horppila et al. 1998;

Keto and Tallberg 2000). Alternatively, decreased pH

values following biomanipulation might have inhib-

ited cyanobacterial growth (Keto and Tallberg 2000),

analogous to the observed influence of pH on

cyanobacterial bloom development in hypereutrophic

ponds (Peretyatko et al. 2012b).

At similar latitude, attempts to restore Lake

Ülemiste in Estonia by fish removal and reduced

external loading led to a reduction in phytoplankton

biomass, although only spring Secchi depth improved

(Pedusaar et al. 2010). The role of Daphnia filtration

proved to be negligible. The lake had been dominated

by Limnothrix redekei, but biomanipulation induced a

shift in favor of chroococcal species (Microcystis,

Aphanocapsa and others). Those taxa gained a bigger

share within the cyanobacterial assemblage and co-

dominated with filamentous species in subsequent

years. Only in spring did eukaryotic taxa dominate the

phytoplankton. In Lake Ringsjön (Sweden), continued

fish removal during 8 years has gradually improved
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the ecological situation by decreasing cyanobacterial

biomass, as shown by Cronberg 1999 and more

recently by Ekvall et al. (2014). Biomass of cyanobac-

teria in June significantly decreased below 2 mg L-1

resulting from an increasingly effective top-down

control. Microcystin levels for June dropped com-

pared to the concentration before fish reduction. Data

for July and August showed no amelioration through

time, however, either because of succession of

cyanobacterial species or predation by young-of-the-

year fish.

Efficacy of biomanipulation in moderately inter-

connected, (hyper)eutrophic ponds has been tested in

peri-urban parks and forested zones at the Brussels-

Capital Region, Belgium (Peretyatko et al. 2009; De

Backer et al. 2012). Prior to biomanipulation, ponds

frequently endured toxic cyanobacterial blooms.

Complete draining removed all fish. After biomanip-

ulation, Daphnia controlled phytoplankton biomass

and turbidity, in most cases enabling extensive growth

of submerged macrophytes (Peretyatko et al. 2009).

Where submerged vegetation was not restored, a clear-

water state was maintained by intense cladoceran

grazing. The high filtration rates did not lead to a shift

from dominance of edible, eukaryotic phytoplankton

toward colonial or filamentous cyanobacteria, sug-

gesting that zooplankton alone could prevent

cyanobacterial bloom formation in eutrophic, fishless

ponds (Peretyatko et al. 2009, 2012a). In one pond,

still lacking submerged macrophytes several years

after biomanipulation, a bloom of Aphanizomenon

occurred as soon as fish reappeared (Peretyatko et al.

2012a).

When biomanipulation only briefly restored a clear-

water phase, a generally lowered cyanobacterial

biovolume was still apparent even after build-up of

total phytoplankton biovolume to pre-management

conditions (Peretyatko et al. 2012a). However, in these

situations, cyanobacterial peaks were higher than

those observed in successful cases and periods, which

indicates that a collapse of the clear-water state

increases the risk of blooms of cyanobacteria.

Macrophytes: extent of cover and stability

The importance of submerged macrophytes for the

stability of a clear-water state has been emphasized by

various authors (Scheffer et al. 1993; Søndergaard

et al. 2008). Results of fish removal in shallow lakes in

the Netherlands showed an increased resilience above

25 % surface cover by macrophytes (Meijer et al.

1999), a value similar to the threshold of 30 %

observed for Danish lakes (Jeppesen et al. 1990) and

peri-urban ponds in Belgium (De Backer et al. 2012)

(Fig. 2). In a meta-analysis of Danish shallow lakes,

drastic fish removal significantly decreased cyanobac-

terial biomass up till 5 years (Søndergaard et al. 2008).

In many of these lakes, macrophytes quickly colonized

large parts. A 5-year span of cyanobacterial bloom

prevention resulting from macrophyte reappearance

has also been found in a Mediterranean, semiarid lake

(Lake Eymir, Turkey; Beklioglu and Tan 2008).

In the Netherlands, Lake Zwemlust was success-

fully biomanipulated by replacing the original fish

community with rudd and small pike (van de Bund and

van Donk 2002). Prior to biomanipulation, blooms of

Microcystis aeruginosa intervened with recreational

activities. After biomanipulation, an extended clear-

water phase characterized by high Daphnia grazing

allowed submerged macrophytes to suppress

cyanobacterial dominance in summer. This situation

lasted for several years, until succession led to a

transition from Elodea nuttallii to Potamogeton ber-

chtoldii dominance, which proved sensitive to decline.

The loss of macrophytes initiated, at first, shifts

between clear and turbid water within the same

growing season, and finally, reoccurrence of

cyanobacterial blooms. In the sixth summer after

biomanipulation, a peak of Anabaena and Pseudan-

abaena signaled the initial intervention had reached its

limits (Romo et al. 1996).

Strong positive effects of combined fish and wave

reduction were observed by Bontes et al. (2006) in an

exclosure experiment in a turbid lake dominated by

Limnothrix, Oscillatoria and Microcystis (Terra Nova,

the Netherlands). In the biomanipulated compartment,

water was clear and filamentous algae and submerged

macrophytes grew extensively. Cyanobacteria were

negatively affected (mean 16,298 cells mL-1) com-

pared to the in-lake reference site (mean

86,070 cells mL-1). Whole-scale removal of benthiv-

orous and planktivorous fish in Lake Terra Nova

resulted in high cladoceran densities and allowed

macrophyte recolonization, and significantly inhibited

filamentous cyanobacteria (ter Heerdt and Hootsmans

2007).
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In biomanipulated peri-urban ponds (Brussels, Bel-

gium), the most essential biotic component stabilizing

the clear-water state turned out to be the extent of

submerged macrophyte cover. Below 30 % surface

cover, ponds tended to shift back to turbid conditions

after fish recolonization (De Backer et al. 2012). In

general, the presence of fish did not significantly

increase phytoplankton biovolume if more than 30 %

of the surface area was covered by submerged macro-

phytes, although in the absence of large Cladocera at TP

concentrations exceeding 0.300 mg L-1, submerged

macrophytes could maintain a clear-water state only

when cover reached at least 82 % at some point during

the growth season (De Backer et al. 2014) (Fig. 2).

Dynamics of nutrient status and pH

Ultimately, avoidance of cyanobacterial blooms and the

stability of the clear-water state rely on favorable nutrient

dynamics. Positive effects of biomanipulation will be

prolonged if nutrient concentrations have been restricted

prior to management of the food web. Pot and ter Heerdt

(2014) analyzed successful recolonization of aquatic

vegetation in a biomanipulated shallow lake dominated

byOscillatoria agardhii following gradual reductions of

external nutrient loading. On the contrary, Pedusaar et al.

(2010) found limited effects of biomanipulation on water

clarity, although nutrient levels had been reduced prior

to, as well as because of, fish removal. Additional to

anthropogenically induced nutrient changes, stochastic

events like droughts and associated nitrogen fluxes could

trigger reoccurrence of cyanobacteria after biomanipu-

lation (Beklioglu and Tan 2008).

Teissier et al. (2012) found a weakened relationship

between TP and Chl a concentrations in the water

column of urban and peri-urban ponds (Brussels,

Belgium) with an extensive submerged macrophyte

cover ([30 %) and/or efficient zooplankton grazers

(mean large cladoceran length[1 mm) compared to

cyanobacteria-infested ponds before biomanipulation

and those having only sparse vegetation (\30 %

cover). De Backer et al. (2014) identified the TP

threshold level, namely a summer average of

0.300 mg P L-1, above which maintenance of the

clear-water state is highly unlikely, even after an

initial success (Fig. 2). This TP threshold is markedly

higher than those suggested for shallow lakes (0.062

mg P L-1: Zimmer et al. 2009; 0.080–0.150 mg

P L-1: Jeppesen et al. 1990; 0.100 mg P L-1: Hosper

and Jagtman 1990), most likely because of a relatively

higher vegetation cover and cladoceran grazing pres-

sure in the peri-urban ponds (De Backer et al. 2014).

The potential impact of acidification following

biomanipulation was demonstrated in Lake Kraene-

poel, Belgium. Complete drawdown with fish removal

and drying of the sediment layer for an extended

period of time broke the dominance of large-sized

cyanobacteria and euglenoids (Van Wichelen et al.

2007). Initially after refilling, high grazing rates

controlled phytoplankton, but oxidation of sulfides

within the organically rich sediments during draw-

down dramatically acidified the water column later in

the year, with pH values as low as 3.2. Although this

resulted in clear water during the remaining study

period, the low pH prevented successful recovery of

the submerged macrophyte vegetation. At the same

time, the northern basin was successfully restored

because organic sediments were removed prior to

refilling.

There is a substantial overlap in factors that favor

cyanobacteria in (hyper)eutrophic ponds. Shallowest

and smallest urban ponds warm up fast and develop

substantial phytoplankton biomass. Because of their

richness in phosphorus and nitrogen, intense phyto-

plankton growth eventually leads to depletion of free

CO2 and associated pH increase. Persisting high pH

conditions give a competitive advantage to bloom-

forming cyanobacteria that are well adapted to such

conditions (Shapiro 1973, 1997). The combination of

phytoplankton biomass and pH appeared to be the best

predictor for cyanobacterial blooms in (peri-)urban

ponds, showing that most cyanobacterial blooms are

confined to Secchi depth below 0.6 m and, more

importantly, pH above 8 (Peretyatko et al. 2010,

2012b).

Some very shallow, peri-urban ponds (Brussels) at

high pH have developed elevated cyanobacterial

biomass despite biomanipulation and removal of

nearly all fish. Mesocosms in such biomanipulated

ponds, previously affected by severe blooms, were

used to test the hypothesis of lowered pH-reducing

cyanobacteria development (Teissier et al. 2011). Two

out of three mesocosms at pH[ 8.5 showed a strong

response during their experiment that lasted 38 days.

An artificial experimental lowering of pH around 7

through addition of CO2 in the water column kept the

cyanobacterial biomass low (not the eukaryotic phy-

toplankton) in nine mesocosms.
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Although it is difficult to conclude with certainty

that lowered pH also could be a management tool for

abatement of already built-up cyanobacterial blooms,

its capacity for prevention of blooms seems suffi-

ciently important (Fig. 2). Although large mesocosms

of 1 m3 were considered, the pH management still

must be achieved at the whole pond scale. Such results

in very shallow urban ponds clearly indicate that

elevated in situ pH conditions following biomanipu-

lation may jeopardize the effectiveness of fish removal

on the cyanobacterial bloom formations. Liming, a

common practice among pond managers and owners

to increase pH, therefore should be avoided and

discouraged in the light of these experimental field

observations.

Bottlenecks of piscivore addition

Limited success rate

We found few studies that reported a successful

decline of cyanobacteria after piscivore stocking as the

only restoration measure. In Lake Gjersjoen, Norway,

the dominance of Oscillatoria agardhii decreased

after stocking with pike-perch (Lyche 1990). A strong

top-down control on phytoplankton biomass was also

found in Lake Lyng, Denmark, after repeated stocking

with pike (Søndergaard et al. 1997). Phytoplankton

biomass was dominated by cyanobacteria before

biomanipulation (mainly Anabaena spiroides and A.

flos-aquae). After biomanipulation, a switch occurred

in the phytoplankton community toward a dominance

of cryptophytes and chrysophytes. Cyanobacteria

contribution to the total phytoplankton biomass

decreased from 61 % before biomanipulation until

14 %, 5 years after biomanipulation (Søndergaard

et al. 1997). The authors argued however that the

effect of stocking is only successful in the year that the

biomanipulation took place and that a sufficient

macrophyte cover is essential to maintain a permanent

reduction in phytoplankton.

Failure of top-down control

Drenner and Hambright (2002) reviewed 17 studies

examining the effects of introducing piscivores on

phytoplankton biomass and found that for the majority

of the studies, the biomanipulation measure had no

effect on reducing the algal abundance. For example,

Drenner et al. (2002) evaluated the stocking of

largemouth bass in a eutrophic reservoir in Texas,

USA. Although the effects of bass cascaded down

through the food web to the phytoplankton, densities of

cyanobacteria did not change after stocking of large-

mouth bass. On the contrary, they observed a shift from

relatively edible phytoplankton to large cyanobacteria.

In deep Lake Mutek (Poland), piscivore stocking

lowered densities of zooplanktivorous fish, but success

was only partial since an increase in small-bodied

cladocerans in the epilimnion was associated with a

phytoplankton community shift in favor of filamentous

cyanobacteria (Dawidowicz et al. 2002).

The hypereutrophic Bautzen reservoir in Germany

has a long history of piscivore biomanipulation starting

in 1981. The reservoir (surface area 5.33 km2) has a

mean depth of 7.4 m and showed regular blooms of

cyanobacteria caused by high nutrient loading. The

reservoir was regularly stocked with pike-perch, pike,

European catfish and eel supplemented with catch

restrictions for anglers. The effects varied during the

18 year post-biomanipulation period (Kasprzak et al.

2007). After biomanipulation had begun (period

1981–1993; piscivore percentage of 10–40 %) and

phosphorus loading had risen, there was a decline of the

planktivorous fish population and an increase in the

relative abundance of Daphnia galeata but inedible

phytoplankton significantly increased due to Microcys-

tis blooms. The period from 1994 to 1999 ([40 %

piscivores) was associated with a drop in inedible

phytoplankton biomass after reduced phosphorus load-

ing, due to the use of a water treatment technology

(Deppe et al. 1999), but Daphnia biomass declined

again to values similar to the pre-biomanipulation

period. Thus, the biomanipulation was only partly

successful and primarily controlled by nutrient loading.

A first potential mechanism involved in the lack of

support for the trophic cascade hypothesis is the gape

limitation of piscivore fish (Hambright 1994). The

presence of a predatory fish can alter the composition

and size distribution of the prey fish community

(Nowlin et al. 2006). If larger-bodied, less vulnerable

species are dominating the fish community, this can

prevent the effects of piscivore addition cascading

down to the phytoplankton. In particular, pike have

been used to control the young-of-the-year (YOY)

planktivorous fish such as roach Rutilus rutilus and/or

bream Abramis brama (Søndergaard et al. 1997; Skov

et al. 2002; De Backer 2011). Both post-stocking
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mortality due to cannibalism and lack of piscivory

among the stocked pike due to their small size (Skov

et al. 2002) are important factors for the failure of pike

introductions. In order to have an effect on the

plankton level, high densities (0.1 individuals m-2

year-1, Søndergaard et al. 2000) are required (Fig. 2),

stocking time and body length (larger than the

conventional of \30 cm) of pike will be essential

(Skov and Nilsson 2007) and the restoration measure

needs to be repeated regularly to achieve stability

(Søndergaard et al. 2000).

Benndorf et al. (2000) showed that strong piscivory

can have the same effects on suppressing large

zooplankton and water transparency as planktivorous

fish, a process called ‘‘over-biomanipulation.’’ In

systems where almost all planktivorous fish are

eliminated, uncontrolled development of invertebrate

predators such as Chaoborus sp. can exert a strong

predation pressure on large zooplankton compensating

for the effects of the piscivore addition (Fig. 1). Even

if piscivore addition resulted in an increase in large

zooplankton, as was the case in the Bautzen reservoir

(Kasprzak et al. 2007), high nutrient loading can

prevent the top-down control. Further, the intense

grazing of large zooplankton, enhanced by the pisci-

vore addition, can shift the phytoplankton assemblage

toward harmful cyanobacteria (Drenner et al. 2002)

that can have toxic effects on zooplankton survival

(Olvera-Ramirez et al. 2010). An inhibition of large

Cladocera because of their susceptibility to toxins

would limit feeding rates (Paerl et al. 2001). Some

authors however suggested that the effect of zoo-

plankton on consuming cyanobacteria is negligible

(Boon et al. 1994; Degans and De Meester 2002),

while more recent evidence suggests that zooplankton

are able to control different cyanobacteria species

(Gloeotrichia echinulata, Cylindrospermopsis raci-

borskii, Anabaena solitaria and A. flos-aquae) and can

lower microcystin concentrations, both in the

(sub)tropics as in temperate regions (Fey et al. 2010;

Kâ et al. 2012; Ekvall et al. 2014).

Bottlenecks of stocking with filter-feeding fish

Stocking densities

Increased stocking of subtropical lakes with both

filter-feeding planktivorous silver carp and bighead

carp could at least suppress Microcystis blooms

directly by grazing in Lake Donghu near the Yangtze

River (China) (Xie and Liu 2001; Zhang et al. 2008).

Although high fish stocking levels lowered total

phytoplankton biomass, Microcystis biomass and

microcystin concentrations, when compared to sur-

rounding lake water, were statistically insignificant

(Ke et al. 2007). Silver carp appeared to feed mainly

on phytoplankton, whereas bighead carp mainly on

zooplankton ([60 %). Both carp species however

preyed upon more zooplankton because of the abun-

dant food resource (Ke et al. 2007). When silver and

bighead carps are used to control cyanobacterial

blooms, a sufficiently high stocking density is very

important for a successful practice. At too low

stocking densities, silver and bighead carps would

experience less competition and shift their feeding

behavior toward zooplankton, thereby decreasing the

overall grazing efficiency of cyanobacterial bloom

reduction (Ke et al. 2008) (Fig. 1). Silver and bighead

carp should be kept at a stocking threshold of about

50 g m-3 (Fig. 2) because a decline in filter-feeding

grazing would make a water body again vulnerable to

cyanobacterial bloom (Xie and Liu 2001).

An interesting in situ experiment was conducted by

Ke et al. (2008) in a bay of the shallow hypereutrophic

subtropical Lake Taihu in China with severe Micro-

cystis blooms that persisted over decades. Meiliang

Bay (northern part of Lake Taihu) has a surface area of

100 km2 and an average depth of 2 m (ranging from

1.8 to 2.3 m). Surface water temperatures ranged

seasonally from 12.7 (November) to 33.6 �C (August).

The main purpose was to provide evidence for

controlling cyanobacterial blooms by using silver carp

(70 %) and bighead carps (30 %) at different stocking

densities under natural changing environmental con-

ditions during 2 years (2004 and 2005). Ke et al. (2008)

observed that both carp species in fact grazed more on

zooplankton than on phytoplankton. Chlorophyta were

a main food in spring, whereas cyanobacteria (Micro-

cystis) reached highest diet percentages in summer

months. Only in the warmest months, Microcystis

temporarily contributed 80–100 % of the phytoplank-

ton in the gut contents of silver and bighead carp. Silver

and bighead carps maintained their feeding intensity

during blooms (Ke et al. 2008).

Tilapia can ingest and digest a large quantity

(58–78 %) of Microcystis with ingestion rate increas-

ing with fish weight (Lu et al. 2006). Initial cyanobac-

terial (Microcystis aeruginosa, Oscillatoria princes
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and Spirulina maxima) biomass of 70 % (relative to

the total phytoplankton biomass) was reduced to much

lower levels of 11–22 % in Lake Yuehu. The order of

magnitudes however remained high and reached

hundreds of 106 cells L-1 with Secchi depths of

mostly\1 m after treatment (Lu et al. 2006). A thick

surface scum of Microcystis aeruginosa and An-

abaena spiroides disappeared in a small pond, about

20 days after tilapia fingerlings were stocked (Lu et al.

2006). Stocking densities of 3–15 g m-3 were

reported to control blooms. Whole-lake stocking

strongly reduced cyanobacteria (Oscillatoria princes

and Microcystis aeruginosa), thereby increasing Sec-

chi depth but also nutrient levels (TP, TN, COD) and

changing phytoplankton composition toward a dom-

inance of Cryptophyta and Bacillariophyta. Among

filter feeders, tilapia appears to be better in controlling

blooms (Lu et al. 2006).

Outside Eastern Asia, few successful attempts to

control cyanobacteria with filter-feeding fish have

been reported. Microcystis aeruginosa and Botryococ-

cus braunii (Chlorophyta) ingestion by silver carp was

reported for a tropical urban lake in Brazil (Starling

et al. 1998). Reduction in tilapia biomass to 40 g m-3

resulted in significant water quality improvements,

and Microcystis abatement by stocking silver carp at

moderate fish stocking densities of 40–50 g m-3

induced significant decreases in cyanobacteria density

(40–44 %), phytoplankton biomass (22–38 %) and TP

(21–31 %). Reducing tilapia and adding silver carp

were found to act independent, and the combination of

both filter-feeding fish reduced TP by 38 %,

cyanobacteria density by 75 % and phytoplankton

biomass by 60 % (Starling 1998). Likewise, in Israel,

a reduction in cyanobacteria was found due to stocking

with silver carp (Leventer and Teltsch 1990). Overall,

this method of stocking fairly large amounts of filter-

feeding fish is considered as an effective management

technique in eutrophic water bodies that substantially

lack macrozooplankton (Zhang et al. 2008).

Persistence of Microcystis under fish pressure

High stocking rates of tilapia ([100 g m-3) can

promote blooms of Microcystis and decrease water

clarity by supplying phytoplankton with additional

nutrients, mainly phosphorus (Starling 1998). Micro-

cystis and Aphanizomenon spp. also were shown to

survive gut passage in fish and may use the internally

supplied phosphorus. A mucilage layer around Mi-

crocystis protects cells from digestion (Lewin et al.

2003). Silver carp could effectively ingest toxic

Microcystis cells up to 84.4 % of total consumed

phytoplankton (Chen et al. 2006). In vitro experiments

demonstrated that feces of tilapia, silver and bighead

carp contained Microcystis cells (Datta and Jana

1998). Such feces containing small colonies or single

cells will sink to the bottom where recruitment of

nutrient-enriched Microcystis may occur. It might be

hypothesized that the desired grazing effect of silver

carp on Microcystis does not outweigh the overall

effect of additional nutrient recycling induced by the

stocked filter-feeding fish. Biomanipulation should

have a minimum effect of ichthyo-eutrophication, by

applying appropriate stocking (Ke et al. 2007).

Attempts to use silver carp in temperate regions

Addition of silver carp in temperate water bodies,

mesocosm attempts in France and repeated stocking in

the Saidenbach Reservoir in Germany, drastically

reduced the large cladoceran biomass because zoo-

plankton appeared to be the main source of food.

Small-sized phytoplankton (\20 lm) is not grazed

down effectively by silver carp, and more importantly,

silver carp did not effectively reduce cyanobacteria

even at higher stock levels (Domaizon and Devaux

1999; Horn 2003).

Biomanipulation strategies as nature-based

solutions to minimize adverse effects

of cyanobacteria and to maximize ecosystem

services

The different methods of biomanipulation emphasize

interventions at different food-web levels and trophic

degrees (Fig. 2). The initial conditions determine the

biomanipulation strategy for cyanobacterial control.

In heavily infested (sub-)tropical water bodies, abate-

ment is aimed at the addition of filter-feeding fish

(level 3), partially removing a rather persistent bloom

of Microcystis (level 1) as forced biotic key interac-

tions. This direct cyanobacterial bloom abatement

through enhancement of productivity at trophic level 3

requires minimal management or engineering inter-

vention to maximize the selected key service (Fig. 3).

Rearing, caging, adding and controlling filter-feeding
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fish populations contribute minimally to ecosystem

services of such (hyper)eutrophic water bodies. Stock-

ing water bodies with phytoplanktivorous fish there-

fore can be considered as a method to temporarily

control visible nuisance algal blooms to a certain

extent in shallow hypereutrophic (sub)tropical lakes

where zooplankton cannot effectively control phyto-

plankton production.

Small-sized man-made urban ponds that are annu-

ally infested during long periods by various cyanobac-

terial taxa can be managed easily and cheaply through

level 3 removal of (nearly) all plankti-, benthi- and

molluscivorous fish to obtain clear-water conditions

(Fig. 2). Such fishless water bodies can be managed at

highest TP levels when compared to all other bioma-

nipulation strategies and only occasionally may show

again phytoplankton build-up after collapse of the

benthic submerged macrophyte beds or the return of

young fish (through incomplete removal or deliber-

ately stocked by fishermen) grazing on large zoo-

plankton. The main aim of this nature-based solution

is forcing the biotic key interactions between level 1

and level 2 thereby physically reducing internal

P-loading through lowered bioturbidity of fish and

positive feedback of submerged aquatic vegetation

(Fig. 3). A (repeatedly) complete drawdown and fish

removal strongly reduce the risk of cyanobacterial

bloom events, thereby improving the multi-function-

ality (e.g., water retention, nature conservation,

recreation, fishing activities) and number of ecosystem

services of the urban ponds. Accompanying manage-

ment or engineering interventions could be the water-

level adjustment to lower the negative effects of bird

herbivory. Liming of man-made ponds should be

Fig. 3 Conceptual scheme of nature-based solutions at different levels of the cascading food web and the benthic compartment

according to maximization of either key services or number of ecosystem services (subdivision of water body types is similar to Fig. 2)
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discouraged because pH levels above 8 most likely

favor cyanobacterial blooms (Fig. 3).

The biomanipulation strategies to avoid cyanobac-

terial blooms in shallow lakes and large ponds are

multiple and aim at first eutrophication control and

secondly at the enhancement of functional biodiver-

sity in each compartment (Fig. 2). Stabilized commu-

nities at each trophic level are envisaged through

partial removal of plankti-, benthi- and molluscivo-

rous fish, selective addition of piscivores and sponta-

neous recovery of balanced submerged aquatic

vegetation (Fig. 3). Accompanying management or

engineering interventions to maximize the number of

ecosystem services may consist of further reducing

external and internal TP to mesotrophic levels (catch-

ment land use changes, TP fixation/oxygenation),

sediment removal, creation of sediment islands (Gulati

et al. 2008), fishing regulations (restrictions or even

prohibition) or even addition of large Cladocera

(Fig. 3). The latter suite of nature-based solutions is

the preferred strategy, not solely to avoid cyanobac-

terial blooms but also to stabilize various biotic

interactions between each level of the cascading food

web.

Future studies on biomanipulation to control

cyanobacteria should consider more detailed informa-

tion about the cyanobacteria, their ratio within the

phytoplankton community and specifications on colo-

nial versus filamentous, edible versus non-edible, N2-

fixing versus non-fixing, vacuolated versus non-vac-

uolated strains. This will provide more information on

the dynamics and abundance of cyanobacteria taxa

before and after a combination of whole-lake bioma-

nipulation and associated restoration methods to better

evaluate the overall applicability and effectiveness of

these nature-based solutions.
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