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Abstract Nuisance, toxic cyanobacterial blooms are
a persistent and globally expanding problem. Preven-
tion of blooms requires that external and internal
sources of nutrients are managed to levels where
development of cyanobacterial blooms is restricted.
Control of blooms, in which their presence is reduced
to a level where they no longer pose a risk through
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additional measures such as biomanipulation or arti-
ficial mixing, demands that three elements come
together: (1) understanding of the key ecological traits
of the dominant cyanobacteria taxa, (2) system
analysis of the lake, in particular its morphometry,
water and nutrient balance, (3) adequate design and
execution of the management methods of choice. All
three elements are important for choosing effective
management interventions and predicting their out-
come. Mitigation of blooms reduces the risks and
harmful effects of blooms if they cannot be prevented
or sufficiently controlled, methods such as harvesting
of surface scums or application of cyanocides may be
used in those cases where water quality improvement
is urgent. Ultimately, managing cyanobacterial
blooms is most effective in the context of developing
a Water Safety Plan. This is a risk assessment and
management approach developed by the World Health
Organization and provides a platform for bringing
together the stakeholders who have a say about
activities in the catchment causing eutrophication.
Together, they can develop and implement control
measures in the chain from catchment to drinking-
water offtake which effectively mitigate eutrophica-
tion and thus protect humans and the lake ecosystem
services they rely on from effects of toxic
cyanobacteria.
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Introduction

Cyanobacterial blooms are the ultimate consequence
of a seemingly simple cause: when a lake is loaded with
an excess of nutrients the water turns into a nuisance
green soup. Yet underneath this deceptive simplicity in
cause and effect, there is a world of complexity at the
landscape, hydrological and ecological level. Never
does this complexity become more apparent than when
efforts are made to restore eutrophied lakes. The
success rate in restoring disturbed aquatic ecosystems
to a healthy state is highly variable, and this may in part
be a consequence of insufficient understanding, plan-
ning and preparation. We distinguish prevention—
blooms" do not appear in the system—from control—
excessive cyanobacterial growth in the ecosystem is
suppressed despite sufficient availability of nutrients—
and mitigation—blooms exist but are reduced in size so
that harmful effects, although still present are dimin-
ished. Successful prevention, control and/or mitigation
requires that three elements to come together: (1) an in
depth understanding of the ecology of the bloom
forming cyanobacteria, in particular their key, niche
defining traits (Litchman and Klausmeier 2007), e.g.,
buoyancy, N,-fixaton and colony formation; (2) an in
depth analysis and quantification of the lake’s relevant
physical, chemical and biological properties, e.g.,
water and nutrient balance, lake depth, basin mor-
phometry or residence time; (3) a full understanding
and comprehensive preparation of their execution of
the management option(s) of choice (e.g., manipula-
tion of fish stocks or artificial mixing). Hence, traits of
the dominant cyanobacteria, lake characteristics and
the chosen treatment must necessarily come together
(see also Mantzouki et al. this issue 2016). Manage-
ment of blooms should not be a process of trial and
error but the result of a carefully planned process. This
paper is the Synopsis of a Special Issue of Aquatic
Ecology (eds. Visser, Ibelings, Fastner & Bormans, see
Editorial by Ibelings et al. this issue 2016) and a
product of a European COST Action, CYANOCOST
(www.cyanocost.com).

! We define blooms as an elevated cyanobacterial biomass that
is above the biomass in the reference state of a given lake—
admittedly not always easy to define—and which interferes with
the ecosystem functioning and—services of this lake.
Cyanobacteria are part of the normal plankton community of a
lake, so it is not their presence per se, but the level of their
biomass that defines—nuisance—blooms.
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Delays in recovery from eutrophication

Lake restoration efforts often face long delays.
Attempts to control blooms started in the 1970s and
1980s when the negative consequences of eutrophi-
cation could no longer be ignored, since the blooms
clearly interfered with lake ecosystem functioning
(severe loss of aquatic biodiversity) and services like
the provisioning of drinking water or recreation. To
their frustration, lake managers often found that
blooms remained even when nutrient loading to the
lake was successfully brought under control, partly
due to internal nutrient loading and partly due to
insufficient reduction in external loading. Both the
critical load for phosphorus and the lake retention time
have been identified as decisive factors in determining
the extent and rate to which cyanobacterial blooms are
brought under control after implementation of restora-
tion measures. Falling below the critical load through
either diversion or stripping of phosphorus in the main
inflow in combination with a relatively short retention
times has led to the disappearance of cyanobacteria in
Lake Washington (USA) and Schlachtensee (Ger-
many) within a few years (Fastner et al. this issue
2016). As in the majority of cases comparable
favorable hydrological (and financial) conditions are
less likely to be present, substantial reduction in
cyanobacteria can take decades, e.g., in Onondaga
Lake (USA), it took 40 years for the lake reaching
mesotrophic  conditions and disappearance of
cyanobacterial blooms (Fastner et al. this issue 2016).

In particular, eutrophication of shallow lakes is a
classic example of the theory of alternative
stable states, and turbid versus clear shallow lakes
even played an important role in development of the
concept (Scheffer et al. 2001). The Border lakes in the
Netherlands, presented by Noordhuis et al. (this issue
2016), provide a perfect case study. These lakes were
formed in the 1950s, and the lakes were originally clear
with abundant growth of submerged macrophytes. But
after years of eutrophication, the lakes fairly abruptly
switched to a turbid state, characterized by dense
blooms of Planktothrix agardhii. A range of restora-
tion measures were taken, including removal of P at
wastewater treatment plants, flushing with Ca-rich
water and a reduction in the bream density. In the
eventual return of the clear state, the re-colonization by
dreissenid mussels (first zebra later quagga mussels,
respectively Dreissena polymorpha and D.rostriformis
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bugensis) played an important role. Biomanipulation
typically works best in combination with nutrient
reduction supporting the lake in reaching a new
equilibrium (Kasprzak et al. 2007).

The important lesson learned is that the long delay
in a return to the clear water state is a consequence of
both states—clear as well as turbid—being stable and
resisting change through internal feedback mecha-
nisms. For this reason, lake management had to reduce
phosphorous levels to concentrations well below the
concentration where the clear water state was lost
during eutrophication. The turbid state lasted for many
years despite huge efforts and costs to restore lake
water quality and ecosystem functioning (Ibelings
et al. 2007). This phenomenon of hysteresis teaches us
that we should act before the loss of the desired,
functional ecosystem state, since in the clear state
resilience of the ecosystem works with us to maintain a
functional state. Once lost, nature in the alternative
stable state will work against restoration efforts, delay
a return to the clear state and greatly inflate costs. In
recent years, we have learned much more about early
warning signals, in particular about a process known
as critical slowing down measured as an increase in
auto-correlation (Dakos et al. 2008), which indicates
that a system is approaching a tipping point before it
truly reaches the bifurcation. Those signals should be
taken seriously and should lead to immediate action, to
avoid a collapse into the disturbed, dysfunctional state.

Global problem, local differences

The role played by zebra mussels in restoring a clear
water state and healthy ecosystem in the Borderlakes
represents an interesting example of the role played by
local circumstances and local perception of eutroph-
ication problems (Van Dolah et al. this issue 2016). In
the Netherlands, zebra mussels arrived in the nine-
teenth century and have been part of the ecosystem of
Dutch lakes for many decades. They are seen as
valuable components of the ecosystem, not only since
they are efficient filter feeders, which provide strong
top-down control of cyanobacterial blooms (supported
by the fact that they seem hardly sensitive to
cyanobacterial toxins like microcystin (Dionisio-Pires
et al. 2004), but also because they are staple food for
huge numbers of diving ducks that overwinter in the
IJsselmeer area in the Netherlands. In contrast, in

particular in North America, zebra and quagga mus-
sels are perceived as a huge threat to lake water quality
and native biodiversity. The mussels have played a
role for instance in the return of the Microcystis
blooms to some of the Great Lakes. The different roles
played by Dreissena in promoting or reducing
cyanobacterial blooms, in particular those of Micro-
cystis, are not fully understood, although Knoll et al.
(2008) suspect that the trophic state of lakes may play
a decisive role, Dreissena only promoting blooms in
oligo- to mesotrophic but not in eutrophic systems.
Although cyanobacterial blooms are a worldwide
phenomenon, clearly they are not—or are not per-
ceived to be—the same on all continents, and local
knowledge is indispensable when control measures are
planned. We should also admit that all authors and the
vast majority of case studies and references given in
this Special Issue come from temperate regions,
whereas it is fully known that plankton dynamics in
lakes at different latitudes, including the (sub)tropics
unfold differently (De Senerpont Domis et al. 2013).
The efficacy of biomanipulation for instance is much
reduced in tropical systems as a consequence of
distinct differences in the trophic structure of temper-
ate versus tropical lakes (Jeppesen et al. 2007). Given
that this Special Issue is the result of a European COST
Action and given that the authors of the various
contributions mainly come from within this Action,
clearly the papers have their focus on temperate lakes.

Linking lakes, cyanobacteria and control measures

In this Special Issue, different methods are presented
to prevent, control and mitigate blooms of cyanobac-
teria. The challenge is to choose the method—or
combination of methods—which is most likely to
yield success. What are the factors that determine
success rate? Why for instance do Visser et al. (this
issue 2016) demonstrate that artificial mixing of lakes
or reservoirs can be a very effective means to manage
blooms of buoyant cyanobacteria, whereas Liirling
et al. (this issue 2016a, b) who review end of pipe
methods whose efficacy is “questionable” at best, list
mixing as one of the tools that should be avoided,
given a lack of demonstrated success? The key
difference is that Visser et al. (2016) properly link
key traits of the cyanobacteria—here buoyancy—to
key characteristics of the lake—here sufficient lake
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depth—and the main properties of the method—here
adequately designed artificial mixing, resulting in
turbulent mixing rates that exceed the flotation
velocity of Microcystis spp. in the lake, whereas
Liirling et al. (this issue 2016b) rightfully point out
that mixing will not work in shallow lakes, or if the
equipment is not powerful enough. Thus, the debate
about artificial mixing demonstrates the importance of
the three elements mentioned above—i.e., that mea-
sures are successful only if designed on the basis of
understanding key aspects of the phyiscs, chemistry
and biology of the respective system. Too often,
artificial mixing has been installed as presumed
“quick fix” of the problem—without properly analys-
ing the system.

Nutrient management, lakes in the landscape

Before discussing the various methods and their
potential application, we want to convey our key
message. Lakes are not isolated elements in the
landscape. Whatever happens in a catchment, to a
large extent determines the state of a lake. For this
reason, lakes act as sentinels of wider environmental
change (Adrian et al. 2009). Management of
cyanobacterial blooms cannot and should not be seen
separate from management of catchment processes.
Nutrient management in the catchment ultimately is
the basis of sustainable prevention or control of
blooms. Mitigation of blooms may be necessary to
deal with emergencies and can be considered for short
term problems or risks that require a quick solution
(imagine the risks of cyanobacterial surface scums for
peak summertime recreation). In a recent obituary of
Brian Moss (Jeppesen and Johnes 2016), Brian Moss is
quoted as saying “All things are connected and a
solution to the rising tide of problems in aquatic
ecosystems will only be found if we start to treat and
manage waterbodies and landscapes as connected
systems”. We agree and therefore we cannot overem-
phasize the importance of these landscape-lake links
for sustainable management of blooms. For that
reason, the paper by Hamilton et al. (this issue 2016)
which describes nutrient management in catchments is
a key contribution to the Special Issue. To ensure a
strong link between catchment and lakes, we advocate
the Water Safety Plan (WSP) approach as developed
by the World Health Organization (WHO): This
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approach aims at safeguarding humans from exposure
to hazards—including, e.g., toxins produced by
cyanobacteria—on the basis of a comprehensive
understanding of events and activities that may cause
their occurrence in water and the respective system’s
properties that affect the health risks hazards (see
Ibelings et al. 2014). WSP will be central to the
upcoming revision of the widely used handbook
“Toxic cyanobacteria in water” (Sivonen and Jones
1999; 2nd edition in preparation).

Water Safety Plans

Cyanobacteria produce a wide range of bioactive
compounds, including known toxins like micro-
cystins, anatoxin-a(s), saxitoxin or cylindrosper-
mopsin which may have acute or (sub)chronic
effects on human health (see Special Issue on
“Harmful algal blooms and public health”, Editorial
by D’Anglada 2015). The most sustainable way to
protect the public from exposure to toxic cyanobac-
teria is to limit cyanobacterial development in lakes,
so that toxin concentrations do not exceed safe limits.
The concentration of toxin is mainly, but not exclu-
sively, set by the cyanobacterial biomass in the lake,
which in turn is the outcome of resource controlled
growth versus various loss processes. The COST-
outcomes presented in this Special Issue support the
use of the WSP approach for assessing and managing
human health risks from toxic cyanobacteria. While in
general, developing a WSP involves a comprehensive
analysis of the hazards (i.e., including pathogens and
other toxic substances) and assessing the health risks
they pose, elements of WSP approach can also be
applied only to cyanobacteria, without such a full
system analysis, but retaining a system analysis
targeted on cyanobacteria as advocated by Liirling
et al. (2016a) which includes a water and nutrient
balance as well as an in depth analysis of the biological
functioning of the lake ecosystem. An outcome is the
identification of the key control measures that can be
taken to manage eutrophication and/or blooms. Con-
trol measures should be implemented at several levels
to ensure maximum safety by the redundancy of
having multiple barriers so that each level contributes
incrementally to overall control (see Fig. 1). In the
case of blooms, this first and foremost includes
nutrient management (1) in the lake catchment
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Control of
. cyanobacterial blooms:
Prevention of \-b « artificial mixing
cyanobacterial blooms: In lake methods + biomanipulation
nutrient management

+ flushing

Control of internal

loading (sediment)

Mitigation of

cyanobacterial blooms:
» cyanocides
« surface scum removal

Control of nutrient loading
at the inflow

Nutrient management in the catchment

Fig. 1 Prevention, control and mitigation measures for
cyanobacterial blooms: nutrient management in the lake
catchment, at the inflow to lakes and in-lake methods, including
P-release from the sediment and in-lake methods can all be
applied to prevent, control or mitigate cyanobacterial growth or
biomass. This figure outlines the WHO Water Safety Plan

(Hamilton et al. this issue 2016), (2) at the inflow to
lakes (Fastner et al. this issue 2016) as well as (3) in-
lake nutrient control, such as reducing P-release from
the sediment by hypolimnetic aeration (Bormans et al.
this issue 2016), capping of the sediment through
binding P to metals or particles (Douglas et al. this
issue 2016).

The latter approach-binding P-is a geo-engineering
concept. In geo-engineering, biochemical processes in
lakes—usually P-release from the lake sediment—are
engineered to achieve a desired ecosystem state
(typically reduction in cyanobacterial blooms). For
this, P-binding agents are added to the sediment to
control legacy P-stores (Spears et al. 2014). Including
a control measure to cap P in the sediment may be
important in specific cases: For example, an outcome
of system assessment for a given polymictic lake in the
context of a WSP may be that increasing P-release is
expected as a consequence of increasing anoxia near
the sediment in the wake of enhanced microstratifica-
tion caused by a changing climate, and that reducing
external P-input alone will not be sufficient to reach
the TP target needed to effectively control

approach so that control points are implemented at several levels
(catchment, inflow, sediment in lake) to ensure maximum trust
that the desired goals—a healthy lake ecosystem which supports
important lake ecosystem services—are reached and can be
maintained. Figure adapted from Fig. 4 Ibelings et al. (2014),
courtesy of Dr Ingrid Chorus

cyanobacterial blooms. An alternative scenario might
be that the water exchange rate of a given lake is too
low to export its excessive P-content within the
targeted time scale. Such situations would render
sediment capping or binding P necessary. We wish to
express a warning, however, to apply geo-engineering
in a solitary context, which is sometimes considered
because of the relatively low costs and rapid results
(Spears et al. 2014), without further measures to
control external nutrient loading: continued P-input
would quickly counteract any success in capping or
binding the current P-content.

Beside controlling nutrients, there is a choice of in-
lake methods to help control or mitigate cyanobacte-
ria, for example artificial mixing (Visser et al. this
issue 2016), biomanipulation (Triest et al. this issue
2016), water level manipulation (Bakker and Hilt this
issue 2016) or use of cyanocides like hydrogen
peroxide (Matthijs et al. this issue 2016). Whereas
well designed artificial mixing can be considered a
control measure—see the work on Lake Nieuwe Meer
by Visser et al. (1996) and Huisman et al. (2004)
where mixing for many years now prevents
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Microcystis from developing a population in the
lake—application of cyanocides in our definition
could be either control or mitigation, depending on
its efficacy, since existing blooms are reduced in size
or sometimes fully taken out by use of the chemicals,
allowing for instance lakes to remain open for
recreation. Planning control measures—in the context
of developing a WSP (see https://toxische-
cyanobakterien.de/en/water-safety-plan/) or indepen-
dently of this—implies choosing the locally most
efficient controls, and this may require implementing
multiple control measures, e.g., for control of external
nutrient loading and measures taken within the
waterbody in order to increase the likelihood that
blooms are indeed effectively controlled. For instance
in a setting where the critical load to a lake or reservoir
appears controllable, this should obviously have pri-
ority. In most cases, indeed measures to control
nutrient availability must be part of lake restoration
efforts, but combining them with other measures may
speed up lake recovery.

In circumstances, however, where the options to
control nutrients in the catchment are not sufficiently
available or where the urgency to have positive results is
large, measures such as artificial mixing or cyanocides
may be considered as stand alone, and have proven—at
times—to be successful. Lake Nieuwe Meer in the
Netherlands may serve as an example (Visser et al.
1996). Many families have their home on the lake, living
on house-boats. Dense Microcystis scums for many
years surrounded these boats, and a solution was
urgently needed. Nutrient management was not a viable
option. Lake Nieuwe Meer is part of the river Rhine
watershed, and with the high nutrient levels of the 1980s
and 1990s nutrient control would have taken many years
to have an effect. Importantly, nutrient management was
not under control of the local Amsterdam authorities,
which would have required action at the catchment
level, as nowadays promoted by the EU Water Frame-
work Directive guidelines. Under these circumstances,
the only viable control measures were in lake methods
like artificial mixing, and given an appropriate technical
design this clearly has worked well for many years.

Verification and validation procedures

After implementation of the appropriate combination
of methods and control measures, the efficiency of the
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measures taken should be monitored, which in WSP
involves both verification and validation. Validation
entails checks that the measures put in place are indeed
able to do the job—i.e., prevent, control or mitigate
blooms—to the extent that relevant endpoints (e.g.,
cyanobacterial cell numbers or microcystin concen-
trations), are within the required range. Verification
implies checking that the system indeed achieves
targets in terms of the health hazard, i.e., for micro-
cystin in recreational water that microcystin concen-
trations do not exceed 20 pg L™' or cell numbers
remain below 100,000 cells mLfl; Chorus and
Bartram 1999). With respect to monitoring, the
efficacy of bloom management and to ensure that
lakes are secure for users it is important to realize that
cyanobacterial blooms are highly dynamic events,
with growth and loss processes operating at the time
scale of days and (scums) appearing and disappearing
at even shorter time scales. Traditional approaches to
lake monitoring are not able to capture these dynam-
ics. A growing number of lake ecologists—joined in
GLEON (www.gleon.org)—therefore is developing
and using autonomous, high frequency buoys and
platforms (Weathers et al. 2012). Cyanobacteria can
be monitored in real time using fluorescence or flow
cytometry (Pomati et al. 2011), and this is a field
showing rapid development. Furthermore in managing
cyanobacteria and the risks they pose, modeling is an
indispensable tool (Hipsey et al. 2015). Ibelings et al.
(2003) demonstrated that in principle cyanobacterial
scum formation can be predicted ahead of time using
the medium term weather (wind) forecast, giving time
for early warning and implementation of safety mea-
sures like warning signs for swimmers or even lake
closures.

Prevention and control measures

Having firmly established that nutrient management is
essential to manage cyanobacterial blooms, we now
further discuss other techniques that are on offer for
the control or mitigation of blooms. For this, we refer
to the paper by Stroom and Kardinaal (this issue 2016),
who provide guidance to managers in choosing
appropriate control measures, as well as to the paper
by Liirling et al. (this issue 2016b) who describe
several (commercially offered) methods that should be
treated with caution. In the paper by Stroom and
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Kardinaal, many more measures are described than we
will discuss in this synopsis. Figure 2 brings together
key functional traits of cyanobacteria [following the
system designed by Reynolds et al. (2000) adapted for
use in this Special Issue by Mantzouki et al. (2016)]
with key lake properties such as trophic state, lake
mixing type and residence time with several manage-
ment options. Prevention measures (upper part of
Fig. 2) are effective for all groups of cyanobacteria,
independent of their traits or taxon. Prevention—see
the sections above—always means a reduction in
external and—often—internal nutrients, which makes
it unnecessary in oligotrophic systems (i.e., no sym-
bols in that column). In meso- and eutrophic lakes and
reservoirs, both external and internal measures can or
should be taken to prevent growth of cyanobacteria.
Which nutrient control measures to select depends
inter alia on the depth of the system, e.g., control of
P-loading from the sediment through dredging is less
feasible in deep systems, while this can be helpful in
shallow lakes, whereas hypolimnetic aeration is only,
though not always, effective in stably stratified, deep
systems and also chemical control of nutrients in lake
sediments (flocculation and capping) will not be very
effective in shallow, well-mixed systems (Bormans
et al. this issue 2016; Douglas et al. this issue 2016).
Control measures such as flushing, biomanipulation
or artificial lake mixing cannot be used in all systems
but are one again dependent on lake depth. Artificial
mixing will only be effective to combat cyanobacteria
in relatively deep systems with in general an average
depth of more than 15 m (Visser et al. this issue 2016).
On the other hand, water level management and
biomanipulation will tend to be only effective in
shallow systems. Thus just on basis of the depth or
mixing type of a lake, a selection of suitable measures
can begin to be made. Furthermore, choosing control
measures should take traits of the dominant cyanobac-
teria in the system into account. Based on a cyanobac-
terium’s key traits, a control measure may have a high
or low likelihood to work. We will discuss a few
examples. Artificial mixing is mainly effective for
cyanobacteria that are buoyant and grow as tufts or
colonies, such as Dolichospermum, Aphanizomenon,
Gloeotrichia, Woronichinia and Microcystis. Buoy-
ancy provides these genera with a clear competitive
advantage over non-buoyant algae in lakes with a
stable watercolumn. This is most obvious for
cyanobacteria growing in aggregates since the flotation

rate is primarily dependent on the size of the unit, i.e.,
the larger the colony, the faster it floats. Colonies thus
can escape turbulent mixing in a lake’s epilimnion—
provided mixing is not too vigorous—and remain
positioned in the well illuminated surface layer. In an
artificially mixed system, this advantage will be lost
and bring about a reduced abundance of cyanobacteria.
For filaments with a small diameter, the flotation rate is
very low and they will mostly remain entrained in the
turbulent flow in the water column. For the filamentous
genera Planktothrix and Cylindrospermopsis, artificial
mixing may still work but only if it is applied
intermittently (Antenucci et al. 2005).

Flushing will be a good measure to combat almost all
cyanobacteria as long as the flushing results in a
residence time which is shorter than the growth rate of
the cyanobacteria. Supporting evidence comes from
observations on rivers where blooms of cyanobacteria
are typically absent, except when discharge rates drop
strongly during periods of drought, e.g., in the river
Darling in Australia (Bowling and Baker 1996) and river
Rhine in the Netherlands (Ibelings et al. 1998). Using a
model study of the population dynamics of Microcystis,
calibrated with data from a 2 years lake monitoring
program, the effect of enhanced flushing as management
strategy could be tested (Verspagen et al. 2006). This
showed that Microcystis blooms will be suppressed
when the flushing rate is sufficiently increased to result
inresidence times of ca. <20 days. Similarly, blooms of
Dolichospermum have been suppressed by increasing
flow in regulated weir pools in several Australian rivers
(Bormans and Condie 1998; Mitrovic et al. 2011). For
metalimnetic populations of P. rubescens, flushing will
likely have little effect, since flushing will typically
affect only the epilimnion of stratified lakes. Other
measures listed in Fig. 2 can be considered too. For the
control of blooms of Planktothrix agardhii, typical of
nutrient rich shallow lakes, water level management and
biomanipulation may have positive effects, because
these measures can promote development of submerged
macrophytes and help to tip the balance to a stable clear
water state. Hydrogen peroxide has been tested to be
very effective for Planktothrix agardhii, Dolichosper-
mum, Aphanizomenon and Microcystis both in the
laboratory and in whole-lake treatments (Matthijs et al.
this issue 2016), but has not been tested yet for
Gloeotrichia, Woronichinia, Cylindrospermopsis raci-
borskii and Planktothrix rubescens (therefore, no HP
treatment is advised as yet for these species in Fig. 2).
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Fig. 2 Schematic overview of methods for the prevention,
control and mitigation of cyanobacterial blooms as presented in
the Special Issue of Aquatic Ecology. The table brings together
key functional traits of cyanobacteria (following the system
designed by Reynolds et al. (2000) adapted for use in this
Special Issue on management of cyanobacteria by Mantzouki
et al. (2016)] with key lake properties like tropic state, mixing
type and residence time with the several management options
(see explanation of the symbols underneath the table). Symbols
used in the figure: M, Monomictic; D, Dimictic; P, Polymictic;
S, Short; L, Long; /\, P and N-control in catchment; £, Pand N
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internal control—chemically; |:|, P and N internal control—
hypolimnetic aeration; {3, P and N internal control—dredging;
HP, Hydrogen peroxide; ===  Flushing; _I_, Water level
management; @ Biomanipulation with mussels; <X, Bioma-
nipulation with fish; O, Artificial mixing; (:), Weakening of
stratification; G Abstraction depth; &, Bubble screen; C_D,
Withdraw (scums) from surface; @ Information for bathers;
29, Closing of bathing sites
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Mitigation measures

Mitigation techniques (lower part of Fig.2) can
typically be performed to reduce the negative effects
or mitigate the risks of all cyanobacterial groups
independent of their traits, and also for lakes of
varying trophic state or mixing type and both short and
long retention times, except that methods like varia-
tion of abstraction depth for drinking water and
hypolimnetic withdrawal will not be effective in
shallow lakes. Harvesting of algal scums or surface
curtains/bubble screens to avoid floating scums from
entering sheltered areas like harbors have proven
effective—in some cases—in both shallow and deep
lakes but have limited likelihood of success in large
lakes and require repeated action given that the
conditions for cyanobacterial development remain
favorable in the lake. As noted in Fig. 2, most
mitigation techniques can be used in oligotrophic
waters, but there are generally few nuisance by
cyanobacteria, and therefore, information for recre-
ation and closing lakes for contact sports will usually
not be needed (although even in oligotrophic lakes a
low cyanobacterial biomass which gets concentrated
on the shore may occasionally cause problems).

Financial and political aspects of bloom
management

Besides the lake characteristics and traits of the
cyanobacterial taxa, also economical aspects will be
an important selection criterion for water managers.
How much money a water board or municipality is
willing to pay for a treatment in a lake will depend on
the ecosystem services supported by the lake, for
instance recreational use. Very high costs in the range
of millions to billions can arise for upgrading of waste
water treatment plants and measures in the catchment
as shown for Onondaga Lake and Lake Constance
(Fastner et al. this issue 2016). However, nutrient
reduction is the most effective and sustainable control
of cyanobacterial blooms and thus protection of human
and ecosystem health. In contrast, control and mitiga-
tion measures are substantially cheaper, though there
are differences for the respective methods. Artificial
mixing devices for example are expensive to install and
are also rather expensive in their maintenance and
running—energy—costs. Other treatments, like

hydrogen peroxide addition, are relatively cheap and
can be effective in the short run but need to be repeated
at least every year and sometimes twice a year. It is
good to realize that doing nothing also comes with
considerable costs through loss of ecosystem services
(Sharma et al. 2014). Next to these financial consid-
erations also political choices are an important crite-
rion. In our experience, most water boards strive after a
sustainable solution, like the prevention measures
shown in Fig. 2. However, if these are outside the
budget of the water board or municipality or if the time
needed to result in water quality improvements is too
long, authorities may prefer to choose from the listed
control measures. Mitigation measures will typically
be used as a last resort only, but political pressure for
swift results may sometimes interfere with the wisdom
of the management measures chosen.

Conclusion

Our key message is that in managing cyanobacterial
blooms nutrient must come first. Controlling nutrients is
the most sustainable way to safeguard lake ecosystems
and public health from the negative effects of cyanobac-
terial blooms. Having said this, there are many circum-
stances where additional measures for the control or
mitigation of blooms is advisable or mandatory. In
devising the management strategy, a good lake system
analysis must go hand in hand with a deep understanding
of the key ecological traits of the dominant cyanobac-
teria and a thorough design and implementation of the
management measures. Managing blooms in lakes is
more than just application of scientific knowledge, and
social, financial and political aspects all play a role in
lake management. We express our hope that the science
in this Special Issue will be helpful in making choices for
a (cost) effective and sustainable approach, following
guidelines from the WHO Water Safety Plans.
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