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Abstract Artificial mixing has been used as a
measure to prevent the growth of cyanobacteria in
eutrophic lakes and reservoirs for many years. In this
paper, we give an overview of studies that report on
the results of this remedy. Generally, artificial mixing
causes an increase in the oxygen content of the water,
an increase in the temperature in the deep layers but a
decrease in the upper layers, while the standing crop of
phytoplankton (i.e. the chlorophyll content per m?)
often increases partly due to an increase in nutrients
entrained from the hypolimnion or resuspended from
the sediments. A change in composition from
cyanobacterial dominance to green algae and diatoms
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can be observed if the imposed mixing is strong
enough to keep the cyanobacteria entrained in the
turbulent flow, the mixing is deep enough to limit light
availability and the mixing devices are well distributed
horizontally over the lake. Both models and experi-
mental studies show that if phytoplankton is entrained
in the turbulent flow and redistributed vertically over
the entire depth, green algae and diatoms win the
competition over (colonial) cyanobacteria due to a
higher growth rate and reduced sedimentation losses.
The advantage of buoyant cyanobacteria to float up to
the illuminated upper layers is eradicated in a well-
mixed system.

Keywords Artificial mixing - Destratification - Lake
management - Blue-green algae - Cyanobacteria

Introduction

Many eutrophic systems worldwide experience
cyanobacterial blooms that have a suite of negative
impacts on ecosystem functioning including a loss of
aquatic biodiversity, low transparency and the occur-
rence of surface blooms or scums. Cyanobacteria also
can negatively affect domestic and wild animals as
well as human health since they have the potential to
produce toxins (see overview Merel et al. 2013), and
numerous animal and human intoxications by
cyanobacterial toxins have been reported (e.g. Kui-
per-Goodman et al. 1999; Cox et al. 2003; Griffiths
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and Saker 2003; Hilborn et al. 2007). Hence,
cyanobacterial dominance in water systems can have
serious economical and societal consequences as it
impedes important ecosystem services of inland
waters including recreational use, aquaculture, water
usage for irrigation and drinking water usage (Paerl
and Huisman 2009; Ibelings et al. 2014).

Moreover, the presence of cyanobacteria may lead
to other problems if the water is used for drinking
water preparation. Cyanobacteria may produce off-
flavour compounds such as geosmins (Jahnichen et al.
2011). Furthermore, high algal or cyanobacterial
biomass may lead to an anaerobic hypolimnetic layer
in deep lakes where reduced substances such as Fe”,
Mn*" and H,S may accumulate leading to deteriora-
tion of the lake as a source of drinking water. The
anaerobic conditions in the sediment are the result of
microbial decomposition and often cause the release
of large quantities of phosphate (e.g. Lehman 2011),
because the phosphate—iron binding is not maintained
under anaerobic conditions. Hypolimnetic oxygena-
tion techniques are in use to prevent the production of
reduced substances in the sediment while the stratifi-
cation is maintained. This oxygenation creates more
oxidized conditions in the water above the sediment
and thus helps to prevent phosphate release in a lake
(e.g. Taggart and McQueen 1981; Ashley 1983) unless
excessive organic matter is present (Géchter and
Wehrli 1998). The decrease in internal P loading in a
lake of reservoir by hypolimnetic aeration can play an
important role in the restoration of a lake or reservoir
(Bormans et al. 2015).

Artificial mixing or circulation has the aim to
eliminate the stratification in the system and affect the
growth of phytoplankton by the associated changing
physical conditions. More specifically, the dynamics
of the phytoplankton community in hypertrophic and
eutrophic systems are often strongly driven by com-
petition for light, which availability is directly
impacted by the physical structure of the water
column and the distribution of the cells (Huisman
et al. 2004). Manipulation of the physical structure of a
lake by artificial mixing can lead to a change in the
phytoplankton composition and/or biomass. Artificial
mixing often aims to reduce algal and/or cyanobacte-
rial growth for drinking water or recreational pur-
poses, to avoid fish kills or even to stimulate fish stock
in the water. Originally, it was developed to obtain a
higher productivity of trout in Michigan lakes (Hooper
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et al. 1953). Yet, since that study it has mostly been
employed to improve water quality in ponds, lakes and
reservoirs (Barbiero et al. 1996; Visser et al. 1996b;
Heo and Kim 2004). Furthermore, artificial mixing has
been applied with the specific aim to reduce the growth
conditions for cyanobacteria and prevent scum-form-
ing cyanobacteria.

On the basis of artificial mixing experiments in
enclosures, Reynolds et al. (1983) distinguished four
groups of phytoplankton that each responded differ-
ently to deep mixing: (1) phytoplankton favoured by
mixing (Asterionella, Fragilaria, Staurastrum, Oscil-
latoria), (2) phytoplankton favoured by stability and/
or reduced optical depth but whose increase stimulates
cropping by zooplankton, and in turn enhances loss
rates by grazing (Cryptomonas, Rhodomonas,
Ankyra), (3) phytoplankton whose growth is merely
arrested by episodes of deep-column mixing (An-
abaena, Ceratium, Volvox, Microcystis) and (4) phy-
toplankton whose growth is abruptly reversed by
episodes of deep-column mixing (Sphaerocystis,
Eudorina). From these experiments, it became clear
that deep mixing hampers the growth of the cyanobac-
teria Microcystis and Anabaena, while diatoms (Aste-
rionella, Fragilaria, Staurastrum) are favoured by
deep mixing. It also shows that the response is not the
same for all cyanobacteria, as mixing favours Oscil-
latoria agardhii (now called Planktothrix agardhii).

In this paper, we present an overview of studies in
which artificial mixing was applied, successfully or
not, to control cyanobacteria in lakes and reservoirs.
First, the working mechanism of the prevention of
cyanobacterial growth by artificial mixing is explained
and further elucidated by the introduction of a 1D
model. Next, buoyancy regulation by cyanobacteria is
explained, and we review some of the state-of-the-art
models of vertical migration and mixing. We subse-
quently describe the different mixing devices and the
effects of artificial mixing in lakes and reservoirs that
have been reported so far. Finally, we strive to define
the conditions required for a successful application of
artificial mixing to combat cyanobacteria in lakes.

The working mechanism
To understand the effect of artificial mixing on the

growth of cyanobacteria, some physiological charac-
teristics of cyanobacteria need to be elucidated (Carey
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et al. 2012; Mantzouki et al. 2015). An important
feature explaining the success of many bloom-forming
cyanobacteria is buoyancy. Buoyancy is provided by
gas vesicles, hollow proteinaceous structures in the
cells (Walsby 1994). Being buoyant allows cyanobac-
teria to remain in the upper illuminated water layer of a
stratified lake and increase their total daily light dose
(Ibelings et al. 1991; Kohler 1992), while other
negatively buoyant phytoplankton sinks out of these
layers. Artificial mixing leads to an increased mixing
depth, which affects the competition between
cyanobacteria and algae in two ways: (1) negatively
buoyant algae have reduced sedimentation losses, and
hence, their net growth rate tends to increase and (2)
buoyant cyanobacteria entrained in the deep, artifi-
cially induced turbulence experience a lower light
dose and stronger light fluctuations, and hence, their
net growth rate tends to decrease.

Sedimentation is a significant loss process for
diatoms and non-motile green algae (Sommer 1988;
Ptacnik et al. 2003). Both the depth of the mixed layer
and the intrinsic settling velocity of the algae deter-
mine the extent of sedimentation losses of the
negatively buoyant species in a lake (Visser et al.

1996a; Jager et al. 2008). In a stratified lake with only
a shallow mixed layer, sedimentation losses of non-
buoyant algae are generally high. However, the
sedimentation losses decrease with increasing mixing
depth. While entrained in the mixed layer, the average
light dose experienced by the phytoplankton decreases
with deepening of the mixing. Furthermore, the ratio
of the mixing depth to the euphotic depth (Z,/Z..)
increases when the mixing deepens. An increase in this
ratio implies exposure to larger fluctuations in photon
irradiance. Eukaryotic algae such as green algae and
diatoms seem better adapted to these fluctuations
(Flameling and Kromkamp 1997; Nicklisch 1998;
Litchman 2000), while many cyanobacteria seem
more sensitive. A study by Ibelings et al. (1994) in
laboratory cultures showed that the cyanobacterium
Microcystis was more sensitive to changes in photon
irradiance than the green alga Scenedesmus. In a field
experiment, Mitrovic et al. (2003) showed a decrease
in Microcystis (but also of Scenedesmus) under
fluctuating light, while the diatom Skeletonema was
found to increase compared to static light conditions.

In conclusion, of the various effects that artificial
mixing has on the environmental conditions in a lake

PN
Increased Decreased Increased Decreased Improved
nutrient light dose suspended stability of conditions for
concentration | | phytoplankton matter water column fish &
zooplankton

Cyanobacteria

OM.O)
Diatoms and
green algae @

Fig. 1 Diagram showing the general effects of artificial mixing
on algae and cyanobacteria (after Shapiro 1979). Mixing can
lead to a higher nutrient concentration in deep stratified lakes
due to nutrient-rich hypolimnetic waters. Higher nutrient
concentrations can alleviate nutrient limitation of cyanobacteria
and algae and increase the growth rate. Deep mixing will reduce
the light dose as experienced by phytoplankton and will increase
the amount of suspended matter in the water column. Reduced

light exposure will lead to decreased growth of cyanobacteria
and algae. Decreased stability of the water column will benefit
diatoms and green algae, but will be disadvantageous for
buoyant cyanobacteria. Due to the increased oxygen concen-
trations that are generally the result of mixing, the conditions for
fish and zooplankton may improve. More zooplankton generates
higher grazing of algae and will decrease the net growth rate of
diatoms and algae
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(Fig. 1), it is mainly the decreased stability of the
water column, which causes a shift from cyanobacteria
to green algae and diatoms.

Theory

The impact of artificial mixing on the competitive
balance between buoyant cyanobacteria and sinking
phytoplankton, as outlined above, can be further
explored by a simple 1D model. The model considers
a vertical water column with several phytoplankton
species. We assume a highly eutrophic system in
which nutrients are in ample supply, and hence, the
species mainly interact through mutual shading (i.e.
competition for light). Let N,(z,f) denote the concen-
tration of phytoplankton species i at depth z and time .
The population dynamics of a number of n phyto-
plankton species depends on the growth rates and
vertical velocities of the different species and also on
turbulent mixing of the water column and the under-
water light field. This can be described by the
following set of partial differential equations (Klaus-
meier and Litchman 2001; Huisman et al. 2004):

N 1+ v+ Dy pEN
o MR T (1)
i=1,...,n

Here, u,(1(z,1)) is the net-specific growth rate of species
i as function of the local light intensity / at depth z and
time #, v; is the vertical velocity of species i (with
v; < 0 for sinking species and v; > 0 for buoyant
species), and D is known as the turbulent diffusion
coefficient or vertical eddy diffusivity. For notational
convenience, we assume that the net-specific growth
rate also includes phytoplankton losses due to, for
example, natural mortality, viral lysis and zooplankton
grazing. Light intensity decreases exponentially with
depth according to Lambert—Beer’s law, in which the
light attenuation coefficient is a function of the
background turbidity of the water column and the
concentrations of the different phytoplankton species
(Huisman et al. 2004). For the purpose of illustration,
we have here assumed that the turbulent diffusion
coefficient D is constant over depth, but it is relatively
straightforward to extend the model with depth-
dependent variation of D (Huisman and Sommeijer
2002; Johnk et al. 2008). We assume zero-flux
boundary conditions.
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Fig. 2 Schematic overview of the dependency of the outcome
of competition for light between buoyant cyanobacteria and the
diatoms and green algae on the water-column depth and the
turbulent diffusivity. Buoyant cyanobacteria will win if the
Péclet number (Pe) is much larger than 1 in shallow waters and
the competition number (C) is much smaller than 1 in deep
waters. Conversely, diatoms and green algae will displace the
buoyant cyanobacteria when these relationships are reversed.
Adapted from Huisman et al. (2004)

The model predictions are shown in Fig. 2, for
different combinations of the total water-column
depth z,, and the turbulent diffusion coefficient
D. Buoyant cyanobacteria such as Microcystis tend
to have a relatively low growth rate in comparison
with most other phytoplankton species. The model
predicts that the higher growth rates of green algae and
diatoms compared to Microcystis lead to competitive
exclusion of Microcystis in well-mixed environments.
This prediction is supported by laboratory competition
experiments (Huisman et al. 1999). In weakly mixed
waters, Microcystis escapes the mixing and floats
upwards, whereas diatoms and green algae are also not
entrained but sink downwards, out of the surface layer.
Hence, the model predicts that Microcystis displaces
the diatoms and green algae in weakly mixed waters.

The different regions in Fig. 2 can be approximated
by a few dimensionless numbers that capture the time
scales of the relevant processes (Huisman et al. 2004).
In relatively shallow waters (z3; < 30 m), the outcome
of competition depends on the time scale of turbulent
mixing (7,ix) and the time scale of the vertical velocity
obtained by flotation or sinking (7y):

ZZZW M
Tmix = — and 7,y = — (2)
D i
The time scale of turbulent mixing indicates the time
required for a phytoplankter to travel through a water-
column depth z,, by means of turbulent mixing. The
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time scale of vertical velocity indicates the time
required for a phytoplankter to travel through the
water column by means of its sinking or flotation rate.

The dimensionless Péclet number, Pe, is defined as
the ratio of these two time scales (e.g. Condie 1999;
O’Brien et al. 2003):

Pé‘l‘ _ Tmix _ ViZm (3)
Tyy D

If the vertical velocity is much faster than the rate of
turbulent mixing, the Péclet number is large. And if
turbulent mixing dominates over sinking or flotation,
the Péclet number is small. In our application, the
diagonal boundary line between dominance of Micro-
cystis and dominance of the diatoms and green algae in
Fig. 2 can be described by the Péclet number. That is,
the winner of competition depends on the ratio of the
time scales of turbulent mixing and vertical flotation.
We note that the Péclet number is species specific,
because the vertical velocity is different for different
species. The model simulations indicate that the
buoyant cyanobacterium Microcystis wins the com-
petition when it is able to overtop the sinking green
algae and diatoms, and therefore, we focus here on the
Péclet number from the perspective of Microcystis. If
the vertical flotation velocity of Microcystis exceeds
the rate of turbulent mixing (i.e. Pe > 1), Microcystis
will float upwards and forms a bloom in the upper
metres of the water column, and hence outcompetes
the diatoms and green algae. Conversely, if the vertical
flotation velocity does not dominate over turbulent
mixing (i.e. Pe < 1), Microcystis cannot form a
surface bloom but remains homogeneously mixed, and
the diatoms and green algae win (Fig. 2).

In deeper waters, the boundary line between
dominance of either the buoyant cyanobacterium
Microcystis or the sinking diatoms and green algae
bends off and becomes independent of the depth of the
water column (Fig. 2). In these deep waters, a
phytoplankter has sufficient time to produce several
daughter cells before it is transported across the depth
of the water column by mixing or flotation. In this
case, the vertical positions of the buoyant versus
sinking species depend not only on the time scales of
mixing, flotation and sinking, but on the time scale of
phytoplankton growth as well. More specifically, the
asymptotic expansion rate of a growing phytoplankton
population would be given by the square root of
4ui(li)D (e.g. Riley et al. 1949; Skellam 1951), where

we evaluated the near-surface growth rate at an
incident light intensity I;,,. Hence, the upward move-
ment of a buoyant phytoplankton population is given
by the sum of its upward expansion by population
growth and its upward flux by flotation. Likewise, the
upward movement of a sinking phytoplankton popu-
lation is given by the sum of its upward expansion by
population growth minus its downward flux by
sinking. The winner of competition for light is the
species that gets on top and therefore put its competi-
tors in its shade. Therefore, we introduce a new
dimensionless number that compares the upward
movement of the buoyant versus sinking species, to
indicate which species will get on top. We have called
this dimensionless number the competition number C:

C— V 4:us([in)D — Vs (4)
\/4,[1;,(11,1)1) —+ v

where we use the subscript b for the buoyant
cyanobacteria and the subscript s for the sinking
diatoms and green algae. If C < 1, the population of
buoyant cyanobacteria moves upwards faster and wins
the competition. If C > 1, the population expansion
of the diatoms and green algae is sufficiently large to
overcome their own sinking losses and the upward
movement of the competing buoyant cyanobacteria,
and hence, the diatoms and green algae win (Fig. 2).

These dimensionless numbers can be applied to
estimate, roughly, the level of turbulence that is
required to switch a system from dominance by
buoyant cyanobacteria to dominance by sinking
diatoms and green algae. For instance, Lake Nieuwe
Meer in The Netherlands has an average water-
column depth of z;;, = 18 m, and therefore, we focus
on the Péclet number. Let us assume that the
Microcystis population in Lake Nieuwe Meer has an
average flotation velocity of v; = 0.5 m h™'. Micro-
cystis will float upwards and forms a surface bloom if
Pe > 1, let’s say Pe > 10. Rearranging Eq. (3), this
will occur if the turbulent diffusivity remains below
D < v; z)/10. Accordingly, Microcystis is predicted
to develop surface blooms if D <0.9 m*> h™' or
equivalently D < 2.5 cm® s™'. The turbulence gen-
erated by artificial mixing of the real lake exceeded
this critical value, and hence, indeed artificial mixing
of the lake prevented surface blooms of Microcystis
and shifted the species composition towards diatoms
and green algae (Huisman et al. 2004).

@ Springer
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The above theory is of course still a major simpli-
fication of the full complexity of the real world.
However, the population dynamics outlined in Eq. (1)
can be incorporated in more complex numerical
models that also cover other aspects of relevance for
cyanobacterial growth, such as changes in nutrient
availability and temporal and spatial variability in
hydrodynamical flows. For instance, growth of An-
abaena circinalis in the Myponga Reservoir, an
artificially destratified reservoir in South Australia,
was modelled with the phytoplankton community
model PROTECH (Lewis et al. 2002) and with the
coupled hydrodynamic—ecological numerical model
DYRESM-CAEDYM (Lewis et al. 2004). In addition
to artificial mixing, also chemical dosing with CuSO,
was used to manage cyanobacterial growth in this
reservoir. Both models successfully predicted the
dynamics of the dominant phytoplankton species in
the reservoir when different management strategies
were applied. In another study, the DYRESM-
CAEDYM model was used to explore the effects of
several different artificial destratification designs on
Microcystis biomass in a eutrophic reservoir in
Argentina (Antenucci et al. 2003). The model pre-
dicted that the best results would be obtained by the
combination of a deep diffuser to suppress phosphorus
release from the sediments by oxygenation of the
hypolimnion and a shallow diffuser to enhance vertical
mixing in the surface layer. Hence, these numerical
models can be very useful to assist effective manage-
ment of cyanobacterial blooms in lakes and reservoirs.

Buoyancy regulation

In the preceding theory section, we assumed that the
vertical flotation velocities of cyanobacteria were
constant, which is a common assumption in several
model studies (e.g. Bormans and Condie 1998;
Huisman et al. 2004; Johnk et al. 2008). However,
many cyanobacteria possess buoyancy regulation
mechanisms, which allow them to actively control
their vertical position in the water column. Examples
include Anabaena (Oliver and Walsby 1988), Micro-
cystis (Kromkamp and Mur 1984; Ibelings et al. 1991;
Visser et al. 1996b), Aphanizomenon (Konopka 1989)
and Oscillatoria (Walsby et al. 1983). Extensive
reviews of the factors affecting buoyancy regulation
are given by Reynolds (1987), Oliver (1994) and
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Walsby (1994). There are three possible mechanisms
of buoyancy regulation: (1) changes in the rates of
synthesis of gas vesicles, (2) changes in cell ballast
(mainly carbohydrate and protein content) and (3) gas
vesicle collapse by rising turgor pressure. However,
this latter mechanism is probably not responsible for
buoyancy regulation in natural populations (Walsby
1994), because many species (including Microcystis
spp.) have gas vesicles too strong to be collapsed by
combined turgor and hydrostatic pressures (Krom-
kamp et al. 1986). According to the carbohydrate
ballast mechanism, the concentration of carbohydrates
in the cells depends on the temporal integration of
carbon storage during the day by photosynthesis and
by reductions in carbon storage during the night by
respiration. This mechanism has been demonstrated in
Oscillatoria (Utkilen et al. 1985), Microcystis (Krom-
kamp and Mur 1984; Thomas and Walsby 1985),
Aphanizomenon (Konopka et al. 1987) and Anabaena
(Kinsman et al. 1991). Gas vesicles synthesis is
stimulated by low irradiance and allows cyanobacteria
a faster return towards illuminated surface layers when
water column stability permits this (Deacon and
Walsby 1990). In contrast, a period of low irradiance
caused by deep mixing in Lake Windermere induced
over buoyancy of the Anabaena colonies, where the
cells produced so many gas vesicles that the normal
buoyancy regulating mechanisms no longer operated
(Walsby et al. 1991). This enhanced the risk of surface
bloom formation, where the high irradiance and
temperature in the scum, combined with total deple-
tion of carbon greatly increased the risk of photodam-
age (Ibelings 1996; Ibelings and Maberly 1998).
Both light and nutrients are important factors in the
regulation of buoyancy in cyanobacteria. A large
number of papers describe how cyanobacteria genera
change their buoyancy in response to light changes in
laboratory experiments (Thomas and Walsby 1985;
Kromkamp et al. 1988) or through the diel cycle of
light and dark in field experiments (Ibelings et al.
1991; Wallace and Hamilton 1999). All studies
consistently report an increase in buoyancy under
low light and a decrease under high light. Based on
laboratory experiments of changes in carbohydrate
content of cells at different irradiances, Visser et al.
(1997) suggested empirical relationships for the rate of
density changes of Microcystis as a function of light.
These particular relationships have subsequently been
used in many applications (e.g. Chien et al. 2013). Far
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fewer studies have concentrated on the nutrient
response, and they report a consistent decrease in
buoyancy under N and P limitation and a buoyancy
increase under N and P replenishment (Klemer et al.
1996; Brookes and Ganf 2001; Chu et al. 2007). In
natural conditions, Bormans et al. (1999) combined
field observations from several Australian systems
with studies reported in the literature to show that no
field studies reported evidence for population migra-
tion to sufficient depth to reach nutrients in stratified
systems. Instead, changes in vertical distribution of
phytoplankton were either a response to light or a
response to the dynamics of the mixed layer.

Modelling vertical migration and mixing in lakes

Models of increasing complexity have been progres-
sively developed to study vertical migration of
cyanobacteria. Changes in flotation velocity due to
changes in the density of cyanobacterial cells were
incorporated into Stokes’ equation in the work of
Kromkamp and Walsby (1990) and Visser et al.
(1997). The latter two studies built upon laboratory
experiments, which showed that cyanobacteria change
their density in response to the diurnal light cycle, as
they accumulate carbohydrate ballast during the
daytime and respire these carbohydrates during the
night. Gas vesicles to cell volume ratios and cell
volume to colony volume ratios were added by
Rabouille and Salencon (2005) and Aparicio Medrano
et al. (2013), while non-uniform colony size distribu-
tion was included by Chien et al. (2013). However, no
models to date include explicitly the buoyancy
response to gradients in nutrients.

Vertical migration is affected by turbulent mixing,
which modifies the depth distribution and the light
dose received. Hence, a combination of a buoyancy
regulation model and a hydrodynamic model is
required to explain dynamic changes in the vertical
distribution of cyanobacteria under natural conditions.
Several authors have developed such coupled hydro-
dynamical and buoyancy regulation models and
successfully applied them to natural conditions (Bor-
mans and Condie 1998; Howard 1997; Wallace and
Hamilton 2000; Aparicio Medrano et al. 2013). As
cyanobacterial species differ in their morphology, they
also have different vertical migration velocities,
ranging from a few cm d~' for small unicellular

cyanobacteria to several m d~' for large colonies of
Microcystis. Consequently, the intensity of mixing
required to entrain the cyanobacteria into the turbulent
flow is highly dependent on the species. Large
Microcystis colonies will require a much higher
mixing rate to remain uniformly entrained than small
unicells or filaments.

Mixing devices
Aeration systems

Systems bringing air under higher pressure can break
the stratification and induce mixing of the water
column. In this way, bottom water is moved upwards.
The depth of the air inlet is important: the greater the
depth, the more efficient the mixing is (Cooke et al.
1993). Lorenzen and Fast (1977) concluded that an air
flow rate of 9.2 m® min~' km™? lake area should be
sufficient to accomplish adequate surface reaeration
and other benefits of circulation in most lakes.
However, it is uncertain whether this flow rate is also
sufficient to keep cyanobacterial colonies entrained.
For the efficiency, it is also important to consider
whether the aeration is from one point or from several
outlets in a pipe. With several outlets, one can produce
curtains of bubbles, which cover a larger area than one
single bubble plume. Most studies listed in Table 1
made use of aerators with a compressor pumping
compressed air through a diffuser or pipe with holes in
it. In Lake Dalbang (South Korea), aerators were used
of the intermittent bubble blaster type (Heo and Kim
2004). Here, air is compressed inside a cylinder until it
is released at once to produce a large bubble that
pushes water upwards, bringing hypolimnetic water
up to the surface.

Mechanical destratification devices

Pumping warm water downwards (down flow sys-
tems) or cold water upwards reduces the temperature
differences across the thermocline and thus potentially
induces mixing of the water column. Two types of
pumps have been developed for the destratification of
lakes: (1) axial flow pumps with a large propeller that
generates a low velocity jet and (2) a direct drive mixer
with a small propeller that generates high velocity jets
(Cooke et al. 1993). However, this form of mechanical
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mixing is less efficient than aeration (Symons et al.
1967, 1970; Knoppert et al. 1970) and has been used
less frequently (Cooke et al. 1993).

Solar-powered water mixers

These devices are up-flow water circulators that pump
water to the surface through an intake hose and
transport it radially in all directions to improve surface
flows (Upadhyay et al. 2013). Generally, only the
epilimnetic water is circulated and stratification is
maintained. These mixers have thus a limited zone of
influence and are unable to adequately mix entire lakes
to effectively control cyanobacteria (Upadhyay et al.
2013). In contrast, Hudnell et al. (2010) showed that
solar-powered circulation suppressed cyanobacterial
densities in two reservoirs. Here, several so-called
Solar Bees© were installed in reservoirs, and intake
hoses were set at depths at the base of the photic zone,
usually just above the thermocline. It is surprising that
cyanobacteria were suppressed without mixing to a
depth below the epilimnion.

Effects of artificial mixing

We confined this literature review to those studies that
applied artificial mixing with the aim to control
cyanobacteria in lakes (see Table 1 for the studied
lakes and their characteristics). This implies that also
studies were included in which the result of mixing
was only partial destratification. Not all changes in
variables were reported in detail in the studies and in
order to give an overview of general changes observed
in artificially mixed lakes, we also refer to some other
studies in the evaluation of physical, chemical and
biological changes below. We did not include studies
where a combination of different measures made it
impossible to decipher the contribution of artificial
mixing to lake restoration.

Temperature

The primary effect of artificial mixing is to increase
the mixed layer depth. As a result of artificial mixing,
the temperature of the total (mixed) water body
generally decreases if one compares it to the temper-
ature of the epilimnion in the lake when it was
stratified (Cooke et al. 1993). In Lake Dalbang, South

Korea, the maximum surface temperature decreased
from 28.9 to 26.4 °C after destratification, whereas the
maximum hypolimnetic temperature increased from
8.0 to 23.7 °C (Heo and Kim 2004). In Lake Nieuwe
Meer, The Netherlands, the maximum surface tem-
perature decreased from 23.4 to 19.1 °C after aeration,
whereas the maximum temperature in the deeper
layers increased from 8.0 to 19.1 °C (Visser et al.
1996b). In shallower lakes, changes in temperature are
less obvious or not observed at all (e.g. Cowell et al.
1987).

An increase in temperature of the hypolimnion
will affect biogeochemical processes at the sedi-
ment—water interface. For instance, higher tempera-
tures may cause an increased mineralization of
organic material accumulated in the sediment, which
may result in a higher phosphorus (P) release from
the sediment into the water column depending on the
oxygen conditions.

Oxygen

By artificial circulation, high oxygen concentrations in
the top layers obtained from atmospheric exchange
and primary production are transported to depth.
Furthermore, oxygen is also brought into the water
column if the artificial mixing is generated by aeration
with compressed air. Hence, the principal, and prob-
ably the most reliable, effect of artificial mixing is to
raise the total dissolved oxygen concentration
throughout the lake, and particularly in the bottom
waters (Cooke et al. 1993). Indeed, this result can be
found in many studies that measured and reported the
oxygen content of the lake (Cowell et al. 1987; Cooke
et al. 1993; Visser et al. 1996b; Heo and Kim 2004;
Lehman 2014).

Higher oxygen concentrations in the hypolimnion
enlarge suitable habitat for a large number of oxygen-
dependent organisms such as zooplankton and fish
(Doke et al. 1995; Klumb et al. 2004; Skinner et al.
2014) and avoid fish kills by preventing the upwelling
of anoxic hypolimnetic water (Miiller and Stadelmann
2004). Enhanced oxygen availability also has major
effects on many biogeochemical processes. For
instance, the creation of aerobic conditions in the
hypolimnion may decrease P release from the sedi-
ments (see below) and may improve water quality by
suppressing the accumulation of high concentrations
of ammonium and sulphide (Beutel 2006).
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Acidity

In many studies, the pH in the top layer was lowered
with 0.5-1 units as a result of mixing of carbon
dioxide-rich hypolimnion water with carbon dioxide-
poor epilimnion water or as a result of decreased
primary production through deeper mixing (Cowell
et al. 1987; Cooke et al. 1993; Visser et al. 1996b).

Nutrients

In terms of total P, opposite results have been found
depending on the type of system and sediment
characteristics. In some studies, a decrease in total
P indicates a decreased internal loading due to more
oxidized conditions near the sediment. Sherman et al.
(2000), for instance, showed that the amount of
soluble reactive phosphorus released from the sedi-
ments in the Chaffey Reservoir, in Australia,
decreased by about 80 % due to enhanced oxygen
transport to the hypolimnion by artificial destratifi-
cation. In other studies, total P increased, possibly
due to mixing of nutrient-rich water from the
hypolimnion into the upper layers (Osgood and
Stiegler 1990) or to enhanced mineralization of
P-containing organic matter. The study of Gichter
and Wehrli (1998) based on 10 years of experience
with artificial mixing and hypolimnetic oxygenation
in two eutrophic lakes concluded that these tech-
niques could not prevent anoxic conditions below the
water—sediment interface due to high sedimentation
rates of organic matter, and consequently, the tech-
niques did not affect the internal cycling of P in the
lakes. Accordingly, the effects of artificial mixing on
internal P loading vary across lakes, and in several
eutrophic lakes mixing appeared to have only a minor
effect on the internal P loading. More details on the
effects of hypolimnetic oxygenation on internal P
loading are presented elsewhere in this issue (Bor-
mans et al. 2015).

Transparency

The light extinction coefficient did not change
considerably in many continuously mixed lakes. In
the intermittently mixed Lake Fischkaltersee, how-
ever, the transparency as measured with a Secchi disc
did increase and was regularly more than 2 m
(Steinberg and Zimmermann 1988). The same lake

@ Springer

did not show this enhanced transparency when con-
tinuously mixed.

Phytoplankton biomass

In general, chlorophyll concentrations hardly changed
as a result of mixing (e.g. Heo and Kim 2004),
although both increases (Steinberg 1983) and
decreases (Cowell et al. 1987; Steinberg and Zimmer-
mann 1988; Visser et al. 1996b) were observed as
well. Complete circulation may cause changes in the
total algal biomass integrated over the entire depth of
the water column, i.e. in mg chlorophyll per m”.
Whether this standing crop will increase or decrease
during complete mixing depends on the limitation
factor of the phytoplankton. Models simulating the
total biomass per unit surface area as a function of
mixing depth (Lorenzen and Mitchell 1973; Oskam
1978; Huisman and Weissing 1995; Diehl 2002) show
that with increasing mixing depth the biomass initially
will increase, until a mixing depth where nutrient
limitation is replaced by light limitation, causing a
decrease in biomass with further increases in mixing
depth (Fig. 3). The biomass per surface area of light-
limited phytoplankton decreases with increasing mix-
ing depth, because more light is absorbed by water,
and hence, less is available for growth of the plankton
(Huisman et al. 1999; Diehl et al. 2002).

Indeed, in most cases an increase in total chloro-
phyll per m* was found when a water system was
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Fig. 3 Generalized plot of total phytoplankton biomass per unit
surface area as function of mixing depth for both nutrient- and
light-limited phytoplankton. With an increase in mixing depth
initially the larger availability of nutrients alleviates nutrient
limitation and stimulates biomass, however, at a given mixing
depth light limitation takes over from nutrients as limiting
resource and biomass goes down (modified after Lorenzen and
Mitchell 1973)
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mixed (Pastorok et al. 1980; Toetz 1981; Steinberg
1983; Hawkins and Griffiths 1993; Visser et al. 1996b;
Heo and Kim 2004). This can be explained by nutrient
limitation of the phytoplankton: more nutrients
become available for growth per unit surface area,
and moreover, the concentration of nutrients in the
hypolimnion is often higher than in the epilimnion, so
that when the two are combined through destratifica-
tion the availability of nutrients in the euphotic zone
increases. Also decreased sedimentation losses of the
phytoplankton are suggested as an explanation for
increased biomass per surface area (Toetz 1981;
Visser et al. 1996b; Diehl et al. 2002). In order to
establish a decrease in total algal biomass, the mixing
depth should be further increased. Although a lower
total algal biomass has not been reached in many
studies, this does not imply that artificial mixing was
unsuccessful. In many cases, dense surface blooms
disappeared and the phytoplankton species composi-
tion shifted away from cyanobacteria, in line with the
desired result.

Phytoplankton composition

A shift from cyanobacteria to green algae and/or
diatoms is often found in artificially mixed lakes
(Table 1; Haynes 1973; Toetz 1977; Cowell et al.
1987; Steinberg and Zimmermann 1988; Hawkins and
Griffiths 1993; Visser et al. 1996b; Heo and Kim 2004;
Huisman et al. 2004; Becker et al. 2006; Lehman
2014). A decrease in cyanobacterial dominance can be
understood when the conditions resulting from artifi-
cial mixing of a lake are compared with the physical
requirements for cyanobacterial dominance. Decreas-
ing stability, temperature and pH in a mixed lake are
generally not favourable for cyanobacteria (Cooke
et al. 1993; Paerl and Huisman 2009). In Lake Nieuwe
Meer (Visser et al. 1996b; Huisman et al. 2004),
decreased sedimentation losses in the mixed lake were
implicated as being responsible for the increased
number of green algae and diatoms. The sedimentation
loss rate of the green alga Scenedesmus in the stratified
and mixed lake was described in relation to the mixing
depth by Visser et al. (1996a). This loss rate was
almost equal to the measured intrinsic sinking velocity
divided by the mixing depth, in line with theoretical
predictions (Smith 1982; Diehl 2002). Higher silica
availability might also have contributed to enhanced
growth of diatoms.

Reduction in growth of Microcystis was found by
Toetz (1981), Visser et al. (1996b) and Lilnden-
schmidt (1999) in an artificially mixed lake. Elimina-
tion of Planktothrix agardhii during continuous
mixing was found in Lake Fischkaltersee (Steinberg
1983). Its reappearance after complete absence for
2 years (Steinberg 1983; Steinberg and Tille-Back-
haus 1990) showed that this species is turbulence
tolerant. Also, Reynolds et al. (1983) observed
favourable conditions for Planktothrix if the ratio of
Zw/Z, is higher than 2. However, its abundance could
be set back by intermittent mixing in Lake Fish-
kaltersee (Steinberg and Zimmermann, 1988). In the
study of Heo and Kim (2004), the Z,,/Z., in the mixed
Lake Dalbang was 2.5 m and the mixing succeeded to
eliminate Anabaena. Z/Z., > 1 causes phytoplank-
ton to be mixed below the euphotic depth and the
higher this ratio becomes, the longer the phytoplank-
ton remains in the dark.

A successful decline of cyanobacteria has been
found in a reservoir that was not completely mixed
(Becker et al. 2006), but in this particular case the
euphotic zone was very shallow due to strong back-
ground attenuation, thus leading to a very high Z,/Z,
ratio.

The mixing rate can also affect the outcome of
competition. Forsberg and Shapiro (1980) studied the
response of phytoplankton to mixing depth and rates in
enclosures and concluded that cyanobacteria
increased in relative abundance at the slower mixing
rates while green algae and diatoms were favoured by
the fastest mixing intensities. The shift to green algae
occurred only during conditions of low pH and rapid
mixing in this study. It should be noted that the
maximum depth of the enclosures was only 8 m.

Cyanobacterial abundance is not always decreased
by artificial mixing (e.g. Knoppert et al. 1970; Lackey
1973; Osgood and Stiegler 1990; Barbiero et al. 1996;
Oberholster et al. 2006; Tsukada et al. 2006). Pastorok
et al. (1980) summarized the results of a large number
of destratification case studies: of 24 lake experiments,
the number of cyanobacteria decreased in 12 cases,
increased in 8 cases and no change was observed in 4
cases. McAuliffe and Rosich (1990, in Sherman et al.
2000) reported that there was no improvement in the
amount or type of algae in more than 70 % of
reservoirs with artificial destratification in Australia.
In Lake Yogo (Japan), Tsukada et al. (2006) observed
that destratification through aeration was not strong
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enough to prevent cyanobacterial blooms. Lackey
(1973) reported an increase in the cyanobacteria
Anabaena flos-aquae, Aphanizomenon flos-aquae
and Gomphosphaeria lacustris in the artificially mixed
Parvin Lake (USA). In the artificially destratified
North Pine Dam, Australia, abundance of Cylindros-
permopsis was not affected by the mixing but corre-
lations of this dominant cyanobacterium with other
genera indicated that prior to destratification its
competitive advantage involved its ability to compete
for P, whereas after destratification it involved its
ability to compete for light. Furthermore, mixing will
not have the desired effect if a lake is too shallow, e.g.
in an urban lake in Colorada, USA, with a depth of less
than a metre, artificial mixing did not affect the
cyanobacterial dominance (Oberholster et al. 2006).
The mixing efficiency generally weakens further
away from the device. For example, in Bleiloch
Reservoir (Becker et al. 2006), the temperature
difference between the epilimnion and hypolimnion
increased at increasing distances to the diffuser. At the
site close to the diffuser, the cyanobacterial abundance
had decreased, but cyanobacteria were more abundant
at larger distance of the diffuser. In a comparison
between an artificially mixed reservoir (North Pine
reservoir) and two naturally mixed reservoirs (Wiven-
hoe and Somerset Reservoirs), significant differences
in the phytoplankton composition were only observed
for the site close to the dam wall where the diffusers
were located (Burford and O’Donohue 2006). This
indicates that the mixing was effective close to the
aerator but ineffective at greater distance. Taken all
sites together, still a difference could be found in lower
peaks of cyanobacterial abundance in North Pine
Reservoir with a destratification unit compared to the
other reservoirs. Minor effects of mixing included
differences in the successional patterns in abundance
of the dominant genera. However, the artificially
mixed North Pine Reservoir did not show major
differences in algal species composition compared to
the other two non-mixed reservoirs. An earlier study
on this reservoir (Antenucci et al. 2005) in which
11 years before and 7 years after installation of the
destratification device was compared concluded: ‘A
strong spatial gradient in phytoplankton abundance
and chlorophyll a was observed, with low abundance
in the downstream regions affected by the destratifi-
cation system which was likely because of light
limitation induced by vertical mixing. The upstream
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region acted as a surrogate for the unaltered state of the
reservoir, particularly as an indicator of eutrophication
without direct influence from the destratification
system’.

Zooplankton

Only a few studies investigated effects of artificial
mixing on zooplankton, but Becker et al. (2006)
showed that destratification caused an increase in the
zooplankton abundances. Effects on higher trophic
levels were not investigated in the papers we studied,
but from other papers it is known that mixing may also
benefit fish abundance (e.g. Vasek et al. 2013).

Determination of mixing efficiency

Hydrodynamic models testing the effect of artificial
mixing on cyanobacterial growth have been sparse.
Microcystis distribution and growth before and during
artificial mixing have been modelled by Huisman et al.
(2004), with changes in vertical diffusivity calculated
from detailed profiles of the temperature microstruc-
ture measured with a Self-Contained Autonomous
MicroProfiler (SCAMP). They showed that the inter-
play between mixing and access to light determined
the changes in phytoplankton composition controlling
Microcystis growth. Johnk et al. (2008) developed a
model explaining the failure of intermittent artificial
mixing to control a Microcystis bloom. The coupling
between a hydrodynamic model, driven by meteoro-
logical data during an extreme summer heat wave, and
a phytoplankton growth model, with functions for
temperature, light and buoyancy regulation, provided
further insight into the environmental conditions
promoting cyanobacterial blooms. These papers
showed that the level of the turbulent diffusivity is
of great importance to determine whether or not
mixing will be successful.

Entrainment of cyanobacterial colonies in the
turbulent flow can be determined by assessment of
buoyancy changes (i.e. carbohydrate accumulation or
breakdown). The carbohydrate content of a cell is a
direct result of its photosynthetic activity. Hence, it
can serve to give an indication of the light history of
the cells (Ibelings et al. 1991). A linear relation
between the carbohydrate accumulation and growth
rate was found by Foy (1983). Direct measurements of
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the growth rate in the field are difficult, but carbohy-
drates or buoyancy state can be easily measured.
Buoyancy of colonies at deep and shallow mixed
locations in the artificially mixed Lake Nieuwe Meer
(Visser et al. 1996b) showed that Microcystis pro-
duced less carbohydrate when entrainment by the
artificially induced turbulence was efficient and mix-
ing was deep. From these determinations, it could be
concluded that on sunny, calm days, colonies could
escape the mixing at some locations in the lake that
were apparently less well mixed than locations closer
to the bubble plumes. At these less-well-mixed
locations, an accumulation of colonies in the surface
layer occurred.

Chlorophyll fluorescence can also provide infor-
mation on the light history of algal cells, which can be
used to obtain insight into the degree of mixing of the
water column and the entrainment of cyanobacteria in
the turbulent flow (Harris 1980; Huot and Babin
2010). Upadhyay et al. (2013) determined the variable
fluorescence ratio Fv/Fm, which is a good quantitative
indicator of the quantum yield of photosystem II,
before and after turning on the mixing device and
observed a more depressed Fv/Fm at the surface
compared to deeper in the water column before turning
the device on. When the mixing was on, the difference
over depth was much smaller, although the effect
weakened at increasing distances.

Preconditions for a successful application

Artificial mixing in lakes was not successful if the
system was (1) not sufficiently well mixed vertically,
(2) too shallow or (3) if the horizontal distribution of
mixing devices was inadequate to cover the entire
lake. If the mixing rate is not high enough to entrain
the cyanobacteria and decrease their light exposure,
colony-forming cyanobacteria can easily ‘escape’
from the turbulent flow due to their high flotation
velocity.

Artificial mixing will only be effective in rather
deep lakes. Distinction has to be made between
colonies and filaments: colony-forming species, such
as Microcystis, have a much higher flotation velocity
and the mixing velocity of the water needs to be high
enough to keep the colonies entrained in the turbulent
flow. Filamentous cyanobacteria, such as Plank-
tothrix, have a much lower flotation velocity, which

greatly reduces the required mixing rate. In The
Netherlands, Planktothrix-dominated lakes are mostly
shallow (<4 m, Schreurs 1992) and typically polymic-
tic, such that the Planktothrix filaments are already
entrained by natural mixing. It can be expected that
artificial mixing will not reduce the Planktothrix
biomass in these lakes.

The minimum depth of the lakes in which artificial
mixing was successful to reduce Microcystis was
15.8 m (Table 1, Heo and Kim 2004), but lakes where
other cyanobacterial species were successfully con-
trolled were shallower. What the minimum depth is for
successful suppression of cyanobacteria by artificial
mixing is still unknown and depends on several
environmental factors. An important factor is light
attenuation in the water column, because a substantial
reduction in light availability for phytoplankton pho-
tosynthesis can be established at a shallower mixing
depth in a turbid lake than in a clear lake. Therefore,
the ratio of mixing depth to euphotic depth is usually
more informative than the mixing depth itself. For
example, Sherman et al. (2000) found that the ratio of
the surface mixed layer to the euphotic depth should be
larger than 3 to impose light limitation and reduce the
abundance of Anabaena circinalis. A similar ratio of
Zw/Zey >3 was observed to limit the growth of
Cylindrospermopsis raciborskii (Bormans et al.
2005).

Results of Steinberg and Zimmermann (1988) as
well as calculations by Oskam (1978) and Jungo et al.
(2001) suggest that in most lakes continuous mixing
down to a depth of less than 15 m would not induce
sufficient light limitation to successfully control
cyanobacteria such as Microcystis. According to
Lilndenschmidt (1999), continuous artificial mixing
in shallow lakes (<15 m) enhances cyanobacterial
growth since light limitation is not likely to occur
already at these depths and mixing just above the
sediment may bring more P into the water column.
Here, intermittent mixing as tested in Fischkaltersee
(Steinberg and Zimmermann 1988) or surge aeration
as in Lake Tegel (Lilndenschmidt 1999) might be a
solution to reduce cyanobacterial abundance.

Mixing regimes

Intermittent mixing (to reduce energy costs) would be
possible to prevent growth of non-colonial cyanobacteria,

@ Springer



436

Aquat Ecol (2016) 50:423-441

but colonial cyanobacteria may benefit from the periods
of stability by their high flotation rate. Colonial
cyanobacteria are able to quickly return to the upper
layer and benefit from the higher photon irradiance in
periods without mixing. In fact, this is the natural
behaviour for colony-forming cyanobacteria such as
Microcystis. They are well adapted to conditions of
varying mixing intensity, rapidly floating up into the
illuminated surface mixed layer during—even brief—
periods of quiescence (sometimes described as ‘tracking
the surface mixed layer’, Humphries and Lyne 1988).
Smaller colonies or filaments need several hours or days
to rise from deep layers to the euphotic zone and will
receive only a small light dose when mixing intermit-
tently takes them to greater depth. Moreover, the small
colonies or filaments present in the upper layer are not
able to escape the high irradiance, even when they
manage to build up enough carbohydrate to loose
buoyancy, since their sinking rates are too low [as was
shown in a simulation of vertical migration of Microcystis
colonies of various sizes (Visser et al. 1997)]. Especially
when cyanobacteria were previously deeply mixed and
thus adapted to low irradiance, they are vulnerable to
photoinhibition and potentially photooxidation. Kohler
(1992) showed a delay in the growth of Microcystis when
the mixing depth suddenly decreased.

During the growing season of Microcystis, from
about mid-July till mid-September, continuous mixing
would be the best regime to prevent growth. Intermit-
tent mixing might cause a Microcystis bloom because
of the occurrence of temporal stratification that
Microcystis can use to concentrate in the upper layers.
Especially during hot summers, intermittent mixing
will not be sufficient to reduce the growth of Micro-
cystis. For example, an intermittent mixing regime in
which artificial mixing was alternately switched on
and off for periods of 14 days was tested in one of the
hottest summers ever recorded in Europe (2003) and
resulted in a bloom of Microcystis (Johnk et al. 2008).

However, in spring an intermittent mixing regime
can be applied in order to reduce energy costs. In this
time of the year, Microcystis has not yet build up a
large population and the mixing has been applied with
the aim to prevent anoxic conditions. In Lake Nieuwe
Meer, this was successfully tested in 1994. Stratifica-
tion and oxygen depletion were prevented by mixing
during 1 or 2 days after a couple of days without
mixing. The biomass of negatively buoyant algae was
somewhat lower in this period, which was probably
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due to increased sedimentation losses compared to
continuous mixing.

Cost-effectiveness

Recent information on costs for installation and
operation is scarce in the literature. Dierberg and
Williams (1989) provide some information on costs in
several projects in Florida: the initial installation costs
ranged between $2.780 and $3.280 per km?. Annual
operational costs ranged from $ 8.300 to $ 157.800 per
km?. These costs were evaluated as modest relative to
other restoration techniques. The costs of installation
of a new aeration system in Lake Nieuwe Meer were
estimated to amount to €750.000 per km” while the
operational and energy costs are about €25.000 per
year (internal report, STOWA 2010 (38), The Nether-
lands). The costs in The Netherlands are higher
because the water managers aim at a higher mixing
velocity to assure mitigation of cyanobacterial
blooms, while in Florida the aeration systems could
be less powerful since these were mainly used to
prevent summer fish kills.

Even the higher costs for the installation in The
Netherlands easily outweigh the revenue losses that
may be caused by cyanobacterial blooms occurring in
a lake or reservoir. In Australia, the revenue loss after
an Anabaena bloom in the Darling River was
estimated at 10 million Australian dollar (Mitrovic
et al. 2011). In the USA, the estimated loss on
recreational revenue due to cyanobacterial blooms
was estimated at 0.37-1.16 billion dollar per year
(Dodds et al. 2009).

Conclusions and recommendations

From the overview of various studies in which
artificial mixing was applied to control cyanobacteria,
we can conclude that artificial mixing can be an
effective measure to establish a shift in the phyto-
plankton composition from cyanobacteria to green
algae and diatoms. Reducing the external nutrient
input in the lake or reservoir, however, should still be
the main focus in restoration studies to improve the
water quality on the long term. However, in the short
term and in lakes with an open connection to eutrophic
rivers, artificial mixing could be a good solution to
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prevent nuisance blooms of cyanobacteria. It has been
used in several lakes to improve the water quality.
Preconditions for successful applications are as fol-
lows: (1) mixing rate should be sufficiently high to
entrain the cyanobacteria in the turbulent flow, (2) the
mixing should be deep enough to sufficiently limit
light availability and (3) the distribution of aerators or
mechanical mixers should be designed in a way that a
sufficiently large part of the lake participates in the
artificially induced turbulent flow (given the bathy-
metry of the lake). However, the number of successful
studies is limited, and there is a substantial variation in
the devices used for mixing and how they are
positioned (or distributed) in water systems. Response
variables measured in the mixed lake or reservoir also
varied substantially. This variation impedes the exact
description of restrictions that are needed to make the
measure successful. Hence, for each system a tailor-
made solution should be developed.

The bathymetry of a lake or reservoir can also
influence the effectiveness of artificial mixing. In
deep, bath tub-like water systems it will work best. In
lakes with a complex bathymetry, it will be less
effective, since precondition 3 gets more easily
violated. Studies in shallow lakes have shown that
artificial mixing often does not reduce the cyanobac-
terial abundance, because here precondition 2 is not
easily fulfilled. From lake studies, models, and
physiological investigations, the mechanism for the
shift from cyanobacteria to green algae and diatoms is
well understood in an artificially mixed system.
Cyanobacteria lose their advantage of buoyancy to
float up into the upper illuminated layers if they are
entrained in the turbulent flow. On the other hand,
negatively buoyant phytoplankton such as green algae
and diatoms profits from the mixed conditions since
their sedimentation losses decline with increasing
mixing depth. Due to a higher growth rate of the
eukaryotic phytoplankton, cyanobacteria will lose the
competition and greens and diatoms will dominate.
Moreover, investigation of the photophysiology of
Microcystis versus the green alga Scenedesmus
showed that the photosynthetic machinery of the
cyanobacterium deals less well with fluctuating
irradiance than the green alga.

Future research could focus on the growth response
of these organisms to differences in light dose and
fluctuations (i.e. a relationship between growth rate
and Z,/Z., ratios should be established). Combined

with known sedimentation losses of negatively buoy-
ant algae, this would give more precise information
regarding the mixing depth required for a shift in
phytoplankton away from cyanobacteria.

An additional advantage of this controlling measure
is that, in potential, artificial mixing may also have
positive ecological effects on other organisms despite
a high eutrophication state of the lake or reservoir.
Indeed, only air is added to the water and water quality
is improved since blooms of potentially toxic
cyanobacteria are replaced by edible eukaryotic green
algae and diatoms while also the oxygen content in the
lake is increased. Artificial mixing can reduce internal
P loading from the sediment by hypolimnetic oxy-
genation and contribute in this way to a more
sustainable restoration when it goes hand in hand
with cleaning up sources of external nutrient loading.

However, a clear drawback is that mixing should be
continued during the entire growing season and that
the installation, operation and energy costs of artificial
mixing are relatively high. The high-energy usage and
the need to continue mixing of the lake as long as
nutrients have not been sufficiently reduced to solve
the problems result in a low score in sustainability of
the measure. An intermittent mixing regime might
help to reduce the energy costs and could be useful
against non-colonial cyanobacteria with a relatively
low flotation velocity. Yet, continuous mixing will be
more effective to suppress summer blooms of colonial
cyanobacteria, such as Microcystis, which can quickly
profit from the established stratification during
unmixed periods.
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