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Abstract Climate change can promote harmful

cyanobacteria blooms in eutrophic waters through

increased droughts or flooding. In this paper, we

explore how water-level fluctuations affect the occur-

rence of cyanobacterial blooms, and based on the

observations from case studies, we discuss the options

and pitfalls to use water-level fluctuations for lake and

reservoir management. A drawdown in summer

causes an increase in retention time and increased

water column nutrient concentrations and temperature

of shallow water layers, which may lead to severe

cyanobacterial blooms. This effect can potentially be

counteracted by the positive response of submerged

macrophytes, which compete for nutrients with

cyanobacteria, with a higher chance of cyanobacterial

blooms under eutrophic conditions. The balance

between dominance by submerged macrophytes or

cyanobacteria is temperature sensitive with stronger

positive effects of drawdown as inhibition of

cyanobacterial blooms expected in colder climates.

Complete drying out reduces the amount of cyanobac-

teria in the water column after refilling, with lower

water nutrient concentrations, lower fish biomass,

lower abundance of cyanobacteria, higher trans-

parency, and higher cover of submerged plants

compared to lakes and reservoirs that did not dry

out. Water-level rise as response to flooding has

contrasting effects on the abundance of cyanobacteria

depending on water quality. We conclude that water-

level fluctuation management has potential to mitigate

cyanobacterial blooms. However, the success will

depend strongly on ecosystem properties, including

morphometry, sediment type, water retention time,

quality of inlet water, presence of submerged vegeta-

tion or propagules, abundance of fish, and climate.

Keywords Climate change � Cyanobacteria �
Drawdown � Flooding � Lake � Macrophyte �
Phytoplankton

Introduction

Aquatic ecosystems are increasingly subject to warm-

ing as well as to alterations in rainfall patterns as a

consequence of climate change (IPCC 2007). Climate

models predict an increase in stochastic events such as
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unpredictable floods and droughts as well as a change

in timing or duration of ice cover and snowmelt (IPCC

2007;Wantzen et al. 2008). As a consequence, shallow

water bodies will be increasingly prone to prolonged

droughts or flooding (Williamson et al. 2009). Partic-

ularly in the warmer climates, such as the Mediter-

ranean, shallow water bodies may turn into ephemeral

ones during multi-annual droughts (Beklioglu et al.

2007; Romo et al. 2013; Jeppesen et al. 2014).

Indeed, more variation in water levels in non-

regulated systems is observed over the last decades

(Adrian et al. 2009). Variability in lake hydrology,

resulting in fluctuations in the water level, is a key

factor affecting the functioning of lake ecosystems

(Coops et al. 2003; Beklioglu et al. 2007; Jeppesen

et al. 2014). One of the anticipated effects of climate

change is the promotion of harmful cyanobacteria

blooms in eutrophic waters (Paerl and Huisman 2009;

Wagner and Adrian 2009). Increased droughts,

increased water retention times, and increased tem-

peratures are demonstrated to contribute to the dom-

inance of cyanobacteria over other algae (Mooij et al.

2005; Paerl and Huisman 2008; O’Farrell et al. 2011;

Kosten et al. 2012). In reservoirs, where water is

typically removed for human water demand, the rate

and extend of water-level fluctuations is mostly larger

than in natural shallow lakes. Temporal variations of

mean residence times occur not only at seasonal time

scales, but also at shorter scales and are closely related

to mixing and nutrient transport processes occurring

within the reservoir (Rueda et al. 2006). In addition,

extensive growth of riparian plants with subsequent

nutrient release during rewetting (Kleeberg and Hei-

denreich 2004) or lacking recolonization of macro-

phytes after long periods of dry out may occur more

frequently than in natural shallow lakes.

Overall, water-level fluctuations in both un-regu-

lated as well as regulated waterbodies may be an

important trigger for the promotion of cyanobacterial

blooms. Rising of the water level in shallow lakes may

result in a transition from the macrophyte-dominated

state to the cyanobacteria-dominated state, due to a

deterioration of the underwater light climate (Blindow

et al. 1993; Havens et al. 2004). This may be of less

relevance for deep, stratified lakes. In deep regulated

lakes, changing water levels may result in a com-

pressed vertical niche for macrophytes (Rørslett 1984)

and consequently reduce their effects on cyanobacte-

ria (Sachse et al. 2014).

On the contrary, lowering of the water table in

shallow lakes may result in the opposite, where

submerged macrophytes can benefit from the

increased light availability and prevent the dominance

of cyanobacteria. This knowledge is applied in lake

restoration: The controlled lowering of the water level

is one of the tools used to improve the water quality in

degraded lakes (Coops and Hosper 2002). In deep

natural lakes and reservoirs, macrophytes in the littoral

zones may rather suffer from declining water levels. In

general, more information became available on the

effects of water-level fluctuations on the development

of submerged and emergent vegetation over the last

decade, but still little is known about the possibilities

to use water-level fluctuations to mitigate cyanobac-

terial blooms.

Proposed working mechanisms

Using water-level fluctuations as a management tool

to mitigate cyanobacterial blooms can potentially

work through several mechanisms. First, there is a

direct dilution effect of letting in water. When the

outlet is open, this will reduce the water retention time,

and the water body gets flushed out. This can lead to

fluctuations in water level, but can also be performed

while maintaining a stable water level. Lower reten-

tion times will reduce the nutrient concentration by

reducing the impact of internal nutrient loading or

from other external sources (Welch 1981). Further-

more, when cyanobacteria and algae are present, these

will partly be washed out, depending on the flushing

rate and the quality of the incoming water. The latter

parameters determine the occurrence and the threshold

levels for shifts between clear and turbid states (Hilt

et al. 2011).

Flushing of shallow temperate lakes during the

growing season of submerged macrophytes may only

bring a turbid lake to a clear water state if the flushed

water is relatively clear and the flushing rate is strong

enough to induce the shift (Hilt et al. 2011). When the

outlet is closed, extra (clearer) water will lead to a rise

in water level, which dilutes the phytoplankton

suspension, at least temporarily lowering the phyto-

plankton concentrations and algal blooms. These

direct effects of increasing water volume or reducing

the retention time on cyanobacterial abundance will be

strongly influenced by the quality of the inlet water.
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However, when water-level fluctuations are applied

as a management tool to improve the ecological

conditions and water quality, water managers mostly

aim for indirect effects to reduce cyanobacterial

blooms. By managing the water level, they aim to

restore a macrophyte-dominated clear water state in

shallow water bodies (Coops and Hosper 2002). The

water level is then regulated such to stimulate the

establishment and growth of submerged and emergent

macrophytes (Sarneel et al. 2014a). Once established,

the macrophytes should then maintain the clear water

state and inhibit cyanobacterial blooms (Jeppesen

et al. 1998; Scheffer 1998; Kosten et al. 2009; Dong

et al. 2014). Macrophytes can do so by capturing

nutrients from the water column that are then no longer

available for cyanobacterial growth (Van Donk and

Van de Bund 2002; Hilt et al. 2010). This is especially

true for non-rooted submerged macrophytes (Mjelde

and Faafeng 1997). Many macrophyte species also

excrete allelopathic substances which can inhibit

cyanobacterial growth (Gross 2003; Hilt and Gross

2008). Cyanobacteria species and strains, however,

may show a differential sensitivity towards macro-

phyte allelochemicals (Eigemann et al. 2013; Švanys

et al. 2014), but existing studies on the sensitivity of

toxic versus non-toxic strains of cyanobacteria were

contradictory (Mulderij et al. 2005; Liu et al. 2007;

Švanys et al. 2014). In addition, most studies on

macrophyte allelopathic effects have been conducted

with single cyanobacteria species, and species inter-

actions may reverse the results (Chang et al. 2012).

Conclusions concerning the in situ growth inhibition

potential of macrophyte allelochemicals (e.g., Shao

et al. 2013) should thus be drawn with caution.

Furthermore, macrophyte beds may serve as

refugium for zooplankton against predation by fish

resulting in a higher grazing pressure on phytoplank-

ton (Schriver et al. 1995; Burks et al. 2001) and

periphyton (Mahdy et al. 2015), harbour more

macroinvertebrates, and promote piscivorous fish

(Blindow et al. 2014 and references therein; Grutters

et al. 2015). Together, these properties of macrophytes

may reduce cyanobacterial abundance and increase

water transparency (Van Donk and Van de Bund 2002;

Bakker et al. 2010).

The timescale of direct and indirect measures to

reduce cyanobacterial blooms by water-level manage-

ment is different. Whereas direct measures are aimed

at a short-term solution, the switch to a clear water

state with macrophytes and without cyanobacterial

blooms may require a longer time perspective. In this

paper, we explore how water-level fluctuations affect

the occurrence of cyanobacterial blooms and what

lessons can be learned for the application of water-

level management.

Impact of water-level fluctuations

on cyanobacteria: case studies

Water-level management has been successfully used

to stimulate macrophyte development (Coops et al.

2003; Van Geest et al. 2005; Holm and Clausen 2006;

Ejankowski and Solis 2015), but is generally not

aimed at reducing cyanobacterial blooms directly.

However, water levels in lakes and reservoirs may

fluctuate because of usage and extraction of water,

drought, or flooding. To evaluate the effect of water-

level fluctuations on cyanobacterial blooms, we

therefore collected case studies of lakes and reser-

voirs where water levels fluctuated and where the

water bodies contained high densities of cyanobac-

teria before or after water-level fluctuations. Further-

more, the studies had to report alterations in

cyanobacterial abundance in relation to the water-

level fluctuations.

We found 13 studies from a wide variety of habitats

and ranges of water-level fluctuations from 12 differ-

ent locations (Table 1). We realize that this list may

not be complete, but we want to use these cases as

examples to illustrate the important factors to take into

account when applying water-level management with

the aim to reduce or prevent cyanobacterial blooms.

Response of cyanobacteria to water-level

fluctuations

Water-level fluctuations can affect the occurrence of

cyanobacterial blooms (Table 1). A drawdown in

summer by reducing flow rates causes an increase in

retention time and an increase in water column

nutrients both through the reduction of water volume

as well as an increase in internal nutrient loading by

release of nutrients from the sediment (Welch 1981).

In deep lakes, water-level drawdown can disrupt the

thermal stability of the water body and thus cause the

elimination of the thermocline in summer. In shallow

lakes, water drawdown can considerably decrease
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õ
g
es

et
al
.

(2
0
0
3
)

L
ag
u
n
a

G
ra
n
d
e,

A
rg
en
ti
n
a

3
4
�1
0
0 –

3
4
�1
7
0 S
;

5
8
�4
8
0 –

5
8
�5
3
0 W

P
ar
an
á
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water depth, and shallow water layers warm up faster

than deeper water.

Under these conditions, both the biomass and

relative abundance of cyanobacteria increases, which

may lead to severe cyanobacterial blooms. These

phenomena have been described in the Mediterranean

reservoir Lake Arancio, where a summer water-level

drawdown resulted in strong blooms ofMicrocystis cf.

panniformis Komárek et al. and Microcystis aerugi-

nosa (Kützing) Kützing (Naselli-Flores and Barone

2003; Table 1). Shallow Lake Albufera in Spain

responded to lower water levels with one to two

orders of magnitude higher biomass of M. aeruginosa

(Romo et al. 2013; Table 1). A winter water-level

drawdown in the shallow Estonian Lake Võrtsjärv

induced a three times higher biovolume of nitrogen-

fixing cyanobacteria and a mass development of

Cyanonephron styloides Hickel (Nõges and Nõges

1999; Table 1).

These effects of water-level drawdown can poten-

tially be counteracted by the response of submerged

macrophytes to the lowering of the water depth: In

Lake Xeresa in Spain, the abundance of charophytes

increased when the water level was low, and this

prevented cyanobacterial blooms even when extra

nutrients were added (up till a threshold) (Romo et al.

2004). Similarly, in Turkish Lake Eymir, spring

drawdown of the water level as a result of drought

improved underwater light conditions under water and

stimulated macrophyte development. Despite increas-

ing cyanobacterial (M. aeruginosa, Oscillatoria sp.

and Anabaena sp.) biomass over summer, the macro-

phyte-dominated state was retained over summer

(Beklioglu and Tan 2008; Bucak et al. 2012; Table 1).

However, free floating macrophytes are not able to

provide this service: In Laguna Grande, a drawdown

broke the dominance of floating plants and induced a

shift to cyanobacterial blooms [Planktolyngbya lim-

netica (Lemmermann) Komárková-Legnerová et

Cronberg, Merismopedia minima Beck, Arthrospira,

Anabaenopsis elenkini Miller, Sphaerospermum aph-

anizomenoides (Forti) Zapomelová Zapomelová, Jez-

berová, Hrouzek, Hisem, Reháková & Komárková]

and disappearance of the macrophytes (O’Farrell et al.

2011). A summer drawdown may thus stimulate the

development of both submerged macrophytes and

cyanobacteria. Therefore, summer drawdown may

result in cyanobacterial blooms, unless the develop-

ment of submerged macrophytes can prevent this.

The outcome of this interaction between submerged

macrophytes and cyanobacteria depends strongly on

the trophic state of the water body: The more

eutrophic, the more chance that cyanobacteria can

dominate. However, also in more oligotrophic lakes,

water-level drawdown may result in cyanobacterial

blooms as drying and rewetting of littoral areas of

oligotrophic Lake Maggiore resulted in nutrient

release and subsequent cyanobacteria blooms of

Dolichospermum lemmermannii (P.G.Richt.) Wack-

lin, L.Hoffm. & Komárek (Callieri et al. 2014;

Table 1).

Furthermore, the balance between macrophyte or

cyanobacterial dominance is influenced by tempera-

ture and may thus vary with latitude. In the temperate

Lakes Peipsi and Võrtsjärv in Estonia and the Swedish

Lakes Tåkern and Krankesjön, a lowering of the water

level led to dominance of submerged macrophytes,

and there was very little algal development (Blindow

et al. 1993; Nõges and Nõges 1999; Kangur et al.

2003). In the Mediterranean Lakes, Xeresa and Eymir

cyanobacterial biomass increased, but macrophyte

development prevented cyanobacterial blooms (Romo

et al. 2004; Beklioglu and Tan 2008). In the subtrop-

ical floodplain lake, strong cyanobacterial blooms

developed during drawdown, whereas no submerged

plant development was present and floating macro-

phytes disappeared (O’Farrell et al. 2011). Whereas

latitudinal comparisons of the effect of water draw-

down may be confounded by differences in trophic

state among lakes of different latitudes, with lower

latitudinal lakes being more eutrophic, an increased

chance of cyanobacterial blooms at higher tempera-

tures is in general still to be expected.

There is a strong difference between the effect of a

drawdown or drying out of lakes and reservoirs.

Whereas a drawdown in summer stimulates growth

and abundance of cyanobacteria, a complete drying

out has the opposite effect. When lakes and reservoirs

are refilling after drying out, they have a higher

transparency and higher cover of submerged plants, as

a result of germination and re-establishment, com-

pared to lakes and reservoirs that did not dry out (Van

Geest et al. 2005; Teferi et al. 2014). Northern

Ethiopian reservoirs did have lower nutrient concen-
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trations, a lower fish biomass and a lower abundance

of cyanobacteria (Microcystis sp.) when they had been

dry (Table 1).

Drying out does not result in enhanced water

column nutrient concentrations as there is no internal

loading. In fact, phosphorus binds to the sediment

under aerobic conditions, and therefore, there is a net

phosphorous retention, instead of release, under

completely dry conditions (Smolders et al. 2006;

Søndergaard et al. 2013). Rewetted fens, however,

show opposite patterns. Elevated levels of P release

rates and P concentrations in pore water of up to three

orders of magnitude larger than under natural refer-

ence conditions were found in rewetted fens whose

surface soil layers consisted of highly decomposed

peat (Zak et al. 2010). The fish biomass is strongly

reduced after drying out, resulting in less sediment

disturbance and less predation of zooplankton and thus

higher grazing pressure on phytoplankton (Teferi et al.

2014).

Water-level rise as response to flooding has con-

trasting effects on the abundance of cyanobacteria.

Lake Kinneret in Israel experienced its biggest ever

bloom of invasive, nitrogen-fixing cyanobacteria in

1994 [Aphanizomenon ovalisporum (Forti)] and 2005

[Cylindrospermopsis raciborskii (Woloszynska) See-

nayya et Subba Raju] after exceptional water-level

rises (Zohary and Ostrovsky 2011; Table 1). In the

Estonian Lake Peipsi, flooding led to a reduction in

light availability and thus in abundance of submerged

macrophytes, whereas the biomass of large nitrogen-

fixing Aphanizomenon flos-aquae (L.) Ralfs increased

(Kangur et al. 2003). In the lower Dutch river Rhine,

winter flooding with river water high in nutrients

resulted in cyanobacterial (A. flos-aquae) blooms in

floodplain lakes (Van den Brink et al. 1993; Table 1).

On the contrary, shallowLakeSakadaš in theDanube

valley shifted from the turbid to the clear state after

extended flooding (Mihaljevic et al. 2010; Table 1).

During flooding, macrophytes appeared throughout the

entire floodplain, which was associated with clear water

and a strong reduction in the biomass of Limnothrix

redekei (Van Goor) Meffert, Planktothrix agardhii

(Gom.) Anagn.et Komárek, and Pseudanabaena lim-

netica (Lemm.). In a small eutrophic temperate lake in

Germany, flooding resulted in a fivefold increase in

dissolved organic carbon and pelagic phytoplankton

concentrations due to stronger thermal stratification and

anoxia-driven phosphorus release from sediments

(Brothers et al. 2014). However, in an Italian reservoir,

water-level rise diluted the cyanobacterial biomass and

decreased retention times reduced nutrient concentra-

tions as a result of internal loading (Naselli-Flores and

Barone 2003). Therefore, the effect of water-level rise

depends strongly on the effect of flooding on water

nutrient concentrations and transparency.

Shifts in cyanobacteria species composition

in response to water-level fluctuations

Apart from affecting the abundance of cyanobacteria,

water-level fluctuations also induce shifts in the

abundance of functional groups (Nõges and Nõges

1999; Romo et al. 2004). The drivers of these shifts

include alterations in the availability of resources for

cyanobacteria growth (nutrients and light) as well as

the intensity of grazing pressure as a consequence of

water-level fluctuations.

During a drawdown, internal phosphorus loading

can result in a reduction in the N/P ratio in the water

column nutrient concentrations. In several lakes, it has

been observed that this led to both an absolute and

relative increase in N2-fixing cyanobacteria, such as

Aphanizomenon skujae Komárková-Legnerová et

Cronberg in the Estonian Lake Võrtsjärv (Nõges and

Nõges 1999; Nõges et al. 2003) and P. limnetica

(Lemmermann) Komárková-Legnerová et Cronberg

in the Argentinian Laguna Grande (O’Farrell et al.

2011) during drawdown.

Also, low light availability results in the dominance

of shade-tolerant cyanobacteria which would be

outcompeted by other phytoplankton groups under

high irradiance in clear water conditions (Nõges and

Nõges 1999; Nõges et al. 2003). This can be seen when

water-level rise reduces light availability in the water

column such as in Lake Võrtsjärv which resulted in

blooms of the shade-tolerant L. redekei (Van Goor)

Meffert (Nõges et al. 2003), whereas when water-level

rise results in clear water conditions, such as in the

Croatian Lake Sakadaš, the same species declines

(Mihaljevic et al. 2010).

Furthermore, zooplankton grazing pressure affects

the composition of the cyanobacterial community.

When fish is (temporary) absent, as a result of fish kills

during drawdown in winter or as a result of complete

drying out, large zooplankton grazing pressure

reduces the amount of unicellular cyanobacteria and
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phytoplankton and induces dominance by larger

filamentous cyanobacteria such as observed in the

Estonian Lake Peipsi and Spanish Lake Xeresa

(Kangur et al. 2003; Romo et al. 2004). However,

partial winter fish kill has also been found to result in a

strong reduction in crustacean biomass due to abun-

dant young-of-the-year fish, leading to a strong

increase in phytoplankton biomass during the subse-

quent summer (Hilt et al. 2015).

Using water-level fluctuations to mitigate

cyanobacterial blooms

Based on the observations of the effect of water-level

fluctuations on cyanobacterial blooms, we can now

discuss the options and pitfalls to use water-level

fluctuations for lake and reservoir management. We

summarized the effect of water-level rise and draw-

down on cyanobacteria in Fig. 1 and the main

mechanisms responsible for the response of cyanobac-

teria to water-level fluctuations in Fig. 2.

Water-level rise

Water levels can rise at high precipitation or inflow as

well as reduced outflow. Particularly in river flood-

plains, strong fluctuations of water levels in floodplain

lakes are observed as a consequence of the water level

in the rivers. Positive effects are the decreased

retention time of the water, which is able to reduce

and perhaps even flush out cyanobacterial blooms

(Verspagen et al. 2006; Romo et al. 2013). Reduced

retention times may result in reduced water nutrient

concentrations due to the dilution effect and conse-

quently reduces the amount of cyanobacteria (Fig. 2a;

Romo et al. 2013). It will depend on the quality of the

inlet water as well as the internal loading what the best

application of water-level rise is as a management

measure. Rørslett and Johansen (1996) reported pos-

itive effects of high water levels for macrophyte

establishment in a Norwegian reservoir. Often, such

reservoirs are devoid of macrophytes due to strong

water-level fluctuations and thus lack the beneficial

effects of macrophytes in reducing the abundance of

cyanobacteria (Sachse et al. 2014).

Several pitfalls may jeopardize the potential pos-

itive effects of water-level rise on reducing cyanobac-

terial blooms. When the water quality of the inlet

water is poor, e.g., with high nutrient concentrations,

this increases cyanobacteria growth and the chance of

blooms (Fig. 2b; Van den Brink et al. 1993). Alter-

natively, when achieving a water-level rise by reduc-

ing the outflow of water, for instance with a sluice, this

will increase the retention time, which generally

enhances cyanobacterial growth (Romo et al. 2013).

Furthermore, at higher water levels, macrophyte

growth may be compromised by reduced light avail-

ability. Also, in a German reservoir, rising water levels

resulted in large areas of inundated plants and led to a

very strong year class of roach, a major planktivorous

fish, which will eventually lead to turbid conditions

(Fig. 2b; Kahl et al. 2008). In tropical lakes and

reservoirs, fluctuating water levels enhanced nutrient

transfer which positively affected fish yields (Kolding

and Van Zwieten 2012).

For application as a management tool, to avoid

these pitfalls, a critical evaluation of the quality of the

inlet water, the potential internal nutrient loading, and

factors controlling the abundance of planktivorous fish

is necessary. Also, the timing of water-level rise can

influence its effect. In temperate environments with

strong seasonality, negative effects of water-level rise

on submerged macrophytes can be avoided by apply-

ing water-level rise outside the main macrophyte

growing season. In contrast, flushing with nutrient-

poor water as applied for restoring eutrophic Lake

Veluwe in the Netherlands during winter periods

(Hosper and Meyer 1986) could probably be more

Fig. 1 Number of lakes and reservoirs with more or less

cyanobacteria in response to different types of water-level

fluctuation. The response of each water body is documented in

Table 1
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effective in spring or summer due to the direct positive

influence on the interaction between submerged

macrophytes and turbidity in addition to nutrient

export (Hilt et al. 2011).

Water-level drawdown

Water-level drawdown occurs when water loss

exceeds the inflow. Water loss can occur when the

outflow exceeds the inflow, when evaporation exceeds

precipitation and when water infiltration exceeds

seepage, or a combination of these factors. A draw-

down results in an increased retention time and a larger

influence of the internal processes. Both will stimulate

cyanobacterial growth, and blooms have been reported

to occur after drawdowns (Cooke 1980). In addition,

drawdowns in deep lakes and reservoirs in summer

may reduce their macrophyte-covered area (Rørslett

1984) and consequently reduce their hampering

effects on cyanobacteria (Sachse et al. 2014). On the

other hand, a positive effect was reported when water

levels were decreased shortly after the spawning

period of roach in a German reservoir, because it

resulted in a total loss of the new roach year class

(Kahl et al. 2008). In shallow lakes and reservoirs, the

development of submerged macrophytes can be stim-

ulated due to an improved light climate. Overall, it will

strongly depend on the lake depth and morphometry,

timing and extend of the drawdown, and interaction

between the macrophytes and the cyanobacteria if a

drawdown leads to reduced or increased cyanobacte-

rial blooms (Fig. 2c, d).

A potential pitfall is that the positive effects of the

measure depend strongly on the development of

submerged macrophyte vegetation. Therefore, it is

important that enough propagules or nearby sanctuar-

ies are present to allow for the macrophytes to develop

(Bakker et al. 2013). Planting of macrophytes might be

considered in cases of insufficient propagules (Hilt

et al. 2006). Timing of drawdown will strongly

Fig. 2 Effects of water-level rise (a, b) and drawdown (c, d) on
cyanobacteria abundance in shallow waters. Higher water levels

were found to potentially result in lower cyanobacteria

abundance due to flushing and increased macrophyte develop-

ment with subsequent effects on zooplankton (a; examples:

Lake Sakadaš, Laguna Grande). Opposite effects were found

due to increased internal or external nutrient loading (b;
examples: Lake Peipsi, Dutch floodplain lakes) or increased

zooplanktivorous fish abundance (Lake Kinneret). Decreasing

water levels increase the importance of internal nutrient loading

in shallow waters. Under these conditions, abundant macro-

phytes and zooplankton may inhibit cyanobacterial blooms,

particularly after complete drying out, when fish abundance is

low and nutrients are bound in the sediment (c; example:

Northern Ethiopian reservoirs). In most cases when there is no

complete drying out, a drawdown supports cyanobacteria

abundance due to increased internal nutrient loading (d;
examples: Lakes Arancio, Albufera, Maggiore). Due to

contrasting effects of water-level fluctuations on the ecosystem

properties, it is also possible that the net effect on cyanobacteria

is neutral (not depicted in the figure). For more examples, see

Table 1. The size of the text indicates the abundance of the

parameter of interest
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mitigate its effects: When applied at the start of the

macrophyte growing season, the submerged macro-

phytes can profit optimally from the drawdown, as

establishment is a sensitive step in macrophyte

development. Drawdown in winter exposes parts of

the sediment to both freezing and loss of water which

can have strongly negative effects on aquatic plants

that have no overwintering structures. It was thus

recommended as a management option for nuisance

macrophyte growth (Cooke 1980).

Another constraint of the success of drawdown is

that the impact of benthivorous fish will increase when

water volume is reduced during a drawdown. High fish

activity will jeopardize the successful development of

submerged vegetation and can enhance nutrient

availability in the water column. Water drawdown

measures thus may have to be accompanied by a

strong reduction in benthic fish through biomanipula-

tion (Meijer et al. 1990).

Also at high sediment nutrient levels, a reduction in

water volume may lead to very high nutrient concen-

trations in the water column, which may favor the

development of cyanobacteria over macrophytes as

the former are growing faster, and the latter may get

covered in dense periphyton layers (Fig. 2d). Further-

more, strong nutrient release of the sediment alters the

N/P ratio of available nutrients, as particularly P is

released from the sediment. This may stimulate the

development of N-fixing cyanobacteria or mat-form-

ing benthic cyanobacteria on sediments with a high

P-loading (Nõges et al. 2003).

The success of drawdown as a management mea-

sure to mitigate cyanobacterial blooms will also

depend strongly on the water temperature. Higher

temperatures will favor cyanobacterial growth, and

shallower water leads to higher temperatures and

potentially increased cyanobacterial growth. There-

fore, in warmer regions, drawdown may have less

positive effects than in colder regions. Furthermore,

during drawdown in Mediterranean regions, the

salinity of the water increases, which alters the

community composition of the aquatic organisms

(Beklioglu et al. 2007).

Temporary drying out

An extreme form of a water drawdown is complete

drying out. Temporary drying out for several months

has a strong positive effect on reducing or preventing

the occurrence of cyanobacterial blooms. The pitfalls

that are associated with drawdown are largely avoided

with this measure, as complete drying out will lead to

fish kills eliminating the negative effects of benthiv-

orous fish on macrophytes due to sediment resuspen-

sion and bioturbation. Furthermore, phosphorus is

retained under aerobic conditions instead of released,

resulting in a net reduction in internal nutrient loading.

Furthermore, drying out can stimulate macrophyte

recruitment, both of submerged and emergent species

(Van Geest et al. 2007; Sarneel et al. 2014a; Van

Leeuwen et al. 2014). Altogether, strong positive

effects of drying out are documented both on the

development of macrophyte vegetation and on the

prevention of cyanobacterial blooms in shallow water

bodies (Fig. 2c). Furthermore, these effects are pro-

longed, and the effects last for multiple years (Van

Geest et al. 2007; Teferi et al. 2014).

Potential pitfalls are that the results of drying out

may depend on the sediment characteristics. Nutrient

release from drying and rewetting of lake shores has

been associated with increasing cyanobacteria blooms

in oligotrophic Lake Maggiore (Callieri et al. 2014).

Particularly in organic soils, the biogeochemistry of

nutrient exchange between the sediment and water

column can be complex, and the resulting nutrient

concentrations in the water column after drying out

and rewetting on these soils may not be straightfor-

ward (Smolders et al. 2006; Lamers et al. 2015).

Furthermore, exposure of peaty soil during drawdown

or drying out may result in the burning of peat and fast

decomposition. This may result in shoreline erosion,

particularly when the shores have steep slopes. This

would for instance apply to fens that originate from

peat excavation activities (Gulati and Van Donk

2002). In contrast, nutrient fluxes from rewetted

emergent plants added little to the reservoir-wide

internal loading when sufficient iron supply guaran-

teed an efficient P retention in the sediments (Kleeberg

and Heidenreich 2004).

Another potential pitfall is that drying out may

eliminate undesirable high densities of benthivorous

and planktivorous fish, but also valuable fish species

(Beklioglu et al. 2007). In the end, prolonged drying

out may cause the aquatic system to be converted to a

terrestrial one which has negative effects on purely

aquatic vegetation (Veen et al 2013; Sarneel et al

2014b). Furthermore, little is known about the long-

evity of propagules of submerged macrophytes; hence,
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the feasibility of germination of submerged vegetation

from the propagule bank after prolonged dry condi-

tions is uncertain (Bakker et al. 2013). In deep

regulated lakes, drying out of littoral areas may result

in a compressed vertical niche for macrophytes, and

often, reservoirs lack macrophytes, which reduces the

potential benefit of drying out (Rørslett 1984; Rørslett

and Johansen 1996).

Morphometry of the water body

The results of water-level fluctuation management

will depend strongly on the geometry of the water

body. Water-level fluctuations will have a much

stronger impact on shallow water bodies then on deep

ones, when the range of fluctuations is equal (Sarneel

et al 2014b). Also, the slope of the shoreline will

strongly mitigate the effect of water-level fluctuations.

Shallow water bodies with shallow slopes will expe-

rience large impact of water-level fluctuations,

whereas deep water bodies with steep shores may be

hardly affected (Nowlin et al. 2004).

Furthermore, the lake or reservoir depth can affect

whether there is stratification. When water-level

fluctuations do not result in mixing of the water

layers, then the effect may be limited. However, when

water-level fluctuations result in a breaking up of

stratification, then the impact can be much stronger

due to an increased nutrient availability in the upper

part of the water column as a result of mixing of the

water layers (Naselli-Flores and Barone 2003; Zohary

and Ostrovsky 2011). This in turn may stimulate the

growth of cyanobacteria, enhancing the chance of a

cyanobacterial bloom. However, mixing can also

prevent cyanobacteria blooms (Visser et al. 1996),

whereas stronger stratification can also support

cyanobacteria blooms (Wagner and Adrian 2009).

Conclusions

Management of water-level fluctuations has not been

used yet to particularly mitigate cyanobacterial

blooms. Based on our exploration of case studies in

the literature, we conclude that it is in principle

possible to do this. A water-level drawdown will only

reduce cyanobacteria blooms when accompanied by a

strong increase in submerged macrophyte abundance,

which subsequently compete for nutrients with

cyanobacteria or when it leads to a complete drying

out. Chances for these effects are likely to be higher in

shallow lakes or in reservoirs when fully emptied. In

deep lakes and reservoirs, decreasing water levels

(without complete drying out) have only been reported

to result in cyanobacteria blooms. Water-level rises as

response to flooding were found to have contrasting

effects on the abundance of cyanobacteria in shallow

and deep lakes and reservoirs.

Overall, the outcome of a certain regime of water-

level fluctuations will depend strongly on the local

conditions, including lake or reservoir depth and

morphometry, sediment type, water retention time,

quality of inlet water, presence of submerged vegeta-

tion or propagules thereof, abundance of benthivorous

and planktivorous fish, and climate zone. When these

are known, it is possible to estimate the benefits and

risks of water-level management as a measure to

mitigate cyanobacterial blooms.
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