
Chapter 14

Successful Restoration of a Shallow Lake: A Case Study
Based on Bistable Theory

Martin T. Dokulil, Karl Donabaum, and Karin Pall

Abstract Eutrophication of shallow lakes provides
an excellent example of alternative stable states. Clear
water, macrophyte-dominated stages can alternate with
turbid conditions characterized by high algal concen-
trations. Stable states can switch from one to the
other domination through alterations of natural fac-
tors such as changes in water level and reduction in
throughflow. Forward switches are often associated
with anthropogenic pressure. In such cases, backward
shift to the original, macrophyte-dominated stage may
be difficult. Return times are often prolonged due to
hysteresis as a result of resilience. The theory is exem-
plified with results from a shallow, urban, seepage
lake ‘Old Danube,’ which is within the city limits of
Vienna. Causes and consequences of switches between
stable states including resilience and hysteresis are dis-
cussed. The remediation measures are explained and
the success of the restoration is explained in detail.

Keywords Urban lake · Remidiation · Whole lake
approach · Australia

14.1 Defining the Problem

Lake eutrophication is a worldwide environmental
problem. The process of eutrophication and (re)-
oligotrophication has manifold facets including many
moderate and continuous disturbances originating in
the lake, its watershed, or its airshed. In the nor-
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mal dynamics of lakes, systems tend to maintain a
given state through resilience against environmental
perturbations (Carpenter and Cottingham 1997). Such
‘resilient systems’ have several mechanisms with dif-
ferent ecosystem components, distinctive temporal and
spatial extents, and return times. These mechanisms
buffer lake ecosystems against fluctuating perturba-
tions. They maintain the reliability of ecosystem ser-
vices, water quality, and productivity. Perturbations of
freshwater systems are usually brief in duration, but
may be extensive in space. Fluctuations of environ-
mental variables in the catchment or lake influenced
by weather conditions, variability of interacting popu-
lations, or fires that sweep through the watershed are
examples. Resilience mechanisms that tend to restore
the normal dynamics involve longer or larger scales,
e.g., nutrient pulses which can be absorbed by food
web dynamics or retained in wetlands. Extreme per-
turbations can destroy resilience but may also give rise
to new resilience mechanisms and qualitative changes
in the ecosystem.

Oligotrophic conditions are usually stable, because
the growth of algae is limited by the nutrient input from
the watershed and practically no return of nutrients
from the sediments. Eutrophic conditions are stabilized
by internal recycling of phosphorus within the lake
particularly in shallow, thermally unstratified lakes.
Many such lakes remain eutrophic for extended peri-
ods of time. Their persistent eutrophication can be due
to many factors because the process of recovery from
eutrophication is not entirely understood, can be slow,
or do not succeed. Environmental fluctuations and nat-
ural or human-induced perturbations can result in big
changes that occur during a relatively short period
of time. These regime shifts are infrequent, modify
ecosystem organization and dynamics, with prolonged
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consequences which may have large ecological and
social consequences. Such regime shifts are difficult to
predict in advance.

In some cases, a threshold may separate different
regimes. When an ecosystem crosses a threshold it
may switch from one alternative stable state to another.
Therefore regime shifts are an important topic for
ecosystem management (Carpenter 2003, 2005).

14.2 The Theory of Stable
States – Reloaded

The existence of alternative stable states in natural
ecosystems has already been hypothesized half a cen-
tury ago (Dokulil and Teubner 2003). According to
Lewontin (1969) a system possesses alternative stable
states if it can return to one or more equilibrium after a
disturbance. In several cases, compound disturbances
may play a key role in changing ecosystem structure
or composition of the community. Changes only occur
when the severity of the disturbance exceeds the tol-
erance level, e.g., the ‘normal’ intensities a species
assemblage may typically experience (Sousa 1984).
Regime shifts can be caused by natural or anthro-
pogenic perturbations and may be gradual or catas-
trophic (Scheffer et al. 2001, Scheffer and Carpenter
2003, Van Nes and Scheffer 2005). Two perspec-
tives have developed to describe how communities
shift from one stable state to another. One assumes a
constant environment with shifts in variables such as
population density, and the other anticipates changes
to underlying parameters or environmental ‘drivers.’
Regeneration or recovery of the ecosystem is ensured
by species adapting to a certain disturbance regime
(Paine et al. 1998). The possibility of alternative sta-
ble states has been supported by ecological models
(Holling 1973, Sutherland 1974) but their presence
in the ‘real’ world has been much debated (Conell
and Sousa 1983, Peterson 1984, Jasinski and Asselin
2004). Experimental evidence shows the alternating
presence of persistent communities which are often
difficult to observe directly (Petraites and Latham
1999, Bertness et al. 2002). The presence of alterna-
tive equilibria has been demonstrated for a number of
aquatic and terrestrial ecosystems using a multitude
of analytical and experimental techniques (Knowlton
1992, Hughes 1994, Baker and Walford 1995, Steele
1998, Hare and Mantua 2000, Van de Koppel et al.

2001, Bertness et al. 2002, Sedia and Ehrenfeld 2003,
Rietkerk et al. 2004, Jasinski and Payette 2005). In
freshwaters, especially when shallow, the theory of
bistable states has been widely used, accepted, and
modified (Scheffer 1990, 1991, 1998, Scheffer et al.
1993). Moreover, the concept has been adopted and
expanded for use in lake management and restoration
(Moss et al. 1996, 1997).

Two different situations can exist in lakes, as has
already been pointed out by Uhlmann (1980): dense
stands of submerged plants and clear water or algal
blooms associated with high turbidity. Such stable
states usually change gradually with changing envi-
ronmental conditions in deep lakes. In shallow lakes,
however, more abrupt switches from one situation to
the other are common allowing alternative states at
almost identical conditions (Fig. 14.1). The equilib-
rium trajectory is folded producing an unstable, never
realized region (dotted line in Fig. 14.1) which marks
the ‘turning point’ of the system called ‘bifurcation.’
Two mechanisms are involved: environmental distur-
bances partly absorbed by the resilience of the system
(Gunderson et al. 2002), gradually modify internal
structures. When the ‘break-point’ region is reached,
a small further alteration may result in a ‘catastrophic’
shift to another stability domain. The folded region of
the trajectory is therefore called ‘catastrophic fault.’
Strong perturbations can flip an ecosystem across the
unstable region when disturbances are large enough to
exceed resilience.

Natural ecosystems are never in equilibrium or
steady state, because unpredictable changes in weather
and hydrology, seasonal changes of light and temper-
ature, and internal mechanisms in populations contin-
uously affect the structure and function of freshwater
systems. The theory of alternative stable states nev-
ertheless is applicable if two main questions can be
resolved:

• What are the reasons for the disappearance of
macrophyte beds?

• Which factors are necessary to stabilize the macro-
phyte domination?

One reason for a forward switch from clear water
and macrophyte domination to the turbid, algal-
dominated state is an increase in nutrient concentration
leading to enhanced growth of planktonic and epi-
phytic algae which in turn affects the underwater
vegetation, especially when combined with an increase
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Fig. 14.1 Conceptual
diagram of regime shifts
(forward and backward
switches) leading to
alternative stable states under
nutrient enrichment and
decline

of algivorous and benthivorous fish species (Scheffer
1998). Massive stocking with carp and grass carp
can result in abrupt changes in equilibrium conditions
leading to a forward switch inducing a turbid algal-
dominated situation. Grazing by waterfowl during
summer, however, is considered to be of minor impor-
tance while migrating birds can damage overwintering
macrophytes severely. Grazing by waterfowl may also
strongly affect re-colonization by water plants. Other
factors causing destruction and loss of macrophytes
are disturbances by heavy storms, extreme frost at low
water level, or a permanent increase in water depth.

The macrophyte-dominated stage is stabilized
essentially by two mechanisms: uptake and incorpo-
ration of nutrients by macrophytes and their associated
periphytic algae. Both strongly reduce nutrient avail-
ability for algae in the pelagic. Moreover, such systems
have greater potentials for top-down control of the
phytoplankton (Jeppesen et al. 1998).

14.3 The Study Site

Regulation of the river Danube at Vienna in 1875
resulted in the isolation of parts of the main river
channel (Fig. 14.2)

The remaining backwater, now known as ‘Old
Danube,’ became almost entirely dependent on
groundwater seepage and precipitation because of
no natural surface inflow or outflow. The lake soon

developed into a famous recreational resort and has
progressively been engulfed by the city. The nearby
river Danube and especially the impoundment New
Danube, which was built to protect the city from flood
events, both influence the direction and dynamics of
the groundwater. Today, the Old Danube is a shallow
urban lake within the city of Vienna and a very popular
recreation area (Fig. 14.1 and Table 14.1).

Before about 1990 water was clear with high Secchi
disk transparencies, frequently down to the bottom.
Large areas were covered with submerged macro-
phytes substantially influencing nutrient dynamics by
their storage capacity. The abundant species were
Myriophyllum spicatum L. and Potamogeton pectina-
tus L. The Charophytes Nitellopsis obtusa (DESV. IN

LOIS) J. GROVES, Chara tomentosa L., and Chara
hispida WOOD dominated macrophyte biomass. Over
the years organic-rich sediments accumulated in sev-
eral areas on top of the fluvial deposits as a result of
internal processes. Parts of these sediments became
anoxic because of respiration and reduced water
exchange (Löffler 1988).

14.3.1 What Happened? Causes
of Change

Available information on long-term changes in
phytoplankton biovolume and submerged macrophyte
biomass is summarized for Old Danube in Fig. 14.3, an
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Fig. 14.2 Map showing the
natural meandering situation
of the river Danube in the
mid-nineteenth century in
Vienna (upper right) and the
situation as it appears at
present in 2009

Table 14.1 Morphometric
and basic chemical data for
Old Danube

Altitude [m a.s.l.] 157

Area [km2] 1.583
Volume [106 m3] 3.697
Maximum depth [m] 6.8
Mean depth [m] 2.3
Average retention time [days] 190

Mixing type Polymictic
pH 7.0–8.5
Conductivity [μS cm–1] 321–608
Alkalinity [meq L–1] 1.96–4.72
Ca++ [meq L–1] 1.03–4.15
Mg++ [meq L–1] 1.09–3.07
Cl– [meq L–1] 15.2–38.7

updated version from Donabaum et al. (1999). In 1987
the lake was in the clear water, macrophyte-dominated
state as indicated by the high macrophyte biomass
(721 tons dry weight biomass) and the low phyto-
plankton biovolume of 1.7 mm3 L–1. Phytoplankton
composition at that time was dominated by crypto-
phytes (39%), dinophytes (17%), and chrysophytes
(12%) while cyanobacteria comprised as little as 4%.
Macrophyte biomass was mainly made up by a vari-
ety of Charophyte species almost entirely covering
the bottom sediments. For the following 5 years we
only have fragmented information. Certainly algal
biovolume gradually increased at a moderate rate
from 3 to 4 mm3 L–1. First symptoms of severe
deterioration of water quality were detected during
routine monitoring in the late 1980s. The filamentous

cyanobacteria Limnothrix redekei (VAN GOOR) MEF-
FERT was first recorded in water quality samples in
the year 1992. By early 1993 the lake had suddenly
shifted to a turbid state dominated by the filamentous,
cyanobacterial species Cylindrospermopsis raciborskii
(WOLOSZ.) SEENAYYA ET SUBBA RAJU which poten-
tially can fix atmospheric nitrogen and is also able
to produce cyanotoxins harmful to men affecting also
trophic interactions (Dokulil and Mayer 1996, Mayer
et al. 1997). This compositional change was accompa-
nied by a sixfold increase in annual average biovolume
and a dramatic loss of macrophytes. In the years
1993 and 1994 only remnants of the previous sub-
merged macrophyte stands and the extensive bottom
cover of Charophytes were left (Dokulil and Janauer
1995).
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Fig. 14.3 Long-term changes
of macrophyte biomass (bars)
and phytoplankton biovolume
(line) in Old Danube from
1987 to 2008

Fig. 14.4 Maximum, mean,
and minimum water levels in
Old Danube for the years
1958–2003. Water level is in
meters above the Adriatic Sea

Reasons responsible for the rapid shift from clear
water to the turbid state were believed to result from
substantial nutrient flux from non-point sources such
as leaking septic tanks and elution from a former
dump site nearby. Nutrient input originating from the
excretion of water fowl and from recreational activi-
ties was assumed to be of minor importance. Due to
large stocks of benthivorous (cyprinids) and planktiv-
orous fish in Old Danube, background turbidity was
high and abundance of larger zooplankton species
was low. The zooplankton was dominated by rotifers,
small cladocerans, and copepods. The main trigger for
the shift, however, was seen in the changes in water
level dynamics in the second half of the twentieth

century (Fig. 14.4.). The reduction in water level fluc-
tuation and a permanent higher water level since the
late 1970s in combination with nutrient influx were
assumed to be the main reasons for the vanishing of the
macrophytes similar to observations by Blindow et al.
(1993).

14.3.2 How to Restore? The Concept
of Remediation

As a consequence of the associated drop in water
quality, the municipality asked for quick action and
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restoration early in 1993. As an immediate short-lived
action, the lake was diluted with water of better qual-
ity which reduced algal biomass considerably in the
first half year of 1994. After running a number of
different pilot projects in 1994, we decided to use inter-
nal phosphorus precipitation as a restoration technique
(Ripl 1976). As a whole-lake experiment, ferric chlo-
ride and calcium nitrate were successfully applied in a
two-step process in spring 1995 and 1996 resulting in
a drastic backward shift of all parameters. For details
refer to Donabaum et al. (1999) or Donabaum et al.
(2004). Secchi depth increased significantly mainly
because algal biovolume declined to about 1 mm3

L–1 and macrophytes started to re-colonize the sys-
tem (Fig. 14.3). A period of 6 years from 1997
to 2002 and several additional measures including
biomanipulation were necessary to finally re-establish
macrophyte biomass. During this period phytoplank-
ton composition changed from cyanobacterial domi-
nance to a more mixed composition of various algal
classes (Fig. 14.5.). Similarly, zooplankton biomass
declined and the composition shifted from rotifer dom-
inated to a greater preference of cyclopoida (Fig. 14.6).
The main increase of macrophyte biomass occurred in
2003 and 2004 after growth has been promoted every
spring through water level drawdown since 2002. This

drawdown, to some extent, mimics the previous water
level dynamics thereby providing better light condi-
tions in shallow areas enhancing macrophyte growth.
As a consequence, annual mean submerged macro-
phyte biomass has now stabilized around 350 tons dry
weight (Fig. 14.3) which is less than in the 1980s.
Species composition has changed and M. spicatum
is now dominating making weed management neces-
sary to avoid interference with swimming and boating.
Therefore, the biomass stabilization is mainly a con-
sequence of the aquatic weed control by cutting and
removing aquatic weeds. At the moment, Charophytes
are coming back at increased rates. The final goal
therefore is to get a bottom cover of stonewort back
similar to what it was previously.

Following Scheffer (1998), shifts in stable states
can be visualized using conventional phosphorus–
chlorophyll diagrams. The development of annual
average TP versus chlorophyll-a is plotted for Old
Danube in Fig. 14.7. The diagonal line in the graph
separates macrophyte from algal-dominated years. The
shift from one stable state to the other occurred in
1992. Trophic state dropped from hypertrophic to
lower eutrophic in 1995 after the first phase of inter-
nal restoration. Mesotrophic conditions were reached
in 2004. The development of chlorophyll-a versus

Fig. 14.5 Long-term succession of phytoplankton algal classes in Old Danube for the years 1999–2008
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Fig. 14.6 Long-term changes of zooplankton biomass and groups in Old Danube for the years 1999–2008

Fig. 14.7 Trophy plot of
Chl-a versus TP for Old
Danube for the years
1987–2008. Delineation of
trophic levels follows
Forsberg and Ryding (1980).
Separation of phytoplankton
from the macrophyte
domination by Chl-a = 0.5 TP
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Fig. 14.8 Annual total
macrophyte biomass in tons
of dry matter versus annual
mean total phosphorus
concentration (TP) for the
year 1987 and for the period
1993–2008

TP over time in this graph, however, does not show
a great deal of hysteresis due to resilience of the
system, most likely because of the rapid internal
restoration.

In contrast to the phytoplankton, the history of
macrophyte development clearly indicates consider-
able hysteresis in switching between stable states
(Fig. 14.8). Also only limited information is available
for the eutrophication phase; the switch from macro-
phyte dominated to the dominance of phytoplank-
ton is clearly separated from the backward switch.
Macrophyte development did not immediately respond
to the reduction in total phosphorus concentrations.
The resilience of the system produced strong hystere-
sis which to some extent probably was a result of
the chemical perturbation during remediation forcing
the system to switch back through technical interven-
tion. Natural cyclic shifts between stable states have
been recently observed and modeled by Van Nes et al.
(2006).

14.4 Conclusions from a Successful Story

Alternative stable states and regime shifts can occur in
shallow lakes as a result of natural or anthropogenic

forcing. Such stable equilibria can occur within the
same water body at various locations, at different times
of the year, or during trophic development (Scheffer
et al. 1994). The theory of alternative stable states and
regime shifts can be applied successfully to the recov-
ery of urban lakes as a consequence of ecohydrological
changes (Hosper 1998). When systems are forced back
to the original, macrophyte-dominated stage through,
e.g., internal technical intervention resilience pro-
duces hysteresis and consequently return times become
longer, particularly for macrophytes. Here we have
shown that state transitions from one stable state to
another were associated with significant changes in
species composition of the phytoplankton assemblage.
Shifts in either direction immediately altered total
biovolume and algal composition without hysteresis.
In contrast, considerable hysteresis occurred during
macrophyte recovery making additional remediation
measures necessary. Regime shifts induced by inter-
nal restoration techniques may require many years of
monitoring for improvement and additional efforts to
return to the previous stable state. Summarizing the
experiences of the remediation project Old Danube,
the theory of alternative stable states can be applied
successfully to the restoration and recovery of shallow
urban lakes.
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