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Abstract Shallow lakes have become the arche-

typical example of ecosystems with alternative

stable states. However, since the early conception

of that theory, the image of ecosystem stability

has been elaborated for shallow lakes far beyond

the simple original model. After discussing how

spatial heterogeneity and fluctuation of environ-

mental conditions may affect the stability of

lakes, we review work demonstrating that the

critical nutrient level for lakes to become turbid is

higher for smaller lakes, and seems likely to be

affected by climatic change too. We then show

how the image of just two contrasting states has

been elaborated. Different groups of primary

producers may dominate shallow lakes, and such

states dominated by a particular group may often

represent alternative stable states. In tropical

lakes, or small stagnant temperate waters, free-

floating plants may represent an alternative stable

state. Temperate shallow lakes may be dominated

alternatively by charophytes, submerged angio-

sperms, green algae or cyanobacteria. The change

of the lake communities along a gradient of

eutrophication may therefore be seen as a con-

tinuum in which gradual species replacements are

interrupted at critical points by more dramatic

shifts to a contrasting alternative regime domi-

nated by different species. The originally identi-

fied shift between a clear and a turbid state

remains one of the more dramatic examples, but

is surely not the only discontinuity that can be

observed in the response of these ecosystems to

environmental change.

Keywords

Introduction

Widespread problems resulting from eutrophica-

tion of shallow lakes in populated areas invoked

numerous restoration projects in the last decades

of the 20th century. However, even if the nutrient

load to such lakes was strongly reduced they often

did not recover to their original clear state (Sas,

1989). Research into the causes of this hysteresis

has been surprisingly productive, not only in

solving the restoration issue, but also in generat-

ing fundamental insights in the stability proper-

ties of these ecosystems (Moss, 1988; Jeppesen,

1998; Jeppesen et al., 1998; Scheffer, 1998). One

of the most influential ideas that emerged from

this work is arguably the theory that such lakes

can be in two alternative stable states: clear with
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abundant submerged macrophytes or turbid with

few submerged plants (Scheffer et al., 1993). The

theoretical possibility that ecosystems could have

alternative stable states had been noted long

before (Lewontin, 1969; Holling, 1973; May,

1977), but shallow lakes are often considered

the first well documented example.

This review highlights a few important new

twists to the stability theory of lakes and points at

some intriguing future questions. Although it is

meant as an update for lake ecologists, we hope

that some of the progress in the stability research

on shallow lakes we report here may inspire

scientists in related fields too.

The alternative stable states theory of shallow
lakes

As a starting point let us resume the central ideas

behind the original alternative stable states the-

ory for shallow lakes (Scheffer et al., 1993). This

theory was inspired by observations that lakes

tended to shift rather abruptly between a clear

and a turbid state, and that once lakes turned

turbid, they subsequently resisted restoration

efforts (Phillips et al., 1978; Meijer et al., 1989).

Research revealed that both the turbid and the

clear state were stabilized by a number of

mechanisms (Moss, 1988; Jeppesen, 1998; Jeppe-

sen et al., 1998; Scheffer, 1998). For instance, in

the turbid state, fish promote phytoplankton

growth by recycling nutrients and controlling the

development of zooplankton that could otherwise

help clear the water of phytoplankton. Also fish

and waves may stir up sediments in shallow lakes

with little or no vegetation. In this situation, light

limitation and disturbance of the sediments make

it difficult for submerged plants to settle. On the

other hand, once submerged plants are abundant,

they can greatly reduce turbidity by a suit of

mechanisms resulting in control of excessive

phytoplankton development and prevention of

wave resuspension of sediments.

To illustrate how this mechanism may lead to

alternative states, a simple graphical model suf-

fices (Scheffer et al., 1993) (Fig. 1). The model is

based on three assumptions:

• Turbidity increases with the nutrient level due

to increased phytoplankton growth.

• Vegetation reduces turbidity.

• Vegetation disappears when a critical turbid-

ity is exceeded.

In view of the first two assumptions, equilib-

rium turbidity can be drawn as two different

functions of the nutrient level one for a macro-

phyte dominated, and one for an unvegetated

situation. Above a critical turbidity, macrophytes

will be absent, in which case the upper equilib-

rium line is the relevant one and below this

turbidity the lower equilibrium curve applies.

The emerging picture shows that over a range of

intermediate nutrient levels two alternative equi-

libria exist: one with macrophytes, and a more

turbid one without vegetation. At lower nutrient

levels, only the macrophyte-dominated equilib-

rium exists, whereas at the highest nutrient

levels, there is only one equilibrium without

vegetation.

This simple model allows an intuitive feeling

for why the system can respond to environmental

change showing hysteresis and catastrophic tran-

sitions. Gradual enrichment starting from low

nutrient levels will cause the system to proceed

Fig. 1 Alternative equilibrium turbidities caused by dis-
appearance of submerged vegetation when a critical
turbidity is exceeded (see text for explanation). The
arrows indicate the direction of change when the system
is not in one of the two alternative stable states (from:
Scheffer et al., 1993)

456 Hydrobiologia (2007) 584:455–466

123



along the lower equilibrium curve until the

critical turbidity is reached at which macrophytes

disappear. Now, a jump to a more turbid equilib-

rium at the upper part of the curve occurs. In

order to restore the macrophyte dominated state

by means of nutrient management, the nutrient

level must be lowered to a value where phyto-

plankton growth is limited enough by nutrients

alone to reach the critical turbidity for macro-

phytes again. At the extremes of the range of

nutrient levels over which alternative stable states

exist, either of the equilibrium lines approaches

the critical turbidity that represents the break-

point of the system. This corresponds to a

decrease of stability. Near the edges, a small

perturbation is enough to bring the system over

the critical line and to cause a switch to the other

equilibrium. Although this model illustrates how

alternative stable states may arise, it is clearly a

quite crude simplification of reality. In the

following sections, we discuss some essential

elaborations on this archetype model of alterna-

tive stable states in shallow lakes.

Stability in the face of variation in space and time

Clearly the image of alternative stable states in

the simple model outlined above is a caricature.

Seasonality is one complication (Scheffer et al.,

1997a; Scheffer et al., 2001a), however as most

systems have a ‘‘memory’’ in the winter time,

seasonality will not necessarily change the behav-

iour of a model with alternative states if year-

to-year changes are considered (Van Nes et al.,

2002). On the other hand, chaotic population

dynamics (Scheffer, 1991; Huisman & Weissing,

1999) and the ever changing weather conditions

also put the idea of a stable state in a different

light (Scheffer & Carpenter, 2003). It has been

argued that in the face of such turmoil it is better

to speak of alternative regimes than alternative

stable states (Scheffer & Carpenter, 2003). An-

other fundamental problem is that it is sometimes

not so easy to demarcate the borders of a system.

What if some parts of a lake are shallow and

others deep? And what if clear and turbid lakes

are connected?

Spatial heterogeneity

Perhaps the most obvious simplification in the

basic graphical model (Fig. 1) is the assumption

that all submerged plants disappear at a single

critical turbidity. In practice, plants are less

affected by turbidity at shallower sites. As a

result, the shift from a vegetated state to the

turbid state may occur less abrupt than predicted

by the basic model. Vegetation will disappear

more gradually, because the vegetation will be

lost first from the deeper parts of the lake.

Consequently hysteresis may be less pronounced

(and can even disappear) if the depth profile of a

lake is less flat (Van Nes et al., 2002). More in

general, it has been shown for a range of

ecological models that spatial heterogeneity of

the environment tends to reduce the chance that

large scale shifts between alternative stable states

are found (Van Nes & Scheffer, 2005). This seems

intuitively straightforward as the shifts in the local

states do not happen at the same moment, simply

because different sites have different local prop-

erties. The numerous asynchronous shifts of

different sites may be sharp individually, but

average out over a larger region to give a smooth

large-scale response rather than a drastic cata-

strophic shift. However, there is an interesting

caveat in this reasoning. It all depends on the rate

of ‘mixing’. For instance, if water circulates

through a lake rapidly, one expects the clearing

effects of submerged plants to contribute to the

overall change of turbidity in the lake, but not to

result in a locally higher clarity. Analysis of

different models shows that such mixing can

counteract the smoothing effect of environmental

heterogeneity, and cause the system to show large

scale synchronous sharp shifts again (Van Nes &

Scheffer, 2005).

Data from some shallow lakes suggests that in

practice, mixing can be surprisingly slow relative

to the local clearing process in vegetation fields.

As a result, alternative stable states can coexist

side by side, despite an open connection. For

instance, in the large (3,300 ha) and shallow

(1.4 m average) Lake Veluwe, reduction of the

nutrient load and increased fishing pressure

triggered the recovery of marked fields with

charophytes and locally very clear water that
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contrasted sharply with the turbid water in the

rest of the lake (Scheffer et al., 1994; Van den

Berg et al., 1998b; Lammens et al., 2004). The

fields and the associated clear water patches

expanded over the years until eventually the

entire lake shifted to the clear state (Van den

Berg et al., 1999).

Non-equilibrium dynamics

Although the original theory of alternative stable

states in shallow lakes was used to understand the

effects of occasional disturbances such as fish

removal or extremes in the water level, it did not

really address situations in which disturbances are

the rule rather than the exception. Such high

disturbance regimes are found for instance in cold

climates where winter fish kills are common, or in

places where desiccation of shallow lakes in

summer is a frequent event (Scheffer et al.,

2006). Clearly, such lakes will be far from any

equilibrium most of the time. In fact, it has been

argued that this may be true for ecological

systems in general (Hastings, 2004). Although

the image of ‘alternative stable states’ is clearly

too simple to catch the essence of the dynamics of

lakes under such severe disturbance regimes, it

may be expanded to help seeing the big picture

behind the dynamics.

In models, it can be shown that the duration of

transients can be boosted if there are places or

trajectories in the state space where the system

tends to ‘hang around’ even if they do not

represent attractors. Examples of such ‘hang-

around places’ are saddle points, remainders of

strange attractors and remainders of equilibria

after saddle-node bifurcations (Strogatz, 1994).

Probably, such slow transient dynamics can be

important in nature too. Indeed, the tendency of

some shallow lakes to stick to an unstable clear

state for years, before sliding into the stable

turbid state may be an example of such behavior.

Lake Zwemlust, for example, stayed clear for

about seven years upon fish removal, despite a

very high nutrient concentration (Van Donk &

Gulati, 1995). Similarly, numerous Dutch flood-

plain lakes are in a clear state most of the time,

despite high nutrient levels (Van Geest et al., in

press). The idea here is that occasional droughts

result in almost complete desiccation of the lakes.

This kills most of the fish and pushes the system

into a clear situation, which is not stable, but the

dynamics away from it are very slow (Fig. 2).

Such transient state which may last for some years

is called the ‘ghost’ of a stable state (Strogatz,

1994).

Cyclic shifts between alternative states

Although shifts between alternative states usually

occur irregularly (Mitchell, 1989; Blindow, 1992;

Blindow et al., 1993; Blindow et al., 2002), some

lakes show remarkably regular oscillations be-

tween submerged plants and a turbid state. The

best documented examples that we are aware of

are the English lake Alderfen Broad (Moss et al.,

1990; Perrow et al., 1994) and the Dutch Lake

Botshol (Simons et al., 1994; Rip et al., 2005).

Both lakes cycle between the alternative states

with a period of approximately 7 years. Model

analyses suggest that such cyclic behavior may

arise under particular conditions from an internal

‘time bomb’ mechanism (Van Nes et al., in press),

due to a slow negative effect of vegetation on the

nutrient state of the lake (Fig. 3). If during the

period of macrophyte dominance phosphorus

retention is high and dead organic material

accumulates on the sediment, decomposition

may eventually cause anoxic conditions at the

sediment surface, allowing phosphorus release

that may promote a sufficient increase in phyto-

plankton to cause a decline of the submerged

macrophytes. If subsequently the turbid state

Fig. 2 Hypothesized dynamics of shallow floodplain lakes.
Occasional droughts push the system to an unstable clear
state that represents the ghost of a stable state. Since
droughts happen every now and then, and the dynamics
around such a ghost are very slow, the lake may be in a
transient state most of the time. Note that the way to
interpret such stability landscapes is that the movement of
the ball is always damped. Imagine that the ball rolls
through a heavily viscous fluid
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allows sufficient decomposition of organic mate-

rial and/or loss of phosphorus from the sediments,

the lake may shift back to a clear macrophyte

dominated state, and so forth. The model analyses

suggest that such switching behavior can only

occur in special cases, where the critical nutrient

levels for both shifts are relatively close together

and the negative effect of vegetation on the

nutrient state is sufficiently strong (Van Nes

et al., in press).

Factors affecting the critical nutrient levels

As eutrophication problems have been an impor-

tant incentive for much of the work on shallow

lakes, one of the central questions has always

been what the critical nutrient level would be for

maintaining a clear water state. Although this

seems a straightforward question, one encounters

some fundamental problems if one attempts to

find the answer. Firstly, it is not so easy to assess

the ‘nutrient level’ of a lake. For instance,

although phosphorus is clearly important, nitro-

gen may play an important role in some cases too.

Also, when it comes to phosphorus, much of what

is available to the organisms in the long run is

stored in the sediment (Sas, 1989; Carpenter,

2005). How much of that is reflected in total-P

concentrations in the water column varies

strongly with the presence of macrophytes and

other biological factors. Thus, although we often

use total-P as an indicator of the nutrient status of

a lake, there are some caveats to that approach.

Perhaps more importantly, there are good

reasons to believe that there is not one single

critical nutrient level for maintaining clear water.

Different lakes may vary widely in the nutrient

level they can tolerate before they flip to a turbid

condition. In principle, the list of factors that may

influence the probability that a lake turns to the

turbid state is almost endless. Here, we just

highlight three important factors: lake depth, lake

size and climate.

Lake depth

Besides nutrients, the most obvious factor that

affects the probability of a lake to be dominated

by submerged vegetation is its depth. In shallower

water light conditions at the bottom are better,

given that the optical properties of the water are

the same. Also, plants can more easily grow to the

surface layer of the water where they are

relatively free of the shading effects of phyto-

plankton and suspended solids (Scheffer, 1998).

This effect of water level can be easily linked to

the simple graphical model of alternative states

(Fig. 1) if one notes that the critical turbidity for

plants depends on the water level. For instance,

deeper water will move the critical turbidity for

plants (the horizontal dashed line) downwards

causing the critical nutrient level for both the

forward switch and the backward switch to move

to lower values. From an analysis of a more

complex vegetation model this pattern is con-

firmed: the range of nutrient values with alterna-

tive states is much smaller in deeper water and

eventually hardly any vegetation growth will be

possible (Van Nes et al., 2002).

Importantly, the depth of a shallow lake can be

subject to strong fluctuations resulting from

climatic variability. Numerous observations high-

light the importance of water level for shifts

between a vegetation dominated state and a

turbid state in shallow lakes. High water levels

may lead to loss of submerged macrophytes,

invoking a dramatic shift to a turbid state (Wall-

sten & Forsgren, 1989; Engel & Nichols, 1994).

Also very low water level may have more

Fig. 3 Shallow lakes may under some conditions shift
between a vegetated and a turbid state in a regular cyclic
way due to intrinsic differences in accumulation of
phosphorus and organic matter in the two states (see text
for explanation)
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complicated pronounced effects. For instance,

desiccation and freezing of the lake bottom may

in some cases damage the vegetation sufficiently

to push a lake to a turbid state (Blindow et al.,

1993). However, an opposite effect of low-water

extremes is probably more common. The risk of

fish kills due to anoxic conditions in summer or

winter may become higher if the water level is

low, leading to clear water conditions that pro-

mote subsequent vegetation dominance (Van

Geest et al., 2003).

Lake size

A related but somehow more surprising factor

that may have a large impact on the chances of a

lake to be in a vegetation dominated clear state is

lake size. Although lake size tends to be corre-

lated to lake depth, size seems to have a consid-

erable effect by itself too (Søndergaard et al.,

2005). Small lakes appear to have a higher chance

to be in a vegetated clear state. Although various

factors may explain this correlation (Van Geest

et al., 2003), suppression of fish in smaller lakes

may be a common factor. Fish are rare in small,

isolated lakes, probably as a result of a higher

likelihood of fish kills combined with their low

colonizing ability (Tonn & Magnuson, 1982; Dahl,

1990; Magnuson et al., 1998; Hershey et al.,

1999). Two recent studies exemplify this.

An analysis of 215 shallow lakes situated in the

Dutch floodplain of the lower River Rhine (Van

Geest et al., 2003) revealed particularly clear

relationships between lake size, the abundance

of fish and the presence of vegetation. All of these

lakes are inundated about once a year by the

eutrophic river; so nutrient loading varies rela-

tively little among the lakes. In accordance with

the theory, most of these lakes were either nearly

devoid of vegetation or in a contrasting state with

a rich plant community, but the likelihood of the

richly vegetated state was higher in smaller lakes

(other factors such as depth being equal) (Van

Geest et al., 2003). These small vegetated lakes

also supported low densities of benthivorous

bream (Abramis brama) (Grift et al., 2001), the

key fish species promoting the opposite poorly-

vegetated, turbid state in shallow Dutch lakes

(Scheffer, 1998).

Similarly, data from 796 Danish lakes and

ponds (Søndergaard et al., 2005) showed overall

low fish biomass below 1 ha, shifting to an often

much higher biomass above this threshold. As in

the Dutch lakes, macrophyte coverage was often

highest in smaller lakes and ponds. This higher

macrophyte coverage in small Danish lakes

occurred despite a generally higher phosphorus

content in the lake water related to a generally

higher share of cultivated fields in the catchment

(Søndergaard et al., 2005). Thus, the results from

both the Dutch and Danish lakes suggest that

small lakes are more likely to be fishless, which

increases the likelihood of the clear-water state,

even at quite high nutrient concentrations.

The higher chance for small water-bodies to be

in a vegetated state also implies an interesting

twist to the pattern of biodiversity that we would

expect from classical ‘island theory’ (MacArthur

& Wilson, 1967). Species richness is predicted to

be lower on small isolated (habitat-) islands than

on similar sized pieces of mainland because small

populations are more prone to extinction due to

stochastic events, and because recolonization

Fig. 4 Hypothesized effect of lake size on biodiversity.
The graph is based on four assumptions (see text for
background): (1) everything else being equal, species
number tends to increase with lake size, (2) shallow lakes
tend to be in either a fish–dominated, turbid state with few
submerged plants, or in a state with few fish and usually
high vegetation biomass, (3) overall, biodiversity is higher
in a fish-poor vegetated lake than in a fish-dominated
unvegetated lake of the same size, and (4) the likelihood of
occurrence of the fish-poor, vegetated state decreases with
lake size. The probability that a lake will be in either of
two alternative states is represented by the darkness of the
line (from: Scheffer et al., 2006)
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rates are lower in isolated locations. However, in

shallow lakes the shift to a vegetated state may

distort this pattern (Scheffer et al., 2006) (Fig. 4).

Small lakes are more likely in a vegetation-

dominated state and such state implies an increase

in food and habitat structures and consequently a

higher biodiversity of birds invertebrates and

amphibians (Jeppesen et al., 1997; Scheffer,

1998). Indeed, a recent survey comparing species

diversity of macrophytes and invertebrates in

ponds (65), lakes (4), ditches (70 km), streams

(28 km) and rivers (17 km) in a British lowland

landscape (Williams et al., 2004) shows that ponds

exhibited considerably higher taxonomic richness,

with more unique species and more scarce species

than any of the other water body types.

Climate

An important unresolved question is what would

be the impact of a warmer climate on the chances

that shallow lakes fall in a turbid state. There are

good reasons to expect that climate will have a

large impact on shallow lakes. We know, for

instance, that warmer conditions have a large

effect on the ‘trophic cascade’ from fish to

phytoplankton. In temperate conditions most fish

reproduce only once a year, leaving a period in

spring in which there are few small (juvenile) fish,

allowing large zooplankton to become abundant

and filter the water clear of phytoplankton

(Sommer, 1986). By contrast, top-down control

of zooplankton by fish is very strong all year

round in warmer lakes at low latitudes because

fish are abundant and reproduce continuously in

such (sub)tropical lakes (Dumont, 1994). The

difference in food web structure implies that

biomanipulation as used to shift temperate lakes

to a clear state, seems less easy to apply to

(sub)tropical lakes (Scasso et al., 2001; Jeppesen

et al., 2005).

Although climatic warming will not turn most

temperate lake communities into subtropical

ones, there are several other reasons to suspect

that moderate warming might promote the turbid

state in temperate lakes (Jeppesen et al., 2003).

On the other hand, numerous field studies in

temperate lakes suggest positive effects of warm-

ing on aquatic vegetation performance (Grace

and Tilly, 1976; Best, 1987; Nelson, 1997; Scheffer

et al., 1992; Rooney and Kalff, 2000) which would

push the other way.

Importantly, climatic warming will also affect

lake ecosystems through changes in hydrology

and nutrient load to lakes, but findings so-far

are rather contradictory (Weyhenmeyer, 2001;

George, 2000; Monteith et al., 2000; Straile,

2002). An interesting aspect of climatic impact is

that systems with alternative stable states even

brief climatic extremes may induce a shift to

another state in which the system subsequently

remains for a long time (Scheffer et al., 2001b).

Indeed, there are indications that shallow lakes

may be affected by climatic extremes in this way

(Scheffer, 1998). For instance, heavy storms have

induced a shift to a permanent turbid state by

destroying vegetation (McKinnon and Mitchell,

1994; Schelske and Brezonik, 1992). However,

perhaps the most important potential impact of

climatic extremes is can be through their effect on

water level fluctuations to which these lakes are

very sensitive as mentioned before. Clearly, the

issue of climatic effects is far from resolved, but

numerous studies are underway that will certainly

resolve some key-issues over the coming years.

Other alternative stable states in aquatic systems

The previous section shows that it has become

increasingly clear that many factors may play a

role in determining whether a shallow lake is in a

turbid state or in a clear-water state dominated by

submerged plants. However, it is becoming clear

that shallow lakes may be in more than just those

two alternative stable states. One potential source

of alternative attractors in freshwater as well as

marine systems is the interaction of competitors

and predators in size-structured fish communities,

often analysed by means of individual-based

models (DeAngelis & Gross, 1992; De Roos &

Persson, 2002). For instance, overexploitation of a

predatory fish such as cod may be irreversible if a

good stock of adults is needed to crop down the

potential competitors/predators of their own off-

spring (Walters & Kitchell, 2001). More apparent

in shallow lakes is the phenomenon that different

primary producers may dominate the system. In
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addition to dominance by submerged angio-

sperms, versus the turbid state dominated by a

mixed phytoplankton community of green algae

and other groups, it has now been suggested that

dominance by free-floating plants, charophytes,

and filamentous cyanobacteria also appear to have

the character of a self-stabilizing condition in

some lakes. Here we briefly point at some recent

work on stability of these states.

Floating plant dominance

Although a turbid state with high phytoplankton

biomass is the typical eutrophication problem in

temperate lakes, invasion by mats of free-floating

plants is among the most important threats to the

functioning and biodiversity of freshwater eco-

systems ranging from temperate ponds and

ditches (Janse & Van Puijenbroek, 1998) to large

tropical lakes (Gopal, 1987; Mehra et al., 1999).

Dark, anoxic conditions under a thick floating

plant cover leave little opportunity for animal or

plant life. In tropical lakes large floating species

and in particular the water hyacinth (Eichhornia

crassipes), have dramatic negative impacts on

fisheries and navigation (Gopal, 1987; Mehra

et al., 1999). Not surprisingly, resolving floating

plant problems has a high priority in many warm

regions of the world, and is also a focus of quality

management of many smaller water bodies in

temperate regions. For example, in the extensive

system of ditches and canals in the Netherlands,

duckweeds are considered the main problem

associated to eutrophication (Janse & Van Pui-

jenbroek, 1998).

It has been demonstrated that a shift to floating

plant dominance in shallow water ecosystems is a

highly non-linear phenomenon (Scheffer et al.,

2003). Just like the shift to a turbid state in

temperate lakes, the shift to floating plant dom-

inance is difficult to reverse and can happen when

a critical threshold level of nutrients is passed.

The explanation is in the way the floating plants

compete with submerged plants. Floating plants

have primacy in competition for light but need

high nutrient concentrations (Portielje & Roi-

jackers, 1995). By contrast, rooted submerged

macrophytes are susceptible to shading, but less

dependent on nutrients in the water column as

they may take up a large part of their nutrients

from the sediment (Hutchinson, 1975; Chambers

et al., 1989). Still submerged plants can also use

their shoots effectively for nutrient uptake from

the water column (Sculthorpe, 1967; Robach

et al., 1996) and by various mechanisms reduce

nitrogen concentrations in the water column to

below detection levels (Goulder, 1969; Van Donk

et al., 1993). This interaction may result in two

alternative stable states: a floating plant domi-

nated state in which invasion by submerged plants

is prevented by shading, and a situation domi-

nated by submerged plants in which invasion by

free-floating plants is prevented by reduced

nutrient availability (Scheffer et al., 2003). This

bistability makes reversal of floating plant inva-

sion of a lake often difficult. On the other hand it

implies that if nutrient levels have been suffi-

ciently reduced, a one-time removal of floating

plants might tip the balance to an alternative

stable state dominated by submerged plants.

Charophyte dominance

In addition to setting the free-floating plants

apart, a distinction into at least two groups may

be made in the submerged macrophytes.

Although there are many species of submerged

macrophytes, one particular group differs rather

fundamentally from the rest. Charophytes (stone-

worts) are not only distinct taxonomically (they

are algae rather than Angiosperms), but also

ecologically. In some lakes distinct shifts from

pondweeds to an almost complete monoculture of

charophytes has been observed (Hargeby et al.,

1994; Van den Berg et al., 1999). This suggests

that co-existence of these two groups may be

unstable, and their competition might suggest in

alternative stable states of dominance by either of

the groups.

To test this idea Van Nes, Van den Berg and

others (2003) have looked more deeply into the

competition between two particular representa-

tives of these groups: Chara aspera Deth. ex

Willd. and pondweed Potamogeton pectinatus L..

Just as in the Swedish Lake Krankesjön (Hargeby

et al., 1994), the shift from a turbid to a clear state

in Lake Veluwe were this research group worked,

proceeded really through an intermediate phase
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dominated by pondweeds to a really clear state

dominated by stoneworts (Van den Berg et al.,

1999). Looking into the mechanistic details of

competition, it appears that there is an interesting

asymmetry much like the one discussed for

floating plants versus submerged plants. In the

case of pondweeds and Chara, the tall, canopy-

forming pondweed (P. pectinatus) is simply on top

of the short charophyte (C. aspera), and therefore

pondweed is the better competitors for light (Van

den Berg et al., 1998a). However, it appears that

the stonewort is strongly depleting bicarbonate,

and can at the same time survive at lower

bicarbonate concentrations (Van den Berg,

1999). Thus there is a positive feedback in the

development of the stonewort as it drives the

system towards carbon limitation, suppressing the

pondweed, and thereby creating better light

conditions for itself (Van Nes et al., 2003). A

detailed individual based competition model sug-

gests that this may plausibly lead to alternative

stable states in the competition between these

two submerged macrophytes (Van Nes et al.,

2003).

Cyanobacterial dominance

The previous sections illustrate that it is too

simple to consider aquatic macrophytes, or even

submerged macrophytes as a single group. The

same is true for phytoplankton. Different species

can rise to dominance, and despite intensive

research and growing insight in the factors that

drive succession we are still far from able to

predict which species will dominate when. Per-

haps the best-studied group are blue-green algae.

Of course these are really bacteria (cyanobacte-

ria) rather than algae, but as planktonic auto-

trophs they occupy the same niche. Species in this

group differ widely, and it is impossible to treat

them as a single ecological entity. However, some

groups have been studied more than others, as

they are often a nuisance. In shallow lakes,

filamentous cyanobacteria of the Oscillatoria

group can be dominant all year round. These

cyanobacteria are rather shade tolerant, which

explains why they enter especially when the water

has become sufficiently turbid (Mur et al., 1993).

Interestingly, they can also intensify the shady

conditions once they are present. This is because

with the same amount of phosphorus they can

build biomass that causes a relatively high light

attenuation (Mur et al., 1977). As a result, they

can stabilize their dominance once they are there,

creating an alternative stable state in the phyto-

plankton community (Scheffer et al., 1997b). On

the other hand their maximum growth is less than

of most other algae. Therefore in less turbid

conditions groups such as green algae have a

competitive advantage and can become dominant

over blue-green algae.

Conclusion

In conclusion, while the essence of the original

theory of alternative stable states in shallow lakes

remains quite valid to explain major patterns of

change, numerous expansions of the basic idea

have been suggested. It has been shown that there

is no single critical nutrient level for maintaining a

clear state, as factors such as lake size, depth and

climate affect the threshold. Moreover, the image

of just two contrasting states has been elaborated.

While the contrast between submerged macro-

phytes and a turbid phytoplankton dominated

state remains perhaps the most spectacular, many

other less conspicuous shifts between alternative

states seem to occur in reality. Therefore, the

change of the biological communities along a

gradient of eutrophication may really be seen as a

continuum in which gradual species replacements

are interrupted at critical points by moderate or

more dramatic shifts to a contrasting community

state. Spatial heterogeneity and the interplay of

internal cyclic or chaotic dynamics with the

effects of fluctuating climatic conditions and

hydrology further complicate the matter to the

point that it may all seem hopelessly complex

again. The challenge, as always in ecology, is to

keep seeing the big patterns without being igno-

rant about the details. In this sense, we feel that

shallow lake ecology is actually in quite good

shape. Many details can be explained, whereas at

the same time, the mechanisms that cause major

patterns such as dominance by submerged plants,

cyanobacteria or floating plants have been iden-

tified. On the other hand, we are still uncertain
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about many processes and we may rightly feel

that we have just seen the tip of the iceberg when

it comes to really understanding the full com-

plexity of shallow lake ecosystems. Nonetheless,

shallow lakes are really well understood if we

compare our insights to what is known about

oceans, forests and other vast ecosystems of the

world. Indeed, shallow lakes have served as an

example to illustrate stability aspects that may be

important in many other systems where they

cannot be studied so easily (Gunderson & Hol-

ling, 2001; Scheffer et al., 2001b; Folke et al.,

2004). We feel that shallow lakes will proceed to

play this important role in ecology, considering

the exiting new developments in shallow lake

science.
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