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Alternative Equilibria in Shallow 
The turbidity of lakes is generally con- 
sidered to be a smooth function of their 
nutrient status. However, recent results 
suggest that over a range of nutrient 
concentrations, shallow l&es can have two 
alternative equilibria: a clear state domi- 
nated by nquatic vegetation, and a turbid 
state characterized by high algal biomass. 
This bi-stability has important impli- 
cations for the possibilities of restoring eu- 
trophied shallow l&es. Nutrient reduction 
alone may have little impact on water 
clarity, but an ecosystem distur6ance lilie 
foodwe manipulation can bring the f&e 
bacf to a stable clear state. We discuss 
the reasons why alternative equilibria are 
theoretically expected in shallow lakes, re- 
view evidence from the field and evaluate 
recent applications of this insight in IaRe 
management. 

The theoretical possibility of eco- 
systems having more than one 
equilibrium has long been recog- 
nized’f2. Support from field data 
is less easily obtained. However, re- 
cent observations in shallow lakes 
have led aquatic ecologists to sus- 
pect that these ecosystems may 
indeed possess two alternative 
stable states, a turbid and a clear 
one3-7. Many ecological mechanisms 
are probably involved, but the 
whole feedback system is thought 
to center around the interaction 
between submerged vegetation and 
turbidity (Fig. I ). Vegetation tends 
to enhance water clarity, while a 
high turbidity, on the other hand, 
prevents the growth of submerged 
plants. The adverse impact of tur- 
bidity on vegetation growth is 
simply a matter of light limitation. 
Submerged plants can only grow 
down to a certain turbidity-depen- 
dent depth (Fig. 2) beyond which 
the light availability becomes too 
low9. The positive effect of veg 
etation on water clarity is the result 
of a number of different mechan- 
isms: resuspension of bottom ma- 
terial is reduced by VegetationlO; 
aquatic plants provide a refuge 
against planktivorous fish for phyto- 
plankton-grazing zooplankton3; veg- 
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etation suppresses algal growth 
due to a reduction of nutrient avail- 
ability”; and plants release allelo- 
pathic substances that are toxic to 
algaei2. 

Although the quantitative import- 
ance of each of these submechan- 
isms is often hard to assess and 
may vary between lakes, analysis 
of comprehensive data sets sup- 
ports the view that there is an over- 
all positive effect of vegetation on 
water transparency in freshwater 
lakes. Lakes with a high cover of 
submerged macrophytes tend to 
have a higher transparency than 
lakes with the same nutrient status 
in which vegetation is sparse or 
absent (Fig. 3). 

Theory of alternative lake equilibria 
Whether these ecological mech- 

anisms may indeed be expected 
to cause alternative stable states 
has been explored extensively by 
means of minimal models5r6. The 

basic idea, however, can already 
be clarified by a simple graphical 
approach (Fig. 4). Vegetation can 
stabilize a clear-water state in shal- 
low lakes up to relatively high nu- 
trient loadings, but once the system 
has switched to a turbid state, it 
takes a strong nutrient reduction 
to enable recolonization by plants. 
This graphical analysis is based on 
some rather crude simplifications 
like the assumption that submerged 
vegetation disappears abruptly at 
a critical turbidity, but models em- 
ploying more realistic assumptions6 
produce similar results (an example 
is given in Box I ). 

The stability properties of such 
systems can be visualized by means 
of ‘marble-in-cup’ pictures (Fig. 5). 
The equilibrium line with ‘catas- 
trophe fold’ shown at the bottom of 
the figure is computed from the 
vegetation-algae model explained 
in Box I. The valleys in the stability 
landscapes correspond to stable 

( Algae ) 

Fig. 1. Main feed-back loops thought to be responsible for the existence of alternative equilibria in 
shallow lake ecosystems. The qualitative effect of each route in the diagram can be determined by 
multiplying the signs along the way. In this way it can be seen that both the vegetated and the turbid 
state are self-reinforcing. The qualitative effect of management measures discussed in this review can 
be checked in the same way if a ‘manager’ box with positive or negative arrows pointing to either of 
the shaded parts of the system is added. 
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Fig. 2. Relation between transparency (‘secchi-depth’) 
and the lower limit of vegetation in 27 Finnish lake+‘. 

Total phosphorus (pg P I-‘) 
Fig. 3. Summer mean transparency (‘secchi-depth’) in 
relation to lake water total phosphorus for shallow 
Danish lakes with (triangles) and without (dots) high 
cover of submerged vegetation’. 

Nutrients 
Fig. 4. Alternative equilibrium turbidities related to 
the presence and absence of aquatic vegetation6. 
Equilibrium turbidity increases with rising nutrient 
level, but as vegetation reduces turbidity, two different 
relations apply depending on the presence or absence 
of vegetation. Vegetation presence itself, however, also 
depends on turbidity. Light limitation prevents growth 
below a (turbidity-dependent) depth, and since shal- 
low lakes are often rather homogeneous in depth, the 
response of the vegetated area to turbidity tends to be 
discontinuous. To construct this figure we assume the 
extreme case of total disappearence of vegetation from 
the lake when the turbidity exceeds a threshold value 
at which the critical light level for vegetation growth at 
this depth is reached. Consequently, the ‘with veg- 
etation’ line applies below the critical turbidity and the 
‘without vegetation’ line above this level. Hence, the 
dashed parts of the two equilibrium lines do not rep- 
resent stable states. The emerging picture shows that 
at low nutrient levels only the vegetated clear equilib- 
rium exists and at high nutrient levels only the turbid 
vegetationless one. However, over a range of inter- 
mediate nutrient concentrations two alternative stable 
states are possible. Here, the critical turbidity rep- 
resents the breakpoint of the system separating the 
attraction areas of these alternative states. Arrows 
indicate the direction of change in turbidity when the 
system is out of equilibrium. 
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parts of the fold curve, and the hill 
tops to the dashed breakpoint part 
marking the separation between the 
basins of attraction. Each picture in 
the series shows the stability prop- 
erties at a different nutrient status. 
The front landscape represents a 
hypertrophic situation in which just 
one, turbid, equilibrium exists. The 
rear picture represents the pristine 
state of a lake, a low-nutrient situ- 
ation in which a clear-water equi- 
librium is the only possible stable 
state. Between these two extremes 
there is a range of nutrient levels 
over which two alternative equi- 
libria exist. 

The response of a lake with these 
stability properties to eutrophi- 
cation and subsequent restoration 
efforts can be derived from this 
representation. Starting at the pris- 
tine state, a moderate increase in 
nutrient level gives rise to an al- 
ternative turbid equilibrium, but if 
no large perturbations occur, the 
system will remain in the clear state. 
Continuing enrichment, however, 
gradually causes the stability of the 
clear state to shrink to nil, making 
it more and more vulnerable to 
perturbations that may bring it with- 
in the basin of attraction around 
the turbid equilibrium. Even in the 
absence of perturbations the hys- 
teresis period in which the lake 
hardly responds to nutrient loading 
will finally end with a catastrophic 
transition into a turbid state at the 
inflection point of the catastrophe 
fold where the clear-water equi- 
librium disappears. 

Obviously, restoration of such a 
lake by reducing the nutrient level 
may often have little effect, since 
the system can show hysteresis 
again, staying in its current turbid 
state. However, in this situation a 
change to the alternative clear- 
water equilibrium can be achieved 
in other ways. One way to force a 
switch is by ‘pushing the ball over 
the hill top’, bringing it within the 
attraction basin of the clear state. 
More specifically this requires a 
temporary reduction in the turbidity 
of the lake, sufficiently large to 
allow recolonization by submerged 
vegetation. The other obvious possi- 
bility from the theoretical point of 
view is to ‘move the hill top tem- 
porarily to the other side of the 
ball’. The hill top is situated at the 
critical turbidity for recolonization 

by submerged vegetation (Fig. 5). 
Since it is water depth in combi- 
nation with turbidity that deter- 
mines whether the underwater light 
level for vegetation development 
is met, the hill top can be moved 
by changing the water level. 
Lowering the water level causes an 
increase in critical turbidity and it 
can be seen from Fig. 5 that this 
may bring a system from a formerly 
stable turbid state on the upper 
equilibrium line into the attraction 
area of the vegetated state. 

A high potential impact of veg- 
etation on the system and a 
sigmoidal decrease of vegetation 
with turbidity are important in the 
proposed mechanisms (Fig. 4 and 
Box I ). Therefore, the phenomenon 
of alternative clear and turbid stable 
states is expected to be restricted 
to shallow lakes of homogeneous 
depth, where a major part of the 
water body can be occupied by 
plants and small changes in tur- 
bidity or water level can have a 
relatively high impact on vegetation 
when the light climate is just criti- 
cal for plant growth at the average 
lake depth. 

Evidence from the field 
The theoretical results supply a 

search .image of the symptoms to 
look for in the real world. For in- 
stance, one would expect some 
sets of shallow lakes to show a bi- 
modality of states, being clear or 
turbid depending on history rather 
than physical and chemical con- 
ditions. Also, relatively swift tran- 
sitions from a vegetated clear state 
to a turbid vegetationless situ- 
ation and vice versa should occur 
as a response to disturbances or 
changes in external factors other 
than nutrients. The current literature 
on shallow lakes does indeed pro- 
vide several observations of these 
phenomena. 

A good example of a set of shal- 
low lakes showing bimodality of 
state is the Great Linford sand and 
gravel pit complex in England. The 
site has 14 lakes excavated over 
the past 40 years. Some were dry- 
dug, others wet-dug. The digging 
method appears to have a pro- 
nounced effect on turbidity. Dry 
digging results in clear lakes, while 
wet digging results in turbid ones 
because of a high loading of fine silt. 
Remarkably, after some decades 
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the wet-dug lakes are still turbid 
and devoid of vegetation, whereas 
the dry-dug ones remained clear 
and richly vegetated13. In 1987, part 
of the fish stock was removed from 
one of the turbid lakes. This led to 
a reduction of turbidity, and large 
weed beds quickly developed in 
the 25 year old lake, which had no 
such growth previously’4,‘5. The lake 
has, so far, remained in this state, 
supporting the view that clear and 
turbid states are indeed alternative 
stable equilibria. 

Another way to trace bimodality 
of states is to analyse the history 
of one lake rather than the current 
situation in a set of lakes. Some 
lakes are known to have switched 
back and forth between a clear veg- 
etated state and a distinct turbid 
situation repeatedly in the past. 
Although the information about 
such switches is often anecdotal, 
there are some relatively well- 
documented cases also. 

A good example of a switch- 
ing lake is the shallow Tomahawk 
Lagoon in New Zealand’6,‘7, in which 
phytoplankton and aquatic veg- 
etation have predominated in turn 
for periods of l-5 years since 1963. 
In the clear, vegetation-dominated 
years phytoplankton production can 
be reduced by as much as two or- 
ders of magnitude. The mechanism 
inducing the switches has not been 
explained yet, but the strong contrast 
between the two states suggests 
that they are separate equilibria. 

A similar situation is found in 
Lake Takem and Lake Krankesjon, 
two shallow lakes in the south 
of Sweden18. Periods with clear 
water and abundant submerged 
vegetation have alternated with 
periods of turbid water and sparse 
submerged vegetation over the 
past 40-50 years without consider- 
able change in the external nutrient 
loading. Although the mechanism 
of change is difficult to reconstruct, 
there are indications that changes 
in the water level affecting the 
performance of submerged macro- 
phytes may have been an important 
trigger of the switches in these 
lakes. The best available infor- 
mation comes from Lake Krank- 
esj~n18,19 which showed a marked 
change from clear to turbid in the 
early 1970s after an increase in water 
level. A low water period during 
I985 and 1986 seems to have been 

the onset for a pronounced switch 
back to a clear state with abundant 
vegetation growth and waterfowl. 

Obviously, the fact that these ob- 
servations fit the theory is by no 
means a proof of its validity. 
Alternative explanations may exist 
in any specific case, and it is ques- 
tionable whether experimental de- 
termination of the unique respon- 
sible mechanism is feasible at all 
in ecosystems2@22. Nevertheless, 
the case for the alternative stable 
state idea appears strong enough 
to persuade lake managers to aim 
at forcing turbid shallow lakes into 
a clear equilibrium with a single 
perturbation23. 

Application to the management of 
shallow lakes 

The restoration of eutrophied 
turbid shallow lakes is notoriously 
difficult. Reduction of the nutrient 
loading rarely leads to a satisfactory 
recovery of the clear state in shallow 
lakes. This can in part be explained 
from the release of buffered phos- 
phorus from the sediment delaying 
the response of the actual nutrient 
level of the water to the reduced ex- 
ternal loading24-27. However, the 
current theory of bi-stability sug- 
gests an additional explanation. 
Even if the nutrient level is consid- 
erably reduced, this will often be in- 
sufficient to restore the clear-water 
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Fig. 5. Stability properties of a shallow lake system 
at different nutrient levels, as derived from model 
analyses6. 
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Fig. 6. Sustained effects of biomanipulation on (a) 
chlorophyll and (b) macrophytes in four shallow lakes?‘. 

state in bi-stable shallow lakes, 
as the turbid equilibrium can be 
(locally) stable down to low nutrient 
levels (Figs 4,5). In such cases resto- 
ration requires an additional ‘shock 

therapy’ to bring the ecosystem 
within the basin of attraction of the 
alternative clear-water equilibrium. 

Recently, reduction of the fish 
stock (‘biomanipulation’2s) has been 
successfully applied to several tur- 
bid shallow lakes to enforce such a 
switch’ 1J9,30. Two mechanisms seem 
to be predominantly responsible 
for the initial increase of clarity 
after fish stock reduction in shallow 
lakes (Fig. 1). In the first place, 
the strongly debated3’r32 trophic 
cascade effect is observed”t30. Re- 
duction of the predation pressure 
by planktivorous fish allows popu- 
lations of large-bodied zooplankters 
to peak and graze down the algal 
biomass causing clear water in 
spring33,34. At least as important 
as the trophic cascade, however, 
is the effect of reduced sediment 
resuspension in many shallow 
lakes29t35. When the fish community 
is dominated by species that feed 
at the bottom like carp (Cuprinus 
ca/pio) or bream (Abramis brama), 
resuspended bottom material is 
often the main cause of turbidity, 
and consequently removal of fish 
leads to an almost instantaneous 
increase of transparency. 

In shallow lakes, the increase of 
transparency after biomanipulation 
is typically followed by a strong 
development of submerged veg- 
etation in the following years”f29r30. 
Recruitment of the remaining fish 
is generally good under the new 
conditions, giving rise to large 
numbers of young fish in the sub- 
sequent years. Such small fish are 
mainly planktivorous and can po- 
tentially exert a huge predation 
pressure on zooplankton. Nonethe- 
less, the lakes stay clear, pre- 
sumably because of the manifold 
stabilizing effect of vegetation on 
the clear-water situation36. An analy- 
sis of the long-term response of 
four particularly well-studied cases36 
shows that these lakes have re- 
mained in the obtained clear-water 
state for at least 4-5 years (Fig. 6). 
Although changes are still occurring 
and it is uncertain whether they 
will all stay clear in the future, the 
current results support the alterna- 
tive stable state hypothesis. 

As argued, lowering the water 
level should be another possibility 
for inducing the switch to a veg- 
etated clear state - an idea that 
is supported by the likelihood that 

the pronounced changes in the 
Swedish lakes Krankesjijn and 
Takern’8*19 are induced by natural 
water level fluctuations. We are not 
aware of cases where the water 
level has been manipulated with 
the explicit purpose of changing 
the ecosystem state, but it is 
known that the effect of such ma- 
nipulation on the community of 
shallow lakes can be dramatic. 
A well documented example is 
the case of the Swedish Lake 
T;imnaren37. The construction of a 
dam increased the water level in 
this shallow (< 2 m) lake by 0.5 m, 
causing a decrease in vegetated 
area from 80% to 14% of the lake 
bed. The large numbers of birds 
that used to forage in the veg- 
etated lake disappeared, and the 
water that had been sufficiently 
clear to see the bottom through the 
vegetation became turbid because 
of wind resuspension of the uncon- 
solidated sediment and increased 
algal growth. A subsequent lower- 
ing of the water level would be 
necessary to check whether the 
clear and the turbid state are in- 
deed alternative equilibria in this 
specific case, but the response of 
the lake illustrates the potential of 
water level manipulation as a tool 
for managing the ecosystem state 
of shallow eutrophic lakes. 

Obviously, many of the mech- 
anisms governing the dynamics of 
shallow lake communities are still 
poorly understood, and it remains 
difficult to determine whether an 
alternative clear equilibrium may 
be expected in any specific case. 
Nonetheless, the current experi- 
ences are encouraging from a man- 
agement point of view, since they 
suggest that shallow lakes which 
stay turbid despite reduced nutri- 
ent loading may be permanently 
restored by a single perturbation. 
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Since their discovery almost one hundred 
years ago, the adaptive radiations of 
cichlid fishes in the largest East African 
I&es have fascinated biologists. They are 
a prime example of explosive speciation. 
Among vertebrates, these species ussem- 
6luges are the most species rich and the 
most diverse, morphologically, ecologically 
and behaviorally. Recent phylogenetic 
analyses of molecular data and refined 
rtnowfedge about the geological history of 
the East African lakes are throwing new 
light on the evolutionary history of these 
extraordinary fish faunas. 

The cichlid fish faunas of the three 
largest East African lakes, Victoria, 
Tanganyika and Malawi, are enor- 
mously diverse. Each of these lakes 
(Fig. I ) contains a radiation of sev- 
eral hundred species’, almost all of 
which are endemic to their particu- 
lar lake. These radiations make the 
Cichlidae one of the most species- 
rich vertebrate families (Fig. 2). 
Their special history is highlighted 
by the coexistence of other families 
of fish that have not undergone 
this kind of spectacular evolution. 
The origin and maintenance of the 
cichlid species assemblages have 
been the subject of much research 
and debatele5. Yet, the phylogenetic 
relationships among the endemic 
faunas have remained largely un- 
resolved, since no morphological 
feature could be found to be charac- 
teristic of a particular radiation6,7. 
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The species flocks of the three 
lakes each contain a wide array of 
morphologically and behaviorally 
highly specialized cichlids’. Part of 
the reason for this diversification 
might be a morphological feature 
peculiar to cichlids8: a second set 
of jaws in back of the buccal cavity, 
the modified phatyngeal jaws, which 
are functionally decoupled from the 
oral jaws. This is believed to allow 
cichlids to become highly special- 
ized on particular types of prey and 
might give them a competi- 
tive advantage over other fish that 
lack these modified jaws8. Some of 
these specializations are paralleled 
in cichlid species endemic to differ- 
ent lakes. For example, the Victoria 
endemic Macropleurodus bicolor 
and the Malawi endemic Chifotil- 
apia rhoadesi both have highly de- 
rived dentition, jaw structures and 
feeding behaviors; and both prey 
on gastropods by crushing their 
shells with their oral jaws’f7. 

Until recently, it was not known 
whether each of the assemblages 
is a monophyletic flock that can be 
traced back to a single ancestral 
species and consequently whether 

the morphological similarities be- 
tween members of different flocks 
evolved as convergences. Alterna- 
tively, specializations could have 
arisen only once and could indicate 
polyphyletic origins for the species 
flocks with each of several lineages 
having a geographic distribution that 
extends beyond the boundaries of 
a single lake6m7. This interpretation 
would indicate that relationships 
of recent common ancestry exist 
among many of the members of the 
three species flocks’,7. Molecular 
approaches, especially the study 
of the mitochondrial genome by re- 
striction enzyme analysis and, more 
recently, by DNA sequencing are 
providing many new insights and 
some surprising results9-’ I. 

Monophyly of the Lake Victoria 
superflock 

Lake Victoria is the youngest of 
the three large lakes. It started 
to form about 250000 to 750000 
years ago’, yet it contained (see 
epitaph below) a species flock of 
>300 endemic haplochromine 
cichlids. The lake had its origin 
from two westward flowing rivers, 
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