
e c o l o g i c a l m o d e l l i n g 2 0 6 ( 2 0 0 7 ) 54–62

avai lab le at www.sc iencedi rec t .com

journa l homepage: www.e lsev ier .com/ locate /eco lmodel

Stability and dynamical behavior in a lake-model and
implications for regime shifts in real lakes

Takashi Amemiyaa,∗, Takatoshi Enomotoa, Axel G. Rossberga, Tetsuya Yamamotob,
Yuhei Inamori c,1, Kiminori Itoha

a Graduate School of Environment and Information Sciences, Yokohama National University, 79-7 Tokiwadai, Hodogaya-ku,
Yokohama 240-8501, Japan
b Tokyo Metropolitan College of Technology, Tokyo 140-0011, Japan
c National Institute for Environmental Studies, 16-2, Onogawa, Tsukuba, Ibaraki 305-8506, Japan

a r t i c l e i n f o

Article history:

Received 6 February 2006

Received in revised form

5 March 2007

Accepted 13 March 2007

Published on line 25 April 2007

Keywords:

Lake-model

a b s t r a c t

A modified abstract version of the Comprehensive Aquatic Simulation Model (CASM) is

found to exhibit three types of folded bifurcations due to nutrient loading. The result-

ing bifurcation diagrams account for nonlinear dynamics such as regime shifts and cyclic

changes between clear-water state and turbid state that have actually been observed in real

lakes. In particular, pulse-perturbation simulations based on the model presented suggest

that temporal behaviors of real lakes after biomanipulations can be explained by pulse-

dynamics in complex ecosystems, and that not only the amplitude (manipulated abundance

of organisms) but also the phase (timing) is important for restoring lakes by biomanipulation.

Ecosystem management in terms of possible irreversible changes in ecosystems induced by
Eutrophication

Bistable

Bifurcation

regime shifts is also discussed.

© 2007 Elsevier B.V. All rights reserved.

ate modifications, could also be applied in a wide range
Oscillation

Regime shift

1. Introduction

Recent field studies provide much empirical evidence for mul-
tiple stable states in ecosystems (Scheffer et al., 2001; Rietkerk
et al., 2004). Traditional theory states that abrupt, discontin-
uous transitions called regime shifts (Scheffer and Carpenter,
2003) may occur due to multistability in ecosystems (Holling,
1973; May, 1977). Many examples of regime shifts or thresh-
old phenomena in ecosystems are available in the literature
(Walker and Meyers, 2004). In lakes, regime shifts between

clear-water state and turbid-water state due to eutrophica-
tion have also been reported (Scheffer et al., 1993, 2001, 2003;
Beisner et al., 2003).

∗ Corresponding author. Tel.: +81 45 339 4353; fax: +81 45 339 4353.
E-mail address: amemiyat@ynu.ac.jp (T. Amemiya).

1 Present address: Fukushima University, 1 Kanayagawa, Fukushima-
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Several eutrophication models of various levels of com-
plexity have been proposed (Yoshiyama and Nakajima, 2002;
Beisner et al., 2003; Scheffer et al., 2003; Genkai-Kato and
Carpenter, 2005; Jørgensen, 1976; Jørgensen et al., 1986).
Among the models, the application of a general eutrophica-
tion model of medium complexity (20 state variables) in real
lakes succeeded in reproducing annual changes in the val-
ues of important indices such as productivity, phytoplankton
biomass, and soluble phosphorus and, with the appropri-
City 960-1296, Japan.

of case studies (Jørgensen, 1976; Jørgensen et al., 1986). On
the other hand, a three-variable (nutrient, total algae, and
Anabaena sp.) eutrophication model was formulated on the
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asis of phenomenological considerations and was found to
e reduced analytically to the canonical equation of the cusp
atastrophe (Duckstein et al., 1979).

In the present study, we employed and slightly modified
he abstract version of the Comprehensive Aquatic Simulation
odel (CASM) (DeAngelis et al., 1989) to investigate the nonlin-

ar dynamics in lakes due to nutrient loading. Here we present
five-variable autonomous differential equation model that
as intermediate complexity between the Jørgensen’s model

1976) and the model by Duckstein et al. (1979) mentioned
bove. The present model also includes three tropic levels
nd nutrient (phosphorus) circulation from detritus to water,
hich may satisfy two of seven criteria proposed by Jørgensen

1976) for applying eutrophication models to real lakes. We
ave already found that the original abstract version of CASM
eproduced bistability and the threshold value of phospho-
us loading consistent with field data (Jeppesen et al., 1990;
memiya et al., 2005).

The present study also investigates oscillatory behavior
nd pulse-dynamics other than the bistable behavior exhib-
ted in the modified abstract version of CASM. In real lakes,
yclic behaviors between clear and turbid states with peri-
ds ranging from weeks to years have been observed (Walker
nd Meyers, 2004). In some lakes (Mitchell, 1989; Blindow et
l., 1993), such cyclic variations were spontaneous, indicat-
ng that such variations were due to the internal dynamics
f lakes. We show that the application of the present model
eproduces the same spontaneous variations in lakes as well
s regime shifts depending on the values of a constant
arameter. Scheffer et al. (2000) have shown that a simple
wo-variable, algae-zooplankton model can produce several
ynamical behaviors including bistability and oscillations as
function of the amount of planktivorous fish. Here we report,

o our knowledge, the first results of such dynamical behaviors
n eutrophication models as a function of nutrient loading.

Biomanipulations are lake-restoration techniques that
pply pulse-like perturbations to the abundance of organisms;
sually a reduction of both zooplanktivorous and benthivo-
ous fish (Shapiro et al., 1975; Hansson et al., 1998). Bistable
onditions are necessary to shift a turbid state to a clear state
y biomanipulations (Scheffer et al., 1993, 2001; Jørgensen,
002). A number of results of biomanipulations are sum-
arized that include those that were both successful and

nsuccessful in shifting the system to a clear state (Hansson
t al., 1998; Drenner and Hambright, 1999; Meijer et al., 1999).
mong these results, it is of particular interest that there
ere cases that initially seemed successful, but after lengthy
eriods of time (more than several years) revealed to be unsuc-
essful in shifting the system (Drenner and Hambright, 1999;
eijer et al., 1999). The present study also shows that such

ehaviors can partly be explained by pulse-dynamics in com-
lex ecosystems.

. Methods
.1. Mathematical model

e used a modified version of the five-variable model of
akes proposed by DeAngelis et al. (1989) based upon the
2 0 6 ( 2 0 0 7 ) 54–62 55

following equations:

dN

dt
= IN − rNN − �r1NX

k1 + N
+ �d4D,

dX

dt
= r1NX

k1 + N
− f1X2Y

k2 + X2
− (d1 + e1)X,

dY

dt
= �f1X2Y

k2 + X2
− f2Y2Z

k3 + Y2
− (d2 + e2)Y,

dZ

dt
= �f2Y2Z

k3 + Y2
− (d3 + e3)(Z − Z∗),

dD

dt
= (1 − �)f1X2Y

k2 + X2
+ (1 − �)f2Y2Z

k3 + Y2

+ d1X + d2Y + d3Z − (d4 + e4)D,

where N is the amount of dissolved nutrient in the system, X
the biomass of phytoplankton, Y the biomass of zooplankton,
Z the biomass of zooplanktivorous fish, and D is the detrial
biomass. One modification compared to the original model is
that we generalize the model by allowing the predators, zoo-
planktivorous fish, to maintain a low equilibrium level Z = Z*
(>0) even when its prey, zooplankton, are scarce. Such a modi-
fication was used in a model of a hare-lynx system (Blasius et
al., 1999), where alternative food sources that are not included
in the model might be available for the top predator. In the
present model, this modification can avoid an unrealistic cir-
cumstance that the fish emerge from zero biomass at a critical
value of the nutrient loading when it is increased continu-
ously. In addition, changes in the value of Z* are unexpectedly
found to yield different bifurcation behaviors in the model.

The parameter IN represents the input rate of the limit-
ing nutrient, phosphorous in this model, in the environment.
The other parameters are the following: rN, loss rate of the
nutrient; �, ratio of nutrient mass to biomass; r1, maximum
growth rate of phytoplankton; ki, half-saturation constant of
nutrient (i = 1) or biomass (i = 2, 3); di, death rate of organisms
(i = 1–3) or decomposition rate of detritus (i = 4); ei, removal
rate of organisms (i = 1–3) or detritus (i = 4); fi, feeding rates; �,
assimilation efficiency. The details of the original model have
been described previously (DeAngelis et al., 1989; Amemiya et
al., 2005). Here we point out only two characteristics of the
model: (i) the uptake kinetics of the nutrient (N) are described
by a Michaelis–Menten–Monod function; (ii) both consump-
tion of phytoplankton (X) by zooplankton (Y) and consumption
of zooplankton (Y) by fish (Z) are modeled by a Holling type-III
function. The type-III function is based on the assumption that
predation rate is not proportional to prey density but very low
when prey are scarce, which may be the case where predator
actively finds out large concentrations of prey, or prey hides
itself behind in an obstacle.

2.2. Bifurcation diagrams

The input rate (IN) of nutrient was used as a control parameter.
Stable and unstable steady states were obtained by a numeri-

cal linear stability analysis for the five-variable model. On the
other hand, oscillatory solutions were obtained by solving the
model equations numerically with the IN values increasing
from IN = 0 in increments of 10−5. When the solutions reached
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Table 1 – The values of parameters used in the present model

Parameters Values Units Meaning of the parameters Ref.

Control parameters
IN 0–1.5 mg m−2 day−1 Input rate of limiting nutrient
Z* 0–0.01 g m−2 Low equilibrium biomass of zooplanktivorous fish Assigned in this work

Constants
rN 0.005 day−1 Loss rate of limiting nutrient DeAngelis et al. (1989)
r1 0.3 day−1 Maximum growth rate of phytoplankton DeAngelis et al. (1989) and Bowie et al. (1985)
k1 0.005 g m−2 Half-saturation constant of nutrient DeAngelis et al. (1989) and Bowie et al. (1985)
k2 6 [(g m−2)2] Half-saturation constant of phytoplankton biomass Bowie et al. (1985)
k3 2 [(g m−2)2] Half-saturation constant of zooplankton biomass DeAngelis et al. (1989)
f1 2 day−1 Feeding rate of zooplankton DeAngelis et al. (1989) and Bowie et al. (1985)
f2 10 day−1 Feeding rate of zooplanktivorous fish DeAngelis et al. (1989) and Bowie et al. (1985)
� 0.02 – Ratio of nutrient mass to biomass DeAngelis et al. (1989) and Bowie et al. (1985)
� 0.5 – Assimilation efficiency DeAngelis et al. (1989) and Bowie et al. (1985)
d1 0.1 day−1 Death rate of phytoplankton DeAngelis et al. (1989) and Bowie et al. (1985)
d2 0.55 day−1 Death rate of zooplankton Assigned in this work
d3 0.5 day−1 Death rate of zooplanktivorous fish DeAngelis et al. (1989) and Bowie et al. (1985)
d4 0.1 day−1 Decomposition rate of detritus DeAngelis et al. (1989)
e1 0.001 day−1 Removal rate of phytoplankton from the system DeAngelis et al. (1989)
e2 0.001 day−1 Removal rate of zooplankton from the system DeAngelis et al. (1989)
e3 0.001 day−1 Removal rate of zooplanktivorous fish from the

system
DeAngelis et al. (1989)

om th
e4 0.001 day−1 Removal rate of detritus fr

Literature values in Table 1 in Amemiya et al. (2005).

stable oscillations, the local minima and maxima at each IN
value were plotted in the diagram. In a three-dimensional
(3D) bifurcation diagram, the stable and unstable steady states
and the stable oscillatory solutions were plotted. The software
AUTO (Doedel and Kernévez, 1986) was also used to confirm
the steady state and limit-cycle solutions. The parameters
used in the present model are listed in Table 1.

2.3. Temporal dynamics by pulse-perturbations

Simulations of pulse-perturbations were performed in two
bistable conditions; one case observes the existence of two
stable steady states while another case observes the existence
of one stable steady state and one oscillatory state. First, the
model equations were solved numerically with initial con-
ditions close to the stable steady state for the former case
and unstable steady states for the latter case so that the sys-
tem exhibited steady state or oscillatory behavior, respectively.
Second, when the solutions reached stable steady states or
stable oscillations, one of the variables was manipulated to
take values away from the states, and the model equations
were solved again to see the temporal behaviors. Both the
amplitude and the timing (phase) of the manipulation were
changed to observe the sensitivity of the model system against
the pulse-perturbation.

3. Results

3.1. Bifurcation diagrams
The bifurcation analyses yielded monostable or bistable
behavior depending on the values of the parameters. Monos-
table behavior (not shown) was obtained with the original
e system DeAngelis et al. (1989)

values of the parameters reported by DeAngelis et al. (1989)
with the Z* values as listed in Table 1. On the other hand, when
we used a more realistic value of six (6) than the original value
of sixty (60) for the half-saturation constant of phytoplank-
ton biomass (k2) (Bowie et al., 1985; Amemiya et al., 2005), we
obtained bifurcation diagrams with bistable states as shown
in Fig. 1. The stable state was either a steady state or an oscil-
latory state. A folded bifurcation curve with a saddle node,
an unstable fold, and a Hopf point is shown in Fig. 1A when
derived with Z* = 0.0002. Oscillatory solutions were obtained
between the unstable fold and the Hopf point on the unsta-
ble branch. Increasing the value of Z* to 0.0006 gave a similar
but different bifurcation curve (Fig. 1B); a portion of one of
the unstable branches became stable, and a saddle node and
a Hopf point appeared on the branch. Further, increasing the
value of Z* to 0.0009 changed the stability of the branch; the
portion of the unstable steady states disappeared, and thus a
folded bifurcation curve with two saddle nodes was obtained
(Fig. 1C).

Fig. 2 summarizes the type of stability in the folded bifur-
cation curves as shown in Fig. 1 in a phase space spanned by
IN and Z* under the conditions as listed in Table 1. Bistability
(black dots in Fig. 2) is found to appear in the large area of the
parameter space up to Z* = 0.01 (not shown). Regime shifts may
occur under the bistable conditions where two stable states
(black dots), or stable and oscillatory states (open circles with
crosses) exist. It is also noted that changes in external param-
eter IN as well as an internal parameter Z* can induce regime
shifts.
3.2. Oscillatory behavior

Typical oscillatory behavior in the present model was a limit-
cycle oscillation of one period as shown in Fig. 3A with the
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Fig. 1 – Bifurcation diagrams for the present model with different values of Z*: (A) 0.0002, (B) 0.0006, and (C) 0.0009. The
other parameters are listed in Table 1. In panel (A), filled circles and open circles show stable and unstable steady states,
respectively, and small dots show the maxima and minima of limit-cycle oscillations. In the 3D bifurcation diagrams in the
panels (A)–(C), filled circles and small dots show the stable and unstable steady states, respectively, and lines show the
limit-cycle oscillations. SN represents saddle node, HP is Hopf bifurcation point, and UF is unstable fold.
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Fig. 2 – State diagrams spanned by low equilibrium
biomass of planktivorous fish (Z*) and input rate of nutrient
(IN). Crosses represent single stable states, black dots are
two stable and one unstable steady states (bistability), open
circles are single unstable states with oscillatory solutions,

and open circles with crosses are one stable and two
unstable steady states with oscillatory solutions.

parameter set as listed in Table 1. The main period of the
oscillation was 20 days as shown in the Fourier spectra of the
temporal oscillations. On the other hand, a different type of
oscillation was also obtained with different values of IN and
Z* as shown in Fig. 3B. In this case, the main periods were ca.
500 and 20 days; a long periodic change on the order of years
occurs accompanied by a small weekly change.

3.3. Pulse-perturbations
Pulse-perturbations for the present model exhibited differ-
ent temporal behaviors depending on the system states, i.e.,
steady states or oscillatory states, and also on the amplitude

Fig. 3 – Cyclic oscillations in the present model: (A) Z* = 0.0002 g m
and IN = 0.78 mg m−2 day−1. Time series solutions and the corres
oscillations are (A) ca. 20 days (3 weeks), and (B) ca. 500 days (ca.
2 0 6 ( 2 0 0 7 ) 54–62

and the timing of the perturbations. In the present model,
manipulations of only the variable X or D were found to flip
the state from turbid to clear or vice versa, as consistent with
previously reported results (Amemiya et al., 2005).

Examples of four typical temporal behaviors that are
induced by pulse-perturbations of X (phytoplankton) are
shown in Fig. 4. Here we define a clear state as a stable state
of low abundance of X, and a turbid state as a stable state
of high abundance of X. One typical temporal behavior is
exemplified by the situation whereby a 98.3% reduction in
the turbid-state value drove the system to an unstable steady
state for about 1600 days (4.5 years) before the system is able
to gradually return to the original turbid state (Fig. 4A). The
duration of time during which the unstable state occurs was
sensitive to the amplitude of the perturbation; however, the
timing of the pulse-perturbation did not affect the temporal
behaviors.

A different type of temporal behavior can also be observed
when the abundance of X is reduced by such large percentages.
In Fig. 4B, a 98.4% reduction in the turbid-state value induced
a regime shift in the system; the system was shifted to a clear
state as shown in Fig. 4B (only the variables N and X are shown).
The variables X, Y, Z, and D exhibited nearly the same dynam-
ics as in the first type of temporal behavior, staying around
the unstable state for about 750 days (2 years), while only the
variable N exhibited pulse-like behavior before reaching the
stable (turbid) state. Analyses of eigen vectors revealed that
the dynamics along the unstable manifold is mostly given by a
simultaneous nutrient decrease and fish increase when there
is a return to the turbid state and vice versa when there is a
transition to the clear state.
Another type of temporal behavior occurs when the pulse-
perturbation is applied under the oscillatory conditions. When
the abundance of X was increased by 152% of the unstable
state (a clear-state) value, the system exhibited for about 6000

−2 and IN = 0.5 mg m−2 day−1, and (B) Z* = 0.00001 g m−2

ponding FFT spectra are shown. The main periods of the
1.5 years) and 20 days (3 weeks).
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Fig. 4 – Temporal behaviors after pulse-perturbations in the variable X at time zero from turbid to clear steady states (A, B),
and from clear (oscillatory) to turbid (steady) states (C, D): (A) a 98.3% reduction in the X value from the turbid-state value
under the condition of Z* = 0.0009 g m−2, IN = 0.55 mg m−2 day−1, (B) a 98.4% reduction in X under Z* = 0.0009 g m−2,
IN = 0.55 mg m−2 day−1, (C) a 152% increase in X from the unstable steady-state value under Z* = 0.0002 g m−2,
IN = 0.5 mg m−2 day−1, and (D) the same condition with (C) but the pulse-perturbation was applied 1 day earlier than (C).
Solid and dotted lines represent stable steady states and unstable steady states, respectively. Regime shifts occurred in (B)
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nd (D), and did not occur in (A) and (C).

ays (16 years) quasi-steady-state behavior similar to that of
he middle unstable state before making a sudden transi-
ion to a state closer to the other unstable steady state for
bout 3800 days (10 years) and finally settling at the original
ondition that exhibits limit-cycle oscillations (Fig. 4C). It is
oted that not only amplitude, but phase (timing) of pulse-
erturbations as well affects the temporal behaviors of the
ystem under the oscillatory conditions. For example, when
he above pulse-perturbation was carried out by changing only
he phase (timing) to 5 days earlier, the quasi-steady-state
ehavior that had lasted 16 years disappeared, and the sys-
em suddenly shifted to a state closer to the unstable steady
tate for a duration of about 10 years before finally settling
t the original condition that exhibits limit-cycle oscillations
not shown). The final temporal behavior of Fig. 4 is also
n extreme situation that occurred when the same pertur-
ation was performed by changing the timing 1 day earlier,
he system exhibited regime shift to the stable steady state
s shown in Fig. 4D. There was a range of amplitudes of

ulse-perturbations where the phase (timing) affected the
emporal behaviors. However, if the amplitudes were very
arge or very small, the timing did not change the dynamics
not shown).
4. Discussion

4.1. Alternative steady states and regime shifts in
lakes

Field observations have revealed alternative-stable-state-
theory (Scheffer et al., 1993, 2001, 2003) in real lakes, i.e.,
lakes are known to exhibit clear and turbid states. A folded
bifurcation curve as shown in Fig. 1C has been used to explain
the state-shift in lakes when a control parameter crosses
the bifurcation point. The stable state may either be steady
or non-steady (oscillatory), and state shifts can be called
regime shifts (Scheffer and Carpenter, 2003). The present
model exhibited three kinds of bistable behaviors: the first
consisting of two stable steady states (Fig. 1C), the second
consisting of a stable steady state and a stable oscillatory
state (Fig. 1A), and the third is a combination of the above
(Fig. 1B). Small differences in the parameter value of Z*,

the low equilibrium level of zooplanktivorous fish, changed
the bistable behaviors. We have also confirmed that such
divergent bistable behavior can be obtained by changing the
value of other parameters; for instance, d2, the death rate
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of zooplankton. These results suggest that different regimes
can be induced by small changes in the ecological parameters
such as Z* and d2, which are difficult to control in real lakes.
However, such internally induced regime shifts do not occur
if the nutrient loading is small in the present model, which
implies that controlling external conditions is nevertheless
crucial to prevent these regime shifts.

Alternative stable states have also been obtained in a more
complex eutrophication model, i.e., a structurally dynamic
model (SDM) (Zhang et al., 2003a,b, 2004). The SDM is a
very realistic model including forcing functions such as the
solar radiance, precipitation, temperature, water depth, flow
rate, and the density of the plant-eating coot, and as well
as photosynthesis of phytoplankton, submerged plants, and
periphyton as a function of time, temperature, phosphorus
and light. This dynamic model that has been applied for a real
lake (Lake Mogan in Turkey) has exhibited hysteresis in vege-
tation shift when inflow of phosphorus loading was increased
from the original value and then decreased back to the original
value (Zhang et al., 2003b). This result obtained by the SDM is
a strong support for the results of bistable behaviors obtained
in the present model.

The regime shift is schematically explained by a “marble-
in-a-cup” model (Scheffer et al., 1993) as shown in Fig. 5A. Two
valleys represent stable states (regimes), i.e., clear and turbid
states, while the hilltop represents the threshold between the
two states. An ecosystem represented by a rolling ball will
be attracted to one of the valleys. The shape of the valley
changes depending on external conditions such as nutrient
loading; only clear-state-valleys exist when nutrient loading
is very small while only turbid-state-valleys exist when the
nutrient loading is very large. Regime shifts occur when per-
turbations are applied beyond the unstable hilltop or when an
external condition crosses the bifurcation point beyond which
only one valley exists. In any case, the marble-in-a-cup model
tacitly assumed that ecosystem structures and/or functions

will not be changed after the regime shift. This implies that the
ecosystem can be restored to the original state by returning the
external conditions or by manipulating ecosystem variables so
that the system can go over the hilltop.

Fig. 5 – A marble-in-a-cup model for ecosystem stability. (A) Two
double potential-like curve. The regime shift can be reversible be
ecosystem is unchanged. (B) This is the case where the dynamic
shift. In this case, the original ecosystem cannot be restored.
2 0 6 ( 2 0 0 7 ) 54–62

However, there must be a case where the ecosystem struc-
tures and/or functions will be changed by large changes
in ecosystem states such as regime shifts. The importance
of including the structural changes in ecosystems, adapta-
tion and shifts of species into ecological models has been
addressed (Zhang et al., 2003a). Suding et al. (2004) also
addresses changes in feedbacks after regime shifts, i.e.,
changes in interactions from species to landscape levels in
ecosystems. In such cases, the landscape of the “marble-in-
a-cup”, i.e., the dynamical system of the ecosystem, may be
changed irreversibly as shown in Fig. 5B, and in this case the
original state will never be restored by returning the exter-
nal conditions or by biomanipulations. Such an irreversible
change in ecosystems at all hierarchical levels should be con-
sidered in the restoration of ecosystems (Ashley et al., 2003;
Suding et al., 2004; Zhang et al., 2003a).

4.2. Persistent switching in lakes

Persistent switching of clear and turbid states has been
observed in lakes due to eutrophication (Walker and Meyers,
2004). The time scale of change ranges from weeks to years.
In most cases, the switching is triggered by nutrient input
from the environment, and thus, the dynamics are external
in origin. Such a switching behavior can be understood by a
bifurcation diagram as shown in Fig. 1; the system-state is
changed from one state to the other when the environmen-
tal parameter, the nutrient input, moves back and forth and
crosses the bifurcation points. On the other hand, noise in
the nutrient input is shown to induce persistent regime shifts
under bistable conditions through the analysis of a simple
one-variable eutrophication model (Guttal and Jayaprakash,
2007). The obtained time scale for the noise-induced regime
shifts was of the order of 50 years or more. Thus it is worth
studying the effect of noise on the bistable conditions in lakes
by using more realistic models. In the field studies, however,

the mechanism for persistent switching phenomena has not
been resolved (Meijer et al., 1994; Blindow et al., 1993).

The present analyses of a lake-model suggest that lakes
may exhibit autonomous oscillations with a period from

different regimes are represented by the minima in a
cause the dynamical structure (the potential curve) of the
al structure of the ecosystem is changed after a regime
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eeks to years internally (Fig. 3). Under certain conditions, the
mplitude of the oscillations is large enough to consider the
ake as persistently switching its states. Thus, this behavior in
akes may be due to either regime shifts by threshold phenom-
na and/or noise, or due to the internal nonlinear dynamics
n lakes.

.3. Pulse-like perturbation in lakes: biomanipulation

iomanipulation is a lake-restoration technique that uses
pulse-like perturbation of the abundance of organisms.

mongst the many results of biomanipulations (Hansson et
l., 1998; Drenner and Hambright, 1999; Meijer et al., 1999), the
resent study offers an explanation for the case where diag-
ostic variables of lakes started to degrade many years (∼5–14
ears) after biomanipulation (Hansson et al., 1998; Drenner
nd Hambright, 1999; Meijer et al., 1999), and also for the case
here the variables showed unexplained temporal behavior

uch as the persistent switching between clear and turbid
tates (Meijer et al., 1994, 1999).

Hansson et al. (1998) reported in their review on biomanip-
lation that several features, such as the total phosphorus and
hlorophyll concentrations, Secchi depth, Daphnia biomass,
he coverage of submerged macrophytes, and the percent-
ge of piscivorous fish, in a lake (Lake Væng in Denmark)
imultaneously started to degrade about 5 years after bioma-
ipulation. Furthermore, the trophic structure of the lake has
uctuated markedly since then. In their review, Drenner and
ambright (1999) reported that a lake in Germany reaped

he benefits (improvement of water transparency) of bioma-
ipulation for 14 years, but the effects disappeared at the
nd of the 14th year. Perrow et al. (1994) and Meijer et al.
1994, 1999) reported that some lakes in England and the
etherlands exhibited persistent switching between clear and

urbid states over decades. To the best of our knowledge of
nown literature, the mechanisms behind the alterations have
ot been clarified (Walker and Meyers, 2004; Meijer et al.,
994).

The present study suggests that lakes may exhibit long-
eriod transient behaviors upon pulse-perturbations, just as

n biomanipulation, until they settle down in a stable state.
hus the return to a turbid state after long periods (5–10 years)
f biomanipulation may occur if the amplitude and/or timing
re not suitable to induce the regime shift of the lakes. Lakes
ay also change their stability from steady states to oscilla-

ory states by any changes in their uncontrollable (ecological)
arameters as shown in Fig. 2. Thus the field observations
f persistent switching between clear and turbid states over
ecades may arise from the change in the stability from steady
tates to oscillatory states in the lakes before and after the
iomanipulation.

Real lakes can originally be regarded as oscillatory sys-
ems due to either their internal dynamics or seasonal forcing
Jørgensen, 1976; Scheffer et al., 1997). Under the oscilla-
ory conditions, the timing of biomanipulation may affect
he results of temporal behaviors even if the strength of the

iomanipulation is nearly the same. It is well known that
he sensitivity of oscillatory systems to pulse-perturbation
epends on the phase of oscillations. On the other hand,
nder externally (e.g., seasonally) forced conditions, pulse-
2 0 6 ( 2 0 0 7 ) 54–62 61

perturbations may induce regime shifts in lakes when the
lakes are near the bifurcation points or when the pulse-
perturbations are applied at an appropriate phase of the
forcing, a situation reminiscent of stochastic resonance (Moss
and Wiesenfeld, 1995) in fluctuating environmental condi-
tions.

5. Conclusion

The analyses of a modified model of the abstract version
of CASM shows that field observations of regime shifts and
spontaneous oscillations in lakes can be explained by either
threshold phenomena or the internal dynamics in lakes.
Changes in the external parameters such as nutrient load-
ing or internal (ecological) parameters in lakes may give rise
to regime shifts. Possible irreversible changes in ecosystem
structures and/or functions induced by regime shifts should
also be considered in ecosystem management. Oscillatory
dynamics in lakes may produce several temporal behaviors
after biomanipulation depending on the timing. Effective
biomanipulation is possible by considering the timing of
manipulation when lakes show oscillatory dynamics.
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