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Abstract

Macrophytes may enhance grazing on phytoplankton by providing a refuge for

zooplankton against fish predation. Loss of macrophytes can trigger sudden degradation

of water clarity (regime shift) in lakes. However, the presence of piscivores may drive

planktivorous fish to take refuge amongst littoral macrophytes. To address the possibility

of regime shifts, I here constructed an empirically based model that combined

population dynamics of organisms with game theory for optimal habitat selection, taking

into consideration the trophic structure, lake size and eutrophication. The model showed

that macrophytes generally acted as a refuge for zooplankton, rather than for fish. The

model predicted that regime shifts were more likely in small, shallow lakes and that the

presence of macrophytes raised the possibility of regime shifts. The present study

demonstrated that the fast dynamics of animal behaviour could lead to regime shifts, in

connection with slower variables such as nutrient loading.
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I N T R O D U C T I O N

There is increasing evidence of sudden, drastic changes in

ecosystem states due to multiple, locally stable equilibria

(Scheffer et al. 2001). These changes are often termed

regime shifts. Lakes have provided good model systems for

the study of regime shifts because of their island-like

characteristics and suitability for whole-ecosystem experi-

ments (Carpenter 2003). Regime shifts in lakes, the shift

from a clear-water state with sparse phytoplankton to a

turbid one with algal blooms, are suggested to occur in

relation to macrophytes (Scheffer 1998). Macrophytes

occupy the littoral zone of lakes, so macrophyte-related

regime shifts should depend on the ratio of littoral to pelagic

area. Macrophytes can reduce phosphorus recycling from

lake sediments (hereafter the �nutrient-control role�), and

this role of macrophytes depends on lake morphometry and

is related to regime shifts (Genkai-Kato & Carpenter 2005).

In addition to the nutrient-control role, it is suggested

that macrophytes provide a refuge for zooplankton against

fish predation (Burks et al. 2002). Thus a lake with abundant

macrophytes accompanied by zooplankton maintains high

grazing pressure on phytoplankton, so that a clear-water

state is maintained (hereafter the �grazing-control role�).

Many existing models have contributed to the concepts and

qualitative prediction of regime shifts (e.g. Scheffer 1999),

but so far minimal models have not provided a clear

quantitative prediction of the grazer-control role of macr-

ophytes in regime shifts.

The actual ecological relationships between prey, preda-

tors and refuges in nature complicate the simple game

theory outlined above. Macrophytes can also be viewed as a

refuge for small planktivorous fish against large piscivorous

fish (Persson 1991). The macrophyte habitat with abundant

planktivorous fish may not be a safe place for zooplankton,

which negates the grazing-control role. Therefore, a model

that puts predators into behavioural predator–prey interac-

tions competing for macrophyte refuge is needed (Lima

2002).

Hugie & Dill (1994) prepared a foundation for a game

theoretic approach to habitat selection by predators and

prey. However, this model has limitations in its application

to evaluation of regime shifts in the case of nutrient

enrichment in lakes. It assumed that lake productivity was

held constant that predator and prey populations were at a

constant density, and that the risk of predation in a habitat

was independent of the predator density. van Baalen &

Sabelis (1993) dealt with changing productivity and
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dynamically variable populations of predators and prey. As

the resource (phytoplankton) dynamics was not involved in

the model of van Baalen and Sabelis, it was still difficult to

apply to the prediction of regime shifts in water clarity.

Neither model included the higher trophic level

(i.e. piscivores). Here I constructed a new model dealing

with population dynamics of zooplankton and fish including

game theory for habitat selection between littoral and

pelagic habitats. Then I addressed the following two

questions: �which organism, zooplankton or planktivorous

fish, uses macrophytes more intensively as a refuge against

predation?� and can habitat selection drive a lake ecosystem

to a regime shift, taking into consideration the trophic

structure, lake size and eutrophication?�.

A N A L Y T I C A L M O D E L

The model in this paper consists of dynamics on two

different time scales: behavioural dynamics of zooplankton

and planktivorous fish and population dynamics of phyto-

plankton. The behavioural dynamics is faster than the

population dynamics.

Zooplankton and planktivorous fish are free to choose

their habitat, pelagic (i ¼ 1) or littoral (i ¼ 2) areas, to

maximize their fitness. In the following, fish refer to

planktivorous fish and piscivores refer to piscivorous fish.

Macrophytes are present only in the littoral area where

zooplankton and fish can utilize them as a refuge against

predation by fish and piscivores respectively. The basic

model is composed of the dynamics of the total

zooplankton abundance (Z) and total fish abundance

(F) in a lake (symbols and notation are explained in

Table 1):

dZ

dt
¼
Xi

si qirmgðAÞ � bi � uiðAÞ
biF

si

� �
aiZ

si

; ð1aÞ

dF

dt
¼
Xi

si euiðAÞ
aiZ

si

� ci �wiðAÞ � di

biF

si

� �
biF

si

: ð1bÞ

I used the areal ratio of littoral (with area s2) to pelagic (s1)

habitat to represent a variety of lake sizes. I assumed that

larger lakes have a lower s2/s1 ratio because they have more

Table 1 State variables, parameters and their units as used in the model

Symbol Meaning Units Value Source

State variables

A Algal density mg m)3

F Fish abundance ind

f Fish density ind m)3

Z Zooplankton abundance ind

z Zooplankton density ind m)3

Functions

g Per capita grazing rate of zooplankton mg ind)1 day)1 eqn 6

u Fish attack rate m3 ind)1 day)1 0.5*, eqn 7a� Persson et al. (1998)*

w Piscivore attack rate day)1 0.03*, eqn 7b� Luecke et al. (1992)*

Parameters

a Zooplankton filtering rate m3 ind)1 day)1 4 · 10)5 Grover (1995)

b Zooplankton natural death rate day)1 0.1*� Vanni et al. (1992)

c Fish natural death rate day)1 0.006*� Luecke et al. (1992)*�
d Fish density-dependent death rate m3 ind)1 day)1 0*, 0.0025� Schriver et al. (1995)�
e Conversion rate of zooplankton to fish indF ind�1

Z 10)5 Mylius et al. (2001)

h Handling time for algae ind days lg)1 5.1 Grover (1995)

K Algal-carrying capacity mg m)3 0.1–100

k Half-saturation constant for fish attack rate mg m)3 11 Canfield et al. (1984)

l Half-saturation constant for piscivore attack rate mg m)3 31 Priyadarshana et al. (2001)

m Conversion rate of chlorophyll to zooplankton ind lg)1 5 Muck & Lampert (1984) and

Reynolds (1984)

q Zooplankton impact coefficient Dimensionless 1*, 0.5�
r Maximum growth rate of algae day)1 0.9 Vanni et al. (1992)

s Habitat area m2 1–10 000*, 100�
a Distribution strategy of zooplankton Dimensionless Equation 4a

b Distribution strategy of fish Dimensionless Equation 4b

r Assimilability of algae Dimensionless 0.65 Vanni et al. (1992)

*�The value and source in the pelagic and littoral habitats respectively.
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pelagic area. Strictly speaking, the lake size included area,

depth and other morphometric characteristics. The aim of

this study was to elucidate the effect of macrophytes in

terms of a horizontal refuge for zooplankton on regime

shifts. A large lake usually has a deep layer (i.e. hypolim-

nion), which has the potential to be a vertical refuge for

zooplankton (Iwasa 1982). Inclusion of depth will lead to a

two-dimensional refuge model, which requires a substantial

alteration of the present model. This alteration is beyond the

primary scope of this study. I assumed here a water column

with depth of a unit length (1 m) in the upper mixing layer

(epilimnion). I dealt with only horizontal distribution

and migration of zooplankton and fish within the water

column.

The habitat selection by zooplankton and fish results in

their distributions. Thus the zooplankton (or fish) abun-

dances in the pelagic and littoral habitats are given by a1Z

and a2Z (or b1F and b2F), respectively, where a1 + a2 ¼ 1

(or b1 + b2 ¼ 1). For convenience, I also used a new

notation zi and fi to express densities of zooplankton and

fish, respectively, within the water column of 1-m deep

(i.e. zi ¼ aiZ/si and fi ¼ biF/si). In this study, I assumed

that the distributions of zooplankton and fish reflect their

behavioural habitat choice, rather than their genetic prop-

erties, and that no individual zooplankton or fish can gain by

moving to another habitat (i.e. ideal free distribution,

Fretwell & Lucas 1970). Under the assumption of the ideal

free distribution, there is no difference in behavioural fitness

measured as the per capita growth rate between habitats.

Thus the optimal behaviors for zooplankton and fish are

characterized by ai* and bi* such that

qirmgðAÞ � bi �
uiðAÞb�i F

si

� �
a�i ¼ CZ ð2aÞ

euiðAÞa�i Z

si

� ci � wiðAÞ �
dib
�
i F

si

� �
b�i ¼ CF ; ð2bÞ

for all i, where CZ and CF are constants. At equilibrium

(Z ¼ �Z , F ¼ �F ), the right-hand sides of eqn 1 are zero

(i.e. d�Z=dt ¼ 0 and d�F=dt ¼ 0). With the optimal distri-

butions at equilibrium, CZ ¼ CF ¼ 0. Then, eqn 2 leads to

the solution for the equilibrium abundances and optimal

distributions for zooplankton and fish:

�Z ¼ 1

e

Xi
ci þ wiðAÞ

uiðAÞ
þ ½qirmgðAÞ � bi �di

½uiðAÞ�2

( )
si ; ð3aÞ

�F ¼
Xi

qirmgðAÞ � bi

uiðAÞ
si ð3bÞ

and

a�i ¼
ci þ wiðAÞ

uiðAÞ
þ ½qirmgðAÞ � bi �di

½uiðAÞ�2

( )
si

�
Xj cj þ wjðAÞ

ujðAÞ
þ ½qjrmgðAÞ � bj �dj

½ujðAÞ�2

( )
sj ; ð4aÞ

b�i ¼
qirmgðAÞ � bi

uiðAÞ
si

�Xj
qjrmgðAÞ � bj

ujðAÞ
sj : ð4bÞ

The solution given by eqns 3 and 4 are globally stable

equilibrium if �Z and �F are positive (Appendix S1; see also

Křivan & Sirot 2002 and Cressman et al. 2004 for

population and distribution dynamics of systems with two

species in a two-habitat environment).

E F F E C T O F E U T R O P H I C A T I O N O N W A T E R C L A R I T Y

To see if refuge effect of macrophytes for zooplankton

results in a drastic transition in water clarity with eutrophic-

ation, I additionally dealt with the dynamics of algal density

(A) in the pelagic habitat. Here I assumed that the

behavioural dynamics regarding habitat choice by zooplank-

ton and fish are faster than the population dynamics of algae,

and that the algal density depends on the dynamics of

zooplankton (symbols and notation are explained in Table 1):

dA

dt
¼ r 1� A

K

� �
A� q1a�1 �Z þ q2a�2 �Z

s1

gðAÞ: ð5Þ

The effect of nutrient loading and index for water clarity in

the lake are represented by the algal-carrying capacity

(K) and the algal density determined by eqn 5 respectively.

The algal-carrying capacity and density are measured in

chlorophyll units in the present study.

I assumed that zooplankton follow the optimal distribu-

tion in the daytime, while at night organisms are free from

predation risk and, therefore, littoral zooplankton can graze

on phytoplankton in the pelagic habitat (Timms & Moss

1984). This discrimination in grazing impact between pelagic

and littoral zooplankton is reflected in qi. Per capita grazing

rate of zooplankton [g (mg ind)1 day)1)] is a saturating

function of algal density (symbols and notation are

explained in Table 1):

gðAÞ ¼ aA

1þ haA
: ð6Þ

E F F E C T S O F M A C R O P H Y T E A N D / O R P I S C I V O R E

P R E S E N C E O N W A T E R C L A R I T Y

The dynamics of algal density in response to nutrient

loading depends on the distributions of zooplankton and
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fish. Comparison of the algal density at equilibrium given by

eqn 5 is carried out among four cases with regard to the

presence or absence of macrophytes and/or piscivores:

macrophytes and piscivores are present (MP), macrophytes

only (M), piscivores only (P) and none of these is present

(N). The effects of the presence of macrophytes and/or

piscivores were incorporated into the model as follows.

I assumed that there is competition for light between

phytoplankton and macrophytes. Phytoplankton are usually

superior competitors for light because macrophytes grow on

lake sediments. Thus it is likely that abundant phytoplankton

reduce macrophyte abundance through reduction in light

availability, resulting in increased predator success. In this

model, attack rates of predators on prey in the littoral

habitat increase with algal density, but in a saturating

manner. Thus far, relationships between phytoplankton

abundance, macrophyte abundance and refuge effects of

macrophytes on predator attack rates have not been well

documented to describe a relationship as an empirically

based model. For this reason, the attack rates in the pelagic

habitat (u1 and w1) are set at constants assuming that the

present model does not deal with dense algal blooms with

chlorophyll concentration > 100 mg m)3, which could

cause decreases in attack rates of predators; on the other

hand, the attack rates in the littoral habitat (u2 and w2) are

assumed to follow the relationship with algal density:

u2ðAÞ ¼
A

Aþ k
u1; ð7aÞ

w2ðAÞ ¼
A

Aþ l
w1; ð7bÞ

where k and l are half-saturation constants. The attack rates

in the littoral habitat of fish and piscivores on zooplankton

(u2) and fish (w2), respectively, increase and asymptotically

approach their pelagic values (u1 and w1) with increasing

algal density. I assume that when algal density is extremely

low (A � 0) and therefore water is clear, macrophytes are

too abundant for predators to attack their prey in the littoral

habitat (i.e. u2 ¼ w2 ¼ 0 when A ¼ 0). In the absence of

macrophytes, the attack rates in the littoral habitat are at the

same level as the pelagic habitat (i.e. u1 ¼ u2 and w1 ¼ w2).

The effect of piscivores is represented in the attack rate of

piscivores on fish such that wi > 0 in the presence of

piscivores, and w1 ¼ w2 ¼ 0 in the absence of piscivores

(i ¼ 1, 2).

N U M E R I C A L A N A L Y S E S

Parameterization

Here, I used empirically based, realistic parameter values to

analyse optimal distributions of zooplankton and fish and

made practical predictions on the possibility of regime shifts

in lakes. Because the basic model, eqn 1, has quite a few

parameters, it is difficult to show general dynamics of the

model analytically using general parameter values. Instead, I

conducted sensitivity analyses later to test the generality of

the model results by varying parameter values in the model.

The parameter values estimated from empirical studies and

used for the model analyses are summarized in Table 1.

I used the averaged value of nanoplankton and cyano-

bacteria reported by Vanni et al. (1992) for the maximum

growth rate of algae (r) to represent the phytoplankton

community with mixed algal species. I followed the

estimation by Grover (1995) for the parameters in eqn 6:

grazing rate of zooplankton (a) and handling time for

phytoplankton (h). I used r ¼ 0.65 for assimilability of

algae for Daphnia (Vanni et al. 1992). The conversion rate of

unit chlorophyll into one individual zooplankton, m, was

calculated based on the carbon content of a 1.75-mm

Daphnia (10.1 lg C) reported by Muck & Lampert (1984)

and assuming the relationship 1 lg chl ¼ 50 lg C (Rey-

nolds 1984). The coefficient qi is related to the grazing

impact of zooplankton on phytoplankton inhabiting the

pelagic habitat. I used q2 ¼ 0.5 for the relative impact of

littoral zooplankton to pelagic zooplankton assuming that

the littoral zooplankton graze on phytoplankton inhabiting

the pelagic habitat only at night, while the pelagic

zooplankton graze all day long (q1 ¼ 1). The natural death

rate of zooplankton was set at bi ¼ 0.1 (Vanni et al. 1992).

The conversion rate of one individual zooplankton to one

individual fish (e) was estimated at 10)5 according to Mylius

et al. (2001). The attack rate of fish on zooplankton in the

pelagic habitat (u1 ¼ 0.5) was used based on the perch–

zooplankton system in Persson et al. (1998). I substituted

the lower value of fish mortality to piscivores reported by

Luecke et al. (1992) for the natural death rate of fish (ci ¼
0.006). I used the higher value of fish mortality to piscivores

by Luecke et al. (1992) for the attack rate of piscivores on

fish in the pelagic habitat (w1 ¼ 0.03). The value for d is one

of the most difficult parameters to estimate. I assumed that

the density-dependent death term (db2F2/s2) was compar-

able with the density-independent death term (cbF/s) at

moderate fish density of catch per unit effort (CPUE) ¼ 6

reported by Schriver et al. (1995). Given that the report was

based on enclosures with 0.5-m depth, the density corres-

ponded to 2.4 ind m)3. Setting bF/s ¼ 2.4, I obtained

d2 ¼ 0.0025 in the littoral habitat; I set d1 ¼ 0 in the pelagic

habitat.

Parameter estimation for k in eqn 7a was based on the

report by Schriver et al. (1995) that the macrophyte effect as

a refuge for zooplankton was effective when the percentage

of the lake volume infested with macrophytes (PVI)

exceeded 15–20%. Using the data on the relationship

between chlorophyll a and PVI of Canfield et al. (1984),
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Table 2), the half-saturation constant k was assumed to be

the chlorophyll a concentration averaged over the lakes with

PVI > 15% (11 mg m)3). To obtain the parameter value

for l in eqn 7b, I referred to the compiled data on foraging

behaviour of fish in artificial vegetation (Priyadarshana et al.

2001, Table 1). They reported that captures of zooplankton

by fish and of fish by piscivores dropped significantly on

average at macrophyte densities ‡1750 and 625 (stems m)2)

respectively. Because of a negative relationship between

chlorophyll concentration and macrophyte density, half-

saturation constants for predator attack rate in units of

chlorophyll concentration (i.e. k and l ) were assumed to be

related to the critical macrophyte densities reported by

Priyadarshana et al. (2001) (i.e. 1750 and 625 stems m)2)

such that 1/k : 1/l ¼ 1750 : 625 where k ¼ 11.

In this study, the ratio of littoral area to pelagic area

(s2/s1) was used to represent various lake sizes, based on the

assumption that a larger lake had a smaller proportion of

littoral habitat. I fixed the littoral area s2 at a constant value

(100 m2), while the pelagic area s1 was left variable to

represent a variety of littoral : pelagic ratios.

Optimal distributions

The optimal distributions of zooplankton (z�i ¼ a�i �Z=si )

and fish (f �i ¼ b�i �F=si ) in density are shown in Fig. 1.

Table 2 Effects of changing one of model parameters on the

relative increases or decreases in z2*/z1* and f2*/f1*, and the

critical littoral : pelagic areal ratio (s2/s1) below which no regime

shift occurred with any value of K

Parameter

(default value) Value z2*/z1*� f2*/f1*�
s2/s1 value

for regime shift

b1,2 (0.1) 0.01 ++ ++ 0.26

0.25 ))) ))) 8.3

c1,2 (0.006) 0.0012 )) 0 10.9

0.03 +++ 0 0.16

d2 (0.0025) 0.0015 ) 0 2.3

0.015 + 0 3.6

k (11) 9.9 ) ) 3.1

l (31) 19 + 0 2.6

77 ) 0 3.1

u1 (0.5) 0.1 + 0 < 0.01

2.5 ) 0 7.0

w1 (0.03) 0.006 +++ 0 4.3

0.15 ))) 0 < 0.01

�The relative increases (+) or decreases ()) in z2*/z1* (or f2*/f1*)

are expressed as the z2*/z1* (or f2*/f1*) at A ¼ 2.5 (or A ¼ 4.5 for

fish) with the changed parameter values divided by its original z2*/

z1* (or f2*/f1*) with the default parameter values. +++, > 2; ++,

1.2–2; +, 1–1.2; 0, 1 (no change); ), 0.8–1; )), 0.5–0.8; ))),

< 0.5.
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Figure 1 Equilibrium densities of zooplank-

ton and fish under their optimal distribu-

tions plotted against algal density. Top (a, b)

and bottom (c, d) panels represent

zooplankton and fish abundances respect-

ively. Left (a, c) and right (b, d) panels

represent populations in the pelagic and

littoral habitats respectively. MP represents a

lake in which both macrophytes and pisci-

vores are present; M, only macrophytes are

present; P, only piscivores are present; N,

macrophytes and piscivores are absent.
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Combining eqns 3 and 4, it is obvious that the densities of

zooplankton (zi*) and fish (fi*) do not depend on habitat

area, s1 or s2. Neither zooplankton nor fish could invade into

the system with low algal densities (A < 2), because

production was too low to sustain the populations. The

pelagic zooplankton density differed depending only on the

presence or absence of piscivores (Fig. 1a). The pelagic

density shown in Fig. 1a was independent of algal density

because of the assumption that there was no density-

dependent death of fish in the pelagic habitat (d1 ¼ 0),

although the density (a�1 �Z=s1 given by eqns 3a and 4a)

increases with algal density in general when d1 takes a

positive value. Positive d1 might be the case for small lakes

where the area of the pelagic habitat is limited. The littoral

zooplankton density decreased with algal density in the

presence of macrophytes (Fig. 1b). The density hardly

varied with algal density in the absence of macrophytes,

because of the constant attack rates of fish (u2) and

piscivores (w2) in the littoral habitat. Fish densities increased

with algal density and saturated at high algal densities in

both habitats (Fig. 1c,d). The pelagic fish density was

independent of the presence or absence of macrophytes or

piscivores; the littoral fish density differed depending on the

presence or absence of macrophytes.

The relative density of zooplankton in the littoral habitat

to that in the pelagic habitat decreased with algal density in

the presence of macrophytes, whereas in the absence of

macrophytes it took values close to 1 (Fig. 2a). The relative

density of fish in the littoral habitat increased with algal

density for A < 4.5 and then decreased in the presence of

macrophytes, whereas it monotonically increased with algal

density in the absence of macrophytes (Fig. 2b). The fish

density in the littoral habitat was always lower than that in

the pelagic habitat (i.e. f2*/f1* < 1). Here, I introduced an

aggregation index

hZ ¼
z�2=z�1
f �2 =f �1

¼ z�2=f �2
z�1=f �1

to examine whether zooplankton or fish use the littoral

habitat more intensively as a refuge against predation. This

index is the relative density of littoral population to pelagic

one with regard to zooplankton, compared to that with regard

to fish. hZ > 1 indicates that the relative use of the

macrophyte refuge by zooplankton is more intensive than

that by fish. In all cases, zooplankton tended to use

macrophytes as a refuge more than fish (i.e. hZ > 1, Fig. 2c).

The cascading effect of piscivores resulted in lower utilization

of the macrophyte refuge by zooplankton in the presence of

piscivores (i.e. cases P and MP). In the presence of both

macrophytes and piscivores (case MP), the relative zooplank-

ton aggregation index took a minimum value at A ¼ 7.

Water clarity

Numerical simulations were conducted to obtain the algal

density at equilibrium and determine whether or not a

regime shift occurred in a lake with a given littoral : pelagic

ratio (s2/s1). The presence or absence of a regime shift

depends on the number of equilibria of algal density. The

simulations had a nested structure with regard to iterations

of algal density value (A), carrying capacity (K) and pelagic

area (s1). The equilibrium algal density (i.e. dA/dt ¼ 0) was

calculated numerically by checking the arithmetic sign (i.e.

+, > 0 or ), < 0) of the right-hand side of eqn 5, with A

values increasing from A ¼ 0.1 to a given carrying capacity

K, for a given pelagic area (s1). The increments of A were
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Figure 2 Relative density of littoral population to pelagic population under the condition of optimal distribution. (a) Zooplankton, (b) fish,

(c) aggregation index hZ ¼ z�2 =z�1
f �
2
=f �

1
¼ z�2 =f �2

z�
1
=f �

1
of zooplankton in the littoral habitat plotted against algal density. Letters next to curves are

explained in Fig. 1. Broken lines at hZ ¼ 1 indicate even distribution, above which zooplankton aggregate in the littoral habitat more than

fish.
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conducted on the log10 scale such that the A value at

(i + 1)th iteration was given by A(i + 1) ¼ 10LA(i) + 0.005

where LA(i) is the power to produce the value A at ith

iteration and I used 0.005 for the increments [i.e. A(0) ¼
0.1, A(i) ¼ 10LA(i), and LA(i + 1) ¼ LA(i) + 0.005]. An

equilibrium value of A was attained for each case in which

the new A value changed the arithmetic sign of the right-

hand side of eqn 5 (i.e. either + fi ) or ) fi +). This

iteration was repeated as long as A < K. For a given K value,

this iteration yielded either a single stable equilibrium (the

arithmetic sign changed once), or three equilibria (the

arithmetic sign changed three times). In the case of multiple

equilibria, one equilibrium had low algal density, the other

high algal density, with the unstable equilibrium in between.

Regime shifts were thus related to instability of population

dynamics of eqn 5. To model the effect of eutrophication

in a lake with a given pelagic area (s1), the K value was also

increased from 0.1 to 1000 with the same protocol as A with

regard to increments (0.02 was used for the increments on

the log10 scale). I determined whether multiple equilibria

were obtained in the entire iteration with regard to K.

I defined that a regime shift did (or not) occur in the lake

with a given s1 when multiple equilibria were (or not)

obtained. The s1 value was also varied between 1 and 10 000

with increments of 0.01 on the log10 scale to model a variety

of lake size in terms of the littoral : pelagic areal ratio.

Shown in Fig. 3 is the region where three equilibria were

obtained and hence regime shifts were predicted to occur,

plotted in the space of algal-carrying capacity (K ) and

littoral : pelagic areal ratio (s2/s1). In all cases, there was a

critical s2/s1 ratio below which no regime shift occurred with

any value of K. Above the critical littoral : pelagic ratio,

there was a critical K value above which regime shifts

occurred. A lower s2/s1 ratio corresponds to a lake with a

wider pelagic area. The model revealed that the critical s2/s1

ratio was 2.9 in the presence of both macrophytes and

piscivores (Fig. 3a). The critical littoral : pelagic ratio was

much lower in the presence of macrophytes (s2/s1 ¼ 4.9,

Fig. 3b) or piscivores (s2/s1 ¼ 4.4, Fig. 3c) than in their

absence (s2/s1 ¼ 39, Fig. 3d). Although lakes with higher

littoral proportions were more vulnerable to regime shifts,

the critical carrying capacity to cause a regime shift was

considerably high (K > 100) in the presence of piscivores

(Fig. 3a,c).

Sensitivity analyses of the model outcomes

Sensitivity analyses were performed by calculating the

relative increase or decrease in z2*/z1* and f2*/f1* and by

calculating the critical s2/s1 ratio below which no regime

shift occurred with any value of K in the presence of

macrophytes and piscivores, in response to changes in the

Littoral:pelagic areal ratio (s2/s1)
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Figure 3 Regions where regime shifts were

predicted to occur (shaded area) plotted in the

phase space of algal-carrying capacity (K )

and littoral : pelagic areal ratio (s2/s1). High-

er s2/s1 ratios imply smaller lakes and vice

versa. (a) Macrophytes and piscivores are

present, (b) macrophytes only, (c) piscivores

only, (d) none of these are present. The

critical s2/s1 ratios below which no regime

shift occurred with any value of K were also

indicated on the horizontal axis.
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value of each of parameters used in the model. I focused on

the changes in density, not abundance, because abundance

depends on habitat area and the relative use of habitats by

organisms can be better represented by their density

distributions (e.g. Figs 1 and 2). I selected the following

parameters for sensitivity analyses: zooplankton natural

death rate (b), fish natural death rate (c), density-dependent

death rate of fish in the littoral habitat (d2), half-saturation

constants for fish attack rate (k) and piscivore attack rate (l ),

and attack rates of fish and piscivores on zooplankton and

fish, respectively, in the pelagic habitat (u1 and w1). The

zooplankton natural death rate was varied between 0.01 and

0.25 according to Scavia et al. (1988) and Grover (1995). The

variation range, 0.0015–0.015, for d2 was used, correspond-

ing to low fish abundance (CPUE ¼ 1) and high fish

abundance (CPUE ¼ 10) based on Schriver et al. (1995). As

Schriver et al. (1995) reported that macrophyte refuge was

effective with PVI > 15–20%, I conducted sensitivity

analysis with k ¼ 9.9 being the chlorophyll a concentration

averaged over the lakes with PVI > 20% listed in Canfield

et al. (1984), Table 2). Priyadarshana et al. (2001) pointed out

that the critical densities of macrophytes at which predation

efficiency significantly dropped in a largemouth bass–

bluegill combination were 250–1000 (stems m)2) based on

Savino & Stein (1989). These macrophyte densities with

k ¼ 11 corresponded to 19 £ l £ 77 and this range was

used for the sensitivity analysis for l. The u1 value was

varied over a fivefold range based on Mylius et al. (2001),

Fig. 3). I used the same range (i.e. fivefold) for the other

parameters, c and w1.

The zooplankton density was sensitive to all parameter

changes, while the fish density was less sensitive to altered

parameter values (Table 2). Among these parameter

changes, the natural death rate of zooplankton (b) had

remarkable influences on the relative use of the littoral

habitat by zooplankton and fish. The natural death rate of

fish (c) and piscivore attack rate on fish (w1) had strong

influences on the zooplankton density. The maximum

relative increase value (2.36) in z2*/z1* was obtained when

w1 was 0.006. When the natural death rate of zooplankton

(b) was set at the highest value 0.25, the zooplankton and

fish populations could not invade the system with A < 18.

The minimum algal density at which zooplankton and fish

populations could invade increased with increasing b. The

aggregation index hZ was not sensitive to many parameter

changes in that zooplankton used macrophytes as a refuge

more than fish (i.e. hZ > 1). However, the index hZ as a

function of A (as shown in Fig. 2c) could take its

minimum value slightly lower than 1 when the parameter b

or c was lowered or wi was raised. Among the parameter

changes, fish attack rate on zooplankton (u1) and piscivore

attack rate on fish (w1) had remarkable influences on the

possibility of regime shifts (Table 2). A regime shift

occurred at any s2/s1 ratio investigated when u1 < 0.15

or w1 > 0.13.

I set the s2 value at 100 m2, while s1 was varied in these

simulations. As the grazing term of zooplankton on algae

(second term on the right-hand side of eqn 5) can be

rewritten as a function of s2/s1 using eqns 3a and 4a, the

generality of the model outcome with regard to water clarity

illustrated in Fig. 3 held with the assumption s2 ¼ 100 when

the outcome was described in terms of the littoral : pelagic

ratios.

D I S C U S S I O N

In this article, I have reported on the study of the

behavioural habitat selection by two species in a two-habitat

environment, following an ideal free distribution approach

(Fretwell & Lucas 1970). This approach has been recently

developed in models dealing with behavioural dynamics and

population dynamics simultaneously (Křivan 1997; Křivan

& Sirot 2002; Cressman et al. 2004). The ideal free

distribution has been demonstrated in animal populations

(Milinski 1988) and its basic idea is useful for predictions of

animal behaviors (Kacelnik et al. 1992).

My model examined, using game theory, the interaction

between zooplankton and fish for macrophyte refuge in

lakes with macrophytes and piscivores. Previous studies

have repeatedly shown that productivity influenced the

distribution of predators (fish), while the distribution of prey

(zooplankton) was independent of productivity (e.g. Iwasa

1982; Hugie & Dill 1994). van Baalen & Sabelis (1993)

showed that the distributions of predators and prey in a

habitat increased with productivity of the habitat, but the

predators displayed stronger aggregation in more productive

habitat than the prey. My model including macrophytes and

piscivores revealed more complex interaction effects of

productivity and risk of predation on the distributions of

zooplankton and fish. With macrophytes, zooplankton and

fish densities changed with productivity, except for pelagic

zooplankton, and their response patterns to productivity

were various (Fig. 1). The zooplankton density in the pelagic

habitat decreased, while the fish densities in both habitats

increased, with productivity. The effect of piscivores was

reflected indirectly in the zooplankton density, not directly

in the fish density. In lakes, however, pelagic fish densities

observed may be variable depending on the presence or

absence of macrophytes or piscivores, because fish often

form schools (Wootton 1998). The relative density of littoral

population to pelagic population tended to decrease with

productivity for both zooplankton and fish due to increased

predation risk caused by deterioration of macrophyte refuge

effect (Fig. 2a,b). Macrophytes generally acted as a refuge

for zooplankton (Fig. 2c), which answers the first question

raised in the Introduction.
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Based on the results of game theory, I then addressed the

possibility of top-down control of phytoplankton by

zooplankton grazers mediated through the effect of

macrophytes. Regime shifts in water clarity can occur

through effects of macrophytes on nutrients (Genkai-Kato

& Carpenter 2005) or zooplankton. The present study

answered the second question using a model with

empirically based parameters and showed that regime shifts

through macrophyte-associated zooplankton were likely, but

limited to small, shallow lakes (Fig. 3). Regime shifts were

shown to be more likely in the presence of macrophytes

(Fig. 3a vs. c, b vs. d). The presence of piscivores raised the

critical carrying capacity (K) above which regime shifts

occurred (Fig. 3a vs. b, c vs. d). Taken together, a regime

shift was most likely to occur in macrophyte lakes without

piscivores (Fig. 3b).

Regime shifts were more likely in small lakes with higher

proportions of littoral area (i.e. higher s2/s1 ratios), but the

critical carrying capacity (K) to cause regime shifts was also

considerably high in such lakes (Fig. 3). For example, the

critical K to cause a regime shift was > 100 lg chl L)1 in a

lake with macrophytes and piscivores where s2/s1 ¼ 100

(Fig. 3a). My model revealed that there were critical

littoral : pelagic ratios below which no regime shift was

caused by an enhancement of algal-carrying capacity (Fig. 3).

Lakes of intermediate size (i.e. intermediate littoral : pelagic

ratios slightly higher than the critical ratios) were susceptible

to regime shifts at lower eutrophication levels of K. This

implies that a regime shift can be readily induced by nutrient

enrichment in such lakes where littoral : pelagic areal ratios

are slightly higher than 2.9–4.9 depending on the presence or

absence of macrophytes and/or piscivores.

My model dealt with various ratios of littoral to pelagic

area to represent a variety of lake sizes. It has important

limitations, especially in small, shallow lakes where the

littoral proportion is high. The food resources of

zooplankton and fish were assumed to come from the

pelagic habitat in the present study, but recent works

showed that fish communities are considerably subsidized

by the littoral production (Vander Zanden & Vadebon-

coeur 2002) and that littoral subsidy increases with

decreasing trophic status (Vadeboncoeur et al. 2002,

2003). These works suggest that subsidy from lake

surroundings to the whole ecosystem through the littoral

habitat depends on lake size and eutrophication (Carpenter

et al. 2005). Future research involving my model can

include these subsidy effects, which would further eluci-

date the possibility of regime shifts and population

dynamics more precisely in relation to lake size and

nutrient loading from the watersheds. In addition, some

lakes have sit-and-wait predators such as pike in the littoral

habitat. Such predators, which were not addressed by this

study, may alter the interactions.

Games for an optimal habitat between predators and prey

are widely seen in ecology, not only in aquatic (e.g.

zooplankton–juvenile sockeye salmon, Clark & Levy 1988;

krill–penguins, Alonzo et al. 2003) but also in terrestrial

systems (e.g. mountain lion–mule deer, Brown et al. 1999).

Insights from the games have implications for ecosystem

management such as conservation biology and resource

control, as well as maintenance of water quality in lakes. My

model demonstrated that the fast dynamics of animal

behaviours could bring about regime shifts at an ecosystem

scale, in connection with the slower variable of nutrient loading.
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