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ABSTRACT

Classical models of phytoplankton–zooplankton

interaction show that with nutrient enrichment

such systems may abruptly shift from limit cycles to

stable phytoplankton domination due to zooplank-

ton predation by planktivorous fish. Such models

assume that planktivorous fish eat only zooplank-

ton, but there are various species of filter-feeding fish

that may also feed on phytoplankton. Here, we ex-

tend these classical models to systematically explore

the effects of omnivory by planktivorous fish. Our

analysis indicates that if fish forage on phytoplank-

ton in addition to zooplankton, the alternative

attractors predicted by the classical models disappear

for all realistic parameter settings, even if omnivo-

rous fish have a strong preference for zooplankton.

Our model also shows that the level of fish biomass

above which zooplankton collapse should be higher

when fish are omnivorous than when fish are zoo-

planktivorous. We also used the model to explore

the potential effects of the now increasingly com-

mon practice of stocking lakes with filter-feeding fish

to control cyanobacteria. Because omnivorous filter-

feeding fish forage on phytoplankton as well as on

the main grazers of phytoplankton, the net effect of

such fish on the phytoplankton biomass is not

obvious. Our model suggests that there may be a

unimodal relationship between the biomass of

omnivorous filter-feeding fish and the biomass

of phytoplankton. This implies that to manage for

reductions in phytoplankton biomass, heavy stock-

ing or strong reduction of such fish is best.

Key words: alternative stable states; eutrophica-

tion; filter-feeding fish; intraguild predation;

omnivory; Oreochromis; plankton; tilapia; trophic

cascade; trophic dynamics.

INTRODUCTION

The theoretical possibility of catastrophic regime

shifts in ecosystems has long been recognized

(Holling 1973; Noy-Meir 1975; May 1977). How-

ever, empirical studies have only recently provided

strong evidence for the existence of alternative

stability domains in various ecosystems (Scheffer

and others 2001; Folke and others 2004). One of

the best-studied and most dramatic regime shifts

in ecosystems is the loss of water transparency

and rooted aquatic plants observed in shallow

lakes subjected to human-induced eutrophication

(Scheffer and others 1993, 2001). Observations in

shallow lakes suggest that over a range of nutrient
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concentrations, such lakes can have two alternative

stable states (that is, dynamic regimes): a clear state

dominated by aquatic plants and a turbid state

characterized by high phytoplankton biomass. This

has important implications for the potential of

restoring eutrophic shallow lakes, as nutrient

reduction alone may have little impact on water

clarity due to the resilience of the turbid state.

Fish play a central role in maintaining the turbid

state of shallow lakes because, in the absence of

aquatic plants, they can control the abundance of

key zooplankton grazers such as Daphnia, thus

increasing phytoplankton biomass (Jeppesen and

others 1997; Scheffer 1998). Moreover, they can

resuspend sediments in search for benthic food,

increasing turbidity (Zambrano and others 2001),

and also translocate nutrients from benthic to pe-

lagic habitats, enhancing phytoplankton growth

(Vanni 2002). Therefore, an ecosystem disturbance

like a strong reduction of planktivorous/benthi-

vorous fish biomass is often needed to bring the

lake back to a stable clear state, only after reduction

of external nutrient loading (Jeppesen and others

1997; Perrow and others 1997; Hansson and others

1998).

Previous theoretical analyses on the effects of

planktivorous fish on lake plankton dynamics

suggest that in most situations, the plankton should

show hysteresis in response to predation pressure

by fish (Scheffer 1991, 1998; Scheffer and others

2000). Thus, in simple models of zooplanktivory

there can be two distinct dynamic regimes, one in

which Daphnia is controlled (overexploited) by fish

and phytoplankton biomass is high, and another in

which Daphnia is relatively unaffected (underex-

ploited) by planktivores and phytoplankton are

controlled by Daphnia. Switches from one regime to

the other occur abruptly at a critical fish biomass,

which in turn depends on the ambient nutrient

concentration and climate conditions (Scheffer and

others 2000; Scheffer and others 2001).

Although these model predictions are in line

with some field observations and experimental re-

sults, they are based on the assumption that

planktivorous fish affect plankton communities

only through size-selective predation on zoo-

plankton (Brooks and Dodson 1965). However,

planktivorous fish can have two distinct types of

feeding mode: visual particulate feeding on zoo-

plankton and filter feeding on both zooplankton

and phytoplankton (Lazzaro 1987). Previous stud-

ies suggest that these two contrasting planktivore

types might have different effects on the structure

of plankton communities (Lazzaro and others 1992;

Stein and others 1995; Drenner and others 1996;

Attayde and Menezes 2008). Although the re-

sponse of plankton communities to visual feeding

by fish (that is, size-selective predation on zoo-

plankton) has been the focus of much limnological

research, the effects of omnivorous filter-feeding

fish have been much less investigated, despite the

fact that many (sub) tropical lakes and reservoirs

are dominated by filter-feeding species of tilapias

and carps (Lazzaro 1997; Jeppesen and others

2007).

Predicting the outcome of an ecosystem distur-

bance like removing ‘‘zooplanktivorous’’ fish or

stocking ‘‘phytoplanktivorous’’ fish to reduce

phytoplankton biomass is not trivial, because most

planktivorous fish are omnivorous to some extent.

Fish omnivory in a three-level food chain simul-

taneously encompasses three different types of

three-species interactions: a linear food chain, two

competitors sharing a resource, and two prey

sharing a predator (Diehl 1993). The outcome of

such complex interactions will depend on the rel-

ative strength of each direct and indirect effect of

the omnivorous predator (Diehl 1993). Therefore,

the expectation that reducing the stock of ‘‘zoo-

planktivorous’’ fish or stocking ‘‘phytoplanktivo-

rous’’ fish will result in lower phytoplankton

biomass should not be taken for granted when

planktivorous fish are dominated by omnivorous

filter-feeding species (Stein and others 1995; Star-

ling and others 1998; Lazzaro and others 2003;

Zhang and others 2008; Okun and others 2008;

Figueredo and Giani 2005; Rondel and others

2008).

Omnivorous filter-feeding fish are generally not

limited by zooplankton dynamics, as they can also

feed on phytoplankton and suspended detritus,

thus reaching higher carrying capacity than strict

zooplanktivores. This strategy may lead to higher

predation pressure on zooplankton (Stein and

others 1995; Lazzaro 1997; Jeppesen and others

2005; van Leeuwen and others 2007), thus reduc-

ing the chance for large zooplankton to become

abundant and weak top–down control of zoo-

plankton on phytoplankton. However, another

possible outcome is that consumption of phyto-

plankton by filter-feeding fish may weaken fish

predation pressure on zooplankton and decrease

the strength of cascading trophic interactions.

Therefore, there is little theoretical or empirical

support for the assumption that high levels of fish

omnivory in the tropics accounts for the lower

abundance of large-bodied zooplankton and

therefore lower zooplankton grazing pressure on

phytoplankton (Lazzaro 1997; Jeppesen and others

2007; van Leeuwen and others 2007).
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In this paper, we investigate the theoretical

implications of omnivory by filter-feeding fish for

the plankton dynamics of shallow lakes. We modify

a minimal model of planktivory which is known to

exhibit catastrophic regime shifts and parameterize

the model for a food chain consisting of phyto-

plankton, Daphnia, and an omnivorous fish, the Nile

tilapia (Oreochromis niloticus). Nile tilapia is the most

widespread freshwater fish species after the com-

mon carp (Cyprinus carpio) and has been introduced

in many tropical lakes and reservoirs to increase fish

production (Canonico and others 2005; Zambrano

and others 2006). Because previous models have

shown that the presence of alternative stable states

in plankton communities is strongly dependent on

primary productivity and fish predation pressure,

we focus our analysis on the influences of fish bio-

mass and primary productivity for two contrasting

types of planktivores: a zooplanktivorous and an

omnivorous filter-feeding fish.

METHODS

Model Description

Our model is an extension of the minimal model of

planktivory developed by Scheffer (1998), and in-

cludes a prey switching term to describe omnivory

by a filter-feeding fish. Parameter values and units

for this model and the following expansions on it

are listed in Table 1 together with the relevant

sources of information. The model consists of two

differential equations, one for phytoplankton

(hereby called algae) and another for zooplankton:

dA

dt
¼ rA 1�A

K

� �
� gZ

A

hþA
�hAgAF

A

hAþA
þ iðK�AÞ

dZ

dt
¼ egZ

A

hþA
�mZ�hZgZF

Z

hZþZ

The basic growth of algae is logistic, with a

maximum growth rate (r), and a carrying capacity

(K). The algal equation has two consumption terms

to account for the consumption by zooplankton

and fish. The first consumption term depends on

the zooplankton biomass (Z) and its weight specific

maximum consumption rate (g) and on algal bio-

mass (A). The second consumption term depends

on the fish biomass (F), its weight specific maxi-

mum consumption rate of algae (gA) and its pref-

erence for algae (hA) as well as on algal biomass.

The dependence of zooplankton and fish con-

sumptions on phytoplankton biomass is formulated

as Monod functions representing simple saturating

(Holling type II) functional responses with fixed

half-saturation values (h and hA). An extra term is

added into the algal equation to account for the

stabilizing effect of spatial heterogeneity in grazing

pressure (Scheffer and De Boer 1995). The ingested

algae are converted into zooplankton growth with

certain efficiency (e) and zooplankton suffers losses

due to respiration and natural mortality at a fixed

rate (m). To account for the effect of predation by

fish on zooplankton, we add another loss term to

the zooplankton equation, which depends on fish

biomass (F), its weight specific maximum con-

sumption rate of zooplankton (gZ), its preference

for zooplankton (hZ), the half-saturation concen-

tration of zooplankton for fish functional response

(hZ) as well as on zooplankton biomass (Z).

Omnivorous filter-feeding fish are known to

exhibit two different feeding modes (that is, visual

particulate feeding and filter feeding), being able

to switch from one feeding mode to another

depending on their size and on the size and relative

abundance of algae and zooplankton (Lazzaro

1987). To account for this we include a prey

switching function into the model according to Post

and others (2000) as follows:

hz ¼
pZ

pZ þ ð1� pÞA

hA ¼ 1� hZ ¼
ð1� pÞA

pZ þ ð1� pÞA

where p is the food preference (0 £ p £ 1) of fish

for zooplankton. At p = 1, fish prey only on zoo-

plankton (Z) and at p = 0, fish feed only on algae

(A). At p = 0.5, fish eat both Z and A in proportion

to their biomass (that is, without prey preference).

This formulation of prey preference maintains

the underlying type-II functional response of the

predator at p = 0 and p = 1, but allows prey

switching at 0 < p < 1 (Post and others 2000).

Prey switching occurs so that, as the abundance of

one food type declines, more of the predator¢s diet

is derived from the other food type. This can pro-

duce a sigmoidal (type-III-like) functional re-

sponse, which is known to stabilize model systems.

Note that in this model, fish biomass is consid-

ered a constant that can be manipulated rather

than a variable that responds to plankton dynam-

ics. This seems a reasonable assumption because

plankton dynamics are much faster than fish

dynamics. However, planktivorous fish populations

are not really constant in nature and we would

better interpret our minimal model of planktivory

as a reasonable representation of field mesocosms

where experiments are carried out to investigate

412 J. L. Attayde and others



effects of planktivorous fish on plankton treating

fish biomass as a constant.

Model Analysis

We start our analysis by plotting the zero-growth

isoclines of the two plankton organisms (that is,

algae and Daphnia) for different values of fish

biomass and two contrasting planktivore types:

zooplanktivorous (p = 1) and omnivorous filter-

feeding fish without prey preference (p = 0.5). We

use the isocline approach to understand which

types of equilibria can arise under different levels of

fish biomass and feeding modes. We also conducted

simulations that show the nature of the asymptotic

behavior (attractors) of the model under some

conditions. Because bifurcations are of particular

interest, as they mark crucial changes in the model

behavior, we perform a bifurcation analysis by

looking at the combined effects of fish biomass (F)

and the carrying capacity for phytoplankton (K).

The analyses were performed with the software

GRIND for MATLAB which is available for free

download at www.aew.wur.nl/UK/GRIND.

RESULTS

We first consider the effect of different fish densi-

ties on isoclines of zero-growth for zooplankton

and phytoplankton. Without fish the model equals

the classical Rosenzweig–MacArthur model with a

vertical zooplankton isocline (dZ/dt = 0). If fish are

able to feed only on zooplankton (p = 1) then the

algal isocline (dA/dt = 0) remains unaffected while

the zooplankton isocline (dZ/dt = 0) starts bending

out as fish biomass increases, (Figure 1A–D) and

two non-trivial equilibrium points (Z „ 0) can

arise (Figure 1B): a saddle point (gray circle) and

an unstable equilibrium marking the center of a

limit cycle (white circle). If the amount of fish in-

creases further, the limit cycle touches the saddle

point and the limit cycle is no longer an attractor

(Figure 1C). At very high fish densities (Fig-

ure 1D), zooplankton cannot survive and there is

only one stable equilibrium. However, if fish are

able to feed on both phyto- and zooplankton

(p = 0.5), both isoclines are affected by an increase

in fish biomass and only one non-trivial equilib-

rium point can occur (Figure 1E–H). This unique

equilibrium can be either the unstable center of a

limit cycle (Figure 1E, F, open circle) or a stable

node (Figure 1G, H, black circle) depending on the

fish biomass. At unrealistically high levels of

omnivorous fish, zooplankton can go extinct while

algae are kept far below their carrying capacity due

to fish grazing (Figure 1H).

An overview of the effect of fish on the behavior

of our model is obtained if we plot the attractors in

the plankton as a function of fish biomass (Fig-

ure 2). Many scenarios may arise when fish are

able to feed only on zooplankton (Scheffer and

others 2000) but the essence can be captured by the

Table 1. Overview of Symbols Used in the Equations and their Dimensions, Default Values and Meaning

Symbol Units Value Definition Reference

A mg DW l-1 – Concentration of phytoplankton

e g g-1 0.6 Efficiency of conversion of algae into growth

of zooplankton

Scheffer 1998

F mg DW l-1 – Concentration of fish

g g g-1 day-1 0.4 Maximum grazing rate of zooplankton Scheffer 1998

gA g g-1 day-1 0.2 Maximum grazing rate of fish Turker and others 2003

gZ g g-1 day-1 0.1 Maximum predation rate of fish

h mg DW l-1 0.6 Half-saturation concentration of algae

for Z functional response

Scheffer 1998

hA mg DW l-1 10 Half-saturation concentration of algae

for fish functional response

Turker and others 2003

hZ mg DW l-1 10 Half-saturation concentration of Z

for fish functional response

i g g-1 day-1 0.02 Inflow of phytoplankton from ungrazed parts Scheffer 1998

K mg DW l-1 15 Carrying capacity for phytoplankton

m day-1 0.15 Mortality rate of zooplankton Scheffer 1998

p – Prey preference of fish

r day-1 0.5 Maximum growth rate of A Scheffer 1998

Z mg DW l-1 – Concentration of zooplankton

Sources of information supporting these data are given in the reference list.
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following case assuming that plankton interaction

has a cyclic attractor (Scheffer and Rinaldi 2000). If

we start from zero fish and gradually increase

the biomass of zooplanktivorous fish (p = 1), the

plankton system shows limit cycles until point O is

reached (Figure 2A, B). At this point, the ampli-

tude of plankton oscillations is large enough to hit

the border of the attraction basin of the limit cycle

and the system collapses into a state in which

zooplankton go extinct and phytoplankton are at

carrying capacity (Figure 2A, B). The technical

term for this type of transition is ‘‘homoclinic

Figure 1. Effects of

increasing planktivorous

fish biomass (F) on the

zero-growth isoclines of

the plankton model when

fish are strict

zooplanktivores (left) and

omnivorous filter-feeders

with no prey preference

(right). One or few

arbitrary trajectories are

plotted (solid lines with

arrows). Black circles

denote stable equilibria,

white circles denote

unstable equilibria and

gray circles denote saddle

points. For parameter

values we refer to Table 1,

the amount of fish (F) is

shown in the figures.
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bifurcation’’. The essence of this bifurcation in

biological terms is that zooplankton collapse be-

cause of food-shortage (the limit cycle), and that

this brings the population down sufficiently low

enough to let a relatively small amount of fish

prevent recovery (the overexploited state). If we

subsequently decrease fish biomass, the system

stays in the ‘‘green equilibrium’’ until point T (that

is, the ‘‘Transcritical bifurcation’’) is reached, zoo-

plankton can invade the system and the limit cycle

of plankton returns. Between points O and T, the

cyclic attractor and the ‘‘green equilibrium’’ are

alternative states. The system will settle to either

one of these states, depending on the initial state of

a simulation run. The line of unstable equilibrium

points (saddle points) between the points O and T

marks the border of the attraction basins of the two

alternative states.

Conversely, if fish are omnivorous (p = 0.5),

there is no homoclinic bifurcation and the zoo-

plankton coexist over a broad range of fish biomass

(Figure 2C, D). With increasing fish densities the

cycles become gradually smaller and disappear fi-

nally at point H (that is, the ‘‘Hopf bifurcation’’).

Note that this system can sustain about twice as

much biomass of fish without any collapse of zoo-

plankton than the system with zooplanktivorous

fish (Figure 2). This implies that omnivory by

planktivorous fish stabilizes zooplankton oscilla-

tions and helps to prevent the homoclinic bifurca-

tion that triggers the catastrophic collapse of

zooplankton and the consequent regime shift in

plankton. Note also that the biomass of algae now

has a maximum with increasing fish biomass (Fig-

ure 2C), the result of increasing fish biomass is thus

hard to predict.

The above results show that the behavior of the

model strongly depends on the fish biomass (F) and

the prey preference term (p). To investigate the

effects of planktivorous fish on the model behavior

along a gradient of nutrient enrichment we per-

formed a two-dimensional bifurcation analysis by

looking at the combined effects of fish biomass (F)

and the carrying capacity for phytoplankton (K)

(Figure 3). A remarkable difference between the

two planktivore types is that alternative attractors

can arise over a range of K and F values only when

fish are strictly zooplanktivorous (Figure 3A).

Therefore, omnivory by fish prevents the alterna-

tive states (that is, dynamic regimes) that occur in

the model when fish feed only on zooplankton.

Even a small degree of omnivory (p = 0.9) is suf-

ficient to prevent catastrophic regime shifts in

plankton dynamics over realistic ranges of fish

biomass and algal carrying capacity (Figure 3B).

Another important difference is that the bifurcation

Figure 2. Response to

fish biomass of the

equilibrium

concentration of algae (A)

and zooplankton (Z) for

strict zooplanktivorous

(left) and an omnivorous

filter-feeding fish with no

prey preference (right). In

the shaded area the

equilibrium is unstable

and we plot the

amplitude of the limit

cycles, dashed lines are

unstable equilibria.

Special points: T

transcritical bifurcation, O

homoclinic bifurcation, H

Hopf bifurcation and F

fold bifurcation.
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line above which zooplankton go extinct occurs at

a much higher level of fish biomass when fish are

omnivorous than when fish are zooplanktivorous

(Figure 3).

DISCUSSION

Our model supports the idea that omnivory de-

creases the amplitude of limit cycles and increases

the persistence of intermediate consumers (that is,

zooplankton). Omnivory by planktivorous fish,

even if they have a strong preference for zoo-

plankton, can prevent catastrophic shifts in the

dynamics of plankton. The model also suggests that

omnivory increases the amount of fish that the

system can support without causing the collapse of

zooplankton. This clearly contradicts the general

idea that a higher abundance of omnivorous fish in

(sub) tropical lakes would lead to virtual extinction

of large-bodied zooplankton. Finally, we find a

unimodal relationship between the equilibrium

biomass of phytoplankton and the biomass of

omnivorous filter-feeding fish. This relationship

may have important consequences for the bioma-

nipulation of eutrophic and hypereutrophic lakes

using filter-feeding fish.

Omnivory is generally defined as feeding on

more than one trophic level and has been the

subject of numerous theoretical and empirical

studies in recent years. However, most of these

studies examine the conditions necessary for

coexistence between an omnivore and an inter-

mediate consumer at equilibrium (for example,

Polis and others 1989; Holt and Polis 1997; Mylius

and others 2001; Diehl and Feissel 2000; Diehl

2003). Under non-equilibrium conditions, previous

theoretical work has shown that the presence of

omnivory can locally stabilize and enhance persis-

tence of a three-species food chain with non-linear

functional responses (McCann and Hastings 1997;

McCann and others 1998). First, an unstable

equilibrium tends to become locally stable with the

addition of omnivory. Additionally, omnivory

tends to keep the minima attained by non-equi-

librium attractors further away from zero, making

the system more persistent (McCann and Hastings

1997). This stabilizing effect of omnivory is con-

firmed by our model results. However, whether

omnivory is stabilizing or destabilizing depends on

the model assumptions and also on the stability

conditions of the parent system from which it de-

rives (Vandermeer 2006).

Our results also suggest another stabilizing effect,

that omnivory can prevent catastrophic regime

shifts in the dynamics of predator–prey interac-

tions. We have shown that even omnivorous fish

with very strong preferences for zooplankton (p

very close to 1) can prevent hysteresis in the re-

sponse of plankton to predation pressure by fish

over a large parameter range. This is because prey

Figure 3. Two dimensional bifurcation plots with the

biomass of fish (F) and the carrying capacity (K) as

bifurcation parameters for three fish types: A strict zoo-

planktivorous fish (p = 1), B omnivorous fish with a

strong preference for zooplankton (p = 0.9), and C

omnivorous filter-feeding fish with no prey preference

(p = 0.5). T transcritical bifurcation, O homoclinic bifur-

cation, H Hopf bifurcation, and F fold bifurcation. ASS is

an area with alternative stable states.
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switching prevents zooplankton from becoming

overexploited by planktivorous fish. Indeed, prey

switching may facilitate coexistence of the inter-

mediate consumer and the omnivore, as the

intermediate consumer persists more easily if it is

occasionally dropped from the omnivore’s diet and

can recover from low densities (Holt and Polis

1997; Krivan 2000; Krivan and Diehl 2005).

Therefore, we expect a higher persistence of large

zooplankton in systems with omnivorous filter-

feeding fish compared to systems with zooplank-

tivorous fish.

Attempts have been made to use filter-feeding

fish such as silver carp, bighead carp, and Nile

tilapia to reduce phytoplankton biomass and thus

improve water quality in some (sub) tropical lakes

(for example, Starling 1993; Starling and others

1998; Xie and Liu 2001, Lu and others 2006; Ke

and others 2007; Zhang and others 2008). How-

ever, reports on their effects on plankton commu-

nities and water transparency have been

contradictory (Radke and Kahl 2002; Hambright

and others 2002; Wang and others 2008; Zhang

and others 2008). This biomanipulation strategy

has been more effective under eutrophic or hyper-

eutrophic conditions where the phytoplankton

community is dominated by colonial or filamen-

tous cyanobacteria and zooplankton are dominated

by microzooplankton (Fukushima and others 1999;

Radke and Kahl 2002; Xie and Liu 2001; Zhang and

others 2008). Our model indeed predicts a uni-

modal response of equilibrium or mean phyto-

plankton biomass to increasing filter-feeding fish

biomass. In situ enclosures and whole-lake exper-

iments in Chinese lakes further suggest that in-

creased stocking of silver and bighead carps above a

critical threshold of approximately 55 g/m3 (wet

weight) can effectively control cyanobacteria

blooms (Xie and Liu 2001; Zhang and others 2006,

2008). Interestingly, this threshold is very close to

that predicted by our model (assuming fish dry

weight is about 1/3 of its wet weight), although our

prediction was based on the functional response

parameters of another filter-feeding fish species,

the Nile tilapia (Turker and others 2003).

The minimal model of planktivory used in our

study may help us to understand some effects of

planktivores on plankton dynamics. However,

minimal models differ from large simulation mod-

els in that they do not attempt to include all

important aspects. Therefore, they can be used to

investigate the logical consequences of isolated

mechanisms in a transparent way, but do not ob-

tain a quantitative insight of the relative impor-

tance of different mechanisms operating in the field

(Scheffer 1998). Actually, our minimal model ig-

nores several mechanisms that might be important

such as fish dynamics, nutrient recycling by con-

sumers, and the size structure of phytoplankton,

zooplankton, and fish. We next consider how these

additional factors would influence our model

results.

The addition of a third differential equation to

account for fish dynamics did not change our major

conclusion that omnivory by filter-feeding fish

stabilizes plankton dynamics (results not shown),

which is in agreement with results from more

complex models including dynamics of an omniv-

orous predator (McCann and others 1998; Kuijper

and others 2003; Vandermeer 2006; Namba and

others 2008). However, when fish biomass is not

fixed, neither the homoclinic bifurcation nor the

catastrophic regime shifts from stable oscillations to

zooplankton extinction would appear. Thus, stabi-

lizing roles of omnivory may be quite different

between cases with fixed and dynamic fish bio-

mass.

The lack of consideration of nutrient recycling is

a potential weakness of our model. However,

assuming that the effects of nutrient recycling and

translocation by consumers would be to increase

the carrying capacity for phytoplankton, we can

predict from Figure 3 that any increase in algal

carrying capacity due to nutrient recycling by

omnivorous fish would change the position of the

bifurcation points to higher fish biomass. This

means that a higher fish biomass would be needed

for bifurcations to occur if we had incorporated

nutrient recycling into the model, which does not

qualitatively change our model predictions but

could result in unrealistically high fish biomass for

successful control of phytoplankton biomass

through fish grazing.

Even though our model predicts low phyto-

plankton biomass at very high biomass of filter-

feeding planktivores, there is currently a lack of

empirical evidence supporting this prediction. To

the contrary, a positive interaction (synergism)

between filter-feeding fish and trophic state has

been previously demonstrated (Drenner and others

1996, but see Menezes and others 2010). Our

predictions arise because fish nutrient recycling

and heterogeneity within phytoplankton have

been omitted. At high levels of filter-feeding fish

biomass, fish grazing on net-phytoplankton may

not reduce total phytoplankton biomass for at least

two reasons: (1) nano-phytoplankton will be fa-

vored over net-phytoplankton, while the overall

biomass carrying capacity of phytoplankton may

remain unaltered; (2) high fish biomass will also
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induce high excretion rates that may compensate

for the loss from grazing.

It is important here to make a distinction be-

tween pelagic (for example, silver carp, Nile tilapia)

and bottom-oriented filter-feeding planktivores

(for example, common carp, Congo tilapia, gizzard

shad) because they have distinct impacts on

plankton communities. Bottom-oriented filter-

feeding planktivores enhance phytoplankton via

nutrient enrichment resulting from bioturbation

during their foraging activities near bottom sedi-

ments. This mechanism does not exist in most

pelagic filter-feeding planktivores.

To summarize, the major controversy regarding

the stocking of filter-feeding fish to control phy-

toplankton blooms is that it may increase the

nutrient cycling and improve the growth condi-

tions for small algae by removing both their zoo-

plankton grazers and their major competitors (that

is, large algae and cyanobacteria). None of these

mechanisms are incorporated in our simple mini-

mal model. Nevertheless, our model closely rep-

resents management conditions where filter-

feeding fish are stocked within cages to prevent

access to the sediment with the aim to control

cyanobacteria blooms in eutrophic or hyper-

eutrophic lakes (Starling and Lazzaro 2005). This

ecological cage aquaculture can potentially be a

successful strategy to improve the water quality of

highly productive lakes where reduction of exter-

nal nutrient loading is not possible or economi-

cally feasible. It has already been experimentally

tested (Starling and Lazzaro 2005) and a full-scale

program will be implemented in Lake Paranoa,

Brazil, by 2010.

In conclusion, our model results suggest that

omnivorous filter-feeding fish have different effects

on plankton dynamics compared to zooplanktivo-

rous fish. Overall, omnivory by planktivores should

stabilize plankton dynamics and prevent cata-

strophic regime shifts. This result has implications

for the generality of shallow lakes theory because

omnivory by planktivores is widespread among

(sub) tropical lakes (Jeppesen and others 2005,

2007). This result may also have consequences for

plankton dynamics in many other freshwater,

estuarine, and marine ecosystems. Filter-feeding is

a common foraging behavior of many planktivo-

rous fish and many benthic and pelagic inverte-

brates in both marine and freshwater ecosystems.

Therefore, our theoretical findings on the impacts

of filter-feeding fish on plankton dynamics can

potentially be extended to other taxonomic groups

of filter-feeding planktivores.
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