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Multiple states in river and lake ecosystems
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Nonlinear models of ecosystem dynamics that incorporate positive feedbacks and multiple, internally
reinforced states have considerable explanatory power. However, linear models may be adequate, parti-
cularly if ecosystem behaviour is primarily controlled by external processes. In lake ecosystems, internal
(mainly biotic) processes are thought to have major impacts on system behaviour, whereas in rivers,
external (mainly physical) factors have traditionally been emphasized. We consider the hypothesis that
models that exhibit multiple states are useful for understanding the behaviour of lake ecosystems, but not
as useful for understanding stream ecosystems. Some of the best-known examples of multiple states come
from lake ecosystems. We review some of these examples, and we also describe examples of multiple
states in rivers. We conclude that the hypothesis is an oversimplification; the importance of physical forcing
in rivers does not eliminate the possibility of internal feedbacks that create multiple states, although in
rivers these feedbacks are likely to include physical as well as biotic processes. Nonlinear behaviour in
aquatic ecosystems may be more common than current theory indicates.

Keywords: multiple states; threshold; river; lake; ecosystem

1. INTRODUCTION

Freshwater ecology has a rich tradition of evolutionary and
ecological models, both linear and nonlinear. Occam’s
razor has led freshwater ecologists to favour simpler linear
models. Nonlinear models often require the estimation of
many parameters, and the uncertainty associated with
these estimates diminishes the usefulness of the models
(Ludwig & Walters 1985). In addition, nonlinear models
often perform more poorly than linear ones in confron-
tations with data (Ludwig & Walters 1985; Carpenter
2001). Conversely, linear models of ecosystem dynamics
are not always satisfactory. Some well-known biotic mech-
anisms are best understood by nonlinear models. For
example, small perturbations do not always result in pro-
portionally small responses (Ricker 1963). Behavioural or
population changes in keystone species can produce
abrupt changes in ecosystem processes (Mangel & Clark
1988). Aquatic ecosystems may appear to exist in multiple
states, each of which is robust to certain types of pertur-
bations (Scheffer 1997). Freshwater restoration ecology
offers many examples of altered states that have proved
refractory to management (National Research Council
1992). The ability of nonlinear models to represent beha-
viour, such as thresholds, multiple stable states and hyster-
esis, warrants careful consideration.

Nonlinear models that include multiple stable states are
often illustrated by a ‘ball and cup’ metaphor in which
the ecosystem (the ball) can move among locally stable
attractors (the cups) on a stability landscape controlled by
slowly changing factors, such as geomorphology or long-
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lived organisms (DeAngelis & Waterhouse 1987) (figure
1). Internal feedback mechanisms act to keep the system
in a particular state, or cup. The strength of these internal
feedbacks is represented by the depth of the cup. An
incremental change in an external driver, such as climate,
can cause a sudden change in system state when internal
stabilizing mechanisms are overcome and the system shifts
to a new state. If feedbacks also exist that reinforce the
new state, recovery to the original state may be hysteretic,
that is, a reversal in the driver may not restore the original
state. Thus, a persistent change in ecosystem state may be
explained by a persistent change in an external driver (for
example, a dam on a river), or it may be due to an
incremental or transient change in a driver combined with
feedbacks that are endogenous to the ecosystem (for
example, a pulse of phosphorus input that shifts a lake
into a eutrophic condition maintained by high nutrient
recycling). We are particularly interested in cases in which
multiple states are under endogenous control; i.e. in which
the presence of certain processes reinforces their con-
tinued presence. Note that the concept of multiple states
is a mathematical construct of nonlinear systems. In
reality, it is not easy to define the possible states or to
detect when a system moves from one basin to another.
Nonetheless, given sufficient data it may be possible to
model ecosystem behaviour with equations that exhibit
multiple states.

Rivers and lakes differ in the relative importance of
exogenous (often abiotic) versus endogenous (often
biotic) control (Ryder & Pesendorfer 1989; Grimm 1993;
but see also Naiman et al. 2000b). Rivers are generally
considered to be open ecosystems, highly influenced by
their surroundings and by abiotic disturbance, particularly
hydrologic regime. In contrast, lakes are more stable, more
isolated and more biotically controlled. In the ball and cup
framework, systems dominated by endogenous feedbacks


