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INTRODUCTION

Sudden changes have been observed in many
marine ecosystems, e.g. abrupt regime shifts from
corals to macroalgae in tropical systems, and from
macroalgae to barrens or mussel beds in temperate
systems, which result in changes in abundance of
exploited fish stocks (Done 1992, Hare & Mantua 2000,
Konar & Estes 2003, deYoung et al. 2004, Paine & Trim-
ble 2004, Mumby 2009, Petraitis et al. 2009). Ecologists
are especially interested in these sudden shifts
because they are common in a variety of situations,
often occur unexpectedly, and are difficult to reverse.
The unpredictability and irreversibility of the shifts can
cause serious management problems and are seen as
indicators of an ecosystem with multiple stable states
(e.g. deYoung et al. 2004, Huggett 2005, Bestelmeyer
2006, Groffman et al. 2006, Suding & Hobbs 2009,
Thrush et al. 2009).

The term ‘threshold’ is used to describe sharp
changes in either a process (e.g. recruitment rate or
mortality rate) or a state (e.g. species composition or
amount of biomass), and ecologists often use the for-

mer in attempts to predict the latter. While thresholds
are among those concepts in ecology that are com-
monly used and intuitively understood, little progress
has been made on how to operationalize the concept.
Thresholds are perceived as dramatic changes in some
aspect of a population, community, or ecosystem, but
this very general conceptualization of thresholds
involves defining not only what ecologists mean by
terms such as ‘dramatic’, but also the context of the
question — how ecologists define a population, com-
munity, or ecosystem. We will not fully explore the
issue of terminology, but we note that ecologists rarely
define what a sudden shift is in terms of background
conditions, and more often than not, ‘sudden’ seems to
mean ‘unexpected’ (Doak et al. 2008).

Here we examine the relationship between sudden
changes, or thresholds, in marine ecosystems and the
theory of multiple stable states, with 3 specific goals in
mind. (1) We discuss how thresholds can occur in para-
meters, processes, and ecosystem states, but the occur-
rence of a threshold in, for example, a parameter does
not mean there must be a corresponding threshold
in the ecosystem state. There need not be a 1:1
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correspondence, even though this is often assumed
when multiple stable states are modeled or tested. (2) It
is usually assumed that systems with multiple stable
states and hysteresis must involve non-linear re-
sponses. This is not true, and we show how a well-
known linear model — the Lotka-Volterra model of
competition — can give rise to thresholds and even
appear to exhibit hysteresis. (3) We show that systems
with multiple stable states can exist even when the
underlying processes do not have thresholds. We use a
well-known non-linear model of grazing (Noy-Meir
1975, May 1977) to show that it is very easy to con-
struct a system with multiple stable states without
sharp transitions or thresholds in the underlying pro-
cesses of recruitment and mortality.

All 3 points are important because it is often stated that
multiple stable states arise from strong positive feed-
backs, non-linearities, and/or thresholds (e.g. Scheffer et
al. 2001, Schröder et al. 2005, Mumby et al. 2007). While
positive feedbacks, non-linearities, or thresholds are suf-
ficient to produce multiple stable states, what is over-
looked is that none is necessary. In the ‘Discussion’ we
explore how insights from the models might enlighten
our understanding of thresholds in marine ecosystems.

THRESHOLDS IN STATE VARIABLES AND
PARAMETERS

Thresholds in state variables and parameters are not
1:1, but state variables and parameters must be clearly
defined before this concept can be appreciated. In
ecology, the term threshold has been applied to sharp
transitions in both the ecological processes that control
the system (i.e. parameters of a model) and the descrip-
tors of the system itself (i.e. state variables of a model),
and many of the better known models in ecology are of
the form:

(1)

where the rate of change (t = time) is a function of den-
sity (i.e N) or some other ecosystem state such as bio-
mass or resource abundance. The rate of change is a
function of density, and density is the state variable.
The function itself can involve either parameters that
cannot be directly measured such as r and K in the
logistic model, or parameters such as births and
deaths, which can be measured directly. Alternatively,
many ecological models are of the form:

(2)

in which the rate of change is a function of a resource or
something else (i.e. R) rather than the state variable of

interest. These sorts of models are often called ‘mecha-
nistic’ because it is assumed that the underlying mech-
anism for conversion of resources into population
growth is understood and captured in the function ƒ(R).
In ecological systems, any sudden changes in state vari-
ables (e.g. densities, biomass, resource levels) or in pa-
rameters (e.g. r, K, births, deaths, per capita rate of prey
capture) are identified as thresholds. The relationship
between state variables and parameters can be gener-
alized to other sorts of ecosystem descriptors.

However, the relationship between a threshold in a
parameter and a threshold in a state variable is not 1:1
(Fig. 1, see also deYoung et al. 2004, Andersen et al.
2009, Suding & Hobbs 2009). For example, the change
in a parameter such as birth rate could show a linear,
curvilinear, or threshold-like change as environmental
conditions change (see Fig. 1a). Changes in environ-
mental conditions and parameters could occur over
time and/or space, and both can be persistent or brief
(e.g. ‘press’ versus ‘pulse’ perturbations, Bender et al.
1984), continuous or jump-like (e.g. state threshold
versus driver threshold, Andersen et al. 2009), and lin-
ear or step-like (e.g. ramp disturbance versus press
disturbance, Lake 2000). It is often not clear if the
usage of a term such as perturbation, disturbance, or
threshold applies to a change in environmental condi-
tions or a change in a parameter.

Moving up 1 level and with the same line of reason-
ing, a threshold in a parameter does not assure that
there will be a corresponding threshold shift in a state
variable (compare Fig. 1a versus 1b and 1c). Con-
versely, a threshold in a state variable does not imply
that there must be a threshold in a parameter. Thresh-
olds within the context of models are sharp shifts in pa-
rameters or equilibrium values of state variables (i.e.
Fig. 1a–c), but experimental ecologists often track
transient changes in a state variable such as density
over time. Transient behavior of a state variable may or
may not exhibit threshold-like changes or even oscil-
late over time (Fig. 1e) and provides few insights un-
less there is additional information about the biology of
the system. Changes in parameters can easily shift the
equilibrium state of the system across a threshold (e.g.
effects of Δp in Fig. 1c), but the change in state of the
system may occur quite gradually because of demo-
graphic inertia or other life history characteristics of
the species involved. This point has been made early
and often by both experimentalists and theoreticians
(Frank 1968, Connell & Sousa 1983, Hastings 2004).

The issue becomes more complex when systems
with multiple stable states are considered. First, it is
often assumed that the existence of a sudden and
unexpected shift in either a parameter or state variable
is prima facie evidence of multiple stable states
(Knowlton 1992, Petraitis & Latham 1999, Beisner et al.
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2003, deYoung et al. 2004, Paine & Trimble 2004). This
need not be true (Fig. 1), and we develop this more
fully in the grazing model given below. Second, in his
discussion of multiple stable states, May (1977) used
the term threshold in a much narrower sense than is
used in current discussions. In May’s terminology,
thresholds are bifurcations or discontinuous changes in

state variables in response to small, continuous (i.e.
smooth) changes in a parameter. Moreover, a system
with multiple stable states must have 2 thresholds – 2
discontinuous shifts in a state variable, each at a
unique value of a continuous parameter (i.e. T1 and T2

in Fig. 1d). It is the existence of these 2 thresholds that
gives rise to the familiar S-shaped curve that is used to
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Fig. 1. Thresholds in processes, in equilibrium states, and over time. Open block arrows show the possible pathways from
changes in parameters, in equilibrium states, and over time. Solid arrows show shifts in equilibrium values with changes in
parameter values. (a) Parameters can show linear, gradual non-linear, and steep non-linear (threshold) responses to changes in
environmental conditions. (b) Linear shifts in equilibrium states (e.g. A and B) with changes in parameter values. (c) Steep but
continuous shifts in equilibrium states with changes in parameter values. This is a phase shift and does not represent multiple
stable states. (d) Steep and discontinuous shifts in equilibrium states from B to A at T1 and from A to B at T2 with changes in para-
meter values. Dashed line is the breakpoint curve; double-headed arrow shows a change in state variable without a change in
parameter value. (e) Gradual versus rapid changes in ecosystem state over time. Dashed line gives the point at which the system

receives a press perturbation in a parameter value. Dotted lines are the equilibrium states (i.e. A and B)
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illustrate multiple stable states and hysteresis. Finally,
ecologists often identify the ridgeline that separates
2 basins of attraction as a threshold (i.e. the dashed
curve in Fig. 1d). While this is an acceptable and com-
mon use of the term, May (1977) used the phrase
‘breakpoint curve’ to distinguish the shift among
basins of attraction from the discontinuous thresholds
at specific parameter values.

The breakpoint curve and different basins of attraction
are often portrayed as a ridge separated by 2 valleys
(Beisner et al. 2003) or a 3-dimensional landscape
(Scheffer et al. 2001), although Lotka (1956, p. 147)
warned that these representations were ‘purely qualita-
tive’. A perturbation of species densities that forces the
system past this ridge will cause the system to move
downhill towards the new equilibrium point without
further intervention. This threshold between basins of
attraction is not the same as the threshold in a parameter
(Fig. 1a), the smooth threshold in a state variable with
changes in a parameter (Fig. 1c), or May’s thresholds as
found in systems with multiple stable states (Fig. 1d).
The ridgeline is often thought to show the position of the
unstable equilibrium point that always lies between
2 stable points (e.g. Schröder et al. 2005), but this is not
always true. This misconception is explored in the next
section as part of the discussion of linear models that ex-
hibit thresholds.

THRESHOLDS AND HYSTERESIS-LIKE BEHAVIOR
IN LINEAR MODELS

The simplest linear model in community ecology that
has multiple stable points is the 2-species Lotka-
Volterra model of competition with a saddle node
(Lotka 1956, Knowlton 1992). There are 2 stable points,
and at each stable equilibrium point, 1 species ex-
cludes the other. Species 1 at equilibrium cannot be
invaded by Species 2 and vice versa. At the saddle
node, both species are at equilibrium, but the equilib-
rium point is unstable. Any perturbation of the system,
which shifts densities away from the saddle node, will
cause the system to move to 1 of the stable points.
Lokta (1956, p. 147) noted that 2 stable points in mod-
els of this sort must always be separated by a saddle
node ‘just as it is physically impossible for two moun-
tains to rise from a landscape without some kind of a
valley between’.

The existence of the saddle node requires the rela-
tionships between carrying capacities of Species 1 and
2 (K1 and K2) and the competition coefficients (α, the
per capita effect of Species 2 on Species 1, and β, the
per capita effect of Species 1 on Species 2) to satisfy the
inequalities .

This requires the interactions between species to be
very asymmetrical and either α or β must be greater
than 1, which implies that interspecific effects must be
greater than intraspecific effects for 1 of the species. It
is commonly assumed that this should be rare in nature
since intraspecific competition — particularly for re-
sources — is usually much greater than interspecific
competition. However, either α or β can easily be
>1 under interference competition or in situations
where a competitor is also a predator but is not explic-
itly modeled as such.

Replacement of 1 species by the other can only occur
if a disturbance either reduces the density of the cur-
rent dominant or allows invasion by the other species
so that the species composition shifts past the separa-
trix, which is the line that defines the boundary
between the 2 basins of attraction (Slobodkin 1961).
Initial conditions of the state variables (i.e. the initial
densities of the 2 species) not only determine which
species wins but also give rise to priority effects in
which the order and timing of the arrival of species
determines the final outcome. This simple model also
clearly illustrates Lewontin’s (1969) comment that
while multiple stable points are possible for linear
models, 1 or more species must be missing at each sta-
ble point. While the relationship between the 1 unsta-
ble point and the 2 stable points is often portrayed as a
cross-section of a ridge separating 2 valleys, the rela-
tive position of the ridge depends on how the com-
bined densities of the 2 species are perturbed relative
to the separatrix. The simple representation of a single
ridge hides the many alternative paths across the sep-
aratrix from 1 basin of attraction to another. Any single
representation is only 1 of many possible snapshots of
the positions of the stable points and the separatrix.

This can be easily seen by examining 2 different
paths across the separatrix. For the first case, imagine
the perturbation of the density of Species 2 is large rel-
ative to the perturbation of Species 1 (Fig. 2a), and for
the second case, imagine the perturbation of both spe-
cies is similar (Fig. 2b). The position of the ridge that
separates the 2 basins of attraction depends on where
the separatrix is crossed, so the position of the ridge
shifts from 1 example to the other (Fig. 2c versus 2d).
Two additional points are worth noting. First, the units
on the axis showing the state of the ecosystem (e.g. the
x-axis in Fig. 2c) depend on how the cross-section
through the phase diagram (e.g. Fig. 2a) is drawn.
Here we arbitrarily set the density of Species 1 as the
ecosystem state of interest, but the cross-section could
have just as easily been drawn as a diagonal line con-
necting K1 and K2. If this were the case, the units of the
ecosystem state would be a combination of the densi-
ties of Species 1 and 2. Second, the contour of the hill
and valleys does not indicate changes in ecosystem
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state. For example in Fig. 2b, the density of Species 1
first declines after the perturbation before increasing
to K1, so the slope in Fig. 2d provides no information
about changes in density of Species 1 once the separa-
trix is crossed.

The relative heights and depths of the hills and val-
leys are metaphors for the system’s stability. In physical
systems, a stable point can be represented in a mean-
ingful way as a point of ‘minimum potental energy’
(Lewontin 1969), and heights and depths are related to
the Lyapunov function of the system. Lewontin was the
first to make the connections for ecologists among Lya-
punov functions, stability, and minimum potential en-
ergy. However, Lewontin (1969, p. 18) also stated

…[f]or ecology the problem of Lyapunov functions is to
what extent they represent interesting biological state-
ments...Will it be a useful and illuminating quantity or
simply a mathematical formalism with no intuitive
content?

Fig. 2 suggests that the representation of stability as
a ball on a surface, which is no more than a cartoon of
the system’s Lyapunov function, may not always pro-
vide us with the correct intuition.

It is also not commonly appreciated that linear mod-
els can show hysteresis-like behavior, and this can be

easily shown in the Lotka-Volterra model (Fig. 3). Sup-
pose changes in environmental conditions can
increase the carrying capacity of Species 2 (K2) but
have no effect on Species 1. This could be simply an
additional resource that can be utilized by Species 2
but is unavailable or cannot be used by Species 1. In a
relatively poor environment for Species 2, the isocline
for Species 2 is completely inside the isocline for Spe-
cies 1 (Fig. 3a), and Species 1 is the competitive domi-
nant and can resist any colonization attempt by Spe-
cies 2. As conditions improve for Species 2, its
equilibrium density (K2) increases, and its isocline
shifts outwards. Eventually the isocline for Species 2
touches and crosses the isocline for Species 1 at the
point (0, K1). Once this occurs, the system has 3 equi-
librium points: 2 stable and 1 unstable (Fig. 3b). Fur-
ther improvements in conditions will then push the iso-
cline for Species 2 until it is completely outside the
isocline for Species 1 (Fig. 3c). At this point, Species 2
is the competitive dominant and can resist all attempts
by Species 1 to invade the system. Plotting the equilib-
rium points for Species 2 against changes in environ-
mental conditions produces a Z-shaped curve that is
reminiscent of the S-shaped curve in non-linear sys-
tems with hysteresis. However, this is not hysteresis in
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Fig. 2. Comparisons between phase diagrams and the hill and valley representations of stability. (a) Phase diagram of a saddle
node in the standard Lotka-Volterra model for 2-species competition. Solid grey lines are 0 net isoclines, and the grey dotted line
is the separatrix. The black dashed line with arrowhead is a pulse perturbation of species density across the separatrix, and the
black dotted line with arrowhead is the path towards the new equilibrium point after the perturbation. Open (closed) circles are
unstable (stable) equilibrium points. (b) Same as in (a), but with a different perturbation. (c) The perturbation and separatrix from

the phase diagram mapped onto the hill and valley representation of stability. (d) Mapping of (b)
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the strict sense because it does not fall within the class
of non-linear mathematical models that define hystere-
sis, even though the ability of Species 1 to invade and
resist invasion by Species 2 lags behind changes in
environmental conditions.

MULTIPLE STABLE STATES ARE POSSIBLE
WITHOUT THRESHOLDS

One of the easiest ways to model multiple stable states
is to have a steep non-linear response or threshold in one
of the underlying processes (e.g. May 1977, Knowlton
1992, Scheffer et al. 1993, 2001, Mumby et al. 2007), so
not surprisingly, it is commonly assumed that multiple
stable states require a threshold response. This is not
true, and here we show how it is possible to have multi-
ple stable states without thresholds.

We start with a conventional model for grazing in
which recruitment and mortality of the exploited
species are modeled explicitly. This is a well-known
model of grazing that has been often used as an
example of a system with multiple stable states (Noy-
Meir 1975, May 1977). Let the rate of change of indi-
viduals in the exploited species, dN/dt, be:

(3)

where s is the input supply of recruits that is unrelated
to density, ƒ(N) is the per capita effect of facilitation of

recruitment by individuals in the population (e.g.
enhancement of barnacle recruitment by the presence
of adults), v(N) is the per capita mortality rate, and p is
the rate of removal of adults by grazing. Per capita
recruitment is then the combined effect of facilitation
and the mass supply rate. Note that grazing is included
in the model as a parameter and not as a state variable,
which is how multiple stable states in grazing systems
have usually been modeled since May (1977). Now
assume the per capita effects of facilitation and mortal-
ity are nonlinear but do not have thresholds:

(4)

The combined effects of recruitment and mortality
without grazing (i.e. grazing pressure p = 0) is a cubic
equation, and the rate of change in the population
initially declines before giving rise to the familiar
hump-shaped curve usually associated with logistic
growth (Fig. 4). The initial decline in recruitment is an
Allee effect and is due to the low numbers of adults
(Fig. 4a). There is no enhancement of recruitment
without adults present, so the per capita rate of mortal-
ity at first outpaces the mass supply rate of recruits.
The enhancement is a per capita effect, i.e. the more
adults are present, the larger is the effect on the per in-
dividual recruitment rate, although the additional ben-
efit declines with density and the curve saturates. The
individual contributions of mortality, mass supply, and
facilitation are non-linear, but none shows a threshold.
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When grazing is added, the equilibrium density of
the exploited species is a balance between the popula-
tion’s rate of growth and the rate of grazing (Fig. 4b).
As grazing pressure (p) increases, the system moves
from 1 stable equilibrium point to 2 stable and 1 unsta-
ble points, and finally to back to 1 stable point. The
transition from 1 stable point to 3 points is discontinu-
ous and occurs over a very small change in p. The sys-
tem has multiple stable states in the classic sense as
defined by May (1977), even though none of the per
capita rates shows step-like changes with changes in
density.

The range and relative impact of grazing are surpris-
ingly small given the dramatic effect of grazing on the
equilibrium density (Fig. 4c). Multiple stable states in
this model occur only if p is between 0.0194 and
0.0467, which is between one-twelfth and one-fifth the
per capita rate of mortality (i.e. v[N]). The range is
extraordinarily narrow considering that p can lie
between 0 and 1, although for p > 0.06, the equilibrium
density drops below 10% of the density of an unex-
ploited population.

DISCUSSION

Our critique suggests a single important lesson for
ecologists, viz. demonstrations or observations of
thresholds at 1 level provide little or no insight into
thresholds at another. A threshold in a parameter does
not necessarily mean there will be an abrupt shift
between equilibrium states. We have shown in both
linear and non-linear models how threshold behavior
in state variables can occur without a threshold in
parameters. The presence or lack of a threshold in
one does not imply the presence or lack of a threshold
in the other. The same is true for the relationship or
lack thereof between transient behavior and parame-
ters.

Obviously there are many possibilities moving from
observations of parameters to observations of equilib-
rium states and from equilibrium states to changes
over time. The 8 curves in the 5 panels given in Fig. 1
alone provide 18 possible combinations, although not
all are plausible. Yet, it is very difficult to use the plau-
sible combinations to categorize the various studies
reported in the literature, even though there have
been numerous and well known efforts to catalogue
examples of thresholds (May 1977, Scheffer et al. 2001,
Folke et al. 2004, Knowlton 2004, Orth et al. 2006,
Mumby 2009). The major obstacles to classification are
inconsistent terminology, the potential for interactive
effects between parameters and state variables, the
use of models to confirm rather than to refute patterns,
and the limits of inferences that can be drawn from
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experiments. We briefly discuss several modeling efforts
and experimental studies of multiple stable states to
illustrate these difficulties.

Terminology is inconsistent

Different terms are used to describe the same con-
cept and the same term is used for different concepts.
The term ‘threshold’ itself has been applied not only to
continuous step-like changes in parameters (Fig. 1a),
equilibrium states (Fig. 1c), and transient states (Fig.
1e), but also to discontinuous changes in equilibrium
states in response to small, continuous, and smooth
changes in a parameter (Fig. 1d). The distinctions and
relationships between parameters, equilibrium states,
and transient behaviors are often unclear. Typically
changes in parameters are conceptualized as changes
over time and then linked to either changes in ecosys-
tem status over time or in equilibrium state (Lake 2000,
Andersen et al. 2009). For example, Lake (2000) noted
that environmental conditions can change linearly
over time (‘ramp disturbances’), and yet give rise to
steep but smooth changes in the equilibrium state
(‘press responses’). Andersen et al. (2009, their Fig. 1)
covered much of the same ground as Lake (2000) but
listed 3 classes of thresholds — driver thresholds, state
thresholds, and driver–state hysteresis — that differ
from Lake (2000) in meaning and confound the cause
and effect relationship between parameters and state
variables.

Interactive effects often blur the distinction between
parameters and state variables

In the perfect world of modeling, a perturbation of a
state variable occurs without any effect on parameters.
For example, in Fig. 1d the perturbation of the ecosys-
tem state across the breakpoint curve is assumed to
occur without changing the parameter space. The path
of the perturbation does not affect the parameter space
(i.e. the double-headed arrow in Fig. 1d, which is the
perturbation of the state variable, runs parallel to the
y-axis). In nature, a perturbation of an ecosystem engi-
neer is likely to affect parameters such as recruitment,
the per capita rate of predation, or the strength of com-
petition, so it is very likely that a perturbation changes
both the state variables and the parameters.

This seems to be the case with seagrasses, which are
well-known ecosystem engineers. Dramatic collapses
of seagrass-dominated communities have been observed
worldwide, owing to a suite of stressors including
eutrophication, coastal loading of sediment and conta-
minants, rises in sea level and water temperature,

increased frequency and intensity of storms, expansion
of aquaculture, and spread of non-native species (Orth
et al. 2006). Recovery efforts are often unsuccessful
(approximately 30% success rate, Orth et al. 2006),
and models of multiple stable states have been devel-
oped to explain the apparent hysteresis between sea-
grass meadows and turbid algal states (van der Heide
et al. 2007, Viaroli et al. 2008).

In a similar model for Zostera marina, van der Heide
et al. (2007) suggested that once Z. marina falls below
a critical density threshold (i.e. crosses the breakpoint
curve), turbidity prevents enough stems from recover-
ing to restore ecosystem function. Z. marina reduces
water movement and as a consequence, reduces tur-
bidity. It is, thus, assumed that this ecosystem function
controls light availability, which in turn has a positive
feedback loop by promoting plant growth (Scheffer et
al. 2001, van der Heide et al. 2007). The model includes
a steep threshold, and not surprisingly, the equilibrium
densities of Zmarina as a function of current velocity
show a bifurcation and bistability. Yet there is a bit of
circularity, since it is assumed that Z. marina density
both affects and is a function of water movement.

Viaroli et al. (2008) proposed a similar model to
explain the occurrence of seagrass beds (Ruppia and
Zostera spp.) and algal communities (Cladophora,
Gracilaria, and Ulva spp.) in Mediterranean lagoons.
Here the bifurcation is a function of nutrient loading.
The system also has feedback loops, which increases
the likelihood of thresholds in parameters. For exam-
ple, high densities of seagrasses may be able to buffer
moderate nitrogen loading through uptake and
storage, which is followed by slow decomposition of
seagrass detritus (Buchsbaum et al. 1991). This in turn
controls algal growth and prevents high densities of
macrophytes and phytoplankton that would otherwise
reduce light penetration and inhibit seagrass growth.
Viaroli et al. (2008) referred to the thresholds encom-
passing the parameter space where stable states are
possible as ‘thresholds of reversibility’, beyond which
any perturbation in state variables cannot flip the sys-
tem to the alternative state (e.g. below T1 and above T2

in Fig. 1d).
As in the case with seagrasses, it has been repeat-

edly suggested that thresholds and, thus, multiple sta-
ble states are associated with ecosystem engineers,
environmental switches, and stressful abiotic condi-
tions (Knowlton 1992, 2004, Wilson & Agnew 1992,
Petraitis & Dudgeon 1999, Didham et al. 2005). How-
ever, all of these ecological features can be found in
systems that contain neither thresholds nor multiple
stable states, and thus the presence of ecosystem engi-
neers and other environmental conditions does not
guarantee the existence of thresholds or multiple sta-
ble states.
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Use of models to infer mechanism

Observations of sudden shifts over time are com-
monly cited as examples of multiple stable states (e.g.
Scheffer et al. 2001). The observation of a threshold
over time is then modeled as a threshold in a parame-
ter to produce a system with multiple stable states. It
has even been suggested that the observation of rapid
shifts between states is ‘[t]he key characteristic of a
regime shift’ in systems with multiple stable states
(deYoung et al. 2004, p. 145). In marine systems, the
approach of moving from observation to confirmatory
models has been commonly used in pelagic fisheries or
oceanographic studies where the spatial scale pre-
cludes the possibility of undertaking manipulative
experiments (Hare & Mantua 2000, Collie et al. 2004,
deYoung et al. 2004, Mantua 2004, Andersen et al.
2009). This approach has also been used in studies of
seagrass meadows, coral reefs, and pelagic fisheries,
and the models almost always include a threshold in a
parameter. The notion that there must be a link
between thresholds at one level to thresholds in
another is deeply embedded in all of these approaches.

For example, Collie et al. (2004) used a model of mul-
tiple stable states to explain the collapse of George’s
Bank haddock Melanogrammus aeglefinus. From the
1930s to 1950s, haddock stocks were consistently high
(estimated to be 100000 to 180000 t, ‘haddock-rich’
state) despite a harvesting rate between 20 and 45% of
estimated biomass. Haddock biomass spiked sharply
to over 400000 t in the early 1960s, followed by a rapid
crash that is believed to be triggered by high rates of
harvesting (Fogarty & Murawski 1998). Biomass
wavered below 50000 t for most of the remainder of
the century (‘haddock-poor’ state), with a brief moder-
ate recovery peaking at 100000 t in 1980 and another
recovery of similar magnitude leading up to the year
2000. With the exception of 3 years, harvesting rate
during the haddock-poor period was less than or equal
to mortality during the haddock-rich period (9 to 45%).
Collie et al. (2004) developed a predator–prey model
that exhibited hysteresis in equilibrium stock levels
with 2 thresholds in harvesting rate. They found a
rapid drop to the haddock-poor state at a harvesting
rate of 36%, and a sharp transition to the haddock-rich
state at a rate of 21%. This hysteresis is consistent with
the notion that haddock dynamics contains a discontin-
uous regime shift between alternative stable states.

Along the same lines, van Leeuwen et al. (2008)
modeled the collapse of Baltic Sea cod Gadus morhua
and also referred to 2 specific harvesting rates as
thresholds. In the Baltic Sea, cod stocks and fishing
pressure were high from 1974 to 1987. It is assumed
that climate forcing from 1988 to 1993 led to decreases
in salinity and oxygen, with concurrent increases in

temperature and nutrients. During this period, cod
biomass plummeted despite no obvious change in
harvesting rates. Abiotic conditions reversed to previ-
ous levels between 1994 and 2005, but cod biomass
remained low (Möllmann et al. 2009). Van Leeuwen et
al. (2008) proposed that high and low cod biomasses
are alternative stable states that were controlled by
adult cod predation on juvenile sprat Sprattus sprattus.
They suggested that when present in sufficient num-
bers, adult cod exhibit top-down control of juvenile
sprat, releasing the juveniles from intraspecific compe-
tition and promoting rapid maturation and reproduc-
tion. At low cod densities, juvenile sprat face strong
intraspecific competition and remain in a young adult
phase for a long period, where they are too large to be
eaten by adult cod but not large enough to reproduce
and promote recovery. The authors termed this sce-
nario an ‘emergent Allee effect’ because it based on
scarcity of adult cod.

Similarly, Mumby et al. (2007) constructed a model
of reef coral cover that exhibits a bifurcation as grazing
intensity varies. Under strong grazing pressure, as in
the Caribbean prior to mass mortality of the urchin
Diadema antillarum, the system shows a single stable
equilibrium of coral dominance. At low grazing pres-
sure, the only stable equilibrium is macroalgae domi-
nance. At intermediate grazing densities, there are
2 potential stable states – either coral or macroalgae
dominance. Mumby et al. (2007) used the term ‘thresh-
old’ in several ways. They referred to ‘critical thresh-
olds of grazing and coral cover beyond which
resilience is lost’ (Mumby et al. 2007, p. 98), and in a
single phrase apply the term to both equilibrium states
(i.e. coral cover) and parameter values (i.e. the rate of
grazing) at which the bifurcations occur. Mumby
(2009) also referred to specific values for the grazing
parameter and the unstable equilibria (i.e. the break-
point curve) as thresholds.

Even so, development and use of models with multi-
ple stable states and thresholds has strengths. Models
can provide some of the most compelling examples of
plausibility of multiple stable states. However, they are
often difficult to confirm independently, and we sug-
gest that modeling should include alternative scenar-
ios that provide clear-cut and testable predictions. This
is rarely the case.

Experimental studies

Misunderstanding about the lack of linkage between
thresholds at one level versus another has also affected
how ecologists have approached the detection of
thresholds and multiple stable states experimentally.
For example, in the western Pacific, abrupt temporal
changes in mussel and macroalgal cover have been
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reported in response to experimental removal of sea-
stars Pisaster ochraceus and to El Niño effects (Paine
1974, Paine et al. 1985, Paine & Trimble 2004). The
changes are well documented and matched against
control conditions. Paine & Trimble (2004) stated that
the shift is evidence for multiple stable states, but it
appears that the existence of hysteresis is inferred from
the sudden shifts over time.

Konar & Estes (2003) addressed abrupt spatial shifts
in the boundary between kelps and barrens. They
manipulated both kelps and urchins and provided
good evidence that the presence of kelps keeps out
urchins and thus sets the boundary. They suggested
that the sharp boundary is the edge between 2 alterna-
tive stable states and implicitly assumed that the sys-
tem was being pushed across the breakpoint curve
through their manipulation of kelps and urchins, which
are state variables.

In the western Atlantic, Petraitis and colleagues
have tested whether mussel beds and seaweed stands
are alternative states and have explicitly examined the
links from parameters to state variables to changes
over time. They have experimentally shown sharp
thresholds in barnacle and mussel recruitment and
rates of predation on mussels and non-linear changes
in fucoid recruitment with clearing size, which mimics
the damage due to ice scour (Petraitis & Dudgeon
1999, Dudgeon & Petraitis 2001, Petraitis et al. 2003).
They demonstrated that these effects translated into
changes in adult densities and divergent successional
patterns (Petraitis & Dudgeon 2005, Methratta &
Petraitis 2008) and that some areas that were seaweed
stands are now becoming mussel beds (Petraitis et al.
2009). There has been some discussion whether the
thresholds in the mussel–seaweed system are an
example of multiple states or 2 states under different
levels of top-down control (Bertness et al. 2002, 2004,
Petraitis & Dudgeon 2004a), although Petraitis et al.
(2009) suggested how these 2 seemingly different
views can be reconciled.

These experimental studies document abrupt
changes or thresholds in parameters or state variables
and place those observations in the context of multi-
ple stable states. Yet again, thresholds at one level
are not proof of either thresholds at another level or
the existence of multiple stable states. Indeed, multi-
ple stable states can arise in systems in which para-
meters change in a linear fashion with changes in
environmental conditions. Thus, demonstrations that
ecosystems show abrupt shifts in parameters, species
composition, or other state variables with small
changes in environmental conditions are not suffi-
cient tests for multiple stable states. There are ways
to test for multiple states that do not depend on link-
ing thresholds in parameters to thresholds in state

variables, and Petraitis & Dudgeon (2004b) discussed
how experiments using Before-After, Control-Impact
(BACI) designs could be used to test for multiple
states.

Our brief summary does not cover all that has been
published on thresholds and multiple stable states in
marine ecosystems and does not include the many
studies that have been done in other systems. Many of
the issues we have raised are well known and widely
discussed in other areas of ecology (e.g. see Lake 2000,
Huggett 2005, Bestelmeyer 2006, Groffman et al.
2006), and it is surprising to us how little cross-citation
occurs among different disciplines. There is also the
unsettling possibility that thresholds, while widely
reported, are not the norm in ecological systems
because negative results are rarely reported (Rosen-
thal 1979, Csada et al. 1996).

What is a threshold?

Finally, it is useful to understand how the 2 conven-
tional definitions of thresholds may color the observa-
tions made by ecologists. In the most conventional
sense, a threshold is nothing more than the sill of a
door or window. This functional architectural feature is
used to delimit the inside and outside of a house and as
an allusion for important milestones in life. The other
definition comes from early developers of physiologi-
cal psychology who viewed a threshold as the level of
stimulus required to elicit a response. Fechner, who
did pioneering work in experimental psychology in the
mid 1800s and who introduced the concept of the
median, strictly defined a threshold as the level of
stimulus perceived by half of the subjects (e.g. Bi &
Ennis 1998). For example, the auditory threshold for
hearing for humans – the level of sound that 50% of
humans can hear – is about 2 × 10–5 Pa at 1000 Hz
(approximately B5, which is the B in the second octave
above middle C). Both definitions imply that small
incremental changes in some condition or input have
no or little effect until a defined limit is reached. At that
point, the system enters a new state.

These conventional definitions encompass the eco-
logical notion of passing over the breakpoint curve or
ridge separating 2 basins of attraction, but neither def-
inition captures what ecologists usually mean when
the term threshold is used to explain sudden shifts. The
more important point is that both definitions rely on a
limit that is set independently – the sill of the door or
the median value. To the extent that ecologists fail to
define thresholds independently of the processes
under study, the current conceptualizations of thresh-
olds in ecological systems may not be good metaphors
for what happens in nature.
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