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INTRODUCTION

The idea that coral reefs switch between stable,
alternative community states of coral and macroalgal
dominance is one of the most widely accepted con-
cepts in the coral reef literature (Knowlton 1992, 2004,
Nyström et al. 2000, Scheffer et al. 2001, Elmqvist et al.
2003, Scheffer & Carpenter 2003, Bellwood et al. 2004,
Mumby et al. 2007a, Elmhirst et al. 2009, Mumby 2009,
Norström et al. 2009, Riegl et al. 2009, but see Knowl-
ton 2006). This model of the behavior of reef assem-
blages has attained the status of a paradigm (sensu
lato) among coral reef ecologists (see Graham & Day-
ton 2002). Despite its ubiquity, attractiveness, and

nearly universal acceptance, there is little to no em-
pirical evidence supporting the argument that reefs in
general are dominated at a given time by 1 of 2 or more
alternative stable states.

Much of the confusion stems from a misunderstand-
ing of the conceptual underpinnings of the stable-
states hypothesis and the evidence needed to demon-
strate that a state, which is a particular configuration or
composition of a reef community, is in fact stable. Reef
scientists regularly conflate movement between stable
states with phase shifts, although the 2 concepts are
very different. A phase shift or regime shift is a change
in the equilibrial community in response to a persistent
change in environmental conditions. Phase shifts are
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often characterized by dominant populations of an eco-
logical community responding smoothly and continu-
ously along an environmental gradient until a thresh-
old is reached, shifting the community to a new
dominant or suite of dominants (Done 1992). In any
given environment, there is at most one stable state.
‘Alternative stable states,’ in contrast, means that >1
configuration of the biological community, i.e. more
than one state, can occur in the same place and under
the same environmental conditions at different times.
If any such configuration can persist under a wide
range of environmental conditions, then it will appear
to be ecologically locked, i.e. it will resist conversion to
a different state.

Confusion in the coral reef literature about phase
shifts and alternative stable states is not surprising,
because scientists have been confusing and redefining
stable states since the idea was formally introduced by
Lewontin (1969). With very few exceptions (e.g. Fong
et al. 2006), studies of coral reefs either fail to recog-
nize the intellectual precedent established by the early
works that shaped the theory or do not persuasively
justify their redefinition of key concepts. Rigorous and
fixed definitions of stable states, phase shifts, and
related concepts are essential if they are to have any
utility for describing nature.

In a recent review, Petraitis & Dudgeon (2004) dis-
cussed the criteria for rigorous experimental tests of
alternative stable states. In this paper, we focus on how
and why theory dictates those criteria by outlining the
derivation of the concept of alternative stable states.
We define and discuss related phenomena such as
phase shifts, hysteresis, and resilience. We then evalu-
ate the evidence for stable states and phase shifts in
the coral reef literature. Finally, we consider the broad
implications for reef management and restoration of
incorrectly assuming that alternative stable states are
common or ubiquitous.

A PRIMER OF PHASE SHIFTS AND ALTERNATIVE
STABLE STATES

Characterizing community dynamics

Graphical abstractions that describe the dynamics
of multispecies assemblages are called phase portraits
(e.g. Lotka-Volterra predator–prey or competition mod-
els [Lotka 1956]; Emlen 1977, Ricklefs 1979). Phase
portraits depict the collection of all possible succes-
sional trajectories leading to one or more equilibria for
a given environment. The phase portraits are derived
from curves in the plane that are observed by viewing
a time series straight down the time axis from a height
corresponding to a large value of time, t (Abraham &

Shaw 1992). The state of an n-species community can
be represented at any time t by the point in n-dimen-
sional space corresponding to the abundance of each
taxon (Levins 1968, Lewontin 1969), which ecologists
collapse into an aggregate metric of 1 to 3 dimensions
using multivariate analysis to visualize changes of
state (Petraitis & Dudgeon 2005, Petraitis et al. 2009).
Fig. 1A shows one possible time series of community
states described in 2 dimensions, and Fig. 1B is a phase
plot of the corresponding successional trajectory.
Fig. 1C depicts the complete phase portrait of the com-
munity for a given environment. (Note that Fig. 1C
depicts a plane and a stable point only for heuristic
simplicity. The surface may exhibit great complexity.
Likewise, the equilibrial state of the system need not
show such simple behavior as remaining constant
through time; rather, our arguments apply whether the
successional end-states are represented in phase space
by points, limit cycles, or other behaviors.)

It is worthwhile to delineate what a phase portrait
implies in terms that are meaningful to community
ecologists, in order to define and distinguish phase
shifts and multiple stable states. First, the phase space
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Fig. 1. Community development of a system with a single
equilibrial state. (A) Time series of changes in community state
plotted in 2 dimensions. (B) Phase plot of successional trajec-
tory of the community shown in the time series in panel (A).
(C) Phase portrait showing successional trajectories from any
point in the state space towards the attractor. Red symbols:
community state sampled at points in time in panels (A) and
(B), and the point of equilibrium in panel (C); arrows: trajecto-

ries of succession. Modified from Abraham & Shaw (1992)
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(the 2-dimensional plane in Fig. 1B,C) represents a
specific set of physico-chemical environmental condi-
tions in which the n species interact. We define the
environment based on Schröder et al. (2005), who fol-
lowed Peterson (1984). The environment is the set of
extrinsic parameters that influence community dynam-
ics but are not in turn affected by these community
dynamics. Factors that are dynamically coupled to the
community are part of that system and are by defini-
tion not part of the extrinsic environment. As Peterson
(1984) recognized, there are potential difficulties in
distinguishing historical, biotically driven environ-
mental conditions from extrinsic ones, and in some
instances they may seem inextricably linked. Essen-
tially, parameters that are either only weakly or not
at all affected by the system are considered part of
the environment (Schröder et al. 2005).

We offer some examples to clarify this difficult but
critical distinction. State variables, such as species
abundances, the interactions between them, and their
impacts on the local environment (e.g. biotic oxygena-
tion of soft sediments), are dynamically coupled to the
system, and are not part of the extrinsic environment.
Climatic factors are part of the extrinsic environment.
Some large-scale characteristics of the water masses
delivered by currents to a community, including
volume flux, temperature, and salinity, are likewise
extrinsic factors. Other aspects of these water masses,
including small-scale variations in flow speed and tur-
bulence, are influenced by the resident biota and are
part of the coupled system. Anthropogenic factors,
including eutrophication, trends in alteration of cli-
mate, and pollution, are part of the extrinsic environ-
ment because their rates of action are not affected by
community dynamics. How local-scale human interfer-
ence is construed depends on whether or not one con-
siders humans as part of the resident biota (Petraitis &
Dudgeon 2004). To summarize, we use the term ‘envi-
ronment’ in this paper to denote parameters that are
largely unaffected by community dynamics. Ecologists
typically estimate environmental conditions with aver-
ages and variances, focusing on those extrinsic para-
meters that exert significant effects on density or pop-
ulation growth rate (Connell & Sousa 1983, Sousa &
Connell 1985).

Second, the successional trajectories (black line in
Fig. 2A) a community follows in phase space are deter-
ministic (assuming no intervening perturbations),
although the starting point immediately following a
disturbance may be random (i.e. stochastic, or of vari-
able type and magnitude). Stochastic perturbations
during succession are jumps to different points in the
phase portrait and result in mosaics of patches of vary-
ing age. Each potential trajectory during succession is
the smooth curve that results from the integration of

tangent vectors (gray vectors associated with the black
line in Fig. 2A, one vector for each point in the phase
space) that drive the system toward its attractor (Abra-
ham & Shaw 1992). In ecologists’ terms, the vector field
(the collection of gray arrows in phase space) repre-
sents the instantaneous rates of change in community
state at each point in phase space caused by interac-
tions of species with their environment and with each
other. The direction and magnitude of a vector repre-
sent the net effect of different types and strengths of
interspecific interactions unique to that assemblage
and environment. This abstraction of the vector field
underlies a central theme in community ecology: At
a site with a specific set of environmental conditions
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Fig. 2. Phase portrait and phase shift. (A) Phase portrait of a
community showing attractor (red circle), vector field (gray
arrows) in the state space (blue shading), and a possible start-
ing point (open square) for a trajectory of succession (solid
black line). (B) Phase shift of community state associated with
environmentally driven changes in the vector field (i.e. inter-
actions between species and their environment). Red circle:
attractor, blue arrows: successional trajectories in the state
space (blue shading). (C) The dynamic range of shifts in
phase portraits of a community as a function of environmental
change. Two examples of different phase-shift trajectories are
shown. Solid red circles and red line: a threshold phase shift
occurring between the middle 2 environments. Open circles
and black line: a linear phase shift (circles: attractors for each
phase portrait at a specific value of an environmental parame-
ter along the abscissa, lines: dynamics of changes in the phase
portrait as a function of environmental change). Modified 

from Abraham & Shaw (1992)
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under which a single stable community can persist,
interactions among species under those conditions
will always lead to the same equilibrial assemblage
(Lewontin 1969).

Phase shifts and alternative stable states

Phase shifts and alternative stable states are equilib-
rial views of community structure. Many ecologists
view equilibrium as an inaccurate characterization
of reef ecosystems; however, as Petraitis et al. (1989)
pointed out, the debate over whether particular sys-
tems are equilibrial or non-equilibrial is largely artifi-
cial. Both views emphasize the operation of the same
underlying processes, but at different spatial and tem-
poral scales. The influence of scale and the possibility
of dynamic equilibria make it very difficult to distin-
guish equilibrial from non-equilibrial systems and
phase shifts from alternative stable states.

Phase shifts

Environmentally driven changes in the vector field
imply changes in the strength or nature of species
interactions. Changes in the vector field alter succes-
sional trajectories and the equilibrium of the phase
portrait. A change in the phase portrait of a community
associated with environmental change in space or time
is a phase shift (Fig. 2B). For example, the change in
abundance and composition of species associated with
the transition from a sheltered bay to a rocky headland
is a phase shift in space. Ecologists have tended to
emphasize phase shifts in time, especially for cases in
which environmental changes, perhaps accrued over
time, have caused abrupt and dramatic changes in
species composition. An important example is the
transition from corals to macroalgae observed on some
coral reefs (Hughes 1994, Petraitis & Hoffman 2010,
this Theme Section). The essential feature characteriz-
ing a phase shift is that the shift in the community
assemblage is caused by a persistent change or trend
in the environment, because under each specified set
of environmental conditions, there is only a single
attractor, or equilibrial community.

Phase portraits of different environments arrayed
along an axis integrating that environmental change
reveal the dynamic range of a phase shift (Fig. 2C;
Petraitis & Dudgeon 2004). The biotic changes may
constitute large or small changes in a community, and
there is no criterion for the extent of alteration required
to call a change a phase shift (Rogers & Miller 2006,
Bruno et al. 2009). Essentially, if one specifies a priori
the minimum amount of change in a community eco-

logically meaningful and such a change can be de-
tected statistically, then there is evidence of a phase
shift. A large phase shift precipitated by a small
change in a single environmental parameter—a
threshold phenomenon—is easily detected because a
slight environmental change causing dramatic
changes at the community level is likely to occur in a
short time. At the other end of the spectrum, a small
change in a community as a function of environmental
change may be barely detectable, particularly if the
rate of change in the environment is slow (black line in
Fig. 2C).

Concepts of resilience (Lewontin 1969 [therein
called ‘relative stability’], Holling 1973, Grimm & Wis-
sel 1997, Nyström et al. 2008) are inextricably linked
with phase shifts. Lewontin (1969) conceptualized the
resilience of a system using the now-traditional ridge-
and-valley phase portrait, with a rolling ball represent-
ing the trajectory of the community. The ball rolls
towards the stable state, represented by the lowest,
least energetic point on the landscape. Resilience is
positively related to the steepness and depth of the
basin(s) of attraction, with steep and deep basins being
more resilient than shallow ones. The notion of a com-
munity losing resilience is depicted by the shallowing
and flattening of the basin of attraction in which the
community resides (Nyström et al. 2000, Beisner et al.
2003). This change in the phase portrait is caused by
environmental change: the movement of the system
along the abscissa of Fig. 2C to a new phase portrait, in
which changes in the vector field (e.g. shorter vectors,
less determinism, different trophic structure, etc.) cause
the community to move within the basin of attraction
more easily. Shallow phase portraits are those near the
threshold for which any further loss of resilience with
environmental change will shift the equilibrium to a
new location, corresponding to a different community.
Thus, lowered resilience is associated with greater
likelihood of phase shifts.

The term ‘regime shift’ has recently become popu-
lar, particularly in the literature on fisheries and
pelagic ecosystems (Hare & Mantua 2000). Regime
shift is generally used synonymously with phase
shift. Like phase shift, regime shift is used to
describe changes in either biotic or abiotic condi-
tions, or both (Hare & Mantua 2000, Scheffer et al.
2001, Kaiser et al. 2005). The 2 terms mean the same
thing and they are distinctly different from alterna-
tive stable states. A number of recent papers have
incorrectly defined phase shifts as alternative states
and regime shifts as alternative stable states (Beisner
et al. 2003, Hughes et al. 2005, Nyström et al. 2008).
Redefining these widely recognized ecological terms
ignores precedent (Lewontin 1969, Connell & Sousa
1983, Peterson 1984, Sousa & Connell 1985), divorces
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coral reef science from the broader field of commu-
nity ecology, and is retarding the progress of the dis-
cipline.

Alternative stable states

The distinctive feature of alternative stable states is
the presence of >1 basin of attraction in a given phase
portrait (Fig. 3A; cf. Fig. 2, in which only 1 basin occurs
in any phase portrait). In ecological terms, this means
that a single set of environmental conditions can sup-
port >1 successional end-state (Lewontin 1969, May
1977, Connell & Sousa 1983, Peterson 1984, Sousa &

Connell 1985, Petraitis & Dudgeon 2004, Schröder et
al. 2005). In practice, any significant differences be-
tween abiotic conditions occupied by alternative states
in space or time must demonstrably be caused by dif-
ferent resident populations rather than originating
extrinsically (Sousa & Connell 1985). Reef scientists
have often ignored the requirement that multiple
assemblages (or points in phase space) must be stable
under a single set of environmental conditions, thereby
confusing phase shifts with alternative stable states.
Contrary to the view of Beisner et al. (2003), commu-
nity changes that result from trends of environmental
change are not alternative states; they are merely phase
shifts, which essentially amount to natural demonstra-
tions of the control of populations by abiotic and biotic
factors.

The theory of alternative stable states implies that
the outcome is contingent upon the starting condi-
tions—the basin of attraction in which the starting
point is located. What processes cause communities to
move from one basin of attraction to another? Petraitis
& Latham (1999) described hypothetical scenarios in
which a pulse of recruitment or mortality might move
the system between basins of attraction in the absence
of environmental variability. Lewontin (1969) and May
(1977) recognized that natural environments are vari-
able. Slight fluctuations in time that are associated
with the natural range of environmental conditions, or
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Fig. 3. Alternative stable states. (A) Phase portrait plotted in 2 dimensions showing 2 alternative stable states. There are 2 sepa-
rate basins of attraction (shaded light blue/grey and blue), with dark blue arrows in each indicating successional trajectories
towards their respective attractors (solid red circles). The separatrix between the alternative states (often visualized as a ridge or
saddle, and here shaded green) has an unstable equilibrium point (open red circle), departures from which can lead to either
alternative state. The dark green arrows within the separatrix are trajectories leading to the unstable equilibrium. The separatrix
is depicted as a broad surface simply to illustrate that it need not be a line. (B) Several phase portraits plotted in 2 dimensions and
arrayed along the axis of a key environmental parameter, showing single equilibrial states at low and high values of the environ-
mental parameter, and multiple stable equilibria at intermediate values. The blue dashed line connecting unstable equilibria of
different phase portraits is the breakpoint (May 1977) or threshold curve (Petraitis & Hoffman 2010). The environments over
which multiple stable equilibria exist determine hysteresis in the system. Note that basins of attraction and separatrices may dis-
play different shapes in different phase portraits. (C) Variable hysteresis in different systems, ranging from none (phase shift or
multiple stable states in a single environment), to small (multiple stable states only over a small number of distinct environments,
blue-shaded region), to large (multiple stable states over many distinct environments, red-shaded region). Solid lines: stable
equilibria at particular values of environmental parameters. Dashed lines: breakpoint curves, which are ridges of unstable equi-
libria distinguishing stable states in each environment. In contrast to hysteresis shown by shaded regions, the stable equilibria
outside of shaded regions represent resistance of community state to environmental change. Panels (A) and (B) modified from 

Abraham & Shaw (1992)
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perturbations (stochastic or otherwise), can cause
spectacular, discontinuous shifts in state variables,
moving the system across the separatrix (the saddle)
between basins of attraction, but the environment
is effectively the same before and after the event
(Lewontin 1969). May’s (1977) conceptualization dif-
fers and can be visualized by arraying phase portraits
determined for each environmental condition along an
environmental axis (Fig. 3B). This is the now-familiar
S-shaped curve, characterized by 2 discontinuity
thresholds at given values along the environmental
axis, and the separatrix (the dashed line), which is the
boundary between basins of attraction.

The range of environments (or sets of parameter val-
ues) over which alternative stable states are possible
determines the extent of hysteresis in the system
(Fig. 3C). By hysteresis, we mean (1) the lack of change
in community state following manipulation of parame-
ters within the range of values between different criti-
cal environmental conditions that cause forward and
backward switches of state; and (2) the different paths
followed by communities upon crossing the thresholds
for forward and backward switches (Scheffer et al.
2001). If a wide range of environments characterizing
an ecosystem can support alternative states, then hys-
teresis is strong and even large directional shifts along
the environmental axis of interest may be insufficient
to tip the system to an alternative state. On the other
hand, if alternative states occur only within a narrow
range of environments, then hysteresis is weak and the
system can be tipped back to an alternative state far
more easily. Finally, and critically, if alternative states
exist in only a single environmental condition, or if
there are no alternative states in any environment,
then there is no hysteresis in the system. In either case,
a reversal of direction along the environmental axis
will initiate restoration of the prior community, and for-
ward and backward trajectories will differ only triv-
ially. Establishing the extent of hysteresis is essential to
ecosystem management; it is critical to establish the
environmental range (if any) over which alternative
states are possible.

Demonstrating alternative stable states

There are 2 robust approaches to demonstrating the
existence of alternative states. The first is to show by
experiment that a pulse perturbation (sensu Bender et
al. 1984) can cause a switch between different, stable
community assemblages at the same site in the ab-
sence of persistent environmental changes (Connell &
Sousa 1983, Peterson 1984). Conditions before and
after pulse perturbations can be the same because by
definition, the pulse is an ephemeral event between

periods of the same environmental regime. Press per-
turbations, on the other hand, are inappropriate for
demonstrating alternative stable states because by
definition environmental conditions before and after
the perturbation are different. Moreover, an argument
for alternative stable states requires a demonstration
that any positive feedbacks that stabilize the currently
resident community and resist invasion by the alterna-
tive community are biotically driven and constitute the
sole source of modifications of the physical environ-
ment (Peterson 1984, Sousa & Connell 1985, Schröder
et al. 2005).

The criterion for spatial scale over which alternative
states occur is the minimum area required for popula-
tions of dominant species to be self-sustaining (Connell
& Sousa 1983). The criterion for temporal stability of
alternative states has been more controversial. Petraitis
& Dudgeon (2004) and Petraitis et al. (2009) argued
that demonstrating resilience of invading assemblages
to small perturbations was preferable evidence of
stability to the temporal criterion of Connell & Sousa
(1983), which is the time to self-replacement of the
longest-lived component of the community. In this
sense, and contrary to the views of others (e.g. Scheffer
et al. 2001, Bellwood et al. 2004), community resilience
is positively correlated with alternative stable states
where they occur. The designs and analytical ap-
proaches required for valid experimental tests are
reviewed by Petraitis & Dudgeon (2004) and demon-
strated by Petraitis et al. (2009).

The second approach is indirect and more difficult to
execute. As Petraitis & Hoffman (2010) point out, a
system with multiple stable states in >1 environment
must have at least 2 discontinuous thresholds, each at
a unique value along an environmental axis, to gener-
ate the S-shaped curve of Fig. 3C. One could infer the
existence of alternative stable states from experi-
mental evidence showing a switch from one state to
another at a specified value of an environmental para-
meter and the switch back to the first state at a differ-
ent parameter value. An experiment of this sort is
unlikely to be performed for ethical and logistical rea-
sons, because the scale and magnitude of the required
pulse perturbation(s) are unknown. No other type of
evidence is admissible (Petraitis & Dudgeon 2004,
Petraitis et al. 2009).

Recent efforts to characterize reef communities as
exhibiting alternative, stable, hard-coral and non-coral
states have attempted to circumvent the difficulties of
direct tests and to explain the long-term persistence
and apparent stability of non-scleractinian community
states relative to that of scleractinians. These studies
have focused on 3 lines of evidence (Mumby 2009):
empirical identification of positive feedbacks, demon-
stration of hysteresis, and modeling. None of these

206



Dudgeon et al.: Phase shifts and stable states

lines of evidence in isolation, however, indicates the
existence of alternative stable states. We evaluate
feedbacks and hysteresis here, and defer discussion of
modeling to a later section.

Positive feedbacks are thought to be especially
important in establishing one successional outcome in
an environment that could support different succes-
sional outcomes, but they are not in and of themselves
evidence for alternative stable states. Some reef scien-
tists consider positive feedbacks to be signatures of
alternative states, but they are ubiquitous in ecological
systems (Bruno & Bertness 2001). In the context of
alternative stable states, they must also explain all
differences in abiotic conditions between states (Sousa
& Connell 1985).

Likewise, evidence of hysteresis is not evidence for
alternative stable states for reasons of logic, interpreta-
tion, and practicality. The logical problems are two-
fold. First, alternative states may occur without hys-
teresis (Fig. 3C, see also Petraitis & Hoffman 2010).
Second, tests of hysteresis are tautological because
they implicitly assume that multiple stable states occur
across a range of environments prior to demonstrating
their existence in any single environment.

Tests of hysteresis may also suffer from problems of
biased interpretation. There is a misconception that
phase shifts are easily reversible (see Mumby 2009),
whereas alternative states are not. This is not neces-
sarily true. Phase shifts may be far more difficult to
reverse than alternative states if they are the products
of large and persistent environmental changes that are
not easily reversed, such as a spill of toxic chemicals.
Moreover, if the environment has changed in several
parameters, which may be independent or negatively
correlated, then reversal of a phase shift through
attempted environmental restoration is unlikely. Fail-
ure to appreciate these possibilities may lead to the
interpretation of community stasis as only being the
result of hysteresis.

Finally, there are practical difficulties that further
complicate the interpretation of hysteresis in experi-
mental outcomes. The magnitudes of environmental
pulses that are necessary to cross ecological thresh-
olds are usually unknown. Manipulation of environ-
mental parameters may be of insufficient magnitude
to cause a switch. In such cases, experimental tests of
hysteresis rely on negative evidence—no community
response to environmental manipulation—for which
the probability of a Type II error is, therefore, also
unknown. Moreover, misconstruing the identity of the
parameter putatively causing a switch between states
will yield no community change following manipula-
tion. Inferring alternative states from such a result
will obviously be faulty because the hysteresis will be
illusory.

PHASE SHIFTS AND ALTERNATIVE STABLE
STATES ON CORAL REEFS

Petraitis & Dudgeon (2004) reviewed evidence of
changes in community state in tropical reef ecosystems
around the world in the context of whether those
changes represented either phase shifts or alternative
stable states. Three key points from that review are
relevant here. First and most important, the authors
found no evidence in support of the hypothesis that
coral and macroalgal assemblages represent alterna-
tive stable states of reef communities from studies pub-
lished through 2003. Second, these studies, and studies
published after 2003, frequently blurred the distinction
between phase shifts and alternative stable states and
erroneously concluded that coral reef systems repre-
sented alternative stable states (e.g. Nyström et al.
2000, 2008, Scheffer et al. 2001, Elmhirst et al. 2009,
Norström et al. 2009, Riegl et al. 2009). Third, cases of
persistent shifts from coral to macroalgal assemblages
tended to be isolated in specific areas (Ninio et al.
2000), whereas other areas showed no such shifts over
ecological time scales that were relatively long (Con-
nell et al. 1997, Bruno et al. 2009).

Intensified study of coral reefs, which is largely dri-
ven by concern about the effects of climate change,
warrants a fresh assessment of whether the observed
changes represent phase shifts or alternative stable
states. Below we evaluate several cases from the
recent and older literature that have been proffered as
demonstrations of alternative stable states. With one
exception, the evidence corroborates the conclusions
of Petraitis & Dudgeon (2004).

Chronic perturbations, time and alternative states

The first reference to alternative community states
on coral reefs of which we are aware is from Lighty
(1980). He inferred that stress conditions introduced by
off-bank transport of turbid and episodically cooled
waters in the late Holocene led to the demise of the
Acropora-dominated Abaco reef system in the Baha-
mas. In this scenario, mortality of the cold-sensitive
acroporids—the elkhorn coral Acropora palmata and
the staghorn coral A. cervicornis—around 3000 yr ago
was followed by conversion to an alternative commu-
nity state dominated by macroalgae and octocorals,
which persists to this day (Lighty 1980, A. C. Neumann
pers. comm.). The failure of the acroporids to recover
can be directly attributed to the northerly location of
the Abaco reef system and its continual exposure to
cold-water stress. Do the coral- and macroalgae-domi-
nated phases actually constitute alternative stable
states? The only valid test would be to remove the
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chronic perturbation and observe whether or not the
community would respond by returning to coral domi-
nance.

The last few decades may have provided a natural
test of the hypothesis of alternative stable states. The
cold-sensitive Acropora spp. have recently expanded
northward in the western Atlantic region in association
with decadal-scale increases in annual sea surface
temperature. Acroporid corals have appeared where
they had not lived for the past few thousand years
(Precht & Aronson 2004). This includes the return of
A. palmata to the Abaco reef tract (Precht & Aronson
2006a). The millennial-scale responses of the Abaco
reefs to changing environmental conditions are clearly
phase shifts, and there is no evidence for alternative
stable states.

In a similar vein, both species of Acropora have
moved up and down the east coast of Florida, appar-
ently in response to millennial-scale warming and
cooling trends, respectively (Precht & Aronson 2004).
During the early to middle Holocene (9 to 5 kyr ago),
warmer oceanic conditions off the eastern Florida
Peninsula favored the accretion of an Acropora-domi-
nated barrier-reef tract up to 10 m thick, ranging as far
north as Palm Beach County (Lighty et al. 1978). As
temperatures cooled after the mid-Holocene, the
northern limit of reef growth regressed southward to
the present-day limit of the Florida Reef Tract, south of
Miami. As temperatures have increased again in
recent years, acroporids have re-expanded northward.
Reef-coral assemblages dominated by living thickets
of A. cervicornis were discovered off Fort Lauderdale
in 1998 (reviewed by Precht & Aronson 2004).
Although the temporal scale of the phase shifts has
been large, it appears that when the abiotic conditions
have been suitable, acroporid reefs have dominated.
When conditions have deteriorated, other taxa such as
octocorals, sponges, and macroalgae have persisted.
Millennial-scale persistence in this case should not be
confused with the existence of alternative stable states.

Houtman Abrolhos Islands, Western Australia

Hatcher (1992) argued that environmental condi-
tions were broadly similar along the Houtman Abrol-
hos archipelago off Western Australia. Reef areas
were dominated by either macroalgae (kelps) or hard
corals, which Hatcher (1992) interpreted as represent-
ing alternative stable states. Smale et al. (2010), how-
ever, showed that kelps, hard corals, and other benthic
epifauna in the Houtman Abrolhos changed predict-
ably along a latitudinal gradient. Furthermore, kelp-
and coral-dominated communities expanded and con-
tracted their geographic ranges in response to histori-

cal climate change (Greenstein & Pandolfi 2008). As in
eastern Florida and the northern Bahamas, environ-
mental tracking on long temporal scales is very differ-
ent from the stability of community types.

Kaneohe Bay, Hawaii

Kaneohe Bay is a classic example of cases where
environmental changes have caused phase shifts.
Wastewater input resulted in nutrient enrichment,
causing a transition from coral to macroalgal domi-
nance (Banner 1974). After >2 decades of discharge,
2 sewage outfalls were diverted from the bay in
1977–1978. The diversions were followed by rapid and
dramatic declines in nutrient levels. There was a corre-
spondingly rapid return to coral dominance (Maragos
et al. 1985). If the reef ecosystem in Kaneohe Bay
existed in alternative stable states, the reduction of
nutrients through improvements in water quality
should not have resulted in a rapid shift back to the
coral-dominated configuration, regardless of ensuing
complications (Hunter & Evans 1995, Stimson &
Conklin 2008).

Uva Island, Panama

The 1982–1983 El Niño event dramatically affected
community composition and net production of calcium
carbonate on the reef at Uva Island, off the Pacific
coast of Panama (Eakin 1996). Following mass mor-
tality of the dominant branching corals Pocillopora
spp., population densities of the herbivorous echinoid
Diadema mexicanum increased dramatically and re-
mained high until the 1990s. The abundant D. mexi-
canum rapidly bioeroded the reef framework, and their
grazing on coral spat resulted in recruitment failure.
Bellwood et al. (2004) cited this situation as an example
of an alternative stable state representing one end-
result of reef degradation: the bioeroded urchin bar-
ren. Eakin (2001) had already noted, however, that
although coral cover remained low (<10%) through
the period of elevated sea urchin density, Pocillopora
slowly recovered in the mid- and late 1990s as sea
urchin densities declined. Reef dynamics at Uva Island
represented a phase shift and were not consistent with
the hypothesis of alternative stable states.

More recently, Fong et al. (2006) reported a transi-
tion from coral to macroalgal dominance at Uva and
nearby Cavada Island following the 1997–1998 El
Niño–Southern Oscillation (ENSO). Macroalgae per-
sisted for several years afterwards despite the pres-
ence of consumers by virtue of their association with an
unpalatable cyanobacterial epiphyte. The results of



Dudgeon et al.: Phase shifts and stable states

short-term press experiments manipulating nutrients
and grazing were intriguing but still inadequate to
infer alternative states (Fong et al. 2006). The extent of
changes in the post-ENSO abiotic environment was
also unclear.

Discovery Bay, Jamaica

The dynamics in reefs along the north coast of
Jamaica, and especially the reef at Discovery Bay,
have been generalized as a model of reef decline for
the Caribbean region over the past few decades. Some
of these generalizations have been correct but other
conclusions from Jamaica have been applied inaccu-
rately to the rest of the Caribbean (Precht & Aronson
2006b, Bruno et al. 2009). After repeated disturbances,
including Hurricane Allen in 1980; outbreaks of coral-
livores and coral disease in the early 1980s; Hurricane
Gilbert in 1988; a number of coral bleaching events
in the late 1980s; and the regional, disease-induced
mass mortality of the herbivorous sea urchin Diadema
antillarum in 1983–1984 (Lessios 1988), coral cover
on Jamaican reefs fell from >40 to <10% (Liddell &
Ohlhorst 1992, Hughes 1994). Macroalgae became the
dominant benthic functional group, exceeding 60%
absolute cover in many places. Although these distur-
bances and their immediate effects were well docu-
mented, several reef scientists have asserted that the
decline of reefs in Jamaica was ultimately caused by
overfishing (Knowlton 1992, Hughes 1994, Nyström et
al. 2000, Jackson et al. 2001), which, they have sug-
gested, laid the foundation for ecosystem collapse.
In the overfishing scenario, large predators were
depleted centuries ago, and fishers subsequently over-
exploited herbivorous fishes. Finally, the mass mortal-
ity of D. antillarum, the grazing activity of which had
masked the loss of herbivorous fishes (Jackson et al.
2001), triggered a proliferation of macroalgae that
flipped the reefs into an alternative stable state
(Knowlton 1992, Palumbi et al. 2008, and many others).
Edwards & Gomez (2007, p. 7) stated:

In 1983, there was a mass die-off of the Diadema urchins
from disease, with densities being reduced by 99%. At
this point, the last bastion of herbivorous control was
breached and firstly shallow reefs and then deeper reefs
were taken over by macroalgae. By the late 1980s, the
reefs had largely shifted to an alternative stable state
with 70–90% algal cover. From a restoration point of
view, this alternative state is probably an order of magni-
tude harder to restore than the various degraded versions
of the coral dominated system that persisted before the
Diadema die-off. To regain the original state, not only is
there a need for management measures (passive resto-
ration) to shift conditions [back to high coral cover], but
there is likely to be a need for some large active resto-
ration disturbance (fisheries management and/or urchin

culture to restore herbivory) to remove macroalgae and
add corals before the system is likely to have any chance
of flipping back.

The scenario is plausible, but is it accurate for Jamaica,
let alone the wider Caribbean?

Populations of Diadema antillarum along much of
the north coast of Jamaica have recovered patchily
since the late 1990s, resulting in significant top–down
changes to the benthic community in these areas of
recovery (Woodley 1999, Aronson & Precht 2000,
Edmunds & Carpenter 2001, Cho & Woodley 2002,
Bechtel et al. 2006, Idjadi et al. 2010). Carpenter &
Edmunds (2006) reported similar observations from
reefs elsewhere in the Caribbean.

At Dairy Bull reef near Discovery Bay, the benthic
community had completely returned to the coral-
dominated state by 2005 (Fig. 4), with a species compo-
sition closely resembling the pre-1980 community
(Idjadi et al. 2006), following recovery of the local
Diadema antillarum population to half of their pre-
mortality density (Edmunds & Carpenter 2001). Coral
populations collapsed again to even lower abundance
than before the reversal, following the bleaching event
of 2005 (Quinn & Kojis 2008). The community has
since returned once again to the coral-dominated state
(Fig. 4; Crabbe 2009). There were no detectable
changes in fish populations or improvements in water
quality between 1980 and the late 1990s (Cho & Wood-
ley 2002, Webber et al. 2005, Greenaway & Gordon-
Smith 2006, Hardt 2008). The reversion to coral domi-
nance at Dairy Bull and other reefs appears to be
predicated almost exclusively on the recovery of D.
antillarum, which can singlehandedly drive reductions
in macroalgae and recovery of coral populations to
their initial abundance and species composition.

Connell & Sousa (1983) proposed that alternative
stable states should be recognized based on the gener-
ation times of the affected organisms. The apparent
rapidity of the recent coral-to-macroalgae transition
contrasts with the much longer time that presumably
will now be required for coral recovery at many other
sites. It is tempting to infer that time to transition is
directly related to resistance to transition and, there-
fore, to conclude that the system exhibits hysteresis
(McManus & Polsenberg 2004, Norström et al. 2009);
however, asymmetries in the observed times required
for transitions between states do not necessarily indi-
cate hysteresis. Jackson and colleagues (Jackson &
Johnson 2000, Jackson et al. 2001, Pandolfi et al. 2003)
have argued that there was a delay of at least several
centuries between the time humans began interfering
with coral reefs and the time those reef communities
finally collapsed in the 1980s. If this surmise is correct,
and if time is a valid proxy for resistance to transi-
tion, then the multicentennial transition from coral to
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macroalgal dominance was much more difficult than
the decadal-scale recovery of corals that was noted, for
example, at Dairy Bull. Of course, time to recovery is
not related to difficulty of transition, so the time course
of a transition has no bearing on hysteresis or alterna-
tive community states. The biotic stability of coral reefs
on centennial, millennial, and longer time scales is
most parsimoniously viewed as an indication of the sta-
bility of environmental drivers (Aronson et al. 2002a,
2002b, 2005), in the absence of evidence to the con-
trary (Ivany et al. 2009).

Coral and macroalgal dominance cannot be alterna-
tive stable states, as Mumby and colleagues claimed
they are, if restoring grazing pressure reverses the
recent shift from coral to macroalgal dominance, as
they also suggested (Mumby 2006, Mumby et al. 2007a,
Mumby & Harborne 2010). Instantaneous observations
have shown that reefs exist along continua of coral and
macroalgal cover (Bruno et al. 2009), supporting the
phase-shift interpretation. In response, Mumby (2009)
advanced the intriguing suggestion that alternative
stable states could be apparent on ecological scales but
latent on microecological scales. This idea may have
merit, but Bruno et al. (2009) cannot be construed as
corroborating the alternative-states hypothesis when
their data support the phase-shift interpretation.

In summary, hurricanes and other disturbances killed
the corals along the north coast of Jamaica. The deci-
mation of Diadema antillarum facilitated an increase in
macroalgae because there were few other herbivores
present, although observations on other Caribbean
reefs have shown that mass coral mortality alone is suf-
ficient to precipitate the transition from coral to macro-
algal dominance (Aronson & Precht 2006). Finally, the
return of D. antillarum a mere 1.5 decades later
restored the coral-dominated state. This appears to

have been a simple phase shift, in which the macroal-
gal state was not a stable alternative (Knowlton 2006),
and no evidence of ecologically significant hysteresis
was noted. The increase in macroalgae and the loss of
coral cover were easily reversed when only one of sev-
eral disturbances—the exogenously caused loss of D.
antillarum—was alleviated.

Other examples of community shifts on coral reefs

Reef scientists have been documenting temporary,
post-disturbance shifts to macroalgal dominance for
half a century. A large literature from the 1960s and
1970s describes the effects of coral-killing distur-
bances, including storms and predator outbreaks, on
reef community structure in both the Caribbean and
the Indo-Pacific (Chesher 1969, Endean & Stablum
1973, Stoddart 1974, Connell & Slatyer 1977, Connell
1997, Diaz-Pulido et al. 2009). Belizean reefs re-
sponded to extensive damage from Hurricane Hattie in
1961 with a shift from corals to macroalgae, >2 de-
cades before the Diadema antillarum mass mortality.
Macroalgae dominated for >1 decade before corals
recovered on these unfished reefs (Stoddart 1963,
1969, 1974). Whether macroalgal dominance repre-
sented a phase shift or more simply a successional
stage remains unresolved.

More recently, high sea surface temperatures in
December 2005 to January 2006 triggered mass coral
bleaching and mortality on Acropora-dominated reefs
of the Keppel Islands in the southern Great Barrier
Reef (Diaz-Pulido et al. 2009). The reefs rapidly shifted
to macroalgal dominance. Corals then recovered
rapidly through asexual re-expansion of the remaining
fragments, outcompeting the macroalgae in <1 yr. As
in the case of Hurricane Hattie, succession appears to
be the most parsimonious hypothesis.

The fished reefs of Moorea, French Polynesia have
been subjected on a decadal scale to recurrent distur-
bances, including cyclones, outbreaks of the crown-of-
thorns starfish Acanthaster planci, and temperature-
induced coral bleaching. Long-term monitoring and
experimentation have documented rapid excursions
from, and returns to, coral dominance (Done et al.
1991, Adjeroud et al. 2005, 2009, Berumen & Pratchett
2006). The volatility of benthic assemblages at Moorea
in response to frequent disturbance again supports an
inference of succession. The hypothesis of alternative
stable states is not supported, and the same can be said
for reefs in the shelf lagoon of the Belizean barrier reef
(Aronson et al. 2002a, 2002b) and the Great Barrier
Reef (Emslie et al. 2008).

A common argument in the recent literature is that
macroalgae-dominated reefs are a relatively new phe-
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Fig. 4. Temporal trends in the total cover of hard corals,
macroalgae, and Acropora cervicornis at Dairy Bull, a reef
site on the north coast of Jamaica. Data from Idjadi et al. 

(2006) and Crabbe (2009)
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nomenon, that they are becoming more frequent, and
that they are a sign of anthropogenic degradation of
reef ecosystems. In contrast, a recent meta-analysis of
the frequency and magnitude of coral-to-macroalgae
phase shifts showed that they are much less common
and less geographically extensive than generally as-
sumed: only 1 to 2% of the world’s reefs surveyed be-
tween 1996 and 2006 were dominated by macroalgae
(Bruno et al. 2009). This study also indicated that there
has been no measurable trend toward macroalgal dom-
inance on coral reefs since 1995. Likewise, a recently
published meta-analysis of trends in coral and macro-
algal cover on Caribbean reefs (n = 1962) found that re-
gional and subregional mean values of macroalgal
cover have not changed since the mid-1980s (Schutte et
al. 2010). The regional mean macroalgal cover from
2001 to 2005 was 15.3%, which hardly suggests a
Caribbean-wide phase shift to macroalgal dominance.

It bears repeating that transitions from coral
dominance do not necessarily lead to macroalgae-
dominated systems. Results of phase shifts include reef
communities that are dominated by sea anemones
(Chen & Dai 2004), corallimorpharians (Loya 2004),
sponges (Aronson et al. 2002b), and octocorals (Davis
1982).

Ship groundings

Ship groundings have long been put forth as poten-
tial examples of alternative stable states resulting
directly from human disturbance to coral reefs. Four
years after a ship grounding on the Great Barrier Reef,
Hatcher (1984) noted that persistent macroalgal domi-
nance in the absence of a measurable wreck-derived
influence provided circumstantial evidence that it rep-
resented an alternative stable state. The metal hull of
the grounded vessel remained, however, and it now
seems likely that iron leaching from the vessel’s cor-
roding hull stimulated and maintained the macroalgal
bloom; similar phase-shift responses have been re-
ported from other ship-grounding sites at which cor-
roding metal debris remained (Schroeder et al. 2008,
Work et al. 2008). These examples suggest that remov-
ing ships grounded on coral reefs should reduce the
potential of a phase shift to dominance by macroalgae
and other undesirable taxa.

How do reefs respond to ship groundings from which
the ship has been removed? If a ship grounding flat-
tens the topography of a highly structured reef habitat,
and if topographic complexity does not recover
through coral growth, the community can develop so
as to converge on that found in natural hardground
habitats. Hardground communities typically consist of
flat limestone pavements dominated by turf and crus-

tose coralline algae, gorgonians, and isolated coral
colonies. This is precisely what happened at the ‘Well-
wood’ ship-grounding site in the Florida Keys (Aron-
son & Swanson 1997a, Precht et al. 2001). In 1984, the
122 m freighter MV ‘Wellwood’ struck and flattened a
1500 m2 section of the shallow spur-and-groove zone at
Molasses Reef, which at the time was dominated by
topographically complex stands of Acropora palmata.
Aronson & Swanson (1997a,b) surveyed the ‘Well-
wood’ site in 1995 to 1996 at 4 to 7 m depth and found
it to be quantitatively more similar to reference sites
that were hardgrounds than to undamaged, reference
sections of spur-and-groove habitat adjacent to the
grounding. Abiotic conditions were essentially the
same before and after the damage.

One of the hardground reference sites, Pickles Reef,
which in 1995 was thought to represent a natural hard-
ground, turned out to be the site of 2 earlier ship
groundings: 1 in ~1800 and the other in 1894. Scat-
tered debris from the two 19th-century groundings
was still visible, but the Pickles Reef reference site
was otherwise indistinguishable from a second, truly
natural hardground site used as reference. The hard-
ground at Pickles Reef was bounded laterally by spur-
and-groove habitat, which was dominated by Acro-
pora palmata. Pickles Reef provides strong circumstan-
tial evidence that ship groundings can produce
long-lived hardgrounds, and it is plausible that these
hardgrounds resist conversion back to spur-and-
groove habitats on a decadal to centennial time scale.
Spur-and-groove and hardground communities of the
Florida Keys are candidates for alternative stable
states, although once again resistance has not been
demonstrated. Alternative states or not, restoring ship-
grounding sites clearly must include reestablishing
topographic complexity (Precht et al. 2001).

THEORETICAL CONSIDERATIONS

For the most part, studies of the recent shift from
corals to macroalgae have been non-experimental, un-
replicated, and uncontrolled. Executing well-designed
experiments would be a challenge and would require
at least several years before strong inferences could be
drawn. Such difficulties have motivated modeling
studies of community dynamics. A recent quantitative
model characterized Caribbean reefs as switching
between alternative, stable, coral and macroalgal
states with changes in the intensity of herbivory
(Mumby et al. 2007a, Mumby 2009); however, there
are 2 fundamental problems with this and related mod-
els (Elmhirst et al. 2009). These problems call into
question the utility of the models for resolving the issue
of phase shifts and alternative states.
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First, the axes of environmental parameters (e.g.
those displayed along the abscissa of Fig. 3B) repre-
sent only extrinsic environmental features. Biotic inter-
actions, such as grazing rate, are components of the
vector field in any given phase portrait, i.e. under any
specific set of physico-chemical conditions grazing rate
is dynamically coupled to the system (Schröder et al.
2005). The use of grazing intensity as the environmen-
tal parameter upon which to delineate multiple stable
points is, therefore, inappropriate; rather, the variation
in grazing intensity is described by variation in vectors
within phase portraits. Indeed, using any parameter
that is dependent on another state variable of the sys-
tem merely shifts the question to a different level: Does
the consumer in question ever naturally exist at multi-
ple stable equilibria in one environment? Both Paine
(1977) and Connell & Sousa (1983) recognized this
problem and persuasively argued that communities
with high and low abundances of consumers (or high
and low predation intensities) cannot be regarded as
stable alternatives, because when consumers increase
in abundance they regulate prey abundance, leading
the system (in this case) to a coral-dominated commu-
nity. The results of Mumby’s model show the expected
pattern of return to coral dominance as grazing inten-
sity increases. The question is whether variation in
grazing intensity (or, as a proxy, grazer abundance) in
the model is itself stable at any value (Knowlton 1992,
Palumbi et al. 2008), or whether it simply reflects the
natural variability that is expected during the pro-
tracted increase in the density of Diadema antillarum
from 1983 to the present.

The second problem is that the empirical values used
to parameterize Mumby’s model are based on inde-
pendent data sets from Jamaica that spanned the
1970s to the 1990s. In other words, the parameters
reflect rates of processes in very different abiotic envi-
ronments that might favor either corals or macroalgae
but do not represent combinations of parameter values
that could actually occur in any single natural environ-
ment. This homogenization of parameters is tanta-
mount to ignoring the same-environment criterion for
testing alternative stable states and distinguishing
them from phase shifts.

IMPLICATIONS FOR MANAGEMENT

The ecological imprint of catastrophic disturbances
can persist for a very long time without necessarily
moving the affected community into an alternative sta-
ble state. Despite the recognition of shifting baselines
in the recent literature on coral reefs, it is peculiar that
reefs in Jamaica and elsewhere in the Caribbean were
characterized as being locked into an alternative sta-

ble state within a decade after the confluence of a
number of catastrophic perturbations (e.g. Knowlton
1992). Had the expectations for recovery from these
combined disturbances initially been more realistically
scaled in decades to centuries, it is doubtful that coral
reef ecologists would still be developing models to
explore how to overcome putative hysteresis (see also
Emslie et al. 2008).

Herbivore addition and exclusion experiments per-
formed by Sammarco (1982a, 1982b) on patch reefs in
Discovery Bay in the 1970s suggested that declining
herbivory relative to the space available for coloniza-
tion promoted algal growth and decreased coral recruit-
ment. As Diadema antillarum decreased, macroalgal
biomass increased. Once the urchins were restored,
the system returned to its original composition. The
response of the benthos to urchin abundance was
similar in small-scale plots and whole-reef manipula-
tions. Although no one could have predicted the com-
pounded, catastrophic disturbances that rocked the
reefs along the north coast of Jamaica in the decade
following Sammarco’s work, his manipulative studies
should have allowed reef scientists to predict the
responses of the benthos to changes in herbivory in
space and time. Given that these catastrophic distur-
bances occurred, the increase in macroalgae that fol-
lowed the loss of Diadema and the subsequent reduc-
tion of macroalgae following the recovery of Diadema
highlight the predictive value of scaling up small-scale
ecological experiments. For unknown reasons, this
most appropriate guide to predicting the future of
Jamaican reefs was overlooked by most reef scientists.

The reaction of ecologists and managers to the 1988
forest fires that burned in Yellowstone National Park
serves as an excellent terrestrial counterpoint to the
example of Caribbean reefs. The fires occurred during
an extreme year and were the largest observed since
the park was established in 1872. The last comparable
fires had occurred at ~1700 (Romme 1982, Romme &
Despain 1989). Had the expectation for recovery from
the 1988 conflagration been scaled in years to decades,
there would have been a public outcry for active inter-
vention and restoration. A demographic analysis of
trees in the adjacent unimpaired forests was combined
with the life-history strategies of the affected species to
develop an accurate recovery model (Romme & Turner
2004). The model predicted that it would take at least
80 to 100 yr for the forest canopy to close and for the
forests to resemble their pre-burn configuration and
architecture. Despite a number of ecological surprises
during the last 2 decades (Turner et al. 2003), the
forests of Yellowstone are on track to recover within
the century (Romme & Turner 2004).

‘The straw that broke the camel’s back’ is an ancient
metaphor of threshold behavior that has been used in
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recent years to describe the supposed hysteresis and
existence of alternative stable states on coral reefs. In
the case of Jamaica, the alleged last straw after cen-
turies of overfishing was the catastrophic loss of
Diadema in 1983–1984 (Knowlton 2001). When that
last straw was removed by the return of Diadema in
the late 1990s, however, the camel stood up: the ben-
thic assemblage came bounding back on its own.

The management implications of this recovery are
twofold. First, the idea that without active restoration
the reef will remain locked in a macroalgal state is
incorrect. Why is this important? Improving fishery
resources through the implementation of gear changes
and establishment of marine protected areas in coastal
Jamaica is a worthy management goal (Woodley &
Sary 2000, Watson & Munro 2004). However, even at
very small scales, it is a costly proposition with a poor
chance of changing the trajectory of the benthic com-
munity at the landscape scale or in an ecologically
relevant time frame. Second, even without their full
complement of taxa and functional groups, coral reefs
are not locked in alternative stable states. They can
recover by alleviating the responsible stressor(s) or
restoring the perturbed aspect(s) of the system (Precht
& Aronson 2006b, Idjadi et al. 2010).

In an attempt to communicate the urgency of the
coral reef crisis, some authors have overemphasized
the danger of irreversible thresholds (Bellwood et al.
2004). If it is all over, then apart from ethical consider-
ations (to which we wholeheartedly subscribe), what is
the ‘ecological’ value of protecting parrotfish and other
herbivorous fishes? If on the other hand, protecting
herbivores will have a salutary effect (Mumby et al.
2007b, Mumby & Harborne 2010), then the damage is
not irreversible as has been claimed. Single-taxon
management, when used in conjunction with other
management measures, can be a powerful and rela-
tively inexpensive approach to achieving certain goals
of reef conservation (Power et al. 1996, Simberloff
1998, Hilborn 2004, Aronson & Precht 2006). For
instance, no-take restrictions on parrotfish populations
could limit macroalgal growth and promote coral
recovery on some reefs. Protection of parrotfish, com-
bined with a network of Sanctuary Preservation Areas
(SPAs), in the Florida Keys National Marine Sanctuary
could be one reason for the low algal cover on Florida’s
reefs (Bruno et al. 2009). Throughout the Caribbean,
however, it appears that Diadema are far more effec-
tive than fish at reducing macroalgae and enhancing
coral recruitment (Sammarco 1980, 1982b, Carpenter
1986, Hawkins & Roberts 2004, Carpenter & Edmunds
2006, Idjadi et al. 2010), so they could serve as a focal
point for local conservation and management efforts,
especially on reefs that are severely overfished (e.g.
Macia et al. 2007). Finally, where reefs have lost their

major framebuilding corals and structural complexity,
restoration of foundation species is particularly im-
portant because they can facilitate the colonization
of other species by maintaining or providing critical
microhabitat (Halpern et al. 2007, Precht et al. 2010).

CONCLUSIONS

For coral reef scientists, the concept of alternative
stable states simplifies a highly complex system of
interactions, feedbacks, and measurable characteris-
tics, yielding a dichotomy based on 1 or 2 key parame-
ters. One class of the dichotomy (the coral-dominated
community) is valued whereas the other (macroalgae-
dominated or coral-impoverished community) is con-
sidered degraded and undesirable, with innuendos
of humanity’s moral turpitude. Reef scientists have
abstracted a minimalist picture of reefs flipping be-
tween the 2 extremes and then drawn on it a baroque
overlay of mechanisms that lock those reefs into one
state or the other. The science has been unduly influ-
enced by the narrative that emerged from Discovery
Bay, but the scenario is not even accurate for that best-
studied of reefs.

The distinction between phase shifts and alternative
stable states is no semantic quibble. It is a critical issue
in ecology that must be resolved if we are to diagnose
the situation correctly and manage coral reefs effec-
tively. The questions that remain are: (1) whether we
can restore reef environments in the face of climate
change; and (2) whether we will choose to invest in the
required restoration.
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