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Abstract Coral resilience is important for withstand-
ing ecological disturbances as well as anthropogenic
changes to the environment. However, the last several
decades have demonstrated a decline in resilience that
has often resulted in phase shifts to a degraded coral-
depleted state with high levels of algal abundance. A
major defining issue in current research is to identify
when and how it is possible to reverse these phase shifts
allowing for the ecosystem to escape coral depletion
and maintain coral-based ecosystem services. We ex-
tend an analytic model to focus on the effects of over-
harvesting of herbivorous reef fish in the Caribbean
by explicitly including grazer dynamics which intro-
duces feedbacks between habitat and grazer abundance
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posing constraints on management options excluded in
previous studies. This allows us to develop ecosystem-
based management recommendations for two distinct
scenarios of coral reef recovery: The first follows sig-
nificant habitat damage in response to a large dis-
turbance and the second maintains reef structure but
has suffered from events such as coral bleaching. We
identify critical fishing effort levels to allow for coral
recovery and demonstrate that regions exhibiting se-
vere damage to reef structure have little resilience
implying that fishing reductions should be coupled
with other restoration methods. Regions that are coral-
depleted but maintain reef structure allow for recov-
ery given sufficiently small levels of fishing mortality.
However, we demonstrate the difference in recovery
time in response to varying levels of control efforts on
fishing.

Keywords Coral reefs - Resilience - Phase shifts -
Hysteresis

Introduction

In a biological system with multiple stable states, hys-
teresis occurs when the state of the system depends
strongly on its previous history. In other words, the
critical condition under which the system switches from
one stable state to another is different from the condi-
tion that will allow the system to return to the original
state (Holling 1973). This phenomenon has been shown
to appear in both aquatic and terrestrial systems, a
classic example being lake ecosystems in which nu-
trient loading may lead to algal blooms but return-
ing to the previous state requires a more substantial
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decrease in nutrients (see review in Scheffer et al.
2001). Another important example lies in deserts where
desertification and abundant vegetation exist as alter-
native stable states, a result of feedbacks between soil
and plant abundance (von de Koppel et al. 1997). How-
ever, despite emphasis on the importance of hysteresis
and resilience (the ability to return to a particular state
following a perturbation) in theoretical investigations,
there has been a much more limited study of the
phenomenon in specific systems to justify its impor-
tance in understanding and implementing management
options. Here, we use ideas from hysteresis and an
analytic model to guide ecosystem-based management
options for maintaining the resilience of a coral reef
ecosystem.

Coral reefs, particularly those in the species-poor
Caribbean, are widely thought to exhibit at least two
alternate stable states (Knowlton 1992; Bellwood et al.
2004). One such state corresponds to high levels of coral
cover, and the other less desirable state corresponds to
coral depletion. Unfortunately, many of the ecosystem
services provided by these systems such as fisheries and
coastal defense from hurricanes (Moberg and Folke
1999) are founded on the corals themselves (Done et al.
1996). Thus, the formation of a stable coral-depleted
state that is usually associated with relatively high lev-
els of macroalgae (seaweed) is considered undesirable
from a human perspective.

To reduce the occurrence of such coral-depleted
states, it is important that systems have the resilience
required to withstand natural ecological fluctuations
such as those driven by hurricanes (Bythell et al.
2000) and anthropogenic disturbance such as eutrophi-
cation, fishing, and global warming (Hoegh-Guldberg
et al. 2007). However, whether sufficient resilience
exists to combat such stressors is questionable for
many reef ecosystems and the Caribbean in particular.
For example, in an analysis of recovery trajectories,
Connell found limited evidence of recovery taking
place in Caribbean ecosystems (Connell 1997). One
possible reason for this lack of recovery is the disease-
induced depletion of the herbivorous urchin Diadema
antillarum in 1983 which rapidly reduced the natural
controls on algal populations (Hughes 1994). Today,
large-bodied parrotfish such as the stoplight parrotfish
(Sparisoma viride) remain the predominant grazers
of algae on the vast majority of Caribbean reefs,
though limited recovery has occurred in shallow reefs
(Carpenter and Edmunds 2006). Given that parrotfish
have been shown empirically to exert a profound
influence on the level of macroalgal cover on contem-
porary Caribbean reefs (Williams and Polunin 2000;
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Mumby et al. 2006), we develop a model of coral reef
resilience that explicitly includes the management of
parrotfish exploitation.

Mumby et al. (2007) introduced a model with grazing
at an imposed level demonstrating that a coral reef
ecosystem may lose resilience and shift to a coral-
depleted state through reductions in grazing intensity.
We extend this model by the explicit inclusion of the
population dynamics of the primary grazer (parrotfish)
to identify situations that allow for coral recovery
through increases in resilience, mostly through a re-
duction in the fishing of parrotfishes. More specifically,
grazing is now implemented as a dynamic variable with
dependence on the population dynamics of parrotfish
in light of fishing and natural mortality. This introduces
important constraints on possible management options
that only arise when the grazer dynamics are explicitly
included. Consequently, by considering the underly-
ing parrotfish dynamics, we introduce two important
feedbacks excluded in our previous work: Parrotfish
dynamics affect the likelihood of coral recovery by
modifying grazing levels, and coral recovery affects the
surrounding habitat which, in turn, impacts parrotfish
abundance.

Contrary to our previous work, the model formula-
tion we provide in this paper allows us to directly in-
vestigate the effects of various physical disturbances on
resilience of coral reefs. Specifically, two scenarios are
investigated. In the first, it is assumed that coral habitat
is the primary limiting resource for parrotfish. This
situation would arise in a system that has been heavily
disturbed such that the reef structure is flat and lacking
appropriate refugia for parrotfish from predators. A
recovery of corals in this situation would add three-
dimensional structure and enhance parrotfish recruit-
ment (Tolimieri 1998), thereby generating a positive
relationship between coral cover and the number of
grazers. The second scenario assumes that food avail-
ability (i.e., algae) is the primary limiting factor. This
scenario represents the effects of coral mortality on
a structurally complex reef and may arise as succes-
sive coral bleaching events remove living coral tissue.
Positive numerical responses of parrotfishes to an in-
crease in food have been documented after a major
hurricane and bleaching event killed coral in Belize
without reducing the structural complexity of the reef
(Mumby et al. 2005). We consider the effects of re-
ductions in fishing effort, identifying critical situations
that allow for coral recovery in the face of disturbance.
In addition, we demonstrate the analytic difficulty in
determining regions that may be controlled via reduced
fishing effort to a stable state with high coral cover.
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Methods
Original model

We begin with an analytic model developed by Mumby
et al. (2007) in terms of the fraction of seabed in a given
area and then modify the model to allow for additional
features. It was assumed that a particular region of the
seabed is covered entirely by macroalgae (M), coral
(C), and algal turfs (T) so that M + C+ T = 1 at any
given time. The reef dynamics are thus described as a
system coupled nonlinear differential equations:
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where it is assumed that corals recruit to and overgrow
algal turfs at a rate r, they have a natural mortality
rate of d, are overgrown by macroalgae at a rate a,
and macroalgae spread vegetatively over algal turfs at
a rate y. Space freed by coral mortality is assumed to
be recolonized by algal turfs. Additionally, parrotfish
graze macroalgae without distinction from algal turfs at
a rate g and Miﬂ is simply the proportion of grazing
that affects macroalgae. It is assumed that grazing crops
macroalgae giving rise to algal turfs and grazing on
algal turfs simply prevents macroalgal succession from
the turf or the vegetative growth of macroalgae across
the turf (consequently, no additional term is needed
for the grazing of algal turfs). This formulation assumes

Table 1 Parameter values and definitions

that the grazing rate, g, is the rate at which algae is
grazed given the entire region is covered by algae.
Thus, algae is targeted by grazers so that ift M + T <
1, the per capita grazing intensity (MLJFT) is increased.
Furthermore, as M + T — 0, per capita grazing inten-
sity approaches oo since all grazing is directed at the
remaining available algae. An alternative formulation
would be to have the grazing term defined by %;
however, this assumes that grazers do not have search-
ing capabilities.

Only the first two equations of this model are
needed, since the fraction of algal turfs is defined by
T=1—- M — C and consequently ‘ii—tT is simply given
by —ddi[’[ — % This system is defined on the invariant
region given by 0 < M+ T <1 and C, M, T > 0 (see
Online Resource 1 for proof and further explanation).
The parameterization chosen exhibits similar behavior
to a more complex simulation model which had been
tested against an independent 20-year data set from
Jamaica and was found to follow the observed trends
(Mumby et al. 2005). See Table 1 for a full list of
parameter values and further explication. This parame-
terization is appropriate when parrotfish species in the
genus Sparisoma dominate the community, such as in
Belize (see Online Resource 2 for a sensitivity analysis).
Specifically, Sparisoma feed on both macroalgae and
algal turfs, and studies from Belize found that each
group comprised half of the diet of stoplight parrotfish.
In contrast, sites dominated by parrotfish species in
the genus Scarus (e.g., Bonaire) feed almost exclusively
on algal turfs and therefore have a different impact
on the algal community. However, Sparisoma are an
important herbivore throughout the vast majority of
the Caribbean (Floeter et al. 2005).

Parameter  Value  Definition
z 0.5 Dimensionless parameter that determines the strength of the linear relationship between coral cover
and carrying capacity. This value is used but is it shown in the Online Resource 2 that any feasible
value produces qualitatively similar results.
s 0.49 Growth rate of parrotfish (year—!), estimated using the population doubling time provided in FishBase
(Froese and Paul) under the assumption that fishing effort is absent.
a® 0.1 Rate macroalgae directly overgrow coral (year™!); such limited overgrowth was shown in Lirman (2001).
y? 0.8 Rate macroalgae spread vegetatively over algal turfs (year—!; Mumby et al. 2005).
ré 1 Rate of coral recruitment to algal turfs (year~!); coral always overgrow algal turfs (Jompa and McCook 2002).
d? 0.44 Natural coral mortality accounts for 2-4% year~! (Bythell et al. 1993), and predation accounts for

30% year~! (Box and Mumby 2007). The remaining mortality results from coral disease or tissue damage

following bleaching.

4The parameters for the original model are those used in Mumby et al., which were based on the parameterization used for the
corresponding simulation model (Mumby et al. 2007). Parameter values are appropriately scaled, and brief descriptions of the
parameter selection are also included. Since some parameters might be subject to variation (e.g., rate of parrotfish growth), a sensitivity
analysis is provided in the Online Resource 2 demonstrating that some variation in these parameters does not affect our qualitative
output
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The grazing rate g inherently depends on grazer
abundance and is thus subject to variation with changes
in available refugia, food abundance, and fishing mor-
tality. To identify the impact of changes in grazing
intensity on coral cover, Fig. 1 presents a bifurcation
diagram of g versus the equilibrium value coral cover.
Our focus is on coral recovery when perturbed by eco-
logical disturbances, which will have negative impacts
on coral cover and parrotfish abundance. Thus, if the
coral cover is perturbed to a point within the region
labeled “A”, the system will ultimately arrive at a coral-
depleted state corresponding to high levels of algae.

In particular, hysteresis will result if we begin with
low-intensity grazing followed by an increase in the
grazing intensity above a critical threshold (given by
Zarit, ). Once the system has surpassed this threshold
and the system arrives at a stable state with high coral
cover, a disturbance may result in a subsequent decline
in grazing below a second critical threshold (ggit,) and
reduction in coral cover, returning the system to a de-
graded coral-depleted state. From Fig. 1, geit, > Zerity}
consequently, returning to high coral state requires a
grazing intensity higher than the grazing rate initially
forcing the system to a coral-depleted state. Thus, pre-
ventative measures to maintain grazing rates above
Zerit, 10 systems with high coral cover will require less
drastic management than those necessary for the recov-

ery of areas in which a phase shift to coral depletion
has already occurred. It is also important to recognize
that once there is high coral cover, further increases in
grazing intensity will provide the system with greater
resilience, a feature necessary for coral to withstand
environmental changes.

If extremely high coral cover was realized, then the
availability of food for parrotfish would decline con-
siderably, imposing a negative food limitation on the
population. We have not modeled such food limitation
explicitly because such conditions virtually never arise
on Caribbean reefs today; some of the healthiest reefs
in the Caribbean are found in Bonaire (Kramer 2003),
yet the coral tends not to exceed 56%. Such reefs have a
high biomass of parrotfishes (PJM, unpublished data),
and therefore, we consider this to be a realistic upper
limit for coral cover in our model and one that does
not seem to imply food limitation. Thus, we only focus
on coral dynamics that could attain a maximum level
of 56%. In other words, Cy < 0.56, recognizing that
this is an equilibrium value of coral cover (C* = %’Z =
0.56) so any initial coral cover below this will never
reach nor exceed this point. Furthermore, we exclude
the coexisting equilibrium corresponding for C* > ’%d,
as it can easily be seen that this implies M* < 0 and
therefore can only be approached if My < 0 which is
not biologically relevant.
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Fig. 1 Bifurcation diagram of grazing intensity (g) versus the
equilibrium value of coral cover (C*), demonstrating the pos-
sibility of hysteresis. The region labeled “A” (bordered by the
equilibria) represents all states in which the system will become
algae-dominated without management. Solid lines represent sta-
ble equilibria, and dashed lines represent unstable equilibria,
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with the hysteresis loop depicted by arrows. The labeled values
8erit; (7 0.39) and gerit, (R 0.18) identify the critical thresholds
that may result in a phase shift. gerit, > gcrit,» demonstrating
the difficulty in coral recovery once the system has shifted to a
macroalgal-dominated state in addition to the need for preventa-
tive measures to maintain grazing intensities greater than gerit,
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Explicit inclusion of grazer dynamics

It has been hypothesized that excessive fishing pres-
sure is a potential cause of hysteresis (Bellwood et al.
2004). It is our primary goal to consider explicitly
the role of parrotfish abundance on grazing intensity
and implement management on the system by includ-
ing control on fishing pressure. We first extend the
Mumby et al. model in “Original model” to account
for parrotfish dynamics and treat grazing as a dynamic
process:
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where changes in parrotfish abundance, P, are modeled
as logistic growth with an intrinsic rate of growth s
and a time varying carrying capacity such that g is
the maximum carrying capacity and 0 < K(C) <1 is
a nondimensional term that limits carrying capacity
of parrotfish as a function of coral cover. Thus, habi-
tat conditions can limit the growth of parrotfish, and
different forms of this function will be explored in
“Results” section. Furthermore, it is assumed that mor-
tality resulting from fishing effort is held at a constant
level f > 0. Similar to Eqgs. 1-3, this system is invariant
ontheregion0 < M+ T <land C, M, T > 0.

Grazing intensity varies depending on parrotfish
abundance so that grazing is now defined by as function
g(P). We chose the simplest function to capture in-
creases in grazing in response to increases in parrotfish
abundance. Specifically, we assume that the grazing in-
tensity is proportional to parrotfish abundance relative
to its maximum carrying capacity, or g(P) = “‘TP where
« is a positive constant. It is natural to let o = gmax
where gmax is the maximum possible grazing intensity
and for simplicity it is assumed to equal one. This
provides a reasonable upper bound on grazing intensity
based on our previous work (Mumby et al. 2007). Thus,
g(P) = g and this formulation guarantees that the graz-
ing intensity will arrive at a maximum only if fishing
effort is eliminated (f = 0) and P(¢) has reached the
maximum carrying capacity, which requires that there
is no limitation from habitat (i.e., K(C) = 1).

Scaling of parrotfish abundance

For simplicity, we scale parrotfish abundance to study
their dynamics relative to the maximum carrying ca-
pacity, 8. Specifically, we introduce the nondimensional
variable P to be parrotfish abundance relative to its
maximum carrying capacity, or P = g. Substituting this
in to Eq. 7 leaves with

AP - P _

Equations 4-6 remain the same with the exception that
the grazing function is now simply given by g(P) = P.
Hereafter, for simplicity in notation, we set P =: P.

In the sections below, we consider two distinct sce-
narios of coral recovery by selecting different forms
of K(C): The first assumes a coral structure that is
relatively flat, presumably the result of a hurricane-
related disturbance, and the second assumes that the
reef habitat is structurally complex but living coral
tissue has been depleted likely a result of bleaching
events. Our formulation allows us to determine when
reductions in fishing effort will allow coral recovery
whereas the previous model formulation lacked the
associated feedbacks between parrotfish dynamics and
coral cover so that the direct effect of fishing could
not be evaluated. This explicit coupling of the fishing
impact and the ecosystem response is the very essence
of ecosystem-based management, for which relatively
few examples exist (Levin and Lubchenco 2008).

Results
Habitat as primary limiting resource

In this section, we use the model introduced in “Explicit
inclusion of grazer dynamics” under the assumption
that parrotfish lack adequate refugia, likely a result of
hurricane impacts resulting in a positive relationship
between parrotfish carrying capacity and coral growth.
Thus, we define the carrying capacity in Eq. 8 as

K(C) =C 9)

so that there is a short-term positive response to coral
recruitment. Consequently, the carrying capacity ap-
proaches a maximum value C* =0.56 since, as de-
scribed above, Cy < 0.56.

Given this relationship between carrying capacity
and coral cover, we determine a controllable set, or the
set of all initial states within the region ultimately lead-
ing to coral depletion (region “A” in Fig. 1) that can
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be returned to a state of high coral cover given some
management policy. To determine this set, we assume
that there is no mortality due to fishing effort,or f =0
(hereafter, we will refer to f as fishing effort, since
it is directly related to fishing mortality). Complete
elimination of fishing effort is the most extreme man-
agement policy and therefore allows us to determine
the maximum number of initial states in “A” that allow
for coral recovery in response to changes in grazing
levels. We produced a grid of equally spaced points
in the region labeled “A” in Fig. 1 that correspond to
initial values of coral cover and grazing intensity (see
Fig. 2a). By simulating the updated model (Egs. 4-7)
from these different grid points, we are able to identify
which points are capable of going through a phase shift
from a coral-depleted (with much macroalgae) to a
state providing a stable balance between algal turfs and
coral (given by the equilibrium value (M*, C*, T*) =
(0, ’%‘l 1 — C*)) in a finite time of ¢ years. We call this
our controllable set.

Figure 2b—d displays the results for a control period
of 5 years under different initial states. We recognize

that the initial coral and macroalgal cover will play
substantial roles in determining the controllable re-
gions. However, providing a complete evaluation of all
states is computationally difficult, so we consider three
distinct scenarios for initial conditions of algal turfs,
macroalgae, and coral cover and numerically determine
their dynamics. Our analysis is then displayed as projec-
tions of sets of initial states that allow for coral recovery
as well as their corresponding ending location onto
Fig. 1. This allows us to determine the states ultimately
leading to coral depletion in the original model (Eqgs. 1-
3) that may regain coral cover in the absence of fishing
effort for the updated model (Egs. 4-7).

In particular, Fig. 2b represents the “best” possi-
ble initial conditions; for each initial coral cover and
grazing intensity, there is no macroalgae allowing for
greater coral recruitment giving rise to better habi-
tat conditions. This corresponds to an environmental
disturbance that eliminated macroalgal cover and re-
duced coral cover to corresponding starting value of
the gridpoint in Fig. 2b. Under these circumstances, it is
evident that in nearly every initial state, coral recovery
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Fig. 2 Simulation of points in region “A” from Fig. 1 for 5 years.
Beginning with an initial grid of evenly spaced points in “A”
which determine the initial level of coral cover and grazing
intensity (a), we simulate our model for 5 years, assuming f = 0.
It is first assumed that the initial macroalgal cover, My, is equal
to zero (b). Second, it is assumed that M, is at its nontrivial
equilibrium corresponding to Cy (¢). Finally, My = 1 — Cy, where
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Cy is the initial coral cover (d). Additionally, the initial grazing
intensity corresponds to the initial parrotfish density by our
construction since g(P) = P. In b-d, the points within region “A”
(labeled in Fig. 1) indicate the controllable set and their corre-
sponding ending location is outside of this region. The points are
shaded to emphasize their specific starting and end location. See
Online Resource 2 for a sensitivity analysis of these results
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is promoted. Figure 2c represents a system in which
the coral cover been affected resulting in severe habitat
degradation and the macroalgal cover is at the equi-
librium corresponding to the coexistence of coral and
macroalgae for the given Cy, providing an intermediate
level of macroalgal cover. Finally, Fig. 2d demonstrates
the least favorable circumstances in which the initial
cover of the seabed is completely dominated by coral
and macroalgae (i.e., Cy + My = 1), initially preventing
coral from recruiting to algal turfs. Here, the initial
states that will drive the system to a high coral cover
is limited even with a complete elimination of fishing
effort.

Figure 2 demonstrates two primary results: The con-
trollable set heavily depends on the initial values of
coral and macroalgal cover, and analytically finding a
controllable region is a challenging task. As a result of
this difficulty, our analysis thus far has been primarily
numerical. Furthermore, Fig. 2 assumes that for a time
period of 5 years, the complete elimination of fishing
effort is feasible. There is, however, a high economic
impact on fisheries that may require a different strat-
egy for optimal management leading us to examine
conditions under which different fishing effort levels
may still allow the original system to undergo hysteresis
(see Fig. 3a). This provides insight into conditions un-
der which it is vital to reduce or completely eliminate
fishing effort based on the initial severity of habitat

Clearly, if fishing effort exceeds the population growth
rate of parrotfish, there is no chance for coral recovery.
Additionally, for sufficiently low levels of fishing effort,
there are two stable states (coral-depleted and coral-
dominated), and therefore, it is evident that recovery
will depend on the initial state (as demonstrated in
Fig. 2 for the case f = 0). Itis clear that with a decrease
in fishing pressure, coral dominance becomes more
viable, further demonstrating the importance of fishing
regulation in coral recovery and preservation.

Food availability as primary limiting resource

We now consider reefs following bleaching events or
hurricanes that do not damage the reef structure itself
but instead deplete coral abundance, freeing up space
for algal colonization. Thus, sufficient refugia remains
and parrotfish respond positively to increases in food
availability. Equivalently, further increases in coral
cover have a negative impact on parrotfish carrying
capacity, a result of the assumption that M+ 7 =1 —
C, which implies increasing coral cover reduces food
supply and therefore carrying capacity for parrotfish
under a food-limitation scenario. We represent this
scenario of coral recovery by defining the K(C) in
Eq. 8 by

degradation (independent of initial grazing intensities). K({C)=1-zC (10)
a b
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Fig. 3 Bifurcation diagram of the equilibrium value of coral
cover (C) versus the level of fishing effort (f). Solid lines are
stable equilibria, and dashed lines are unstable equilibria. With
habitat as the primary limiting factor, sufficiently low levels of
fishing effort will allow for coral recovery for some initial states,
but the lower the effort, the greater the number of initial states
promoting coral recovery (a). In b, with food availability as the

primary limiting parrotfish resource, effort levels below fiit ~
0.3 will guarantee coral recovery. For intermediate values of
effort, there is potential for coral recovery depending on the
initial states, and macroalgae will dominate the system if f is
raised to levels beyond feit, (* 0.37). In both figures, if fishing
effort level exceeds the growth rate of parrotfish (s = 0.49), as
expected there is no chance of coral recovery
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Fig. 4 Time integrated dynamics of coral (solid line) and
macroalgal (dashed line) cover and number of parrotfish relative
to the maximum carrying capacity (dotted line). Initial grazing
level is 0.05, Cp = 0.2, and M) is at its equilibrium value with
fishing effort levels of f=0 (a) and f =0.25 (b). Increased

where 0 < z < 1 (we fix this value but as shown in On-
line Resource 2, the dynamics are qualitatively similar
for all values of z).

We first highlight the effects of fishing effort on coral
recovery. Figure 3b shows the bifurcation diagram of
the equilibrium value of coral cover versus the level of
fishing effort. Again, effort levels greater than the in-
trinsic growth rate of parrotfish will always lead to algal
dominance. Contrary to the previous section, however,
we observe that there is greater resilience to fishing
effort when parrotfish are primarily limited by food
abundance. Specifically, when fishing effort levels are
below a value of approximately f.i = 0.3, the only sta-
ble state corresponds to high coral cover indicating that
this state is stable for all initial conditions. Therefore,
we omit numerically determined controllable sets be-
cause in this scenario all initial states allow for recovery
given that f = 0.

We now consider the dynamics of coral and macroal-
gae in response to different levels of fishing effort. In
Fig. 4a, we choose f = 0, and in Fig. 4b, we increase the
level of fishing effort to f = 0.25. For both effort levels,
coral cover is negatively impacted by macroalgal cover
after a short time lag—a consequence of the ability of
macroalgae to recruit to and overgrow coral. However,
this results in an increased food availability allowing
parrotfish recovery and a subsequent increase in g(P).
Thus, macroalgae eventually declines and coral is able
to recover. Although Fig. 4a, b demonstrates coral
recovery, it is important to recognize the difference in
recovery time related to the corresponding effort level.
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fishing effort requires a substantially longer period of time for
coral recovery demonstrating the essentiality of reduced effort
or MPA implementation. Both figures display an initial drop in
coral cover before they begin to recover as a result of the time
required for parrotfish to adequately recover

While complete coral recovery takes approximately
20 years with no fishing effort, it takes more than
60 years when this level is increased to 0.25. Therefore,
short-term recovery is more possible with drastic man-
agement, such as through the implementation of marine
protected areas (MPA) or a cessation to herbivore
exploitation.

Discussion

Ecosystem resilience is important for maintaining a
favorable state in the presence of environmental and
human impacts. As reviewed by Folke et al. (2004),
reductions in resilience from humans (because of pol-
lution, over-harvesting, spraying pesticides, etc.) may
result in a regime or phase shift to a degraded or less de-
sirable state. However, subsequent changes in human
activities aimed at regaining resilience (e.g., through
fishing reductions) may again lead to a phase shift to the
more desirable state and allow for ecosystem recovery.
While hysteresis has been observed both empirically
and theoretically (e.g., Ludwig et al. 1978; Scheffer and
Carpenter 2003), the incorporation of resilience theory
into practical management is in its infancy yet will
almost certainly be necessary if countries are to fulfill
their obligations to undertake ecosystem-based man-
agement and fisheries (Ruckelshaus et al. 2008). Here,
we extended an earlier model of a coral reef ecosystems
that had grazing intensity of algae at an imposed level
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to explicitly consider the impacts of fishing on grazing
intensity which in turn effects ecosystem’s resilience.
Moreover, this particular formulation allows us to de-
velop two realistic scenarios for the implementation
of such ecosystem-based management: one in which
the system has recently experienced major catastrophe
leaving little coral structure and a second in which the
reef structure is fully developed but subjected to the
impacts of disease or pollution such as coral bleaching.
We learn that the management responses differ in each
scenario.

After massive catastrophe, such as may occur after
a hurricane impact or ship grounding in which much
reef structure is lost, the system has relatively limited
resilience and alternate stable states are feasible across
a range of fairly low fishing intensities. Under these
circumstances, restorative interventions that add coral
cover and build vertical relief may help avoid entrain-
ment to a coral-depleted state and encourage recovery.
Such restoration is only ever practical at small scales
(Edwards 2008), yet this might be feasible for treating
the sorts of localized disturbance that have profound
effects on reef structure.

Our theoretical model suggests that reefs with intact
structure are more resilient, exhibiting a relatively wide
range of fishing intensities in which coral recovery is
promoted. At low fishing intensities, coral populations
should have the potential to exhibit periods of recov-
ery between successive disturbances, helped in part
by the positive numeric response of parrotfishes to
increased food availability after coral mortality. How-
ever, as fishing effort increases toward a critical bifurca-
tion threshold, the time needed for recovery increases
dramatically (up to threefold). With the widespread
increase in climatic disturbances on coral reefs (Hoegh-
Guldberg et al. 2007), managers face the challenge
of maintaining ecosystem services across the seascape.
Efforts to enhance the rate of coral recovery are central
to meeting this challenge, and therefore, reducing the
fishing of herbivores may have a nonlinear benefit on
ecosystem recovery.

We recognize that our model is one step in under-
standing coral reef ecosystems. There are other factors
that we have not explicitly included that clearly would
affect the dynamics, but we argue that these effects
would modify the results while not changing the basic
import of our conclusions. For example, we neglect
sedimentation which causes degradation of coral reefs;
accounting for this could result in changes to the settle-
ment space available for coral and algae (Rogers 1990).
Furthermore, we assume that corals are overgrown by
macroalgae at a constant rate. However, nutrification

may promote faster colonization of available seabed
by algal turfs and macroalgae which in turn would
inhibit the settlement of coral (Costa et al. 2000). More-
over, we implement fishing effort as a constant rate of
parrotfish mortality which neglects variations in effort
resulting from seasonality and fishery profits. Thus, a
possible extension of this model is to apply a more
direct economic analysis that considers fishery response
to profits.

Although we have considered two distinct scenar-
ios of coral recovery, we appreciate that these may
occur sequentially, with habitat limitation (post coral
catastrophe) eventually being followed by food limi-
tation if the reef recovers. We will examine the time
scales involved in a later study but note that each sce-
nario currently represents a different spatial scale; habi-
tat limitation is currently likely to be a small-scale and
patchy phenomenon whereas food limitation applies
more widely over the seascape. Habitat limitation is
often caused by intense mechanical disturbance to reef
structure arising from hurricanes or ship groundings,
which is often extremely patchy at local scales (Done
1992; Bythell et al. 2000). Food limitation, on the other
hand, often occurs when coral bleaching leads to mor-
tality of the coral without affecting the habitat struc-
ture (at least in the short term). Bleaching events are
usually spatially extensive, extending over hundreds to
thousands of kilometers (Wilkinson 1998). Of course,
with increased climatic stress and likely reductions in
pelagic dispersal (O’Connor et al. 2007), good qual-
ity habitat is set to become increasingly fragmented
in future, and our scenario of habitat limitation will
become increasingly relevant. Given that this scenario
has lower natural levels of resilience, every effort needs
to be made to limit the loss of reef structure through
improved reef management and reduced emissions of
greenhouse gases.

More generally, we have provided a concrete ex-
ample demonstrating how ideas from hysteresis and
resilience can play an important role in understanding
management options. In particular, we identify those
states from which recovery is possible within the range
of management options possible within the system,
namely options for altering fishing effort. Understand-
ing this important feature of controllability is an es-
sential first step in preserving systems, even before
economic analyses are applied. This aspect of deter-
mining states from which recovery is possible will ap-
ply much more broadly than the coral reef system;
however, by illustrating the analysis in this particular
system, we demonstrate the feasibility and importance
of such an analysis.
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