
UC Davis
UC Davis Previously Published Works

Title
Response diversity can increase ecological resilience to disturbance in coral reefs.

Permalink
https://escholarship.org/uc/item/8qg4t444

Journal
The American naturalist, 184(2)

ISSN
0003-0147

Authors
Baskett, Marissa L
Fabina, Nicholas S
Gross, Kevin

Publication Date
2014-08-01

DOI
10.1086/676643
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8qg4t444
https://escholarship.org
http://www.cdlib.org/


vol. 184, no. 2 the american naturalist august 2014

E-Article

Response Diversity Can Increase Ecological Resilience

to Disturbance in Coral Reefs

Marissa L. Baskett,1,* Nicholas S. Fabina,2 and Kevin Gross3

1. Department of Environmental Science and Policy, University of California, Davis, California 95616; 2. Center for Population

Biology, University of California, Davis, California 95616; 3. Department of Statistics, North Carolina State University, Raleigh, North

Carolina 27695

Submitted September 12, 2013; Accepted March 7, 2014; Electronically published July 1, 2014

Online enhancements: appendixes.

abstract: Community-level resilience depends on the interaction

between multiple populations that vary in individual responses to

disturbance. For example, in tropical reefs, some corals can survive

higher stress (resistance) while others exhibit faster recovery (engi-

neering resilience) following disturbances such as thermal stress.

While each type will negatively affect the other through competition,

each might also benefit the other by reducing the potential for an

additional competitor such as macroalgae to invade after a distur-

bance. To determine how community composition affects ecological

resilience, we modeled coral-macroalgae interactions given either a

resistant coral, a resilient coral, or both together. Having both coral

types (i.e., response diversity) can lead to observable enhanced eco-

logical resilience if (1) the resilient coral is not a superior competitor

and (2) disturbance levels are high enough such that the resilient

coral would collapse when considered alone. This enhanced resilience

occurs through competitor-enabled rescue where each coral increases

the potential for the other to recover from disturbance through ex-

ternal recruitment, such that both corals benefit from the presence

of each other in terms of total cover and resilience. Therefore, con-

servation management aimed at protecting resilience under global

change requires consideration of both diversity and connectivity be-

tween sites experiencing differential disturbance.

Keywords: alternative stable states, coral bleaching, coral reefs, dy-

namical model, resilience, response diversity.

Introduction

Both basic and applied ecologists seek to understand how

ecosystems respond to natural and anthropogenic distur-

bance. The overall response of an ecosystem arises from

the interactive responses of the individual species that in-

habit the community, such that ecological communities

act as complex adaptive systems (Levin and Lubchenco

2008). Part of the overall response depends on whether
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an ecosystem exhibits alternative stable states, where mul-

tiple qualitatively distinct states are locally stable under a

given set of environmental conditions and disturbance can

cause the ecosystem to cross an unstable threshold in pop-

ulation densities and shift between states (Scheffer et al.

2001; Beisner et al. 2003). When alternative stable states

occur, a central component of disturbance response is then

ecological resilience sensu Holling (1973), or the proba-

bility of an ecosystem maintaining a given state follow a

disturbance. The resilience of such ecosystems depends on

multiple ecosystem characteristics, including heterogene-

ity, redundancy, modularity, and feedback loops (Levin

and Lubchenco 2008; Bernhardt and Leslie 2013). While

the effect of diversity on some aspects of ecosystem stability

has been extensively studied, the effect of biodiversity on

resilience has received much less attention (Ives and Car-

penter 2007).

One element of diversity that is expected to drive eco-

logical resilience is response diversity, where different species

or populations within a functional group vary in their re-

sponse to disturbance (Chapin et al. 1997; Walker et al.

1999; Elmqvist et al. 2003). For example, some species ex-

hibit resistance through an ability to withstand disturbance,

while others exhibit engineering resilience through an ability

to recovery quickly. (Note that resilience has two separate

but related definitions: the ecological resilience defined

above as the probability of maintaining a given state, and

the engineering resilience defined as the rate of return to a

given state following a disturbance [Peterson et al. 1998].)

Plant ecosystems epitomize response diversity, from resis-

tance to engineering resilience to multiple disturbances. For

example, some plants resist fire through avoidance and tol-

erance while others recover rapidly from fire through re-

generation (Lavorel and Garnier 2002). In addition, in arid

ecosystems, some plants resist grazing through low palat-

ability and thorns while others recover rapidly from grazing

through vegetative reproduction and dispersal (Chillo et al.
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2011). While such response diversity might enhance eco-

logical resilience (Chillo et al. 2011), ecosystems dominated

by species particularly well equipped to resist or recover

from disturbance might have greater ecological resilience

than diverse ecosystems (Silver et al. 1996). Furthermore,

if the different species or populations compete, then the

negative effects of competition might compromise individ-

ual population responses to disturbance (Sundstrom et al.

2012) and lower overall disturbance response in diverse

communities compared to in communities dominated by

the most resistant species (Ives and Cardinale 2004). There-

fore, the ecological resilience will depend on both the

strength of competition between species and the amount of

ecological function provided by each (Peterson et al. 1998).

Whether response diversity enhances or degrades eco-

logical resilience is a particularly critical question in the

context of tropical coral reefs and climate change. Corals

with different morphologies exhibit different susceptibility

to stress (resistance) and different growth rates (engi-

neering resilience) in response to disturbances such as

thermal-stress-driven bleaching and hurricanes. Specifi-

cally, massive and encrusting corals (e.g., massive Porites)

grow more slowly than branching and tabular corals (e.g.,

branching Acropora) but can withstand greater distur-

bances, most likely due to differences in structural

strength, tissue thickness, and mass transfer (Jackson and

Hughes 1985; Hughes and Connell 1999; Loya et al. 2001;

Bhagooli and Yakovleva 2004; Nyström 2006). Whether

coral reefs exhibit alternative stable states between coral-

dominated states and those dominated by other species

such as macroalgae has mixed evidence (e.g., Dudgeon et

al. 2010; Zychaluk et al. 2012; Mumby et al. 2013), with

greater support for alternative stable states in Caribbean

reefs (Bruno et al. 2009; Hughes et al. 2010; Roff and

Mumby 2012). One mechanism that can theoretically drive

alternative stable states is a positive association between

coral cover and grazing rates on macroalgae that would

otherwise overgrow corals (Mumby et al. 2007). Empirical

evidence supports the potential for corals to attract grazers

that would otherwise avoid macroalgal-dominated patches

(Williams and Polunin 2001; Hoey and Bellwood 2011),

macroalgal overgrowth of corals in the absence of grazers

(Hughes et al. 2007), and macroalgae prevention of coral

recruitment (McCook et al. 2001); corals also compete

directly with one another via injuries to soft tissue and

overtopping (Lang and Chornesky 1990). Under this

mechanism, competing corals experience indirect facili-

tation through negative effects on a shared noncoral com-

petitor. Therefore, the effect of response diversity on eco-

logical resilience in coral reefs depends on a complex

interplay of indirect facilitation between different coral

types via increased grazing, direct coral-coral competition

for space, and the nonlinear feedback in the coral-algae

interaction that might promote alternative stable states.

This question for tropical corals is particularly inter-

esting in a management context, where anticipated in-

creases in bleaching disturbance caused by climate change

has motivated research to inform management aimed at

protecting the resistance and resilience of coral reefs (e.g.,

West and Salm 2003; Obura 2005; McLeod et al. 2009;

Baskett et al. 2010; Hughes et al. 2010). Typically, rec-

ommendations based on resilience theory focus on the

importance of diversity to resilience (e.g., Bellwood et al.

2004; Nyström et al. 2008). However, some suggest a focus

on resistance to disturbance because of the high level of

disturbance expected in the future (Côté and Darling 2010;

McClanahan et al. 2012). Resolving this debate of whether

to focus conservation efforts on diverse communities or

those dominated by resistant types requires a deeper un-

derstanding of the interaction between the potential pos-

itive role of response diversity in ecological resilience and

the negative effects of competition between types.

Here we use a mathematical model of coral reefs to

examine how the presence of and interactions between

resistant and resilient coral species affect the overall re-

silience of the reef ecosystem to environmental distur-

bances expected in the near future. We build on an existing

theoretical framework of coral-macroalgal interactions by

Mumby et al. (2007) that has been extended in a number

of ways (e.g., to include multiple anthropogenic stressors

and dynamical grazer populations; Anthony et al. 2011;

Blackwood et al. 2012). Here, we extend it to include two

contrasting coral types: a resistant coral that tolerates stress

and a resilient coral that recovers quickly. In addition, we

explore a variety of recruitment dynamics because re-

cruitment can contribute to the recovery dynamics that

drive individual resilience (Hughes et al. 2010). We use

this model to explore how community properties (eco-

logical resilience and stability of coral cover) depend on

community composition in terms of these two types, their

competitive interactions, their recruitment dynamics, and

the magnitude of disturbances caused by coral bleaching.

Methods

We seek to construct the simplest possible model that has

the dynamics relevant to our question of how ecological

resilience depends on community composition. In doing so,

we extend the model in Mumby et al. (2007; the model is

analytically investigated in app. A.1; apps. A–C available

online) to include two coral species, stochastic bleaching

disturbance, and the potential for external recruitment (fig.

1). We choose this model because it provides a relatively

simple and well-explored (extensions include Anthony et

al. 2011; Blackwood and Hastings 2011; Blackwood et al.
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Figure 1: A, Diagram of the model dynamics, which include com-
petition between corals (ak), algal overgrowth of corals (ak), herbiv-
orous grazing (g) enhanced by corals, internal (rk, g) and external
(rex,k) recruitment/growth, and coral mortality (dk). B, Illustration of
stochastic (disturbance) mortality as it depends on thermal stress for
the resilient coral (steeper slope hL) and the resistant coral (shallower
slope hS). In both panels, the parameters relevant to the resistant
coral are in blue, resilient coral in green, and macroalgae in gray.

2011, 2012) theoretical framework with alternative stable

states, which are, by definition, necessary for any exploration

of ecological resilience. In this framework, the alternative

stable states are a coral-dominated state and macroalgae-

dominated state, where a positive association between coral

cover and the grazing rate on macroalgae provides the feed-

back mechanism that can maintain each state. Under high

coral cover, the associated high levels of grazing can prevent

macroalgae intrusion to maintain the coral-dominated state.

Under high macroalgal cover, lower grazing allows for mac-

roalgal overgrowth of coals and the maintenance of a mac-

roalgal-dominated state. Our novel extension to include

bleaching disturbance and two competing coral species with

different disturbance responses allows us to explore how

response diversity affects the ecological resilience of the

coral-dominated state. Because the effect of response di-

versity will inevitably depend on the balance between the

negative effects of competition and the positive effects of

indirect facilitation (via increased grazing negatively affect-

ing the shared macroalgal competitor), we explore the effect

of different competitive interactions between the two corals.

To model the above-described dynamics, we follow the

proportion cover of two coral types, the resistant coral CS

and the resilient coral CL, as well as macroalgae M. Because

these state variables represent proportion cover, they all

have values �[0,1], with their sum CS � CL � M ≤ 1.

Either coral can colonize any area not covered by these

three populations (1 � CS � CL � M; e.g., bare substrate

or turf algae) at a rate rk (k p S for the resistant coral

and k p L for the resilient coral). The two coral types

directly compete, where ak indicates the relative compet-

itive effect of the other coral type on type k. In some

simulations, corals also recruit from external sources to

free (colonizable) space at a rate rex,k. Corals lose cover

from natural baseline mortality at rate dk, and macroalgae

can overgrow corals at a type-dependent rate ak. Macro-

algae also colonize unoccupied space (1 � CS � CL � M)

at a rate g, externally recruit at a rate rex,M in some sim-

ulations, and lose cover due to grazing at a rate g/(1 �

CS � CL) that increases with coral cover (see app. B for

a derivation of the functional form for grazing and an

exploration of an alternate functional form).

In addition to these continuous-time dynamics (fig. 1A),

we add a discrete, stochastic, species-specific annual sur-

vivorship from thermal stress–induced bleaching (fig. 1B).

Following the semidiscrete model notation of Mailleret

and Lemesle (2009), each summer indicated by time t we

translate the thermal stress represented by degree heating

months (DHMs; following Donner 2009) into survivor-

ship assuming a linear relationship between annual mor-

tality and DHMs given slope hk and intercept b, bounded

at [0,1] (no or 100% mortality, with a value in between

representing partial bleaching). DHMs measure total num-

ber of degree-months that the temperature exceeds the

average summer maximum (i.e., 1 DHM can mean 1 de-

gree above the average summer maximum for 1 month

or 2 degrees above the average summer maximum for 2

weeks), thus taking into account both the magnitude and

duration of a thermal stress event. The full model is then:

dM
p r (1 � M � C � C ) � M a Cex,M S L S S[dt g

�a C � g(1 � M � C � C ) � t ( tL L S L ]1 � C � CS LdCS
p r (1 � M � C � C )ex,S S L

dt �C [r (1 � M � C � a C ) � d � a M] t ( tS S S S L S S

dC L
p r (1 � M � C � C ) ,ex,L S L

dt
�C [r (1 � M � C � a C ) � d � a M] t ( tL L L L S L L

�M(t ) p M(t)

�C (t ) p {1 � min [1, max (0, h * DHM(t) � b)]}C (t)S S S
�C (t ) p {1 � min [1, max (0, h * DHM(t) � b)]}C (t) L L L

(1)
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Figure 2: Phase-plane diagrams of deterministic time series simu-
lations for the one-coral model without external recruitment and
stochastic disturbance given each of the resistant (A) or resilient (B)
coral. Circles indicate equilibria points, with open circles for locally
unstable equilibria and filled circles for locally stable equilibria. The
Xs indicate starting points of each simulation. To illustrate the basin
of attraction for each equilibrium, gray lines indicate simulations
that end in the macroalgae-dominated equilibrium, and colored lines
(blue for resistant coral, green for resilient coral) indicate simulations
that end in the coral-dominated equilibrium. Parameter values are
rS p 0.4, rL p 0.6, aS p 0.13, aL p 0.09, dS p dL p 0.25, g p

0.55, and g p 0.255. In order to have a trade-off between the re-
silience (size of the basin of attraction as well as growth rate rk) and
resistance (susceptibility to thermal stress), we let hS p 0.1 and
hL p 0.25 (i.e., faster increase in mortality with degree heating
months for the resilient coral), with b p 0.25, for all numerical
simulations with bleaching mortality. See appendix A.3, available
online, for a numerical local stability analysis of the two-coral model
and investigation of the effect of additional mortality analogous to
stochastic bleaching disturbance.

where t
� indicates the moment immediately following t,

that is, the end of the summer.

In addition to testing either including (rex,k 1 0) or ex-

cluding (rex,k p 0) open recruitment, we examine a two-

patch model where disturbance varies across patches. In

the two-patch model, dispersal of recruits to colonizable

space occurs from patch i to patch j for type k at a rate

mij,k, such that the dynamics of coral type k in patch i are

dC ik
p m C (1 � M � C � C ) � m Cji,k jk ik il ij,k ik dt

 �C [r (1 � M � C � a C ) � d � a M] t ( t .ik k ik k il k k
�C (t ) p {1 � min [1, max (0, h * DHM (t)� b)]}C (t) ik k i ik

(2)

Note that all parameters are independent of the patch but

the thermal stress can vary between patches.

Model Parameterization

We focus our model parameterization on parameter space

with bistability in the one-coral-type plus macroalgae cases

(i.e., for each of the resistant or resilient coral considered

separately) because alternative stable states are necessary

for the effect of community composition on ecological

resilience to be relevant (see Fung et al. 2011 for an ex-

ploration of the parameter range where alternative stable

states occur in a model of this type). Within this space,

we use the size of the basin of attraction to define the

parameters for each coral, with a large basin for the re-

silient coral CL and a small basin for the resistant coral CS

(fig. 2). Parameters that increase the size of the basin of

attraction for the coral-dominated state (ecological resil-

ience) also increase stability (return time; app. A.2).

Among the parameter combinations that lead to differ-

ences in the size of the basins of attraction for each coral,

we focus on the corals exhibiting differences in coral

growth (rL 1 rS) and macroalgal overgrowth (aL ! aS) to

reflect the expectation that faster growth confers the

greater resilience to branching-type corals as compared to

the more stress-tolerant, massive-type corals (Jackson and

Hughes 1985; Hughes and Connell 1999). Therefore, the

resilient coral exhibits both ecological and engineering re-

silience. In test model runs, alternative parameterizations

with a similar difference in the size of the basins of at-

traction between corals led to the same conclusions de-

scribed here (app. A.4). When incorporating external re-

cruitment, we assume higher external recruitment for the

resilient coral (rex,S ! rex,L) as one of the properties of re-

silience (Hughes et al. 2010). Similarly, when incorporating

dynamics across two patches, we assume higher exchange

rates for the resilient coral as one of the properties of

resilience (mij,S ! mij,L); we also assume symmetrical mi-

gration (mij,k p mji,k) within each type for simplicity.

To model a difference in resistance between the coral

types, the resistant coral experiences lower mortality for
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the same amount of thermal stress than the resilient coral

(hS ! hL). For the random DHM values in stochastic sim-

ulations, we draw values from the DHM trajectories in the

National Oceanic and Atmospheric Administration’s Geo-

physical Fluid Dynamics Laboratory Earth System Model

2 climate model for Belize (data from Logan et al. 2014).

Within this model and location, we compare different dis-

turbance levels that draw from the RCP 2.6 (representative

concentration pathway to a radiative forcing level of 2.6

W/m2) climate scenario and sample annual DHM values

from those in four different time ranges (1985–2020,

which has a mean of DHM of 0.72; 1985–2030, which has

a mean of DHM of 1.23; 1985–2035, which has a mean

of DHM of 1.44; and 1985–2050, which has a mean of

DHM of 2.01). Sampling farther into the future increases

mean disturbance because of increased climate change.

This approach allows exploration of the disturbance level

across a range from each coral having the potential to

persist alone to stress levels high enough to cause the loss

of the resilient coral when considered alone. Even greater

disturbance leads to extinction of both corals under all

circumstances; note that our model does not include ac-

climatization, genetic adaptation, or other processes rel-

evant to the question of longer-term persistence under

more severe climate change. Also, we only use one climate

model and location in order to draw from a realistic dis-

tribution of DHMs given different levels of stress; our

model is not intended as a forecast under these or other

conditions. In two-patch simulations, we assume one

patch has half of the disturbance magnitudes of the other

in order to model two connected locations with consistent

differences in disturbance regimes due to oceanographic

features (West and Salm 2003; Obura 2005; Thompson

and van Woesik 2009).

Model Analysis

We implement stochastic simulations with annual bleach-

ing mortality in system 1 (see app. A.4 for details), where

we compare simulations with both coral types to those

with each coral type alone in competition with macroalgae.

We analyze the effect of community composition on three

community-level metrics: total coral cover, ecological re-

silience (measured as the proportion of simulations with

final coral cover above a given threshold), and stability

(inverse of the coefficient of variation in coral cover over

time, a commonly used metric of stability for ecological

time series; May 1974; Tilman 1996). In addition to ex-

ploring the different disturbance levels and recruitment

dynamics (closed, open, two-patch) described above, we

explore four different competitive arrangements: (1)

equivalent intraspecific and interspecific competition

(aL p aS p 1), (2) equivalent interspecific competition

smaller than intraspecific competition (aL p aS ! 1), (3)

the resilient coral is the superior competitor (aL ! 1 ! aS),

and (4) the resistant coral is the superior competitor

( ). In each simulation, we initialize the modela ! 1 ! aS L

with each coral at the coral-dominated equilibrium for

each coral species when considered alone and the mac-

roalgae at a nominal level of cover (M p 0.0001). We

then run the model for 150 years and analyze the data

over the last 50 years for metrics that require a time series

(stability) in order to eliminate the effect of transients due

to our choice of initial conditions (see app. C.1 for ver-

ification that 100 years is an adequate burn-in period). We

perform 5,000 simulations per parameter set and model.

Results

For corals, the combination of both a resistant type and

resilient type can lead to greater community cover and

resilience given intermediate disturbance, interspecific

competition that is weaker than intraspecific competition,

and external recruitment (fig. 3). In addition to increased

cover and ecological resilience on the community level,

each coral individually is more abundant and resilient

when the other coral is present than when occurring alone

(fig. 3A, 3B). In scenarios where collapse is possible but

not inevitable, the distribution of final coral cover across

simulation runs is strongly right skewed, especially for the

resilient coral (fig. 3A). This skew arises because of the

attraction to the two states, where many runs end with

little to no coral cover, and a few runs end with abundant

coral cover. Our metric of ecological resilience (the prob-

ability of coral persistence) depends on both individual

resistance (bleaching susceptibility) and individual engi-

neering resilience (recovery rate), such that the lower re-

sistance of the resilient coral drives its lower persistence

under intermediate disturbance (fig. 3B). The resistant

coral is also more stable when occurring in combination

than when occurring alone (fig. 3C), while the resilient

coral is less stable in combination because almost all sim-

ulations have near-zero resilient coral cover (and therefore

low variability) when considered alone. To explore the

effect of different assumptions for the disturbance fre-

quency, competitive interactions, and recruitment dynam-

ics, we focus on community cover and resilience in the

remaining results.

Effect of Disturbance Level

At low disturbance (with weaker interspecific than in-

traspecific competition and external recruitment), the neg-

ative effect of competition when corals are in combination

outweighs any positive effects of augmenting herbivory,

leading to reduced cover for each coral in competition
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Figure 3: All metrics for the case of intermediate disturbance (mean degree heating months p1.44), lower interspecific competition than
intraspecific competition (aS p aL p 0.6), and external recruitment for corals (rex,S p 0.001, rex,L p 0.01, rex,M p 0): A, boxplot of the
distribution of cover at the endpoints of the 5,000 simulations; B, resilience measured as the proportion of the replicate simulations where
proportional coral cover is greater than 0.05 at the endpoint; and C, stability measured as the inverse of the coefficient of variation in cover
over the last 50 years for each simulation and then averaged across simulations. In B and C, error bars indicate standard errors across all
simulations. Here and in all remaining plots, blue indicates the resistant coral and green indicates the resilient coral, with light shading
indicating the coral when considered alone (one-coral and macroalgae model) and dark shading indicating the cover the coral when
considered in combination (two-coral and macroalgae model); black indicates the total of both corals when considered in combination.
All other parameter values are as in figure 2.
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compared to when considered alone (fig. 4A). However,

total coral cover is higher when both corals are in com-

bination at low disturbance levels given lower interspecific

than intraspecific competition, and the negative effects of

competition do not decrease resilience given the low like-

lihood of a state shift under low disturbance levels re-

gardless of community composition. At intermediate and

high disturbance levels, the positive effects of augmented

herbivory outweigh the negative effects of competition,

such that each coral is more abundant and resilient when

part of a multicoral community than when alone (first

realized for the resilient coral, fig. 4B, and then as distur-

bance increases for the resistant coral as well, fig. 4C, 4D;

also observed in the analogous deterministic model with

increasing mortality in app. A.3). For all disturbance levels,

the coral community as a whole is equally or more resilient

than a monoculture of either coral type. Analogous results

(not shown) occur for simulations with exchange between

two patches, one of which experiences disturbance on lev-

els half the magnitudes of the other, compared to the

results presented here with external recruitment for the

corals.

Effect of Recruitment Dynamics

When individual reefs are considered in isolation (one

patch, no external recruitment), intermediate levels of dis-

turbance typically drive the resilient coral to collapse re-

gardless of whether it is considered alone or in competition

with the resistant coral (fig. 5A). In this case, the resilient

coral has a beneficial legacy effect on the resistant coral:

the resistant coral has higher cover on average, less variable

cover, and greater resilience if the resilient coral were ini-

tially present, thus benefiting total coral cover as well. This

result indicates that the original presence of the resilient

coral can provide a transient but long-term benefit for the

resistant coral well after its collapse by reducing the mac-

roalgal cover over decadal timescales (app. C.2). When

adding coral external recruitment (without or with mac-

roalgae external recruitment) given intermediate levels of

disturbance, both the resistant and resilient coral are more

abundant and resilient in the presence of the other coral

than when occurring alone (fig. 5B, 5C). With two con-

nected patches, one with low disturbance and one with

intermediate disturbance, the negative effect of competi-

tion reduces the resilient coral cover and resilience in the

low-disturbance patch and therefore on average, but total

coral cover and resilience is greater with both corals than

with either alone (fig. 5D).

Effect of Competitive Interaction

Benefits of the presence of each coral to the other in terms

of resilience and total cover under intermediate distur-

bance rely on either the absence of a superior competitor,

that is, equivalent or lower interspecific than intraspecific

competition (fig. 6A, 6B), or the resistant coral being the

superior competitor (fig. 6D). If the resilient coral is the

superior competitor, then it typically drives the resistant

coral to collapse when considered together and subse-

quently collapses itself under intermediate-to-high distur-

bance, to the detriment of the resistant coral cover and

resilience (with total cover and resilience of both corals

together in between the resilient coral alone and resistant

coral alone; fig. 6C). Under lower disturbance levels, lower

interspecific than intraspecific competition is necessary for

the coexistence of both corals when considered together

in both one-patch and two-patch simulations under the

parameter values explored here.

Discussion

We find that enhanced ecological resilience via response

diversity across resistant and resilient types can occur in

coral reef systems if (1) disturbance levels are high enough

that the resilient type would collapse otherwise (fig. 4),

and (2) the resistant type is an equivalent or superior

competitor to the resilient type (fig. 6). The modeled

mechanism for this enhanced resilience is through a pos-

itive association between coral cover and grazing on mac-

roalgae that would otherwise invade and prevent coral

recruitment after a disturbance: the resistant type is less

likely to decline during disturbance and therefore main-

tains grazing intensity to benefit the recovery of the re-

silient coral, and the faster resilient coral recovery means

a faster increase in grazing intensity following disturbance

to benefit the persistence of the resistant coral. In other

words, the balance between direct competition and indi-

rect facilitation through effects on a shared competitor

depends on disturbance level, where competition reduces

individual cover at low disturbance but indirect facilitation

enhances ecological resilience to disturbance at all levels

(fig. 4). In the absence of external recruitment or multi-

patch dynamics, even if disturbance levels are high enough

to cause the resilient coral to collapse, the resilient coral

can have a long-term (decadal-scale) legacy effect of re-

duced macroalgal cover that benefits the resistant coral

due to the slow transients inherent to the model (app. C.2;

analogous to the slow transients observed in Blackwood

et al. 2012). The simulations with external recruitment or

exchange between patches indicate the potential for com-

petitor-enabled rescue (using “rescue effect” in the broad

sense of Brown and Kodric-Brown 1977) where the role
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Figure 4: Boxplots of coral cover at the simulation endpoint and mean resilience (proportion of simulations ending with proportional
coral cover greater than 0.05; numbers along the bottom of each plot) given different values of disturbance. Disturbances are sampled from
the RCP 2.6 (representative concentration pathway to a radiative forcing level of 2.6 W/m2) climate scenario for 1985–2020 (A), 1985–2030
(B), 1985–2035 (C), and 1985–2050 (D). In these simulations, interspecific competition is lower than intraspecific competition (aS p

aL p 0.6) and the corals recruit externally (rex,S p 0.001, rex,L p 0.01, rex,M p 0), and all other parameters are as in figure 2. DHM p

degree heating month.
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Figure 5: Boxplots of coral cover at the simulation endpoint and mean resilience (proportion of simulations ending with proportional
coral cover greater than 0.05; numbers along the bottom of each plot) given different dynamics for recruitment. Recruitment dynamics are
one patch with no external recruitment (rex,k p mij,k p 0; A), one patch with external recruitment for both coral types but no external
recruitment for macroalgae (rex,S p 0.001, rex,L p 0.01, rex,M p 0; B), one patch with external recruitment for both corals and macroalgae
(rex,S p 0.001, rex,L p 0.01, rex,M p 0.0001; C), and two patches with exchange between patches for both coral types (mij,S p 0.001, mij,L p

0.01; D) and where one patch experiences half of the disturbance magnitudes of the other. In these simulations, interspecific competition
is lower than intraspecific competition (aS p aL p 0.6), mean disturbance is 1.44 degree heating months, and all other parameters are as
in figure 2.
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Figure 6: Boxplots of coral cover at the simulation endpoint and mean resilience (proportion of simulations ending with proportional
coral cover greater than 0.05; numbers along the bottom of each plot) given different competitive interactions. Competitive interactions
are equivalent interspecific and intraspecific (A), lower interspecific than intraspecific (B), resilient coral is the superior competitor (C),
and resistant coral is the superior competitor (D). In these simulations, the corals recruit externally (rex,S p 0.001, rex,L p 0.01, rex,M p 0),
mean disturbance is 1.44 degree heating months, and all other parameters are as in figure 2.
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of each coral type in reducing the likelihood or rate of

macroalgae invasion allows the local recovery of the other

via recruitment from other sites (fig. 5).

Indirect facilitation can outweigh direct competition to

increase ecological resilience given lower interspecific than

intraspecific competition (i.e., niche partitioning), equiv-

alent intraspecific and interspecific competition (i.e., a lack

of a competitive hierarchy), and the resistant coral as the

superior competitor (fig. 6A, 6B, 6D). However, if the

resistant coral is the inferior competitor, the reduction in

resistant coral cover due to competition in combination

with its slow growth can prevent the resistant coral from

reaching a density great enough to affect community-level

dynamics at intermediate-to-high disturbance levels.

Therefore, coral cover and ecological resilience can be

greater with the resistant coral alone than with both corals

(although both corals exceeds the resilient coral alone in

cover and resilience) in this competitive case (fig. 6C). In

contrast, the resilient coral’s faster growth can allow it to

contribute to ecological resilience when it is the inferior

competitor (fig. 6D).

Enhanced resilience through response diversity despite

the potential negative effect of competitive interactions has

been observed in a wide variety of ecological communities,

such as arid plant resilience to grazing (Walker et al. 1999;

Chillo et al. 2011), tropical bird resilience to land use (Karp

et al. 2011), and insect pollinator resilience to habitat loss

(Winfree and Kremen 2009). Here, we show that one pos-

sible mechanism for this enhanced resilience occurs

through the different roles played by resistant and resilient

types, a specific categorization of response diversity that

could apply beyond the coral reefs modeled here. For ex-

ample, in boreal forests, aspen represent the resilient type

through fast growth and spruce represent the resistant type

through drought tolerance, and interspecific competition

is likely lower than intraspecific competition due to dif-

ferences in shade tolerance. Greater biomass in mixed

stands during drought suggests enhanced resilience of

these two species in combination, where the drought-tol-

erant spruce maintain soil moisture for the drought-sus-

ceptible aspen and the aspen might reduce the drought

stress experienced by spruce through canopy provision

(Man and Greenway 2013).

Ecological resilience is one of several dimensions of eco-

logical stability (Ives and Carpenter 2007). More generally,

the relationship between stability and diversity has long

fascinated ecologists (Elton 1958). The extensive literature

on this topic (reviewed by McCann 2000) includes a flurry

of activity in the past 20 years focused on examining the

relationship between biological diversity and ecosystem

functioning (Loreau et al. 2002; Hooper et al. 2005; Car-

dinale et al. 2012). While our understanding of the rela-

tionship between diversity and some dimensions of eco-

logical stability (e.g., variance in biomass production) is

now fairly deep (Gross et al. 2014), the relationship be-

tween diversity and ecological resilience has proven more

difficult to characterize. Indeed, in a recent literature sur-

vey, Ives and Carpenter (2007) catalogued 64 different

published empirical diversity-stability relationships and

found that none of these addressed ecological resilience

(while 12 of 64 relationships examined ecological resis-

tance). The dearth of empirical data describing how di-

versity affects ecological resilience is at least partially at-

tributable to the difficulty of measuring resilience in the

field. In light of these difficulties, theoretical studies such

as this one can foster understanding by identifying eco-

logical conditions under which the response diversity of

different species is likely to endow an ecosystem with en-

hanced resilience.

Requirements for Enhanced Ecological Resilience

The existence and detection of enhanced ecological resil-

ience, therefore, depends on the context of competitive

interactions, disturbance level, and recruitment dynamics,

all in the presence of feedbacks that endow a system with

alternative stable states. In this section we evaluate each

of these requirements.

First, alternative stable states are, by definition (Holling

1973), a necessary component of any exploration of eco-

logical resilience. Whether alternative stable states occur

in a model of this type depends on a variety of parameter

values, especially macroalgal growth and grazing rates

(Fung et al. 2011). Empirically, the existence of alternative

stable states is difficult to demonstrate (Petraitis and

Dudgeon 2004), and the evidence for them in tropical reefs

is greater for Caribbean than Indo-Pacific reefs due to a

combination of potential factors such as lower herbivore

diversity and abundance, faster macroalgal growth and re-

cruitment, and loss of faster-growing corals in the Carib-

bean (Roff and Mumby 2012). Our model confirms that

the loss of the faster-growing resilient types can erode

ecological resilience (as can the loss of the resistant type).

Also, tropical reefs might exhibit alternative states to coral

dominance other than macroalgal dominance (Bellwood

et al. 2004; Norström et al. 2009), ignored here for sim-

plicity. If alternative stable states do not occur, a com-

munity-level benefit to the presence of both resistance and

resilient types might still occur through increased stability

in coral cover over time. Accordingly, enhanced com-

munity stability, measured in terms of aggregate variability

in community properties or processes given environmental

fluctuations, due to response diversity can occur in models

that do not necessarily exhibit alternative stable states (e.g.,

Ives et al. 1999; Yachi and Loreau 1999; Norberg et al.

2001).
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Second, enhanced ecological resilience via response di-

versity only occurs in our model when the resistant type

is an equivalent or superior competitor to the resilient

type (fig. 6). Corals exhibit direct and indirect competition

for space and associated resources such as light and sub-

strate-associated nutrients (Lang and Chornesky 1990).

While one might expect fast-growing, branching (resilient)

corals to be superior competitors due to their morpho-

logical structure that allows overtopping of slow-growing,

massive-type (resistant) corals (Hughes and Connell

1999), massive-type corals tend to display greater aggres-

sion through digestive filaments as compared to faster-

growing corals, which can serve as a defense against over-

topping (Lang 1973). Overall, the variety of direct and

indirect competitive interactions between corals leads to

a lack of a clear hierarchy in coral competitive abilities

(Lang and Chornesky 1990). In addition, different coral

types might occupy different habitat or niches in terms of

characteristics such as wave exposure, depth, light, and

turbidity (Done 1982; Jackson and Hughes 1985; Anthony

and Connolly 2004), which would decrease competitive

interactions. Therefore, either niche partitioning or a lack

of competitive hierarchy, both of which can lead to en-

hanced ecological resilience with response diversity (fig.

6A, 6B), might be relevant to coral competitive dynamics.

Niche and habitat segregation can further enhance re-

sponse diversity by diversifying the environmental vari-

ables that the different populations respond to, as occurs

with seabird response diversity to variability in prey abun-

dance (Fauchald et al. 2011).

Third, enhanced ecological resilience via response di-

versity is evident only when disturbance occurs at high

enough levels that the resilient coral has a high likelihood

of collapse in the absence of the resistant type (fig. 4).

When bleaching is mild or infrequent, competition for

space primarily drives the interaction between coral types.

Conversely, as disturbance becomes more severe and more

frequent, indirect facilitation between corals via aug-

mented herbivory comes to outweigh competition. This

shift matches the predictions of the stress-gradient hy-

pothesis (Bertness and Callaway 1994; Callaway 2007),

which suggests that facilitation should be a more impor-

tant force in structuring ecological communities when the

environment is harsh, and competition should be more

important when the environment is benign. Therefore, our

results suggest that indirect facilitation between coral spe-

cies will become increasingly important to structuring

tropical reef communities as climate change increases in

the near future. As disturbance levels shift to those high

enough to observe enhanced ecological resilience, com-

munity composition shifts toward greater composition of

resistant type, a finding in line with previous modeling

studies of coral reef response to increased thermal stress

(Wooldridge et al. 2005; Baskett et al. 2009; Riegl and

Purkis 2009) as well as corresponding field data (Riegl and

Purkis 2009). A potentially counterintuitive conclusion

from these results is that the resilient type is more im-

portant to the community-level properties when it is more

threatened.

Finally, outside recruitment is necessary for the contin-

ued persistence of both coral types under intermediate or

higher levels of disturbance (i.e., to observe the compet-

itor-enabled rescue effect; fig. 5), which requires the spatial

scale of the disturbance to be smaller than the spatial scale

of larval connectivity. Thermal stress does display fine-

scale spatial variability (Selig et al. 2010) such that larval

dispersal can connect areas that experience different levels

of stress (Mumby et al. 2011), and empirical evidence

supports the expectation that areas with high recruitment

from undisturbed sites have greater recovery from bleach-

ing disturbances (Underwood et al. 2007). The importance

of recruitment found here echoes other models showing

the importance of open recruitment or larval exchange

between locations experiencing differential stress to coral

response to disturbances (e.g., Hughes and Tanner 2000;

Riegl and Purkis 2009; Riegl et al. 2009; Baskett et al. 2010).

For example, the model of one coral type in competition

with macroalgae by Elmhirst et al. (2009; including the

potential for alternative stable states) indicates that exter-

nal coral recruitment can lead to coral recovery from dis-

turbance given high-enough grazing levels. The results

here indicate that the combination of different coral types

allows maintained grazing levels for recruitment to play

this role.

While empirical support exists for each of the conditions

described above, a direct empirical test of the relationship

between response diversity and ecological resilience in the

field or laboratory would require additional investigation.

Specifically, it would require a system with established al-

ternative stable states and response diversity, replicated

cases with different community assemblages, and data on

long-term persistence under disturbance across replicates.

Long-term data are crucial because the immediate re-

sponse to disturbance can be misleading: a community

composed of both resistant and resilient types will, by

definition of the types, experience greater proportional

declines directly following a disturbance than a community

composed of the resistant type only, but the recovery of

the resilient type can play a role in overall ecological re-

silience across both types as shown here. Given these re-

quirements, tropical coral reefs, with their slow growth

and long life spans, may not provide the most opportune

system for empirical tests of diversity-resilience relation-

ships as a general ecological phenomenon. Rather, systems

with faster turnover and the potential to experimentally
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manipulate disturbance are likely to be more amenable to

empirical exploration of our central conclusions.

Model Assumptions

Our model represents a stylized coral community of two

coral types interacting with macroalgae in order to focus

on the question of how the community composition in

terms of these two types affects ecological resilience. We

therefore ignore many additional dynamical components

of tropical reef systems. For example, we simplified the

vast array of coral diversity into two stylized types. Even

when categorizing coral diversity into broad groups based

on a variety of morphological and life history traits, Dar-

ling et al. (2012) posit three or four general categories:

competitive types characterized by fast growth and stress

susceptibility, weedy types characterized by rapid repro-

duction, and stress-tolerant types characterized by slow-

growth, with a possibly distinct subgroup of generalist

types characterized by moderate growth, competitive abil-

ity, and stress tolerance. Including more species would

likely lead to similar results as long as species occur along

a trade-off between resistance to disturbances and recovery

rate from disturbance (engineering resilience). Analo-

gously, in the model of phytoplankton communities by

Norberg et al. (2001), diversity buffers the effect of vari-

ation in predation intensity on community biomass given

an arbitrary number of species on a continuous trade-off

between predator defense and faster growth.

In addition, we include the dynamics of herbivorous

fish implicitly rather than explicitly. Explicit herbivore dy-

namics in models of this type still lead to alternative stable

states (Blackwood et al. 2012). Such dynamics might in-

clude a time lag between coral loss and the loss of grazing

on macroalgae, which can shift the basins of attraction

(Blackwood and Hastings 2011); time lags would increase

the time over which competitor-enabled rescue could oc-

cur in our model. Herbivore dynamics might also depend

on the rugosity of the reef structure, where increasing

herbivore attraction with increasing rugosity can increase

the resilience of the coral-dominated state (Blackwood et

al. 2011). Given the greater rugosity typically provided by

branching and plating corals than massive and encrusting

corals, incorporating a rugosity effect on grazing intensity

would likely increase the potential benefit of the resilient

coral to the resistant coral via grazer habitat provisioning.

If rugosity affects grazer diversity more than density (as

suggested empirically; Messmer et al. 2011), then coral

diversity will play an additional role in ecological resilience

beyond response diversity because grazer diversity affects

the overall resilience of coral-dominated state as well (Bell-

wood et al. 2004; Nyström 2006).

Within the coral population dynamics, we ignore size

structure, different reproductive types, evolutionary re-

sponses to disturbance, and disturbances beyond thermal

stress. Size structure can influence susceptibility to dis-

turbances such as bleaching and hurricanes in addition to

coral dynamics in general (Hughes 1984; Shenkar et al.

2005) and therefore would likely alter the sizes of the

basins of attraction but not necessarily the relative effect

of community composition, modeled here. While we

model coral recruitment dynamics as a constant rate, the

different coral reproductive strategies in terms of brooding

or broadcast spawning will change the variability of re-

cruits in time and can influence coral competitive inter-

actions and coexistence (Darling et al. 2012). Dynamical

evolutionary changes in stress susceptibility can increase

the persistence of corals under high disturbance, depend-

ing on the rate of climate change (Baskett et al. 2009,

2010). By reducing the likelihood of a shift to a macroalgal-

dominated state, the dynamics of competitor-enabled res-

cue found here would allow more time for such adaptation

to increased thermal stress to occur. Finally, the distur-

bance modeled here, thermal stress–induced bleaching, is

one of many effects of global change on tropical coral reefs

(Bellwood et al. 2004; Hughes and Connell 1999). Ocean

acidification, by reducing coral growth, would reduce

overall resilience and therefore have the potential to in-

teract synergistically with disturbances such as bleaching

and storms (Anthony et al. 2011). Compounding this ef-

fect, reduced growth in the resilient coral in particular

might reduce its role in ecological resilience shown here.

The morphological traits considered to confer resistance

or resilience to bleaching also confer resistance or resil-

ience, respectively, to storms and predatory sea star out-

breaks (Jackson and Hughes 1985; De’ath and Moran

1998; Hughes and Connell 1999), which would lead to

analogous enhanced ecological resilience via response di-

versity to that found here.

Management Implications

Understanding the drivers of ecosystem response to dis-

turbance can inform management in the context of global

environmental change by providing insight into how to

protect the capacity for ecological systems to absorb and

recover from anthropogenically driven disturbance (Folke

et al. 1996, 2004; Levin and Lubchenco 2008; Bernhardt

and Leslie 2013). Here we show that a complex adaptive

system perspective that takes into account not just indi-

vidual-level responses but also how those responses in-

teract with each other reveals a role for response diversity

in ecological resilience under high disturbance. These re-

sults build on models that indicate a role for response

diversity in buffering the effect of environmental variability

on community properties in general (e.g., Ives et al. 1999;
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Yachi and Loreau 1999; Norberg et al. 2001) to indicate

that such buffering can be realized as increased ecological

resilience specifically. Therefore, diverse regions can pro-

vide a target for protection in order to enhance resilience

to expected future disturbance (West and Salm 2003; Ob-

ura 2005; McLeod et al. 2009). Because this enhanced

resilience occurs through the recovery dynamics of com-

petitor-enabled rescue, such protection will not necessarily

reduce mortality following disturbances such as bleaching

(Selig et al. 2012; in fact, greater mortality might occur

due to the persistence of stress-susceptible types), but

rather can affect the probability and rate of return to a

coral-dominated state. Finally, the dynamics of competi-

tor-enabled rescue require a network of protected areas

with larval connectivity across locations experiencing dif-

ferent levels of stress (as in Mumby et al. 2011).
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I. M. Côté. 2012. Evaluating life-history strategies of reef corals

from species traits. Ecology Letters 15:1378–1386.

De’ath, G., and P. J. Moran. 1998. Factors affecting the behaviour of

crown-of-thorns starfish (Acanthaster planci l.) on the Great Bar-

rier Reef. 2. Feeding preferences. Journal of Experimental Marine

Biology and Ecology 220:107–126.

Done, T. J. 1982. Patterns in the distribution of coral communities

across the central Great Barrier Reef. Coral Reefs 1:95–107.

Donner, S. 2009. Coping with commitment: projected thermal stress

on coral reefs under different future scenarios. PLoS ONE 4:e5712.

Dudgeon, S. R., R. B. Aronson, J. F. Bruno, and W. F. Precht. 2010.

Phase shifts and stable states on coral reefs. Marine Ecology Prog-

ress Series 413:201–216.

Elmhirst, T., S. R. Connolly, and T. P. Hughes. 2009. Connectivity,

regime shifts and the resilience of coral reefs. Coral Reefs 28:949–

957.

Elmqvist, T., C. Folke, M. Nyström, G. Peterson, J. Bengtsson, B.

Walker, and J. Norberg. 2003. Response diversity, ecosystem

change, and resilience. Frontiers in Ecology and the Environment

1:488–494.



E30 The American Naturalist

Elton, C. S. 1958. The ecology of invasions by animals and plants.

Methuen, London.

Fauchald, P., H. Skov, M. Skern-Mauritzen, V. H. Hausner, D. Johns,

and T. Tveraa. 2011. Scale-dependent response diversity of seabirds

to prey in the North Sea. Ecology 92:228–239.

Folke, C., S. Carpenter, B. Walker, M. Scheffer, T. Elmqvist, L. Gun-

derson, and C. S. Holling. 2004. Regime shifts, resilience, and

biodiversity in ecosystem management. Annual Review of Ecology,

Evolution, and Systematics 35:557–581.

Folke, C., C. Holling, and C. Perrings. 1996. Biological diversity,

ecosystems, and the human scale. Ecological Applications 6:1018–

1024.

Fung, T., R. M. Seymour, and C. R. Johnson. 2011. Alternative stable

states and phase shifts in coral reefs under anthropogenic stress.

Ecology 92:967–982.

Gross, K., B. J. Cardinale, J. W. Fox, A. Gonzalez, M. Loreau, H. W.

Polley, P. B. Reich, and J. van Ruijven. 2014. Species richness and

the temporal stability of biomass production: a new analysis of

recent biodiversity experiments. American Naturalist 183:1–12.

Hoey, A. S., and D. R. Bellwood. 2011. Suppression of herbivory by

macroalgal density: a critical feedback on coral reefs? Ecology Let-

ters 14:267–273.

Holling, C. S. 1973. Resilience and stability of ecological systems.

Annual Review of Ecology, Evolution, and Systematics 4:1–23.

Hooper, D., F. Chapin III, J. Ewel, A. Hector, P. Inchausti, S. Lavorel,

J. Lawton, et al. 2005. Effects of biodiversity on ecosystem func-

tioning: a consensus of current knowledge. Ecological Monographs

75:3–35.

Hughes, T. P. 1984. Population-dynamics based on individual size

rather than age: a general-model with a reef coral example. Amer-

ican Naturalist 123:778–795.

Hughes, T. P., and J. H. Connell. 1999. Multiple stressors on coral

reefs: a long-term perspective. Limnology and Oceanography 44:

932–940.

Hughes, T. P., N. A. J. Graham, J. B. C. Jackson, P. J. Mumby, and

R. S. Steneck. 2010. Rising to the challenge of sustaining coral reef

resilience. Trends in Ecology and Evolution 25:633–642.

Hughes, T. P., M. J. Rodrigues, D. R. Bellwood, D. Ceccarelli, O.

Hoegh-Guldberg, L. McCook, N. Moltschaniwskyj, M. S. Pratchett,

R. S. Steneck, and B. Willis. 2007. Phase shifts, herbivory, and the

resilience of coral reefs to climate change. Current Biology 17:360–

365.

Hughes, T. P., and J. E. Tanner. 2000. Recruitment failure, life his-

tories, and long-term decline of Caribbean corals. Ecology 81:

2250–2263.

Ives, A. R., and B. J. Cardinale. 2004. Food-web interactions govern

the resistance of communities after non-random extinctions. Na-

ture 429:174–177.

Ives, A. R., and S. R. Carpenter. 2007. Stability and diversity of

ecosystems. Science 317:58–62.

Ives, A. R., K. Gross, and J. L. Klug. 1999. Stability and variability

in competitive communities. Science 286:542–544.

Jackson, J. B. C., and T. P. Hughes. 1985. Adaptive strategies of coral-

reef invertebrates. American Scientist 73:265–274.

Karp, D. S., G. Ziv, J. Zook, P. R. Ehrlich, and G. C. Daily. 2011.

Resilience and stability in bird guilds across tropical countryside.

Proceedings of the National Academy of Sciences of the USA 108:

21134–21139.

Lang, J. 1973. Interspecific aggression by scleractinian corals. 2. Why

race is not only to the swift. Bulletin of Marine Science 23:260–

279.

Lang, J., and E. Chornesky. 1990. 8. Competition between sclerac-

tinian reef corals: a review of mechanisms and effects. Pages 209–

252 in Z. Dubinsky, ed. Ecosystems of the world. Elsevier,

Amsterdam.

Lavorel, S., and E. Garnier. 2002. Predicting changes in community

composition and ecosystem functioning from plant traits: revis-

iting the Holy Grail. Functional Ecology 16:545–556.

Levin, S. A., and J. Lubchenco. 2008. Resilience, robustness, and

marine ecosystem-based management. BioScience 58:27–32.

Logan, C., J. Dunne, M. Eakin, and S. Donner. 2014. Incorporating

adaptive responses into future projections of coral bleaching.

Global Change Biology 20:125–139.

Loreau, M., S. Naeem, and P. Inchausti. 2002. Biodiversity and eco-

system functioning: synthesis and perspectives. Oxford University

Press, Oxford.

Loya, Y., K. Sakai, K. Yamazato, Y. Nakano, H. Sambali, and R. van

Woesik. 2001. Coral bleaching: the winners and the losers. Ecology

Letters 4:122–131.

Mailleret, L., and V. Lemesle. 2009. A note on semi-discrete modelling

in the life sciences. Philosophical Transactions of the Royal Society

A 367:4779–4799.

Man, R., and K. Greenway. 2013. Effects of soil moisture and species

composition on growth and productivity of trembling aspen and

white spruce in planted mixtures: 5-year results. New Forests 44:

23–38.

May, R. M. 1974. Stability and complexity in model ecosystems.

Princeton University Press, Princeton, NJ.

McCann, K. S. 2000. The diversity-stability debate. Nature 405:228–

233.

McClanahan, T. R., S. D. Donner, J. A. Maynard, M. A. MacNeil, N.

A. J. Graham, J. Maina, A. C. Baker, et al. 2012. Prioritizing key

resilience indicators to support coral reef management in a chang-

ing climate. PLoS ONE 7:e42884.

McCook, L. J., J. Jompa, and G. Diaz-Pulido. 2001. Competition

between corals and algae on coral reefs: a review of evidence and

mechanisms. Coral Reefs 19:400–417.

McLeod, E., R. Salm, A. Green, and J. Almany. 2009. Designing

marine protected area networks to address the impacts of climate

change. Frontiers in Ecology and the Environment 7:362–370.

Messmer, V., G. P. Jones, P. L. Munday, S. J. Holbrook, R. J. Schmitt,

and A. J. Brooks. 2011. Habitat biodiversity as a determinant of

fish community structure on coral reefs. Ecology 92:2285–2298.

Mumby, P. J., I. A. Elliott, C. M. Eakin, W. Skirving, C. B. Paris, H.

J. Edwards, S. Enriquez, R. Iglesias-Prieto, L. M. Cherubin, and J.

R. Stevens. 2011. Reserve design for uncertain responses of coral

reefs to climate change. Ecology Letters 14:132–140.

Mumby, P. J., A. Hastings, and H. J. Edwards. 2007. Thresholds and

the resilience of Caribbean coral reefs. Nature 450:98–101.

Mumby, P. J., R. S. Steneck, and A. Hastings. 2013. Evidence for and

against the existence of alternate attractors on coral reefs. Oikos

122:481–491.

Norberg, J., D. P. Swaney, J. Dushoff, J. Lin, R. Casagrandi, and S.

A. Levin. 2001. Phenotypic diversity and ecosystem functioning in

changing environments: a theoretical framework. Proceedings of

the National Academy of Sciences of the USA 98:11376–11381.

Norström, A. V., M. Nyström, J. Lokrantz, and C. Folke. 2009. Al-

ternative states on coral reefs: beyond coral-macroalgal phase

shifts. Marine Ecology Progress Series 376:295–306.



Response Diversity and Resilience E31

Nyström, M. 2006. Redundancy and response diversity of functional

groups: implications for the resilience of coral reefs. Ambio 35:

30–35.

Nyström, M., N. Graham, J. Lokrantz, and A. Norström. 2008. Cap-

turing the cornerstones of coral reef resilience: linking theory to

practice. Coral Reefs 27:795–809.

Obura, D. O. 2005. Resilience and climate change: lessons from coral

reefs and bleaching in the western Indian Ocean. Estuarine, Coastal

and Shelf Science 63:353–372.

Peterson, G., C. R. Allen, and C. S. Holling. 1998. Ecological resil-

ience, biodiversity, and scale. Ecosystems 1:6–18.

Petraitis, P. S., and S. R. Dudgeon. 2004. Detection of alternative

stable states in marine communities. Journal of Experimental Ma-

rine Biology and Ecology 300:343–371.

Riegl, B., S. Purkis, J. Keck, and G. Rowlands. 2009. Monitored and

modeled coral population dynamics and the refuge concept. Ma-

rine Pollution Bulletin 58:24–38.

Riegl, B. M., and S. J. Purkis. 2009. Model of coral population re-

sponse to accelerated bleaching and mass mortality in a changing

climate. Ecological Modelling 220:192–208.

Roff, G., and P. J. Mumby. 2012. Global disparity in the resilience

of coral reefs. Trends in Ecology and Evolution 27:404–413.

Scheffer, M., S. Carpenter, J. A. Foley, C. Folke, and B. Walker. 2001.

Catastrophic shifts in ecosystems. Nature 413:591–596.

Selig, E. R., K. S. Casey, and J. F. Bruno. 2010. New insights into

global patterns of ocean temperature anomalies: implications for

coral reef health and management. Global Ecology and Biogeog-

raphy 19:397–411.

———. 2012. Temperature-driven coral decline: the role of marine

protected areas. Global Change Biology 18:1561–1570.

Shenkar, N., M. Fine, and Y. Loya. 2005. Size matters: bleaching

dynamics of the coral Oculina patagonica. Marine Ecology Progress

Series 294:181–188.

Silver, W. L., S. Brown, and A. E. Lugo. 1996. Effects of changes in

biodiversity on ecosystem function in tropical forests. Conserva-

tion Biology 10:17–24.

Sundstrom, S. M., C. R. Allen, and C. Barichievy. 2012. Species,

functional groups, and thresholds in ecological resilience. Con-

servation Biology 26:305–314.

Thompson, D. M., and R. van Woesik. 2009. Corals escape bleaching

in regions that recently and historically experienced frequent ther-

mal stress. Proceedings of the Royal Society B: Biological Sciences

276:2893–2901.

Tilman, D. 1996. Biodiversity: population versus ecosystem stability.

Ecology 77:350–363.

Underwood, J. N., L. D. Smith, M. J. H. van Oppen, and J. P. Gilmour.

2007. Multiple scales of genetic connectivity in a brooding coral

on isolated reefs following catastrophic bleaching. Molecular Ecol-

ogy 16:771–784.

Walker, B., A. Kinzig, and J. Langridge. 1999. Plant attribute diversity,

resilience, and ecosystem function: the nature and significance of

dominant and minor species. Ecosystems 2:95–113.

West, J. M., and R. V. Salm. 2003. Resistance and resilience to coral

bleaching: implications for coral reef conservation and manage-

ment. Conservation Biology 17:956–967.

Williams, I., and N. Polunin. 2001. Large-scale associations between

macroalgal cover and grazer biomass on mid-depth reefs in the

Caribbean. Coral Reefs 19:358–366.

Winfree, R., and C. Kremen. 2009. Are ecosystem services stabilized

by differences among species? a test using crop pollination. Pro-

ceedings of the Royal Society B: Biological Sciences 276:229–237.

Wooldridge, S., T. Done, R. Berkelmans, R. Jones, and P. Marshall.

2005. Precursors for resilience in coral communities in a warming

climate: a belief network approach. Marine Ecology Progress Series

295:157–169.

Yachi, S., and M. Loreau. 1999. Biodiversity and ecosystem produc-

tivity in a fluctuating environment: the insurance hypothesis. Pro-

ceedings of the National Academy of Sciences of the USA 96:1463–

1468.

Zychaluk, K., J. F. Bruno, D. Clancy, T. R. McClanahan, and M.

Spencer. 2012. Data-driven models for regional coral-reef dynam-

ics. Ecology Letters 15:151–158.

Associate Editor: Priyanga Amarasekare

Editor: Judith L. Bronstein


