
fevo-08-00049 March 18, 2020 Time: 13:33 # 1

REVIEW
published: 18 March 2020

doi: 10.3389/fevo.2020.00049

Edited by:
Jeanne C. Chambers,

United States Department
of Agriculture (USDA), United States

Reviewed by:
Jean-Luc Solandt,

Independent Researcher,
Ross-on-Wye, United Kingdom

Peter Houk,
University of Guam Marine
Laboratory, United States

*Correspondence:
Vivian Y. Y. Lam

vivianlamyy@gmail.com

Specialty section:
This article was submitted to

Biogeography and Macroecology,
a section of the journal

Frontiers in Ecology and Evolution

Received: 11 August 2019
Accepted: 18 February 2020

Published: 18 March 2020

Citation:
Lam VYY, Doropoulos C,

Bozec Y-M and Mumby PJ (2020)
Resilience Concepts and Their

Application to Coral Reefs.
Front. Ecol. Evol. 8:49.

doi: 10.3389/fevo.2020.00049

Resilience Concepts and Their
Application to Coral Reefs
Vivian Y. Y. Lam1* , Christopher Doropoulos2, Yves-Marie Bozec1 and Peter J. Mumby1

1 Marine Spatial Ecology Lab, School of Biological Sciences and Australian Research Council Centre of Excellence for Coral
Reef Studies, University of Queensland, Brisbane, QLD, Australia, 2 Oceans and Atmosphere, Commonwealth Scientific
and Industrial Research Organisation, St. Lucia, QLD, Australia

The concept of resilience is long established across a wide-range of disciplines, but its
evaluation in many ecosystems has been challenging due to the complexities involved in
quantifying a somewhat abstract dynamical phenomenon. We develop a framework of
resilience-related concepts and describe their methodological approaches. Seven broad
approaches were identified under the three principle concepts of (1) ecological resilience
(ecological resilience, precariousness and current attractor), (2) engineering resilience
(short-term recovery rate and long-term reef performance), and (3) vulnerability (absolute
and relative vulnerability) respectively. Using specific examples, we assess the strengths
and limitations of each approach and their capacity to answer common management
questions. The current synthesis provides new directions for resilience assessments
to be incorporated into management decisions and has implications on the research
agenda for advances in resilience assessments.
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INTRODUCTION

From its early use in physical sciences and ecology, the concept of resilience is now ubiquitous
across natural and social sciences including psychology (Luthar et al., 2000), urban planning
(Eraydin and Tasan-Kok, 2013), disaster management (Manyena, 2006), resource-dependent
industries (Marshall, 2010), economics (Common and Perrings, 1992; Brand, 2009), and
governance (Lebel et al., 2006). The concept has become increasingly malleable to fit different
objectives and exhibits considerable variety in its application (Brand and Jax, 2007; Martin-Breen
and Anderies, 2011; Davidson et al., 2016).

While quantification is necessary to operationalize the resilience of ecosystems, it has largely
remained a conceptual phenomenon until recently. Feature issues published in the Journal of
Applied Ecology (Angeler and Allen, 2016) and Trends in Ecology and Evolution (Hodgson et al.,
2015) demonstrate ongoing dialogue to quantify resilience and the relevant key questions. How
can resilience be operationalized using existing frameworks? What are the appropriate metrics to
measure resilience in different ecosystems? Although recent studies advocate for generic indicators
to achieve standardized quantification across systems, such as the measurement of resistance and
recovery (Hodgson et al., 2015; Nimmo et al., 2015), general metrics may not be easy to measure
across all systems, each with distinct system dynamics exhibiting different behaviors and governed
by different processes and mechanisms (Dakos et al., 2015; Yeung and Richardson, 2015; Petraitis
and Dudgeon, 2016).
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Reviews of resilience have focused on quantification
approaches across multiple ecosystems (Scheffer et al., 2015;
Allen et al., 2016; Quinlan et al., 2016), drawing heavily on
models of ecosystems including lakes (Carpenter et al., 1999),
savannahs (Walker et al., 1981), and coral reefs. Although a
number of reviews have considered the processes that drive
resilience and its application to management (Bellwood et al.,
2004; Hughes et al., 2005; Nyström et al., 2008; Mumby et al.,
2014a), a critical review of approaches is lacking.

Here, we synthesize progress on the measurement of resilience
on coral reefs and identify several novel, additional concepts that
might have utility. We begin with a brief historical perspective of
reef resilience concepts and provide a framework to categorize
approaches. We then assess the strengths and weaknesses
of various approaches and identify appropriate management
questions. Finally we discuss new directions for resilience
assessments, with an emphasis on improving the most common
metrics-based approaches.

HISTORICAL PERSPECTIVE OF CORAL
REEF RESILIENCE SCIENCE

In the late 1960s, ecologists began to study the ability of
ecosystems to exhibit alternative community states, each of
which appeared to be stable over time, occurred in the same
environment, and was fairly resistant to disturbance (Lewontin,
1969; Holling, 1973). The term given to this phenomenon was
“ecological resilience” and ecosystems were said to be attracted
to alternative equilibrial states (Holling, 1973). Perhaps the
first evidence that coral reefs might exhibit multiple “stable”
states was the discovery of a patch of the relatively unpalatable
macroalga, Asparogopsis taxiformis, after a ship grounding and
pollution event on the outer Great Barrier Reef (GBR, Hatcher,
1984). Hatcher hypothesized that pollutants had provided an
opportunity for the algae to bloom and once established, algae
persisted by reaching a size escape from herbivory. Thus, different
communities could emerge at different environmental levels but
the system was likely stable even when nutrients returned to
pre-disturbance levels (though this was not verified).

Nearly a decade later, the prospect of major shifts in coral
community structure was revisited in a special issue of the journal
American Zoologist. Done (1992) coined the term “phase shift” to
describe a conspicuous change in community structure, referring
to a drastic change from coral to macroalgal dominance. The
term phase shift is symptomatic with no explicit connotation
of stability (Petraitis and Dudgeon, 2004), and might involve
alternative community states that become resistant to change
owing to ecological feedbacks, or simply represent a reversible
monotonic response of an ecosystem to a changing environment.
In the same special issue of the journal, Knowlton (1992)
published the first critical examination of mechanisms that might
drive the existence of multiple alternative states on coral reefs.
She mooted the idea that depleted herbivory could influence
the competitive outcomes between corals and macroalgae and
stabilize algal-dominated states. McManus and Polsenberg (2004)
then proposed a conceptual model of key factors involved

in reef phase shifts. To develop and reinforce the existence
of multiple alternative states in reefs, Mumby and colleagues
(Mumby et al., 2007) used a spatially-explicit and field-validated
model of Caribbean coral communities. They proposed that the
emergence of alternative states was a recent phenomenon in
the Caribbean because reefs are not predicted to shift and lock
when fast-growing acroporids or herbivory by sea urchins are
returned to the ecosystem (Mumby et al., 2013b) yet both had
been devastated from disease in the 1980s.

Although the existence of alternative stable states is a nuanced
and by no means a universal phenomenon (Fung et al., 2011;
Mumby et al., 2013a), the fact that some reefs have low
resilience is beyond question. As more cases of reef decline
and recovery were investigated, it became clear that reefs are
profoundly dynamic systems that react and recover differently
to perturbations, and that resilience cannot be taken for granted
(Pearson, 1981; Brown and Suharsono, 1990; Ginsburg, 1993;
Hughes and Connell, 1999; Bellwood et al., 2004; Graham et al.,
2015). Moreover, Connell (1997) reviewed global patterns of reef
recovery and found striking variability across the Pacific and the
Caribbean; a pattern that persists today (Roff and Mumby, 2012).

With growing awareness that the health of some reefs was
experiencing persistent decline in the 1990s (Hughes, 1994;
Steneck, 1994) – perhaps best marked by Bob Ginsburg’s
“Colloquium on coral reef hazards and health” (Ginsburg,
1993) – science, management, and conservation agencies became
increasingly engaged in understanding the processes determining
the fate of reefs. West and Salm (2003) raised the idea of
resilience-based management (RBM), albeit without coining
the term, and proposed that interventions should be directed
toward reefs with less exposure to natural and anthropogenic
disturbances and to focus interventions on the processes
that confer resilience by either facilitating recovery or help
resist stress and disturbance (McClanahan et al., 2012). RBM
has now been defined as “using knowledge of current and
future drivers influencing ecosystem function (e.g., coral disease
outbreaks; changes in land-use, trade, or fishing practices)
to prioritize, implement, and adapt management actions that
sustain ecosystems and human well-being” (McLeod et al., 2019).

Research into coral reef resilience continues to blossom and
appears to follow five trajectories. The largest is the quest to
understand individual processes underlying reef resilience, both
in isolation and as cumulative stressors. This literature is too large
to be summarized here but includes research into connectivity,
demographic rates, ecological interactions and stress responses
(Andres and Rodenhouse, 1993; Roberts, 1997; Cowen et al.,
2006; Nyström et al., 2008; Fabricius et al., 2011; McClanahan
et al., 2011; Doropoulos et al., 2016; Ortiz et al., 2018). Second
is the identification of empirical resilience metrics that can be
used to compare reef sites (West and Salm, 2003; Obura and
Grimsditch, 2009; Maynard et al., 2010; McClanahan et al.,
2012; Jouffray et al., 2015; Guest et al., 2018). Third is the
use of statistical models to predict community trajectories and
infer drivers of resilience (Zychaluk et al., 2012; Cooper et al.,
2015; Gross and Edmunds, 2015). Fourth is the development
of mechanistic ecological models to understand and integrate
the processes of resilience and/or predict reef trajectories under
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multiple stresses (Mumby et al., 2007, 2014b; Anthony et al., 2011;
Fung et al., 2011; Blackwood et al., 2012; Bozec and Mumby,
2015). Finally, a broader set of frameworks has become available
to link resilience science to decision-making (Game et al., 2008;
McLeod et al., 2009, 2012, 2019; Mumby et al., 2011; Anthony
et al., 2015; Mumby and Anthony, 2015).

RESILIENCE CONCEPTS ON CORAL
REEFS

There are three major usages of the term resilience in the coral
reef and environmental literature. We introduce all three here
in brief and then describe the behavior of the most popular in
greater detail in a later section. The earliest usage of resilience
considered the concepts of engineering and ecological resilience
proposed by Holling (1996), which emerged from the modeling
of predator-prey interactions revealing the ability of a system to
undergo profound changes in community state (Holling, 1961,
1973; Lewontin, 1969; May, 1972). Engineering resilience refers
to the time a system takes to return to a single equilibrium after
a perturbation (Pimm, 1984; Holling, 1996). Ecological resilience
considers the likelihood of the system (or social system, Marshall,
2010) to shift between multiple equilibria, separated by basins
of attraction (Figure 1; Walker et al., 2002; Kinzig et al., 2006;
Mumby et al., 2014b). A basin of attractor is a space in which
the system tends to remain (Walker et al., 2004), see Figure 2 for
images illustrating coral-dominated and algal-dominated reefs.
Ecosystems can move toward different attractors because of

the numerous reinforcing feedbacks that drive their response
even without external perturbations such as coral bleaching
and storm damage.

The second usage of the word resilience is an umbrella term
and considers the behavior of integrated socio-ecological systems,
in which ecosystem dynamics might only be a single element
amongst other components taken into consideration such as
the role of human activity (Nyström et al., 2000; Folke, 2006).
Resilience in this context has been described under the umbrellas
of “resilience thinking” (Walker and Salt, 2006) or “panarchy”
(Gunderson and Holling, 2001), and provides a framework to
consider the factors that stabilize and drive a system. The key
aspects of resilience thinking include resilience, adaptability
(adaptive capacity) and transformability (Walker and Salt, 2006;
Folke et al., 2010; Bellwood et al., 2012). The concept of panarchy
refers to the hierarchical set of adaptive cycles at different scales
and their effects across all scales (Gunderson and Holling, 2001).
These frameworks do not explicitly invoke “ecological resilience,”
though multiple attractors may exist within the wider system or
single components. Resilience thinking and panarchy provide a
flexible framework to model complex systems and help identify
metrics that confer resilience in social-ecological systems.

The third development of resilience on coral reefs is motivated
by the ecological and social applications described earlier and
seeks field-based metrics to ascertain the relative “resilience” of
sites (Hughes et al., 2005; McClanahan et al., 2012; Jouffray et al.,
2015; Maynard et al., 2015). Because such snapshot metrics do
not quantify dynamical aspects of the system – which is the
preserve of engineering and ecological resilience – they do not

FIGURE 1 | Conceptual diagram of the various methods of measuring ecological resilience, engineering resilience and vulnerability. Precariousness is the distance of
a reef to the suspected unstable equilibrium/tipping point. The precariousness of Reef X is greater than Reef Y. Reefs that fall in the shaded gray area has an
algal-dominated current attractor, and reefs are in the white area has a coral-dominated current attractor. Dotted line represents cross-cutting methods that relate to
coral recovery rate.
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FIGURE 2 | Images showing (a) a coral-dominated reef and (b) an
algal-dominated reef.

measure resilience directly; rather, they are useful in identifying
sites that have a desirable set of metrics that indicate greater
resilience. A major value of these descriptive approaches is that
they do not depend on sophisticated models and are relatively
easy to implement in the field. Since this approach does not
quantify resilience per se, these approaches could be categorized
as “vulnerability” measures (Mumby et al., 2014a). However,
since the term resilience is so widely used for these approaches,
we continue its use here adding the discriminators “recovery” and
“resistance” metrics sensu McClanahan et al. (2012).

Vulnerability as an Alternative to the
Resilience Concept
The concept of vulnerability emerged from the field of risk and
hazard research (White, 1974), and is the “degree to which a
system, subsystem, or system component is likely to experience
harm due to exposure to a hazard, either a perturbation or
stressor” (Turner et al., 2003). Because vulnerability is an
encompassing concept warranting a number of measurement
approaches (Alwang et al., 2001; Eakin and Luers, 2006), we
discriminate between approaches that attempt to quantify the
absolute vulnerability of a system versus those that create

a relative measure of vulnerability. Obtaining an absolute
vulnerability measure typically requires the specification of a
critical threshold followed by an estimate of the probability
of its transgression (Adger, 2006). Examples might be the
probability that coral cover falls below 10% within the next
decade, or the risk of flooding in coastal cities in 2050 (Hallegatte
et al., 2013). Estimation of absolute vulnerability requires a
system model, whether it be statistical, analytical or simulation-
based. Moreover, the absolute vulnerability of a reef is context-
dependent in relation to the coral community that dominates
a reef (e.g., fast-growing and sensitive Acropora versus slow-
growing and robust Porites), driven by a combination of
biological and environmental drivers (e.g., Done, 1982; Gouezo
et al., 2019). For example, using simulation modeling for coral
communities on the Great Barrier Reef and the Caribbean,
Ortiz et al. (2014) showed that the vulnerability of reefs to
thermal disturbances was dependent on the diversity of coral
functional groups.

The second approach to measuring vulnerability, which we
term “relative vulnerability,” often combines system metrics to
compare vulnerability among sites or points in time. Here, the
goal is not to calculate the absolute probability of an event
occurring but rather to rank the relative vulnerability of sites
and identify opportunities to reduce vulnerability (Eakin and
Luers, 2006). A common way to measure relative vulnerability
is to use the three components of the vulnerability framework:
exposure, sensitivity and adaptive capacity (Adger, 2006; Cinner
et al., 2012). Vulnerability is calculated using the equation
“exposure + sensitivity – adaptive capacity,” popularized by the
Intergovernmental Panel on Climate Change (McCarthy, 2001).
Exposure is the nature and degree to which a system is exposed
to stressors; sensitivity is the degree to which the stressors affect
a system (i.e., and is the opposite of resistance); and adaptive
capacity is the ability of the system to adjust to the stressors
or recover (Gallopín, 2006). Metrics are chosen to represent
exposure, sensitivity and adaptive capacity, and are measured
and combined to provide a relative index for comparison of
sites (Cinner et al., 2012). Sensitivity and adaptive capacity
may be estimated based on existing biological understanding
of the systems in question. For example, Cinner et al. (2012)
produced a sensitivity based on the proportion of households
engaged in fisheries and whether households also engage in non-
fisheries components. This method has been used to compare the
vulnerability of fishing communities in face of climate change
(Allison et al., 2009; Cinner et al., 2013) and to identify priority
areas for management (Maynard et al., 2010, 2015). Alternatively,
many studies also seek to estimate the relative vulnerability
of sites with a bespoke framework using specific components
selected to suit the purpose of the study (i.e., resilience metrics).

CONCEPTUAL FRAMEWORK FOR
MEASURING REEF RESILIENCE AND
VULNERABILITY

Following the major concepts of ecological resilience, engineering
resilience, and vulnerability, a framework of reef resilience
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quantification methods is proposed below and supported by
case studies where applicable (Figure 1). Additional potential
methods that have not been applied to reefs are also introduced
under this framework. Note that we place empirical metrics
relating to site resilience under “vulnerability” because they do
not capture the dynamical properties of ecosystems but we agree
that they can legitimately be described as resilience indices.

Ecological Resilience Related
Approaches
Ecological Resilience
An emerging approach to calculate the resilience of coral reefs
uses mechanistic ecological models to integrate available science.
Mechanistic models can be used to ascertain whether multiple
attractors are likely to exist and if so, predict the probability that
a reef is pushed across tipping points within a specific period.
This probabilistic approach embodies the original concept of
ecological resilience (Holling, 1973) and is an alternative to
quantifying the “level of disturbance” needed to tip a system,
because the idea of measuring the “amount of disturbance” across
multiple disparate forms of disturbance (bleaching, cyclones,
etc.) is impenetrable (van Woesik, 2013). Rather, it is simpler
to predict the probability of a system flipping attractor (see
also van Nes and Scheffer (2007) who have developed a
probabilistic approach to measuring the resilience of lacustrine
(lake) ecosystems).

A number of models have been compared to independent
time-series data for the Caribbean (Mumby et al., 2007; Kubicek
and Borell, 2011) and Indo-Pacific (Melbourne-Thomas et al.,
2011; Gurney et al., 2013; Sebastian and McClanahan, 2013;
Ortiz et al., 2014). For instance, the ecological resilience of
the Belize Barrier Reef was modeled and mapped under two
levels of local management action (business-as-usual versus ban
of herbivore fisheries) and two levels of action toward climate
change (business-as-usual versus a green economy; Mumby
et al., 2014b). Resilience was calculated as the probability that
individual reefs would still be exhibiting coral recovery by 2030
(i.e., remaining under the attractor of a coral-dominated state
even though coral dominance is never actually attained). The
study found that implementation of a herbivore fisheries ban
enacted in 2009 might increase the resilience of the reef sixfold,
although the benefits were variable among reefs. The concept was
further operationalized by identifying thresholds of herbivore
harvest and size limits that maintain resilience in face of external
disturbances (Bozec et al., 2016).

Precariousness
The prediction of resilience requires information on current
system state, the location of underlying tipping points (unstable
equilibrium, Figure 1), and predictive models of the disturbance
regime. If the latter is unknown, an “instantaneous” measure
of resilience can be obtained by estimating the distance of the
reef to suspected tipping points. This is termed precariousness
(Figure 1; Walker et al., 2004) and can be used as a relative
measure of resilience among sites. The closer a reef sits from the
unstable equilibrium, the more precarious it is. The measurement
of precariousness requires a comparison of the current system

state to known tipping points. Although precariousness has been
suggested in the wider ecological literature (Walker et al., 2004;
Hodgson et al., 2015), it has not been specifically measured
for coral reefs. While the locations of unstable equilibria and
thresholds have only been estimated for a very limited range of
reefs, an interim approach might be to use the distance between
a reef ’s current state and the “tipping points” identified for
some Indian Ocean and Caribbean reefs for average system state
against fish biomass (McClanahan et al., 2011; Karr et al., 2015).
One advantage is that precariousness does not require the user
to undertake modeling themselves. However, its shortcoming is
the inability to account for exposure to external disturbances,
such that two sites might lie equidistant from tipping points
(i.e., same precariousness) with one having a greater risk of
being perturbed and hence lower resilience. In summary, the
technique has its merits as a simple tool to compare relative
resilience of sites that share a similar disturbance regime
(Yeung and Richardson, 2015).

Current Attractor
An even simpler approach than precariousness is to know
whether the reef is likely to exhibit recovery or decline before the
next disturbance. The current attractor identifies whether a reef
is attracted toward the coral or alternative state at a point in time
(Figure 1). If a snapshot of the reef state is available, then, like
precariousness, the identification of the current attractor requires
existing knowledge on the unstable equilibrium to identify which
basin of attraction the reef currently sits in (i.e., coral-, algal- or
sponge-attractors). In the absence of models of the ecosystem,
it might be possible to estimate the existence of tipping points
from statistical analyses of monitoring data; i.e., community
states where reef trajectories are uncertain and variable showing
either recovery or decline between disturbances (Zychaluk et al.,
2012). Analyses of this type would require extensive data with
at least short time series. The direction of each post-disturbance
trajectory would allow the attractor to be identified at each initial
state. Care must be taken not to confound this analyses with data
from different physical environments where different attractors
might occur (e.g., whereas a reef at 5 m might show recovery
when coral cover is say 10%, a reef at 30 m might show decline
when coral cover reaches an equivalent level). Moreover, a suite
of early-warning algorithms have been developed to indicate
whether a system is approaching a tipping point (Scheffer et al.,
2009). The efficacy of such approaches, which often focus on
critical slowing down of dynamics near tipping points, remain
uncertain for coral reefs which are non-equilibrial ecosystems
driven by massive episodic disturbance.

Engineering Resilience Related
Approaches
The original definition of engineering resilience is impractical
for coral reefs because reefs rarely attain a single coral-
dominated equilibrium. However, two aspects of recovery rate
can be operationalized. The first is a short-term recovery rate,
usually measured directly from time-series. The second, termed
reef performance, uses models to hindcast reef trajectories or
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project into the future, typically over longer periods of time
(Mumby and Anthony, 2015).

Short-Term Recovery Rates
Rates of change and trends have commonly been used to examine
coral reef recovery and decline by tracking changes in coral
cover over time (Emslie et al., 2008; Graham et al., 2011; Johns
et al., 2014). Despite being easily applicable, simple averaging
is problematic as calculated rates are highly influenced by the
initial coral cover and assumes linear growth rates (Côté et al.,
2006). A useful way to obtain short-term recovery rate is through
statistical models that can incorporate ecological processes and
dynamics such as multivariate autoregression models (Zychaluk
et al., 2012; Cooper et al., 2015; Gross and Edmunds, 2015; Lam
et al., 2018). Recovery is usually quantified using exponential
rates to reduce the dependence on initial state, such as the
instantaneous growth rate of a logistic growth function (Haddon,
2001). Reefs with faster recovery rates have higher engineering
resilience. In a coral reef context, Mumby (2009) demonstrated
that recovery rates increase the farther the system sits from
a tipping point (though they can slow as they approach a
stable equilibrium). Thus, recovery rates can also be used as
an instantaneous proxy of ecological resilience irrespective of
future disturbance, and are correlated to precariousness. It is
important to distinguish the two approaches of short-term
recovery rates and current attractor, although both relies on
recovery rates, Current Attractor relies on impacts of disturbance
and observations of the recovery trend immediately after the
impact. Rates of short-term recovery are also related to the
diversity of corals in any given system – dependent on the
ocean geographical location being studied – as well as other
ecological characteristics of the system such as fish diversity,
system state following disturbance, and anthropogenic pollution
(Bellwood et al., 2004; Fabricius, 2005; Graham et al., 2011, 2015).
While short-term recovery rates cannot project reef state far
into the future, they provide a useful basis for comparing the
recoverability of reef locations (Ortiz et al., 2018). Moreover,
while many studies rely on total coral cover as a single metric
to examine return rate, it is also necessary to consider the type
of community of corals in multivariate space or by functional
groups (e.g., Ortiz et al., 2014; Tanner, 2017; Kayal et al., 2018;
Gouezo et al., 2019).

Reef Performance
In many cases, including the GBR, the state of the reef might
decline despite significant investments in reef management such
as improvements in water quality (De’ath et al., 2012). Here,
the value of management is best viewed using counterfactual
analyses that ask how much worse the system would look
had management action been reduced (Mumby et al., 2017).
Or alternatively, how much healthier is the reef given our
management interventions (Figure 3). Projecting how the reef
might look into the future under different management scenarios
provides a basis for management strategy evaluation. Mumby
and Anthony (2015) proposed a framework that compares the
trajectories of reefs under different levels of management and
explicitly differentiates the degree to which local manageable

stressors versus climate change and ocean acidification would
contribute to loss of future reef state (see also Wolff et al., 2018).
Such comparisons can also incorporate global differences in fish
assemblages that result from different management strategies
(Edwards et al., 2014; Harborne et al., 2018).

Because such methods are based on projections of reefs
into the future they rely on models, even if simplistic. The
goal is to compare alternative possible trajectories that might
include (i) a purely natural system where the stressors could
include cyclones but no climate change, (ii) the addition of
climate change and ocean acidification, (iii) further addition
of unmanageable local stressors (which may include historical
accumulation of pollutants), and (iv) the further addition of
potentially manageable stressors (e.g., anchor damage, fishing,
crown-of-thorns starfish) (Figure 4). Reef performance simply
expresses the average state of the reef under a one trajectory as a
percentage of the reef ’s state under a less stressful trajectory. For
example, a performance of 50% over the years 2020–2030 implies
that coral cover under business-as-usual (all stressors) will, on
average, be half of that in the absence of a pristine ecosystem
between the years 2020 and 2030.

The approach can be applied irrespective of the existence of
alternative attractors as it simply compares potential trajectories.
Metrics of relative management potential can then be calculated
and compared to inform decisions. This approach has been taken
at a coarse scale on the Great Barrier Reef (Wolff et al., 2018),
and is mostly limited by the spatial resolution of input data layers
(particularly climate projections) and scientific understanding of
the changes in reef state that management can elicit.

Vulnerability Related Approaches
Despite its roots in social science, the vulnerability concept is
increasingly used in ecology (Beroya-Eitner, 2016) and thus
incorporated in the proposed resilience framework (Figure 1).
Vulnerability is context-specific (Barnett et al., 2008) and its
measurement can be grouped into two general categories.
Absolute vulnerability allows comparisons across space and
time, whereas relative measures only indicate rankings and are

FIGURE 3 | Decision making framework for investment strategy for locations
with varying resilience levels and potential management impact, modified from
Mumby and Anthony (2015).
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FIGURE 4 | Use of Reef Performance metrics with modeled projections of reef futures with various levels of stressors (adapted from Mumby and Anthony, 2015).
Results integrated over T time steps, t.

project/case-specific. It is useful to consider the suitability of
using absolute or relative measures as data and skill requirements
differ greatly (Alwang et al., 2001).

Absolute Vulnerability
A measure of absolute vulnerability can be achieved through
simulation or statistical models, providing data are available for
the appropriate parameterization. The measurement of absolute
vulnerability requires an explicit benchmark (Alwang et al.,
2001), such as the vulnerability of corals to an increase of
1◦C in seawater temperatures, to physical hurricane impact,
or any other specific kind of disturbance. This approach is
best implemented using models, be they statistical or otherwise.
System models are useful in quantifying vulnerability because
the incorporation of explicit biological responses and ecological
interactions lend themselves to projecting the response of a
system into new environments (Scheffer and Carpenter, 2003;
Nyström et al., 2008). One example of an absolute vulnerability
measurement in coral reef ecosystems is estimation of the
number of years before coral cover fell below 10% in Belize
(Mumby et al., 2014b). Statistical approaches offer an alternative
to simulation models for understanding system dynamics. For
example, Zychaluk et al. (2012) used a Markov process to project
the average trajectory of coral reefs toward coral, algal or other
endpoints. Alternative model formulations are also being used
to incorporate a greater range of covariates (Cooper et al.,
2015), explore reef ecosystem stability in response to multiple
disturbances (Gross and Edmunds, 2015), and to determine
trajectories using Bayesian methods through reef accretion and
recovery following disturbance (van Woesik, 2013).

Relative Vulnerability and Resilience Indices
Most published assessments of reef resilience utilized relative
vulnerability and identified a series of reef attributes that confer
resilience. Attributes are measured in the field, scored and
aggregated to provide an overall “resilience metric” at each

reef location. Attributes are chosen by literature review (Obura
and Grimsditch, 2009), collegial expert opinion (McClanahan
et al., 2012), consultation of fishermen to anticipate social-
economical responses to change (Marshall and Marshall, 2007),
and relevance to geographic location (Maynard et al., 2010).
As vulnerability approaches stems from social science, studies
under this category most readily incorporate both human
stressors in addition to environmental and ecological factors.
Individual attributes are often weighted by importance prior to
integration (Maynard et al., 2010; McClanahan et al., 2012). For
example, Maynard et al. (2010) created an empirical framework
where resilience attributes (indicators) were classified, ranked
and weighted following scientific evidence. The final resilience
score is simply the sum of all weighted scores. The great
benefit of this metrics approach (i.e., relative vulnerability)
is that it can be measured easily in the field and used
to rank the vulnerability of sites (Beroya-Eitner, 2016). Like
all the approaches reviewed, it has some limitations and
caveats (Table 1), which are well known by implementers
of these methods.

Most resilience indices do not measure ecological processes
directly; rather they focus on state (e.g., coral cover) or proxies
of process (e.g., fish biomass for herbivory). Not surprisingly, it
is preferable to use the closest proxy to the process as possible.
For example, a study of the association between herbivory and
juvenile coral density on Caribbean reefs found that better
metrics explained were three times more successful at resolving
the relationship (Steneck et al., 2018). Parrotfish biomass only
explained 8% of the variance of juvenile coral density whereas
a metric that accounted for parrotfish species and size effects
on grazing, and the surface area of grazable substrate explained
23% of variance.

Although the use of weightings can emphasize the
disproportionate importance of some processes over others
(Maynard et al., 2010), an implicit assumption remains that
processes integrate linearly (Barnett et al., 2008). In reality,
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reinforcing feedback mechanisms are important drivers of
coral reef dynamics (Mumby and Steneck, 2008) and tend to
generate non-linear interactions among processes (Birkeland,
2004). For example, the outcome of having a “high” value for
coral larval supply depends strongly on the processes that
influence settlement and post-settlement mortality, such as
macroalgal cover (Dixon et al., 2015; Doropoulos et al., 2015)
and corallivory (Doropoulos et al., 2016). The non-linear and
context-dependencies among processes are more easily dealt
with using mechanistic models. It is also important to recognize
that vulnerability assessments are sensitive to the number
of metrics included; the more metrics included, the less any
particular attribute can influence the overall score (McClanahan
et al., 2012). Yet an extreme value for one attribute (e.g.,
macroalgal cover) might be sufficient to reduce recovery severely
(Mumby et al., 2015).

Metrics are often assumed to be uni-directional, but factors
can affect resilience in both directions depending on context
and environment (Table 2). For example, ocean currents that
contribute to connectivity may also become a threat to resilience
by carrying pollutants, nutrients and diseases (Nyström et al.,
2000; McClanahan et al., 2002). Finally, while the empirical
nature of vulnerability metrics approach is appealing, its
dependence on field surveys tends to make it difficult to scale

up. This is the converse problem with modeling studies which
have large spatial extent but limited resolution at small-scales.
Ultimately, the choice of approach (or approaches) will be
determined, in part, by the scale or scales at which management
is focused. Recent studies have advocated a nested approach that
makes this explicit (Maynard et al., 2015).

APPLICATION OF RESILIENCE
ASSESSMENTS TO REEF
MANAGEMENT

The multiplicity of methods for resilience assessments has
outpaced their incorporation into management. Each resilience
method can be used to answer a suite of management questions
(Table 3). Commonly, the end-point for many resilience
assessments is a map of ranked vulnerabilities or “resilience
metrics,” yet the pathway for these metrics to be incorporated
into management decisions can be unclear. There has been some
consideration on how to prioritize depending on the level of
threats expected. Game et al. (2008) and Anthony et al. (2015)
put forward comprehensive frameworks for the management
process. What appears to be under-developed is formalizing the

TABLE 1 | Implicit underlying assumptions of the relative vulnerability approach.

Metric approach analysis Implicit assumptions/potential issues References

Choosing attributes 1. Literature review Ecosystem drivers in literature were from comparable
system (physical environment, biodiversity, etc.) to that
being evaluated. Good to discriminate whether factor
influences recovery or resistance.

Obura and Grimsditch, 2009;
Maynard et al., 2010

2. Expert opinion ranking Experts correct and that collective opinion is consistent
and not a compromise such that attributes might not
align with any individual opinion

Marshall and Marshall, 2007;
McClanahan et al., 2012

3. Other management consideration of
ecological services, e.g., carbon
sequestration

Will vary amongst approaches depending on the focus
of programmes

Programmes within
organizations

Combining attributes 1. Combining values of different attributes to
get an overall resilience score

Linear relationships between attributes; score is a direct
measure of resilience

(a) Without weighting All attributes contribute equally to resilience Obura and Grimsditch, 2009

(b) With weighting Weightings appropriate and attributes interact linearly

(i) Ecological importance from literature Ecosystem drivers in literature were from comparable
system (physical environment, biodiversity, etc.) to that
being evaluated; relative importance of attributes
appropriate

Maynard et al., 2010

(ii) Scientific evidence from
literature/expert opinion

More studies on one attribute might elevate its
perceived importance

McClanahan et al., 2012;
Cinner et al., 2013

2. Overall resilience scores classified into
resilience categories (low, mid, high) based
on predetermined ranges of overall scores

Linear relationships; overall scores directly translate to
resilience categories

Maynard et al., 2010;
Mamauag et al., 2013

3. Comparison of individual attribute scores
with no overall resilience score provided

No indication of the importance of each attribute to
resilience

Bruckner, 2012

Link to management 1. Identified reef sites with the lowest to
highest resilience

Score is a direct measure of resilience; does not link to
further management actions.

Obura and Grimsditch, 2009;
Obura and Grimsditch, 2009;
McClanahan et al., 2012

2. Ranked “management influence potential”
to determine how management can
influence the resilience of a reef site

The potential to be managed ranking directly influences
the resilience of the systems

Maynard et al., 2010

Frontiers in Ecology and Evolution | www.frontiersin.org 8 March 2020 | Volume 8 | Article 49

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-08-00049 March 18, 2020 Time: 13:33 # 9

Lam et al. Reef Resilience Concepts

TABLE 2 | Variables used in resilience assessments that can have both positive and negative effects on resilience.

Variable Reasons for affecting resilience

(+) References (−) References

Corals exposed
at low tide

Promotes acclimatization and
resistance

West and Salm, 2003;
Obura and Grimsditch,
2009

Corals exposed to air for long periods
causes mortality

Maynard et al., 2010

Currents Coral larval transport; West and Salm, 2003;
Obura and Grimsditch,
2009

Transport pests like crown-of-thorns
starfish

Hock et al., 2017

Temperature regulation Obura and Grimsditch,
2009

Carry pollutants, nutrients and diseases Nyström et al., 2000

Prevent excessive buildup of toxins
from bleaching

West and Salm, 2003

Mature colonies Mechanically stronger McClanahan et al., 2011 More susceptible to bleaching Mumby, 1999;
McClanahan et al., 2011

More recruits produced Maynard et al., 2010

Likely to have withstood a number a
range of stressors and hence more
resistant

Maynard et al., 2010

Sea urchins Herbivory Obura and Grimsditch,
2009; Maynard et al., 2010;
McClanahan et al., 2012;
Graham et al., 2015

Bioerosion West and Salm, 2003;
Obura and Grimsditch,
2009

Turbidity/
Sedimentation

Less light penetration, less exposure to
thermal stress

West and Salm, 2003;
Obura and Grimsditch,
2009

Corals require physiological resources
to tolerate sediments, which would
increase its susceptibility to other
stressors

Maynard et al., 2010

Limits coral settlement Birrell et al., 2005;
McClanahan et al., 2012

Upwelling Reduces thermal stress during
bleaching

Maynard et al., 2010;
McClanahan et al., 2012

Corals in upwelling areas more sensitive
to temperature increases

West and Salm, 2003

Cooling West and Salm, 2003

Wave
exposure/energy

Increase oxygenation in water,
enhances coral metabolism

Obura and Grimsditch,
2009

Promotes algal growth Mumby et al., 2014b;
Graham et al., 2015

Promotes water movement to flush
toxins

West and Salm, 2003

Algal dislodgement Graham et al., 2015

+ and − indicates a positive and negative effect on resilience respectively.

link between the nature of a management intervention and its
expected influence on resilience (or vulnerability).

A useful attempt to operationalize RBM utilized a metrics-
based approach and identified metrics that were under potential
management control and scored the likely ease of implementing
such management at the site (Maynard et al., 2010). Another key
consideration would be the degree to which management would
improve the outlook or resilience score if implemented. Mumby
et al. (2014b) specifically simulated the impact of a change in
fisheries policy and mapped the expected increase in resilience
across the reef. Mumby and Anthony (2015) went further and
suggested management prioritizations would benefit from a
simple framework that plotted current state or resilience on one
axis and the degree to which management could improve that
state or resilience on the other (Figure 3). A given management
intervention would achieve the greatest “bang for buck” where
the scope for increasing resilience is maximized. Similarly, areas
of low resilience that cannot be improved by management would
receive a low priority for intervention.

A similar strategy to estimate the benefits of management
implementation could be developed for metrics-based
approaches. In addition to a site’s current vulnerability
score, it would be possible to estimate the degree to which
an intervention might increase that score, subject to local
constraints. For example, a site might only have a standardized
herbivory score of 0.5, implying intermediate herbivorous fish
biomass. Were a marine reserve to be established, herbivory
would be expected to increase to the maximum score possible
subject to limitations of the benthos, such as the local habitat
complexity and the availability of food (cover of algal turfs).
The researcher might turn to relevant analyses of bivariate
relationships between variables to estimate these constraints; i.e.,
the relationships between herbivore biomass, habitat complexity,
and algal cover (McClanahan et al., 2011; Karr et al., 2015).
The outcome might be that herbivory could increase to a
value of 0.8, which when combined with other influences of a
reserve on other metrics, leads to a new vulnerability measure,
“potential vulnerability if management enacted.” Moreover,
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alternate attractors are not always between coral and macroalgal
dominated states. For example, transitions from coral to other
organism assemblages have been documented throughout the
globe and include shifts to corallimorphs, soft corals, sponges,
urchin barrens, sea anemones, and ascidians (Norström et al.,
2009). Management interventions to reduce the probability of
these transitions remaining stable require different strategies to
managing transitions from corals to macroalgae.

To move toward strategic management planning, predictive
approaches that link interventions to probable future reef
responses would be useful. Given that the use of empirical metrics
is the most widely-used resilience quantification approach,
scientists need to facilitate the efficacy and predictability of
metrics-based approaches. We believe there has not yet been a
study to resolve which metrics has the most predictive power,
and a meta-analysis is long overdue. As the key metrics are
resolved, studies can take into account the relative influence
of metrics on resilience and produce a more nuanced analysis
based on the interactions of multiple metrics. There are specific
examples finding rugosity and herbivory to be predictors of
flipping to from coral-dominated to algal-dominated attractors.
Studies from the Caribbean and Pacific have both found
algal turf canopy height to be a good predictor of coral
recruitment failure, as well as macroalgal cover. Most resilience
indicators are snapshot datasets, such as biomass, cover, and
structural complexity. In some cases it is hoped that data
like herbivore biomass is a reasonable proxy of herbivory
(though see Steneck et al., 2018, for its limitations). Yet
longer-term data on key processes, such as calcification –
derived from coral cores – have rarely (if ever) been used
as part of a resilience/vulnerability assessment. It would be
instructive to evaluate the predictive power of such metrics
as good indicators of, say exposure to stressful environments.
One challenge is to create a more sophisticated but accessible
method for the integration of attribute values that captures
the complex non-linear interactions of physical, biological and
ecological processes on reefs (Barbier et al., 2008; Nyström
et al., 2008). This could be achieved by coupling ecological
models with an interface that allows users to enter their
attribute data and receive a prediction of resilience or recovery
rate. Some attempts have been made to provide a means
of diagnosing and interpreting reef ecological data, but these
remain in their infancy (Flower et al., 2017). A more formal
quantitative approach would utilize monitoring datasets from
specific reefs into a larger statistical framework – such as Bayesian
Belief Networks (Wooldridge and Done, 2004; Renken and
Mumby, 2009) – capable of making short-term predictions for
a given reef ’s outlook based on local environmental effects,
current state, and disturbance history (Eason et al., 2016).
Such statistical models would not only help practitioners
identify appropriate resilience attributes for a given context,
but they would help utilize the vast amounts of monitoring
data available. And importantly, by providing a tool to help
understand reef resilience, they would provide an incentive for
practitioners and scientists to contribute their data and build a
community-wide understanding of the drivers of reef health in
different environments.
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