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ABSTRACT

Climate change is causing the decline of coral reef ecosystems globally. Recent research highlights the impor-
tance of reducing CO, emissions in combination with implementing local management actions to support reef
health and recovery, particularly actions that protect sites which are more resilient to extreme events. Resilience
assessments quantify the ecological, social, and environmental context of reefs through the lens of resilience, i.e.,
the capacity of a system to absorb or withstand stressors such that the system maintains its structure and
functions and has the capacity to adapt to future disturbances and changes. Resilience assessments are an
important tool to help marine managers and decision makers anticipate changes, identify areas with high sur-
vival prospects, and prioritize management actions to support resilience. While being widely implemented,
however, there has not yet been an evaluation of whether resilience assessments have informed coral reef
management. Here, we assess the primary and gray literature and input from coral reef managers to map where
resilience assessments have been conducted. We explore if and how they have been used to inform management
actions and provide recommendations for improving the likelihood that resilience assessments will result in
management actions and positive conservation outcomes. These recommendations are applicable to other eco-
systems in which resilience assessments are applied and will become increasingly important as climate impacts
intensify and reduce the window of opportunity for protecting natural ecosystems.

1. Introduction

70-90% at 1.5 °C and increasing global temperatures to 2 °C above
pre-industrial levels may result in irreversible loss of marine ecosystems

Climate change is increasingly impacting the world’s coral reefs and
the communities that depend upon them (Heron et al., 2016; Hughes
et al.,, 2018). In 2014-2017, the world experienced the longest, most
widespread, and possibly most damaging coral bleaching event on re-
cord due to a combination of a strong El Nino, La Nina, and ocean
warming (NOAA, 2017). Unprecedented coral bleaching-related mor-
tality affected coral reef ecosystems around the world (Hughes et al.,
2018), resulting in substantial coral loss. It renewed the strong impetus
for regulations to mitigate climate change and local management actions
that support coral reef resilience.

The footprint of recurrent bleaching is expanding in parallel with the
increasing frequency and severity of bleaching events (Hughes et al.,
2017). A recent report suggested that reefs are projected to decline by
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(IPCC, 2018). By 2050, 90% of all reef locations may experience mass
coral bleaching annually (Van Hooidonk et al., 2016), increasing the risk
of coral disease, mortality, and habitat loss (Maynard et al., 2015).
Changes in ocean chemistry are also reducing coral calcification and
growth, weakening coral skeletons and making them more vulnerable to
storms (Albright et al., 2016).

Against this backdrop of increased reef degradation and threats,
strategies to protect reefs have been developed ranging from local to
global scale interventions including marine protected areas, fisheries
management, improvements in water quality, greenhouse gas mitiga-
tion (e.g., renewable energy, restoration of carbon sinks, geo-
engineering), and marine bioengineering (e.g., coral gardening, assisted
migration; Mcleod et al., 2019; Morrison et al., 2020). Recent research
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supports the importance of local management efforts to support reef
recovery in combination with reduction of CO, emissions (Hughes et al.,
2017; Roberts et al., 2017; Wolff et al., 2018; Shaver et al., 2018;
Steneck et al., 2019). For example, local actions that reduce algal
abundance (e.g., protecting herbivores; reducing pollutants that stimu-
late algal growth) can increase the recovery potential for corals (Bell-
wood et al., 2004; Steneck et al., 2019).

Resilience assessments were developed to help marine managers and
decision makers to identify reefs most likely to survive climate change
and prioritize management actions to support resilience (McClanahan
et al., 2012; Weeks and Jupiter, 2013; Conway-Cranos, 2012; Maynard
etal., 2015). Resilience assessments differ from reef monitoring (Fig. 1).
Typically, resilience assessments are conducted one time (rather than
continuous monitoring) and build on data collected through traditional
monitoring programs (e.g., coral and algal cover, coral and fish di-
versity, temperature, rugosity). Resilience assessments often include
data on ecological processes that affect reef function especially related
to recovery processes after mortality events (e.g., recruitment, connec-
tivity) and data on anthropogenic impacts, environmental conditions (e.
g. water quality), disturbance regimes and thermal regimes (Lam et al.,
2017). They may be nested within, or may complement, existing coral
reef monitoring programs. While there is no standard definition for
resilience assessments, we define them here as data gathering and
analysis that aims to obtain integrated ecological, environmental, and
socio-economic information of a reef site with a focus on quantifying
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indicators pertaining to a reefs’ resistance to stress and its ability to
recover after experiencing a disturbance (Fig. 1).

Since 2007, resilience assessments have been conducted in all major
coral reef areas including the Atlantic, South and East Asia, Pacific,
Australia, and East Africa. After more than a decade of coral reef resil-
ience assessments, it is important to assess their application to inform
management. The aim of this review is to assess where reef resilience
assessments have been implemented and whether they resulted in
management actions. We also discuss the benefits and challenges of their
implementation and provide recommendations to guide future resil-
ience assessments based on case studies implemented around the world.

2. Methods

We completed a systematic review of resilience assessments,
following standards set by the Collaboration for Environmental Evi-
dence (2017). Search terms were trialed and refined using ISI Web of
Knowledge and based on sensitivity to capture relevant literature. The
final searches were conducted using ISI Web of Knowledge and Direc-
tory of Open Access Journals in April 2018 (4/28/18) using two topic
searches for both databases: 1) reef AND resilience AND assessment; and
2) reef AND resilience AND monitoring). All journal articles resulting
from searches were saved in Endnote and all abstracts were initially
reviewed for fit into the general objectives of the study. Selected papers
were then examined and filtered using reef resilience assessment

Reef Monitoring

Assess changes in species abundance &
ecosystem health

Repeated surveys

Reef state - coral/algal cover &
diversity, fish abundance

Local environmental conditions -
habitat, substrate, temperature, depth,
rugosity

Human impacts - pollution, fishing
pressure, coastal development,
predation, invasive species, disease,
storms, bleaching

Human uses - fishing, snorkeling, diving

@OBJECTIVE

Determine potential of reef to resist/recover from
disturbance & guide management actions

@ TIMING

One-time measurement or recurrent survey

METRICS
all

Resilience Assessments

Reef state

Local environmental conditions
Human impacts

Human uses

Ecosystem processes/function - recruitment & recovery
(e.g., recruit densities, connectivity, coral growth and
erosion rates, herbivore biomass, nutrient regime)

Thermally-resistant coral species

Disturbance regimes - historical or projected sea-
surface temperature patterns, storms

Cultural values*
Distance to markets*

Changes in technology, population, governance
structure*

Fig. 1. Differences between traditional reef monitoring and resilience assessments. *refers to metrics that are not currently included in resilience assessments but

would be valuable to consider.
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criteria.

Following our resilience assessment definition, we applied the
following criteria to capture the key components of reef resilience as-
sessments to filter results: 1) coral reefs were assessed in situ; 2)
assessment included multiple threats (>1 threat) facing reefs such as
pollution, destructive fishing, etc.; 3) included indicators of both coral
resistance and recovery (Levin and Lubchencho, 2008; McClanahan
et al., 2012); 4) included data on thermal regimes (e.g., historical or
projected sea-surface temperature patterns); and 5) included consider-
ation of management actions to improve reef health or support reef re-
covery. A full examination of the quality of the assessments in the
reviewed articles or the rigor of the methods used was beyond the scope
of this analysis but would be valuable to consider in future reviews of
resilience assessments.

We obtained 144 (topic 1: reef AND resilience AND assessment) and
185 (topic 2: reef AND resilience AND monitoring) studies from the Web
of Knowledge search, which resulted in 40 studies (topic 1) and 43 (topic
2) studies for further examination and inclusion into the study. From the
Directory of Open Access Journals, we obtained 12 (topic 1) and 24
(topic 2) studies, resulting in 2 (topic 1) and 7 (topic 2) studies for
further review.

Further, many reef resilience assessments have not been published in
peer reviewed journals and are buried in gray literature (e.g., conser-
vation NGO and donor reports). A web-based search (www.google.com)
was used for reference cross-checks using the same search terms above,
and the first 50 hits were screened. To minimize publication and
availability bias, a search of gray literature was also completed. Reef
management agencies were sent emails asking whether resilience as-
sessments had been completed. Managers were asked whether man-
agement actions had been implemented based on assessment results for
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Southeast Asia (n = 16) regions, two highly threatened reef areas
globally based on human impacts and thermal stress (Table 1; Burke
et al., 2011), followed closely by the Pacific (n = 15). Relatively fewer
assessments were conducted in the Atlantic (n = 10), despite being the
second most threatened reef region (Table 1; 92% of reefs threatened).
Very few assessments have been completed in the Middle East (n = 3)
and Australia (n = 1) regions. There was no correlation between the
number of resilience assessments conducted in a region and the total reef
area (P = 0.378, adjusted R? = —0.004), percent reef area (P = 0.372,
adjusted R? = 0.002), or percent of threatened reefs in a region (P =
0.225, adjusted R? = 0.174).

Overall, 52% of resilience assessments were used to inform coral reef
management (n = 34), 37% were not used to inform management ac-
tions (n = 24), and for 11% any conservation application remains un-
known (n = 7). Management planning and actions resulting from
resilience assessments included the following 5 categories: 1) spatial
planning (e.g., designing MPAs and LMMAs; zoning plans); 2) moni-
toring and evaluation; 3) local threat management (e.g., anchor damage,
invasive species, pollution); 4) fisheries management; and 5) reef
restoration. All actions informed by assessments were counted, as some
assessments led to multiple categories of management actions.

Table 1

Characteristics of major coral reef regions, including reef area (sq km and % of
global), reef threat ranking (percent of reefs threatened), number of resilience
assessments conducted, and standardized ranking for number of assessments
based on total threat (ratio). Reef regions, reef area, and threat ranking were
taken from Burke et al.,, (2011). Threat ranking includes overfishing and
destructive fishing, pollution, coastal development, and thermal stress.

assessments that fit the criteria above. The managers were identified Region Reef Reef % Total # #
from a list developed by the Nature Conservancy’s Reef Resilience ared avea threatened resilience Assessments
. ) (sq (% of (integrated assessments per %
Network that included >700 reef managers from different management km) global)  local and threatened
agencies in over 80 countries/territories. Reports provided by reef thermal area (ratio)
management agencies were combined with gray literature reports and stress)
publications from the web-based Google search. Atlantic 25849 10 92 10 0.11
Australia 42,315 17 40 1 0.03
3. Results Indian 31,543 13 82 20 0.22
Ocean
. L . - . Middle 14,399 6 76 3 0.04
Using the criteria above, we identified a total of 65 reef resilience Fast
assessments that have been implemented in all major coral reef regions Pacific 65,972 26 65 15 0.23
across 44 countries and territories (Fig. 2). Most of the resilience as- Southeast 69,637 28 95 16 0.19
sessments have been completed in the Indian Ocean (n = 20) and Asia
1] o
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Fig. 2. Global map of reef resilience assessments based on surveys of coral reef managers and a literature search for scientific publications. Source for coral reef map

(WCMC, 2010).
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The vast majority of management actions implemented from resil-
ience assessment results were categorized as spatial planning (n = 26)
and included actions such as: informing the design, zoning, and man-
agement of marine protected areas (MPAs), MPA networks, and locally
managed marine areas (LMMAs); identifying priority sites for protection
due to bleaching vulnerability or high resilience (to serve as source
reefs); and informing seascape or marine spatial planning. Assessments
also were used to inform fisheries management actions (n = 7)
including: outlawing and controlling harvesting; informing fisheries
regulations; and setting export quotas. Some assessments were used to
inform local threat management (n = 5), including reducing impacts
from boat anchoring, tourism damage, invasive species, and nutrient
and sediment pollution, and monitoring and evaluation (n = 5)
including informing future resilience and bleaching monitoring pro-
tocols. Finally, one assessment was used to prioritize areas for coral reef
restoration (n = 1, 3%). In addition to management actions, we also
found 4 instances where assessments were used to support raising
awareness with local communities.

The majority of the assessments were conducted by or in partnership
with conservation NGOs (n = 35) or research institutions (n = 22;
Fig. 3). Assessments were also conducted to a lesser extent by govern-
ment agencies (n = 8). Of these institution types, conservation NGOs had
the highest number and proportion of resilience assessments leading to
management actions (66%, n = 23) (Fig. 3), followed by research in-
stitutions (45%, n = 10) and government agencies (25%, n = 2).

By region, the proportion of assessments leading to management
actions was highest for Australia (100%, n = 1), however, only one
assessment was completed for this region (Fig. 4). Southeast Asia had the
second highest proportion of management actions taken (69%, n = 11),
followed by the Indian Ocean (50%, n = 10), Atlantic (50%, n = 5), and
Pacific (40%, n = 6). The lowest proportion of assessments leading to
management actions occurred in the Middle East (33%, n = 1) due to the
fact that only 3 assessments have been completed in this region and the
outcomes of two assessments remain unknown.

The costs and time needed to complete resilience assessments varied
widely (Supplementary Table 1). For instance, costs reported ranged
from $1000 to $2.5 million (USD), with median costs for assessments
around $27,000 USD. Additionally, the costs included also varied
considerably (e.g., some assessments reported in-kind and salaried
support while others reported costs on a ‘per trip’ basis). Time to com-
plete the assessment ranged from 3 days to 4 years, with a median of 28
days, however several assessments did not specify the number of trips
taken and many did not report time needed to analyze and report
assessment findings. Additionally, some assessments included repeated
surveys over a several year period.
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Fig. 3. Have resilience assessments informed management actions by institu-
tional type (research institution, conservation NGO, government agency).
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4. Discussion
4.1. Global application of resilience assessments

Resilience assessments have been implemented on a global scale, and
the majority were completed in the Indian Ocean. One reason for this
may be that the organization responsible for leading many of the as-
sessments in the Indian Ocean is CORDIO, and one of their Founding
Directors, Dr. David Obura, wrote the first guidance manual on how to
conduct resilience assessments (Obura and Grimsdith, 2009). Interest-
ingly, the Middle East and Australia have implemented far fewer resil-
ience assessments than other reef regions (e.g., Southeast Asia, Pacific,
Atlantic and Indian Ocean). While there is not a significant correlation
between where assessments have been completed and level of threat to
reefs, other factors may be influencing assessment locations. For
example, the Middle East has the lowest percentage of reef areas in
MPAs (Burke et al., 2011); it also has few marine NGOs working in the
region which are one of the primary implementers of resilience assess-
ments. While Australia holds the third largest reef area by region glob-
ally (Table 1), its largest reef system, the Great Barrier Reef, is managed
by a single entity (i.e., Australia’s Great Barrier Reef Marine Park Au-
thority, GBRMPA). The GBRMPA has undergone an extensive multi-year
process to develop a Zoning Plan (Day et al., 2019), and recent planning
efforts have identified management recommendations for the Great
Barrier Reef in the context of a changing climate (e.g., Blueprint for
Resilience, GRBMPA, 2017; The Reef, 2050 Long-Term Sustainability
Plan, 2018; Commonwealth of Australia, 2018). Such efforts are inten-
ded to achieve many of the same objectives as resilience assessments
making a resilience assessment potentially duplicative at the national
level. However, resilience assessments may provide valuable informa-
tion for prioritizing management actions in specific reef areas (e.g.,
Keppel Bay, Australia; Beeden et al., 2014).

4.2. Objectives of resilience assessments

Resilience assessments can be used to prioritize different manage-
ment actions including prioritization of sites (for protection in MPAs;
bleaching monitoring; temporary closures during bleaching events, and
reef restoration); targeting management actions; and outreach and
stewardship programs (Maynard et al., 2015). The results of the analysis
above identified the same suite of management recommendations. The
most common application of resilience assessments was informing the
zoning of MPAs and marine spatial planning, highlighting their value to
help prioritize reefs for survival. This is likely because a key output of
resilience assessments is a spatial map of resilience potential, thus
directly informing a spatial prioritization of which areas to protect.
Resilience assessment results also were used to identify sites with high
resilience potential as priorities for no-take areas (Cabral, 2014). An
important area for future research is a better understanding of the sur-
vival prospects for sites with high resilience potential in a changing
climate.

Resilience assessments were also used to prioritize sites for specific
management interventions such as improving water quality, fisheries
management, no-anchoring areas, reducing damage to the reef from
divers/snorkelers, controlling sediment from coastal development, or
outreach and stewardship programs (e.g., Beeden et al., 2014; Maynard
et al., 2015; Sutthacheep et al., 2018). New opportunities to apply
resilience assessments include informing reef restoration and the
maintenance of critical ecosystem services. Only one assessment in this
review was used to prioritize areas for reef restoration. As support for
reef restoration increases globally (e.g., the UN Decade of Restoration,
2021-2030; Australian Government’s recent commitment of $6 million
AUD for reef restoration), resilience assessments may become increas-
ingly important to identify and prioritize areas for restoration projects.
Additionally, as reef systems continue to degrade and managers target
interventions toward the maintenance of key ecosystem services (e.g.,
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W Assessments resulted in management actions
B Assessments did not lead to management actions

O Management resulting from assessment unknown

Resilience Assessments (#)

. 1 2

Atlantic Australia

Coral reef region

Indian Ocean
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4
g 1 1
Middle East

Pacific Southeast Asia

Fig. 4. Outcomes of resilience assessments by coral reef region (assessments resulted in management actions; assessments did not lead to management actions;

management actions resulting from assessment were unknown).

coastal protection, fisheries, tourism), resilience assessments may pro-
vide opportunities to identify the ecological functions that are most
important for sustaining specific reef services (Bellwood et al., 2019a).
However, the ability to identify and assess critical ecological functions is
complicated by the fact that these may change as reefs change in
response to climate change and other human impacts (Bellwood et al.,
2019b).

4.3. Enabling conditions to support implementation of management
actions

Over half of the resilience assessments analyzed above resulted in
management actions. One possible reason why the majority of reef
resilience assessments led to management actions may be due to the fact
that many of the assessments were led by or partnered with conservation
NGOs whose objectives include improved reef protection. Another
possible reason is that many of the assessments included government
management agencies on the planning team. By comparison, an analysis
of published conservation assessments over a four-year period showed
that two-thirds did not deliver conservation actions largely because re-
searchers did not plan for implementation (Knight et al., 2008). This
“implementation gap” is a well noted challenge in conservation man-
agement more broadly (Noss et al., 1997; Prendergast et al., 1999;
Knight et al., 2008), and it has been discussed in other fields of science
including ecology (Higgs, 2005), ecosystem management (McNie,
2007), and environmental psychology (Sommer, 2003).

Researchers and managers have developed recommendations to in-
crease the likelihood that a conservation assessment will lead to man-
agement actions (Knight et al., 2008). These recommendations, and
those acknowledged in the assessments reviewed here, are helpful to
consider to increase the likelihood that management actions will be
implemented following a resilience assessment (Table 2).

4.4. Recommendations for increasing the potential for resilience
assessments to result in management actions

4.4.1. Building local support for resilience assessments

A recent survey of marine managers (unpublished data, >60 man-
agers from 28 countries; International Tropical Marine Ecosystem
Management Symposium, 2016), identified “lack of political and com-
munity will to apply resilience assessment results” as one of the greatest
challenges to using assessments to inform management. The importance

of local and political support to achieve conservation objectives has been
acknowledged for decades (e.g., Salafsky et al., 2002; Roux et al., 2006).
Additionally, the importance of stakeholder engagement in the planning
process, building trust, and the role of targeted communications to build
political will and support management has also been extensively dis-
cussed in conservation research (Mascia, 2003; Knight and Cowling,
2006; Cooke et al., 2013). Guidance for designing communication ma-
terials to support resilience assessments and how to implement the re-
sults also has been developed (Maynard et al., 2017; http://www.
reefresilience.org/).

Despite this, only 6% of the assessments reviewed here mentioned
efforts to raise awareness with local stakeholders. Notably, most of the
assessments reviewed did not include any information on the stake-
holder engagement process, thus it was not possible to explore if and
how levels of engagement affected the likelihood that the assessment
resulted in management actions. Future assessments would benefit from
including such details.

The assessments that did discuss awareness raising noted the
importance of working closely with local stakeholders from planning to
implementation to secure local support and communicating assessment
planning and results to local stakeholders to influence decision makers
and support management actions (Maynard et al., 2015; Eric Conklin
pers comm.).

A Park Manager from Bonaire shared a story about how he had been
working to engage a local legislator in conservation action to protect
Bonaire’s reefs and was unable to get support. After numerous pre-
sentations sharing resilience assessment data, the Park Manager learned
that the legislator was a diver and took him diving regularly, using dive
slates and underwater photography to describe healthy and unhealthy
corals. The legislator spoke on coral reef health at a key legislative
meeting and was instrumental in getting legislation passed to protect
Bonaire’s reef (Ramon de Ledn, pers.comm.).

Similarly, in a resilience assessment in the Maldives, the team
included a government focal point who communicated survey results
regularly to the national government which helped to secure political
support for the establishment of an MPA (Gabriel Grimsditch, pers.
comm). Working with local scientists with established strong local re-
lationships and engaging communities in data collection (e.g., through
citizen science) were noted as important ways to build local support for
an assessment.

Additional recommendations to increase political support for resil-
ience assessments include mapping out the structure and hierarchy of
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Table 2
Recommendations for using reef resilience assessments to inform management
actions derived from resilience assessments and marine conservation research
(italics)

Recommendations

Building local support (political will; stakeholder engagement; influencing
decision-makers)

Develop resilience assessment priorities in partnership with local stakeholders,
ensure sharing of data collected, and explore citizen science opportunities
(Maynard et al. 2015)

Include reef managers and decision-makers (when possible) in all stages of the
assessment from planning to implementation and identify local champion to sup-
port implementation (Rehm et al. 2014; Maynard et al. 2017)

Develop communications regarding the importance of managing for resilience and
how assessments can be used to build political will to support implementation of
management actions

Results of resilience assessments can provide a platform to promote reef
conservation and greater awareness of the importance of reefs; workshops,
campaigns and information displays can be helpful, including how local
stakeholders (e.g., tourism operators, students, local government officials) can play
a role in reducing damage to and encouraging protection of resilient areas
(Sutthacheep 2015)

Effective collaboration between scientists, local communities, and local
government officials is needed to integrate scientific data into policy and adaptation
measures

Conduct social assessment of the planning area to identify key stakeholders and to assess
implementation opportunities and constraints (Knight et al. 2008)

Map structure and hierarchy of decision-making within the local government to clarify
key influencers, appropriate communication channels, and opportunities for influencing
decision-makers (Arlettaz et al. 2010)

Guidance on indicators

Utilize locally-relevant resilience indicators that have strong links to resistance or
recovery based on local knowledge and that can be assessed using the same
methodology for all sites (Maynard et al. 2017)

Important to consider coastal human population in combination with other factors
influencing resilience potential, as higher populations around potentially resilient
reefs may pose risk of eroding reef resilience (Macharia et al. 2016)
Interpretation of assessment results should consider disturbance regime of reefs (e.
g., historical bleaching events, storm impacts) and projections of future exposure
(Bachtiar et al. 2012; Maynard et al. 2015)

Resilience assessments provide snapshot of status of resilience indicators thus it is
important to incorporate long-term trends of the status of indicators to assess the
effectiveness of management actions and to inform adaptive management (Ladd
et al. 2013)

Remote-sensing data may be used to develop a remotely-sensed resilience index
where field data are lacking (Rowlands et al. 2012)

Improved access to downscaled and locally-validated coral reef habitat maps from
remotely sensed technology are needed, especially in data poor regions (Macharia
et al. 2016) [Note: the new Allen Coral Atlas, https://allencoralatlas.org/, to be
completed in 2021 will provide geomorphic and benthic habitat maps globally]
Consider both social and ecological indicators of resilience (e.g., metrics of reef state,
disturbance regimes, ecosystem process and function, and changes in population,
governance and technology; Marshall et al. 2010; Cinner et al. 2013; Mcleod et al. 2019)
Timing of assessment

e Align timing of resilience assessment with management decision-making processes
(e.g., rezoning of MPA) (James True, pers. comm; Maynard et al. 2017)

o Consider how disturbance events (e.g., hurricanes, mass bleaching events) could
provide opportunities for increased awareness of climate impacts on reefs and
create public action to support reefs

Standardizing costs and value of cost-benefit analysis

o Standardize how costs are reported in resilience assessments (e.g., including
planning costs, boats, gasoline, dive equipment, staff salaries, food and lodging for
survey team, and in-kind contributions (Bayraktarov et al. 2016)

e Provide decision makers with a cost-benefit analysis of potential management ac-
tions in combination with assessment results to help prioritize management actions
(Prendergast et al. 1999; Hughey et al 2003; Arlettaz et al. 2010)

decision-making within the government to clarify key influencers,
appropriate communication channels, and opportunities for influencing
decision-makers. Conducting a social assessment of the planning area
can help to identify key stakeholders and clarify potential imple-
mentation opportunities and constraints (Knight et al., 2008).
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4.4.2. Guidance on selection of indicators

Utilizing locally-relevant resilience indicators that have strong links
to resistance or recovery based on local knowledge, and that can be
reliably assessed using the same methodology for all sites, helps to
support the scientific robustness and credibility of assessment results.
Scientists have prioritized indicators and anthropogenic stressors that
are likely to be the most important to support the resilience of coral reef
ecosystems (McClanahan et al., 2012). Key ecological resilience in-
dicators include resistant coral species, coral diversity, herbivore
biomass, coral disease, macroalgae, coral recruitment. Additional in-
dicators include temperature variability, herbivore diversity, and coral
size-class distribution. Indicators of human impacts such as nutrient
pollution, sedimentation, and fishing pressure are important to generate
a management intervention (e.g., pollution mitigation, closure of areas
to fishing or gear/harvest restrictions).

Many of the resilience assessments reviewed focused predominantly
on ecological indicators based on the guidance in the literature (e.g.,
Obura and Grimsdith, 2009; Maynard et al., 2010; McClanahan et al.,
2012). Very few of the reviewed assessments included any social in-
dicators (beyond human impacts), highlighting a key gap and an op-
portunity to improve future assessments. This gap is notable considering
the large body of research emphasizing the importance of incorporating
both social and ecological data (McClanahan et al., 2008; Cinner et al.
2009, 2013; Mcleod et al., 2016) to map conservation opportunities. The
inclusion of social indicators, such as distance to market, cultural values,
and changes in population, technology, and governance structures
(Fig. 1), may provide opportunities to enhance resilience and develop
strategies to abate the threats (Marshall et al., 2010; Mcleod et al.,
2019). Such indicators are important to consider due the fact that
human actions, conditions, and adaptive capacity can exacerbate or
support positive environmental conditions (McClanahan et al., 2008;
Marshall et al., 2010).

4.4.3. Timing assessments to inform management

Reef assessments are more likely to inform management actions
when the timing of the assessment is aligned to coordinate with man-
agement decision-making processes (e.g., plans for rezoning of an MPA;
James True, pers. comm; Maynard et al., 2017). It is also important to
understand how external events (e.g., hurricanes, mass bleaching
events) might provide areas of opportunity. For example, mass bleach-
ing events or storms could provide increased awareness of climate im-
pacts on reef systems and create increased support for public action to
support reef protection or restoration.

4.4.4. Standardizing how costs are reported

Finally, a key gap in resilience assessments currently is the lack of
standardization of how costs are reported. Costs varied widely (Sup-
plementary Table 1) due to differences in length of field time, local costs
(e.g., for fuel, boats, salaries), and what costs were considered. Under-
standing the potential costs of implementing a resilience assessment is
necessary for decision makers to determine whether the investment is
warranted. It would be helpful to standardize how costs are reported in
future assessments (e.g., including planning costs, boats, gasoline, dive
equipment, staff salaries (researchers, captain), food and lodging for
survey team, and in-kind contributions (e.g., donations or volunteer
labor; Bayraktarov et al., 2016). Additionally, providing decision
makers with a cost-benefit analysis of potential management actions in
combination with assessment results can help to prioritize management
actions (Prendergast et al., 1999; Arlettaz et al., 2010).

5. Conclusion

Climate change is a rapidly growing threat facing coral reefs
worldwide, and efforts to protect reefs should be focused on those areas
with the greatest chance of survival (Beyer et al., 2018). In addition to
supporting the survival and recovery of reef ecosystems, high resilience


https://allencoralatlas.org/

E. McLeod et al.

sites also are more likely to continue to support human communities
through maintaining the delivery of ecosystem goods and services
(Mumby and Anthony, 2015). Resilience assessments are important
tools to prioritize potentially resilient areas and reef restoration areas,
target management actions, and support outreach programs to build
awareness and stewardship of reef resources. However, they are also
being increasingly applied in other ecosystems, e.g., rocky intertidal
systems (Conway-Cranos, 2012), terrestrial forests (Reyer et al., 2015),
and freshwater ecosystems (Angeler et al., 2014).

As research organizations, conservation NGOs, education organiza-
tions, and government agencies continue to assess resilience across
ecosystems, attention to the recommendations above will help to in-
crease the likelihood of the assessments resulting in management ac-
tions. A focus on potential barriers and the existence of enabling
conditions (e.g., political will supporting implementation of manage-
ment actions; timing resilience assessments with management decisions;
engaging stakeholders from planning to implementation) can help to
support the uptake of assessment results. Further, improved guidance
regarding which indicators should be included in resilience assessments
(McClanahan et al., 2012) and the inclusion of both social and ecological
indicators (Cinner et al., 2009; Mcleod et al., 2016; Maynard et al.,
2017) will help to improve the ability of assessments to identify sites
with the greatest survival and recovery prospects.

The ability to prioritize limited conservation resources and effort in
the areas with the greatest survival prospects will become increasingly
important as climate changes continues to degrade coral reef ecosys-
tems. In parallel, efforts to address root causes of coral decline also must
be implemented urgently (i.e., GHG emissions reduction) along with
exploring bold interventions including terrestrial-based investments in
renewable energy, fossil fuel divestment, land-based aquaculture, and
restoration of carbon sinks (Morrison et al., 2019). Such approaches
require managing multi-scale threats and globally uneven power re-
lations and development patterns.

Our window of opportunity is narrowing. Recent research on the
Great Barrier Reef warns that the number of potential reef refuges is
declining, as bleaching events increase in frequency and intensity with
less time for recovery between events (Hughes et al., 2017). Ramping up
reef conservation and restoration efforts, in parallel with rapidly
reducing global emissions, provide coral reefs with the best chance of
survival.
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