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ABSTRACT

Coral reefs are among the most diverse and productive ecosystems on the planet, providing goods
and services to millions of people. Yet, they are threatened by a combination of natural and
anthropogenic disturbances, which are increasing in both frequency and intensity. With 9% of the
world's coral reef area, France is the 4" largest coral reef country, which confers a significant
responsibility in terms of conservation. This synthesis evaluates the major coral reef monitoring
programs in French overseas territories, aiming to identify gaps and proposing strategies to fulfill
national (the French Coral Reef Initiative — IFRECOR, and the National Strategy for Protected Areas
— SNAP) and European (the Water Framework Directive — WFD) requirements. We show that,
despite a disparity in terms of objectives, implementation periods, spatial extent, and biological
variables, these programs still represent a critical tool to inform stakeholders, managers and scientists
about ecological changes. We emphasize that while these monitoring programs can be improved to
meet the expectations of national public policy, such as through the use of common sampling
strategies and multivariate indices that incorporate key ecological and functional processes, our
analysis clearly demonstrates that several major requirements of the WFD are incompatible with coral
reef monitoring programs. Establishing a reference point, determining alert thresholds, distinguishing
natural and anthropogenic sources of disturbance, and the contrast between the allocated remediation
time and the recovery cycles of benthic communities are fundamental obstacles to the application of

the WFD for ecosystems as dynamic, diverse and complex as coral ecosystems.

Keywords: Coral reefs; Coral reef health; Ecological conditions; Monitoring; Indicators; IFRECOR;

SNAP; WFD
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1. Introduction

1.1. Scientific and political contexts
Coral reefs are among the most diverse, complex and productive ecosystems on Earth (Reaka-
Kudla et al. 1996, Fisher et al. 2015, Williams et al. 2019). They offer coastal protection and a broad
spectrum of economic, cultural, social, and aesthetic benefits to ~850 millions of people across more
than 100 countries, predominantly within small-island states (Moberg & Folke 1999, Kittinger et al.
2012, Wodhead et al. 2019). Across an evolutionary time scale, coral reefs have experienced large-
scale disturbances, such as thermal stress-induced bleaching events, cyclones and Acanthaster spp.
outbreaks (De’ath et al. 2012, Hughes et al. 2017b, Adjeroud et al. 2018, Emslie et al. 2024). In recent
decades, several anthropogenic impacts such as overfishing, pollution and sedimentation have added
to the backdrop of global climatic stressors (Hoegh-Guldberg & Bruno 2010, Hoegh-Guldberg 2012,
Reverter et al. 2024). Consequently, coral reef ecosystem functioning can be fundamentally altered,
and with it the capacity of reefs to provide their crucial services to humanity (Brandl et al. 2024).
The recent evaluation by the Global Assessment of Biodiversity and Ecosystem Services (IPBES
2019) estimates that around half of the living coral surface of coral reefs has been lost over the last
150 years, and this decline has accelerated over the last three decades. Furthermore, more than 60%
of coral reefs worldwide are under immediate and direct threat from local stressors (IPBES 2019,
IPCC 2019), which increases to ~75% when local stressors are combined with thermal stress (Burke
et al. 2011, Souter et al. 2021). Some projections suggest that mass mortalities of corals following
bleaching events will become ever more frequent, with a decline of coral populations between 70%
and 90% (Pandolfi et al. 2011, Mellin et al. 2024). In the context of this global ‘coral reef crisis’,
evaluating the vulnerability, adaptability and resilience of reef communities and associated coastal
human societies is urgently needed (Cinner et al. 2016, Hughes et al. 2017a, Mcleod et al. 2019).
In response, the scientific community alongside conservation managers and policymakers

have initiated measures to protect coral reefs. These include the establishment of the Global Coral
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Reef Monitoring Network (GCRMN) under the auspices of the International Coral Reef Initiative
(ICRI), citizen-science initiatives such as Reef Check, and the ever-increasing establishment of
Marine Protected Areas (MPAS). The primary goals of these initiatives are to produce comprehensive
monitoring systems to evaluate the status of coral reefs, to track their trajectory after disturbances,
and to implement management strategies that support resilience and the sustainable use of reef

resources (Kleypas et al. 2001).

1.2. France: a significant responsibility

As the world's fourth-largest coral country, accounting for approximately 9% of the world's coral
reef extent, and with coral reefs spread across the Indian, Pacific, and Atlantic Oceans (Fig. 1), France
holds a significant responsibility in terms of conservation and management of coral reef ecosystems
(Bambridge et al. 2019, Claudet et al. 2021, Pellerin et al. 2025).

In a decisive move in 1999, the French government initiated the French Coral Reef Initiative
(IFRECOR), with the aim of promoting the conservation and sustainable management of coral reefs,
seagrass beds and mangroves across French overseas territories (Fig. 2). This initiative underscores
France's dedication to the ICRI and its GCRMN, a commitment that dates back to the inception of
these programs in 1997. Tasked with evaluating coral reef health and resilience on a quinquennial
basis, IFRECOR must also help ensure that 100% of reefs under effective protection by 2025.
Furthermore in 2007, France embarked on a national strategy to establish and manage marine
protected areas (MPASs), which was subsequently revised in 2012 to include French overseas
territories. This strategy, known as the National Strategy for Protected Areas (hereafter SNAP), seeks
to increase the conservation value of marine regions characterized by significant biodiversity and
conservation needs, while also ensuring the sustainable development of associated human activities
(Fig. 2).

At the international level, France actively implements the Water Framework Directive (WFD) of

the European Union (adopted in 2000), which seeks to maintain or restore a good ecological and
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chemical status of groundwater and surface water bodies by 2027 (European Commission Directive
2000) (Fig. 2). Uniquely, France has voluntarily extended the scope of the WFD to include coastal
waters surrounding its reefs, seagrass beds, and mangroves in certain overseas territories,
distinguishing itself as the only European nation to take this step. The French coral reefs covered by
the WFD include the outermost regions (OMR) under European jurisdiction, namely La Réunion,
Mayotte, Guadeloupe, Martinique, and Saint Martin, while the overseas countries and territories
(OCT) — French Polynesia, New Caledonia, Wallis and Futuna, the Scattered Islands, Clipperton, and
Saint Barthélemy — do not fall under European jurisdiction and have their own political status with
regard to environmental matters. It is important to note that other European initiatives, such as the
Habitats Directive and the Marine Strategy Framework Directive, have been established to protect
and conserve marine species and habitats. However, the WFED remains the most relevant for tropical
benthic communities in OMR, and our review therefore focuses on this initiative.

In the context of the WFD, the bioindication tool must reflect the state of health of an environment,
based on the characteristics of the living communities, as well as the causes responsible for the
alteration of the environment (Hering et al. 2010, Voulvoulis et al. 2017). For coastal temperate and
tropical marine habitats, the biological quality elements (BQE) relate to phytoplankton, macroalgae
and angiosperms, benthic invertebrates and fishes. The status of these communities must be analyzed
in terms of deviation from a reference state, which is expressed as the Ecological Quality Ratio
(EQR): the state of an ecosystem compared to an equivalent environment that is free from
anthropogenic pressures or subject to pressures of very low intensity (European Commission
Directive 2000). The main stages in the development of a WFD bioindication tool are: (i) setting up
a standardized sampling network (including an environmental impact gradient), (ii) defining a
reference state, (iii) collecting biological data (which must include species occurrence, abundance
and/or biomass), abiotic data and environmental impact data, (iv) examining the relationships
between anthropogenic pressures and ecological status (to identify the metrics most sensitive to a

given pressure), (v) aggregation of metrics (to finalize the indicators by constructing aggregation
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rules for the selected metrics, and to ensure that the resulting indicator also responds satisfactorily to
impacts). Optional, but recommended, steps include an indicator validation phase, which must be
carried out on a different database from the one used to create the indicator (European Commission
Directive 2000).

The implementation of the WFD in certain ecosystems, such as inland waters, has led to significant
progress in monitoring, conservation, and restoration. However, its implementation in other
ecosystems, such as mangroves and coastal benthic communities, has highlighted a significant gap
between the theoretical objectives of the WFD and the practical realities of monitoring these

ecosystems (Moss 2008, Hering et al. 2010, Voulvoulis et al. 2017, Dirberg et al. 2020).

1.3. Objectives of this synthesis

Several years to decades following their inception, French stakeholders and managers have
recognized the need to improve and reinforce existing coral reef monitoring networks. This includes
increasing their comparability both within and among overseas territories. Furthermore, there is a call
for the development of robust indicators that holistically report on the ecosystem's health status
(Monnier et al. 2021), which includes the integration of data from benthic and fish communities to
provide a better understanding of ecological dynamics and interactions. Other demands include the
development of integrative indicators for each territory, tailored to their unique characteristics, and
the quantification of impacts of both large-scale and localized disturbances, including bleaching
events, cyclones, diseases outbreaks, and invasive alien species more effectively (Adjeroud et al.
2005). Indeed, French stakeholders and managers have demonstrated a keen interest in the critical
evaluation of these coral reef monitoring endeavors, particularly concerning their efficacy and
capacity to meet challenging national and international policy objectives. In this context, the present
synthesis is designed to achieve three key goals: (i) to conduct a comprehensive evaluation of the
current state of major coral reef health monitoring programs across French overseas territories,

showcasing recent advancements in national reporting and alignment with public policy objectives;
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(i) to pinpoint deficiencies within these monitoring programs that hinder their ability to meet both
national (e.g., IFRECOR, SNAP) and European (e.g., WFD) requirements; and (iii) to propose
actionable strategies to refine and augment these monitoring and conservation efforts in the context
of adaptive co-management. This is not only aimed at ensuring compliance with the aforementioned
standards, but also at enhancing the uniformity and interoperability of monitoring systems to bolster
and streamline national reporting efforts. These objectives underscore a strategic push towards
refining coral reef conservation efforts, aligning them more closely with both existing and emergent

environmental policy frameworks.

2. Status of coral reef monitoring in French overseas territories

2.1. Contrasting characteristics of monitoring programs

Coral reef monitoring programs have not been set up in a coordinated way across the French
overseas territories and consequently differ in many aspects (Table 1). This diversity is evident in
their varied origins, objectives, stakeholder engagements, and impacts on reef conservation and
management strategies. Indeed, monitoring programs have either been established by research
organizations in response to scientific questions, such as the Tiahura Radial at Moorea, French
Polynesia (Galzin 1987), or by political decisions, such as the UNESCO World Heritage in New
Caledonia and the GCRMN network in the SWIO and French Caribbean. Consequently, these
programs not only pursue different goals but also engage with stakeholders and contribute to reef
management in diverse ways. Beyond the different intentions, monitoring programs were also
established at different time-periods within the disturbance-recovery cycles of the reefs, which has
consequences for the assignment of reference state conditions to which subsequent data points can be
compared as well as for the relevance of the analysis of temporal trajectories. The oldest monitoring
programs, such as the French Polynesian Tiahura Radial in 1979 and Polynesia Mana in 1991 (Salvat

et al. 2008), were established before the onset of the first reported mass coral mortalities associated
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with global coral bleaching events in 1998 (Skirving et al. 2019). In contrast, other programs, such
as the one established for the WFD at La Réunion and Martinique, started in 2015 and 2017,
respectively, after the occurrence of large-scale disturbances. This disparity in the length of time
series, and in particular the limited historical perspective of some of them, poses challenges for
analyzing trends in national reports and for distinguishing the impact of certain anthropogenic
pressures, as required by the WFD.

The monitoring programs are carried out by either public research institutions, eco-guards from
public sector, engineers from private consulting companies, or sometimes citizen scientists, resulting
in a wide range of expertise levels. This variation significantly affects the choice of variables and the
precision of taxonomic identifications among the monitoring programs (Table 1). There is
particularly strong variability in the temporal and spatial coverage of monitoring efforts. Frequencies
range from annual to occasional opportunistic data collection (especially on remote reefs such as the
Iles Eparses), and there is considerable variability in the number of monitoring stations relative to the
geographic and ecological diversity of the focal reefs. For example, the ~16,200 km? of coral reefs
across 124 islands in French Polynesia and the relatively small ~18 km? of reefs in La Réunion are
monitored using the same number of stations (Table 1). The selection of reef habitats for monitoring
also varies, with some programs covering all major habitats to ensure a comprehensive evaluation of
reef condition (i.e., Tiahura Radial at Moorea, World Heritage in New Caledonia), while others, often
constrained by resource limitations (human, financial, or logistical), focus on specific habitats. For
SNAP, the monitoring networks are far from optimal for assessing the effect of protected areas in
most French overseas territories, as coverage often does not adequately cover habitats within and
outside of marine reserves or exhibits temporal inconsistencies (such as in Saint-Martin and Saint-
Barthélemy). Importantly, except for monitoring programs associated with localized impact studies,
such as those on nickel mining in New Caledonia (Adjeroud et al. 2016), none of the existing
monitoring networks in French overseas territories were designed to systematically address human-

induced impacts through stratified sampling across gradients of anthropogenic disturbances.
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The methods used across French monitoring programs to estimate the abundance, percent cover
and diversity of targeted reef organisms vary considerably. Commonly used techniques include Line
Intercept Transects (LIT), Point Intercept Transects (PIT) and photo-quadrat methods to estimate the
diversity, percent cover, and abundance of benthic sessile organisms. Conversely, belt-transects are
generally used for fish surveys. However, the size and the replication of these sampling units across
each monitoring site is not consistent, which limits statistical approaches and the attainment of
reliable generalizable results and interpretations.

Another source of variability among French monitoring programs concerns the ecological
variables and indicators recorded and used to assess coral reef status. Overall, 57 biological
variables/indicators related to reef communities have been selected in French monitoring programs,
including data on abundance, biomass, substrate cover, diversity, and life forms, not only for major
taxa such as scleractinian corals, fishes, algae, but also for sponges, soft corals, gorgonian, zoanthids,
echinoderms, and mollusks (Fig. 3). Despite this large diversity of indicators, only 19 descriptors are
consistently employed across all monitoring efforts, with foundational descriptors like coral and algal
cover (inclusive of macroalgae, turf, and crustose coralline algae), along with fish herbivore biomass
being systematically recorded in each region or site. The presence of diverse ecological variables
across monitoring programs enables the development of comprehensive multivariate indicators for
reefs and facilitates the exploration of reef community structure and dynamics, as exemplified by
studies conducted in French Polynesia and La Réunion (Lamy et al. 2016, Adjeroud et al. 2018,
Vercelloni et al. 2019, Jouval et al. 2023). However, the use of only a small fraction of indicators for
reporting and analyses, raises the question of how useful or necessary some of the most granular
variables are, since much information regarding the overall reef status can be gleaned from broader
indicators (Brandl et al. 2024). Furthermore, some variables that capture important ecological
processes and functions, are not — or only insufficiently — considered. For example, coral recruitment
—which can be estimated through the abundance of juvenile coral colonies (<5 cm in diameter) using

transects or quadrats designed for adult colonies — is rarely monitored. This complicates the
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assessment of recovery and resilience capacities of coral reefs, which remains a central objective of
initiatives such as IFRECOR.

The significant heterogeneity among French monitoring programs poses a real challenge for data
interoperability, analyses and reporting at the national level, and decision-making to meet public
policy requirements. Furthermore, the fact that none of these monitoring programs were designed

specifically to assess anthropogenic pressures is a major obstacle to the WFD.

2.2. Initiatives to meet the national and international requirements

Following the creation of IFRECOR, France has devoted great effort to enhance the monitoring
of coral reef health. This includes efforts to unify reporting standards at the national level, evidenced
by progressive improvements in reports from the inaugural publication in 1999 (Gabrié et al. 1999)
to the most recent in 2021 (IFRECOR 2021). In the latest report, data on reef status are systematically
organized by regions, incorporating analyses of coral and macroalgal coverage, as well as herbivore
biomass or abundance. Furthermore, this report methodically addresses the major stressors affecting
these ecosystems. This standardized presentation markedly improves the synthesis of historical and
current reef health data. Indeed, IFRECOR now provides a rigorous long-term annual dataset that
significantly enhances the scale and strength of inference that can be made about coral reef health.
Although further refinements are necessary, and despite the inherent heterogeneity of the monitoring
efforts, these programs largely meet the expectations and objectives set by IFRECOR and SNAP.

In contrast, current monitoring efforts do not successfully meet the stringent targets set by the
WEFD. In La Réunion and Martinique, this shortfall primarily stems from a fundamental mismatch:
the existing overseas monitoring programs were established prior to the implementation of the WFD
and were not tailored to its strict criteria. Consequently, these monitoring programs lack strategically
placed stations along gradients of anthropogenic pressure, and lack reference stations — both critical,

for correlating pressures with ecological responses. This underscores the intrinsic difficulties in
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retrofitting existing monitoring systems to satisfy the precise demands of European environmental
policy (Voulvoulis et al. 2017).

The implementation of the WFD on coral reefs in La Réunion has been a gradual process spanning
several years. The French Regional Environment Directorate (DEAL), originally in charge of the
WEFD implementation for La Réunion, initiated various projects in 2000 to compile existing data and
acquire new data, with the aim of establishing regular monitoring within the WFD's Monitoring and
Control Network (RCS). Since 2008, the DEAL has relied on the French Research Institute for
Exploitation of the Sea (IFREMER), which has taken on the role of project manager, creating and
coordinating thematic working groups involving local experts. Between 2010 and 2012, the working
group on coral reef benthic communities aimed to identify relevant ecological variables and indicators
for assessing the state of water bodies. The current WFD monitoring at La Réunion, started in 2015,
includes 7 stations located on the outer reef slope with a sampling frequency of three years. Seven
GCRMN monitoring stations on the outer slope, monitored annually, are then added to the calculation
of an integrated indicator of coral reef health, developed and tested during several years (Monnier et
al. 2021). This indicator includes six variables: 1) cover of living coral colonies (relative to cover of
hard substrate; CLC), 2) cover of Acropora spp. colonies (CA), 3) cover of branching and tabular
Acropora spp. (CABT), 4) cover of macroalgae (CMA), 5) cover of crustose coralline algae (CCCA),
and 6) cover of soft corals (ACSC). The final calculation of this indicator (1) includes varying weight
given by expert opinion of the six variables, following the equation:

I1=(10CLC+5CA+1CABT+2CMA+1CCCA+1CSC)/20

Although this index has greatly improved the characterization of reef benthic communities,
notably by integrating several complementary variables on corals, algae and soft corals, it
nevertheless remains far from WFD standards and therefore cannot be considered a WFD
bioindicator. In addition to the subjectivity of the expert weighting, the main limitation of this
indicator in responding to the WFD context is the absence of a consistent and rigorous pressure-

impact relationship (Monnier et al. 2021). As discussed below (3.4 Identification and discrimination

11
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of disturbance sources), this limitation is mainly linked to the inherent difficulty of discriminating
among the various natural and anthropogenic threats acting at various spatial and temporal scales and
often in synergy (Adjeroud 1997, Reverter et al. 2024). This is further exacerbated by the choice of
the outer oceanic slope as the habitat of reference, as it is less exposed to direct anthropogenic
pressures than the reef flat directly adjacent to the coast (Cuet et al. 2023).

The implementation of the WFD in the Antilles was initiated in 2006 with a comprehensive
assessment of the hydrographic district of Martinique, and delineation of Coastal Water Bodies. The
monitoring program for the WFD 2016-2021 cycle in Martinique was initially approved by a
prefectural order in December 2015, for effective implementation from January 2017. Initially, sites
for monitoring were selected based on a literature review, existing monitoring efforts in Martinique
(RNO, GCRMN/IFRECOR), and expert advice. A total of 16 sites in coastal water bodies and one
site in a transitional water body were monitored annually for physical-chemical and biological
variables. Four sites were added in 2017 to cover all water bodies, creating temporal disparities among
stations. Due to limited knowledge of the marine environment in Martinique, these sites and their
placements required adjustment over the years, based on in situ observations and the acquisition of
new information through specific surveys. Simultaneously, efforts were made locally to develop
‘WFD-compatible’ methodologies tailored to the unique island context of the Antilles, focusing on:
(i) the selection of biological and physical-chemical variables and monitoring protocols (in
collaboration with Guadeloupe), (ii) the choice of indicators (data processing and aggregation
methodology), and (iii) the development of quality grids and reference values used for the water
bodies' status assessment. The evaluation of coral reef health is based on the aggregation of two
indicators, the cover of living coral colonies, and the cover of macroalgae, both expressed as relative
to cover of hard substrate (Monnier et al. 2021). As on La Réunion, this indicator for the Martinique
reefs has not been validated to meet WFD requirements. One of the main limitations is the lack of
long-term historical data that would provide a reference state for Martinique's coral reefs. Moreover,

as in the case of La Réunion, a major concern is the clear identification of the environmental drivers
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of changes in reef communities (drivers-pressures-state-impacts-responses, DPSIR, relationships), a
major element of WFD policy which has also posed issues for other ecosystems (Hering et al. 2010,

Birk et al. 2012, Voulvoulis et al. 2017).

3. Major constraints for fulfilling national and European requirements

3.1. Comprehensive assessment with a unified integrative indicator

Despite recent efforts to standardize reporting at a national level, the diverse nature of monitoring
efforts across French overseas territories presents significant challenges for consistency and data
interoperability. This hampers the formulation of a comprehensive assessment, thereby diminishing
the utility of monitoring data for shaping policy and guiding management strategies at the national
level.

A major obstacle lies in the development of a unified index capable of encapsulating the current
ecological health and potential for recovery and resilience of French coral reefs (Adjeroud et al. 2005,
Chabanet et al. 2005). The complexity of ecological dynamics, including abrupt ecosystem transitions
(phase-shifts) and changes in ecological trajectories (Brandl et al. 2024), complicates their integration
into monitoring frameworks (Mellin et al. 2020, Cresswell et al. 2024, Reverter et al. 2024). These
frameworks are typically annual and localized and are largely limited to the composition and
abundance of a few taxonomic groups. The absence of comprehensive, integrative indices also limits
the establishment of coherent public policies and decision-making processes at a national level
(Monnier et al. 2021). Furthermore, it restricts the potential for these indicators to inform the public
about environmental transformations or to enhance scientific research (Cinner & Barnes 2019,

Castro-Cadenas et al. 2022, Santavy et al. 2022, Gudka et al. 2023).

3.2. The challenge of defining a reference state
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Assignificant hurdle in adhering to WFD criteria lies in establishing a reference state for the benthic
community (Hering et al. 2010, Josefsson & Baaner 2011, Bouleau et al. 2015, Voulvoulis et al.
2017). According to the WFD, this reference condition corresponds to the quality of water or
composition of the benthos in an “undisturbed state”, which presents a challenge for many ecosystems
including mangroves (Dirberg et al. 2020) and rivers (Dufour & Piégay 2009), but is even greater for
frequently disturbed and highly dynamic ecosystems such as coral reefs, which are characterized by
the occurrence of multiple disturbances, such as cyclones, marine heatwaves, and demographic
outbreaks of predators.

Two approaches (temporal or spatial) are possible for determining the reference state. The spatial
approach is often used when long-term monitoring series are not available. For a reef habitat, it
consists in selecting the area with the best ecological conditions and the healthiest reef communities
as a reference condition for other equivalent habitats (effectively a space-for-time substitution). For
example, the remote inhabited island of Europa is often considered as a reference state for the
Southwest Indian Ocean (Jouval et al. 2023). However, the strong heterogeneity of reef communities
from local to regional scales, one of the general characteristics of coral reefs (Adjeroud et al. 2005,
Reverter et al. 2024), strongly limits this approach when focusing on other reefs in the region.

The temporal approach consists in selecting the oldest values of a specific ecological variable
recorded in a time series as the reference state, under the assumption that historical data represent
largely undisturbed systems. However, most contemporary reefs show marked interannual variability
in their biological communities as short-term responses to acute and chronic stressors, and decadal-
scale cycles of decline and recovery (Lamy et al. 2016, Vercelloni et al. 2019, Cresswell et al. 2024)
that are characterized by annual recruitment phases and slow growth rates (Adjeroud et al. 2017). In
this context, rigorously defining a reference state is challenging, and to address this issue, the
reference state has often been determined by expert opinion, typically based on the highest record
value from the considered time series (Salvat et al. 2008). However, this approach, while occasionally

beneficial, lacks the rigor necessary to meet WFD standards fully. In Moorea, French Polynesia,
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where interannual monitoring has been in place since the 1980s, the reference state of the outer reef
slope habitat has been estimated as ~50% of living coral cover (Salvat et al. 2008, Lamy et al. 2016).
Yet, many would argue that coral cover of 50% in the 1980s is not comparable with equivalent cover
in the 2020s. Indeed, it has been widely documented that the disturbances of recent decades have
significantly transformed coral communities, with species disappearing from reefs, such as Acropora
spp., and increased dominance of species, such as Porites spp. and Pocillopora spp., adapted to recent
changes (Berumen & Pratchett 2006, Adjeroud et al. 2018, McClanahan et al. 2020, Carlot et al.
2022, Reverter et al. 2024). This example underscores once again the complexities involved in
identifying ecological variables and indicators to precisely define a reference state for coral reef

ecosystems.

3.3. Challenges in establishing alert thresholds

Another major difficulty in meeting the requirements of the WFD is the establishment of a
‘threshold’ for state changes, which is also very useful for interpreting IFRECOR and SNAP
monitoring results. As mentioned previously, coral reef ecosystems are characterized by strong
spatio-temporal heterogeneity, which is governed by multiple interacting physical and biological
processes that vary in intensity, frequency, and spatial scale (Mumby et al. 2013, Donovan et al. 2021,
Brandl et al. 2024), as well as intrinsic factors inherent to the biology of coral reef foundation species.
For instance, fluctuations in coral abundance and cover across years can be attributed to the natural
cycles of reproduction, recruitment and post-settlement survival, which occur independently of
external disturbances (Penin et al. 2010, Adjeroud et al. 2017, Smith et al. 2023). Therefore, it is often
difficult to attribute a change in reef communities to a particular environmental stressor (Adjeroud et
al. 2005, Guzman et al. 2020), which limits our capacity to define ecologically relevant thresholds
that are critical for compliance with national and international policy frameworks.

When long time series are available and knowledge about disturbance regimes is detailed,

thresholds can be estimated statistically using regular time-series analysis (Van Wynsberge et al.
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2013). However, data to conduct such tests are rare and we often rely on expert opinion. In this last
scenario, an arbitrary fluctuation of £10% live coral cover between consecutive annual records is
often used to categorize trends as stable, recovering or degrading (Adjeroud & Lasne 2022, Kayal et
al. 2022). Although they do not comply with the strict framework of the WFD, these thresholds based
on expert opinion may still prove useful in the context of less restrictive management and
conservation strategies such as IFRECOR and SNAP. Moreover, distinguishing between ‘natural’
changes, which do not require management actions, and those resulting from environmental
disturbances, which require targeted intervention to mitigate threats, poses a recurring challenge for

the WFD’s applicability to coral reef environments (Hering et al. 2010).

3.4. ldentification and discrimination of disturbance sources

Studies over the last decades have identified some of the major extrinsic factors that control spatial
patterns and temporal variability in coral assemblages, such as the availability of adequate substrate,
sediment characteristics, light, water quality, and hydrodynamic forces (Williams et al. 2013,
Robinson et al. 2018, McClanahan et al. 2020). However, the co-variation of these environmental
factors with episodic large-scale disturbances produces important confounding effects that severely
limit our capacity to detect and establish cause-and-effect relationships (Cété et al. 2016, Donovan et
al. 2021, Walker et al. 2024). This complexity becomes particularly evident when attempting to
pinpoint the causes behind reef degradation, as virtually all causes of large-scale disturbances that are
considered “natural” are intertwined with effects of climate change (i.e., “cocktail of pressures”;
McClanahan et al. 2020, Donovan et al. 2021). This issue is pivotal for environmental policies,
including national initiatives like IFRECOR and SNAP, but holds even greater significance under the
WEFD. The WFD monitoring, predicated on the principle of identifying and mitigating human-linked
disturbances, needs a clear distinction between natural and anthropogenic effects (Hering et al. 2010,
Birk et al. 2012, Voulvoulis et al. 2017). Identifying clear cause-and-effect links between disturbance

and ecosystem status appears feasible in less complex ecosystems like continental rivers (the primary
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focus during the development of the WFD). However, the natural variability of coral reefs and the
intertwined nature of dominant stressors require decades of continuous monitoring to rigorously
identify these relationships. Consequently, beginning with the issue of identifying specific drivers of
change within coral reef indicators, the causal chain of the DPSIR model is virtually impossible to

apply to coral reef ecosystems.

3.5. Discrepancy between temporal scales of remediation measures and dynamics of reef
communities

Most public policies that deal with coral reef ecosystem monitoring aim to identify the causes of
declines to halt them and restore a healthy ecological status. However, within both the IFRECOR and
SNAP framework, this status is not clearly identified. Conversely, the WFD mandates the restoration
of ecological conditions as a critical objective, imposing obligatory actions, with penalties prescribed
for failure to achieve this restoration within a stipulated timeframe (European Commission Directive
2000). Specifically, the WFD demands the reinstatement of good ecological status within six years
from the initiation of remedial actions, with some possible extension for particular actions. Given
their extreme temporal variability, coral reefs do not align with a six-year recovery mandate. This
discrepancy is further exacerbated by the challenges in differentiating between natural variation and
human-induced alterations in reef conditions. Moreover, the recovery of many reef populations, most
importantly corals — the primary architects of reef ecosystems — can span decades (Lamy et al. 2016,
Adjeroud et al. 2018, Cresswell et al. 2024), further illustrating the mismatch between the prescribed
temporal framework for ecological restoration and the inherent recovery timelines of coral reef

communities (Hering et al. 2010, Voulvoulis et al. 2017).

4. Enhancing monitoring strategies for coral reef conservation
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Monitoring programs in French overseas territories have made great strides in recent years to
identify critical points for improving the quality and relevance of monitoring, as well as reporting on
a national and international scale (Monnier et al. 2021). Despite these advancements, the
implementation of such improvements often encounters resistance, stemming partly from reluctance
to alter long-established monitoring systems, deficiencies in technical expertise for integrating novel
ecological variables, apprehensions about compromising historical data integrity, and, most
importantly, by logistical and financial constraints. However, the dynamic nature of environmental
challenges necessitates the periodic revision of monitoring programs to elevate their effectiveness
and alignment with evolving conservation goals (Lindenmayer & Likens 2009, Obura et al. 2019).

Properly executed enhancements of monitoring protocols, undertaken with meticulous planning
and adherence to scientific rigor are designed to complement, not detract from, the historical value
of monitoring data. Incorporating additional monitoring stations or adding biological variables to
enable the calculation of relevant new indicators (as in New Caledonia, where the Coral Reef
Monitoring Network — RORC — increased from 24 stations in 2009 to 101 in 2023, and juvenile corals
were recorded since 2020), enriches the dataset rather than negating its historical significance.
Considering the identified strengths and limitations of coral reef monitoring programs in French
overseas territories, we advocate for specific advancements to bolster the relevance and impact of
these efforts in shaping public policy. These recommendations aim to refine monitoring practices to

capture and respond to the complexities of coral reef ecosystems effectively.

4.1. Reducing the variability in monitoring approaches

Achieving full uniformity in monitoring programs across disparate overseas territories is
impractical, primarily due to the distinct ecological and environmental characteristics of reefs, such
as those differentiating Caribbean reefs from those in the Indo-Pacific. However, it is necessary to

achieve a minimum degree of consistency across monitoring programs. In this context, increasing the
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interoperability of sampling strategies, ecological variables, and indicators appears as a priority for
analytical and reporting purposes.

In terms of sampling strategy, monitoring multiple reef habitats rather than just one habitat (as is
sometimes performed for logistical and financial reasons) appears important. Indeed, habitats such as
the outer reef slope and fringing reefs do not host the same reef communities are often subject to
fundamentally different ecological communities, dynamics, and environmental drivers (Adjeroud
1997, Lamy et al. 2016, Brandl et al. 2025). Thus, a comprehensive and informative monitoring
requires the inclusion of these main habitats to accurately reflect the temporal dynamic of reef
communities (Chabanet et al. 2005, Mellin et al. 2020). In Guadeloupe, Saint-Barthelemy, Saint-
Martin, and Wallis and Futuna, enhancing monitoring coverage in areas where it is currently sparse
or irregular is essential to ensure that regional outcomes are not skewed by limited station sampling,
based on habitat-specific baselines. Another important point concerns the frequency of sampling. It
is essential that the monitoring stations are, at least, sampled annually, at the same time of year. Not
only because many key ecological processes, such as reproduction and recruitment of corals, follow
an annual cycle, but also because this allows for the evaluation of disturbance impacts over
appropriate temporal scales (Kayal et al. 2012, Reverter et al. 2024).

Finally, a rapid convergence towards a common suite of biological variables and indicators across
monitoring programs is necessary. For French overseas monitoring programs, it is essential to collect
data on major components such as the main coral, fish, and algal categories, as for other coral reef
monitoring programs worldwide (Obura et al. 2019). For corals, the basic data — colony abundance
and/or coral cover —must be collected at the genus level and include information on the growth forms,
as data on higher level, such as the commonly used “total” coral cover, does not capture frequently
reported changes in the taxonomic composition of assemblages (Adjeroud et al. 2018, Brito-Millan
et al. 2019). We also find it necessary to distinguish juvenile corals (immature colony of <5 cm in
diameter) within transects and quadrats used to sample adult colonies. The quantification of juvenile

corals, which provides a more accessible measure of recruitment than early-stage recruits requiring
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artificial settlement plates, is particularly valuable. These juveniles offer insights into recent
settlement patterns (several successive cohorts) and early post-settlement survival (growth and
mortality), contributing to health and resilience indicators (Adjeroud et al. 2017, Ford et al. 2018,
Edmunds & Riegl 2020, Jouval et al. 2023). For fishes, taxonomic identification at the genus level is
also the minimal requirement, although the species level is preferable to track changes due to non-
surveyed components or new species (e.g., invasive or introduced species). Distinguishing major
trophic groups, and in particular corallivores and herbivores, is also necessary as they play a key role
in the dynamics and recolonization process following disturbances (Fisher et al. 2015, Rice et al.
2019). In ecosystems where herbivory is largely performed by other organisms such as sea urchins,
these organisms must also be included in monitoring. Moreover, estimation of fish body size is
essential to convert simple abundance into biomass, which can be a more ecologically relevant
variable. For algae, identification to species or even genus is very difficult, due to a lack of expertise,
but it is essential to distinguish crustose coralline algae, turf, and macroalgae, as these categories have
different ecological roles (Smith et al. 2020). In addition to these biological variables, which we hold
critical to include in monitoring programs, other non-essential variables, such as coral and fish species
richness or coral growth forms, could also serve as useful complements to monitoring efforts.

Beyond biological data, the inclusion of environmental variables can greatly enrich interpretations
of reef community changes (Fichez et al. 2005, Obura et al. 2019). The advent of affordable sensors
for continuous measurement of parameters like temperature, light, and salinity represents an
opportunity to augment monitoring with critical environmental data (Obura et al. 2019). Additionally,
leveraging advancements in photogrammetry to assess reef structural complexity could significantly
enhance habitat characterization within coral reef health monitoring programs (Urbina-Barreto et al.
20214, b).

Finally, the significance of biological descriptors within monitoring efforts is contingent upon
their meticulous collection, emphasizing the necessity of replicating sampling units at each

monitoring station to facilitate robust statistical analyses (Montilla et al. 2020). However, the number
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of replicates differs greatly among monitoring programs both within and between regions (Table 1),
and this has a major impact on the power of the models when looking for significant differences in
annual trends. In fact, only a rigorous methodology will enhance the reliability of monitoring results

and enable meaningful conclusions to be drawn about reef health and resilience.

4.2. Contribution of modeling to define a reference state

Examining the temporal trajectory of ecological indices is useful for management and
conservation. However, ecological indices are hard to interpret in absolute terms as it is extremely
challenging to understand if a certain value correspond to a ‘good’ or ‘poor’ ecological status.
Comparing values of ecological indices to reference conditions can bestow conceptually and
quantitatively clear ecological meaning on these indices. Due to the limited temporal scope of
available data, the baseline conditions from which changes can be measured can hardly be considered
‘pristine’.

Using modeling approaches may overcome several limitations of the temporal and spatial
approaches mentioned earlier and represent a promising avenue for scientific investigation. If all the
relevant variables are considered, modeling potentially allows to define ‘pristine” conditions (Brandl
et al. 2024), estimating what a certain coral reefs might have looked like in the absence of
anthropogenic disturbances. Indeed, many indicators of interest (e.g., coral cover) are determined by
biogeographical history, local environmental conditions, the past regime of natural disturbance and
the current anthropogenic stressors. If all these variables are accounted, it is possible to estimate the
conditional effect of anthropogenic stressors and predict what the indicator of interest would be in
absence of human impact (Fig. 4). Bayesian modelling may be particularly interesting for this, as it
allows for the integration of previous knowledge through the definition of priors and the assessment
of uncertainty around model estimates through the analysis of posterior probabilities (Brandl et al.
2024). This feature may allow to compute indices of ecosystem status as the distance from reference

conditions associated with the standard deviation (Fig. 4). However, it is crucial to exercise caution
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when interpreting the outputs of such models. Variability in model inputs and assumptions can
significantly influence the results, potentially leading to erroneous conclusions. For example,
uncertainty may be extremely large due to limited data used to estimate the reference conditions. In
these cases, such an approach would be unable to identify a significant deviation from a reference
condition even when this actually exists. Given this risk of overestimating the models’ results, we
nevertheless find it important to view the models as decision-making tools rather than definitive
benchmarks.

Coral reef research often faces challenges due to sparse data, particularly in regions where
monitoring efforts are limited in space and time. The use of models and recent advances in machine
learning offer promising solutions to address these data gaps. For example, coral reef sites sharing
similar history and biogeography might be used to hindcast previous conditions for data-poor
systems. By integrating additional data sources, such as demographic parameters (e.g., recruitment,
survival, growth; Kayal et al. 2018), into existing knowledge of nearby reefs, it may be possible to
enhance the accuracy of these reconstructions. The machine learning modelling typically involves
two stages. In the first stage, the model is trained using observed values of a target variable, such as
hard coral cover, along with a set of predictor values (e.g., sea surface temperature, chlorophyll a
concentration) extracted from the same sites and years as the observations. In the second stage, the
trained model is applied to a new set of predictor values to estimate the target variable at unsampled
locations or during unmonitored time periods. A wide array of predictors, derived from satellite data
are available at high spatial and temporal resolutions (at scales of a few hundred meters to a few
kilometers) making them particularly suitable for this type of modeling (Gorelick et al. 2017).
Through such multidisciplinary approaches, we can improve our understanding of historical coral
reef conditions and strengthen the foundation for assessing contemporary changes. Nevertheless, the
uncertainties inherent in the use of these modeling approaches must be clearly communicated to the

users of these models notably to managers and policymakers.
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4.3. Leveraging integrative indicators to capture multifaceted coral reef health dynamics

Several indicators of coral reef health have been proposed (Ben-Tzvi et al. 2004, Kaufman et al.
2011, Lasagna et al. 2014, Lirman et al. 2014, Rowland et al. 2020), while those assessing resilience
capacities are more recent (Flower et al. 2017, Lam et al. 2017, Ford et al. 2018, Bachtiar et al. 2019,
Thompson et al. 2020, Gudka et al. 2024, Broudic et al. 2025). Ideally, ecological indices should
integrate key ecological and functional processes, such as diversity, abundance and biomass of reef
corals, macroalgae, and herbivores, coral diseases and recruitment, as well as environmental and
human stressors such as temperature, fishing, sedimentation, and pollution (McClanahan et al. 2012,
Fujita et al. 2013, Lam et al. 2017, Lyu et al. 2024). Depending on the variables included in its
calculation, such indices provide not only an estimate of current status, but also of resilience/recovery
capacities when data on coral recruitment are included (Maynard et al. 2015, Ford et al. 2018, Jouval
et al. 2023, Randrianarivo et al. 2024).

A recent approach to estimate the health and recovery potential of reef communities is the
Recovery Index (RI) calculated using the Technique for Order Preference by Similarity to an Ideal
Solution method (TOPSIS) approach (Parravicini et al. 2012, 2014, Jouval et al. 2023). This multi-
criteria decision-matrix framework was developed for coral reefs of the Southwestern Indian Ocean
(SWI0), with an RI including coral species richness and abundance, juvenile coral density, hard coral
cover, proportion of stress-tolerant coral species cover, algal cover, herbivorous fish biomass, and
sea surface temperature anomalies (Jouval et al. 2023, Randrianarivo et al. 2024). The RI has been
tested in two contrasting situations in the SWIO. First, Rl was calculated at local and regional scales
along a gradient of anthropogenic development, from populated islands such as La Réunion and
Mayotte to uninhabited ones such as Glorieuses and Europa in the lles Eparses (Jouval et al. 2023).
Second, in Madagascar, the TOPSIS approach was used to examine the effects of MPAs on the RI of
reef communities (Randrianarivo et al. 2024).

TOPSIS consists of comparing alternatives (in our case, study sites) to the best and worst possible

alternatives (IS for Ideal Solutions; Hwang & Yoon 1981). The technique allows for the ranking of
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each site according to a score that represents a synthesis of the variables used to describe the recovery
capacity. The objective of TOPSIS is to classify alternative solutions according to their relative
distance to “ideal” positive (IPS) and negative (INS) solutions. The basic principle is that the chosen
alternative must have the shortest distance to the IPS, and thus the largest distance to the INS. In our
case, it enabled ranking study sites according to their RI, from 0 to 1 for stations with the lowest to
the highest recovery potential, respectively (Jouval et al. 2023).

Although limited in time, the results of two recent studies in the SWIO using RI with the TOPSIS
method (Jouval et al. 2023, Randrianarivo et al. 2024) suggest that this indicator is suited to
highlighting a gradient of anthropogenic pressure and the effect of conservation measures (MPAS),
and could be a useful tool for reporting on coral reef health and resilience capacities, notably in a
resilience-based management context (Maynard et al. 2015, Lam et al. 2017). Other indicators, such
as the Coral Reef Rapid Assessment Method (Broudic et al. 2025), the Coral Condition Index
(Lasagna et al. 2014) and the Deterioration Index (Ben-Tzvi et al. 2004), are also highly relevant for
monitoring the ecological health of coral reefs. However, the use of multi-criteria analyses such as
TOPSIS is particularly interesting because it is compatible with the idea of reference conditions. In
the case of Parravicini et al. (2012, 2014) and Jouval et al. (2023), ideal solutions are estimated
according to the ‘best’” and the ‘worst’ data available in the dataset. However, ideal solutions might
be also defined by ecological models or expert opinion to improve the ecological relevance of the
ranking exercise. The employment of TOPSIS and multi-criteria analysis in general responds to the
many expectations of political decision-makers and stakeholders, which is the development of indices
of reef status that integrate several biological and environmental components to better respond to the
national policy objectives, and which may facilitate reporting at the national level. Moreover, this RI
does not preclude a more granular approach, with details of all variables integrated in its calculation
to analyze specific results (Fig. 5). Therefore, we strongly recommend its use in the French overseas
territories, particularly for IFRECOR and SNAP. In the current state, such an index of reef health

could be implemented in some monitoring of French overseas territories, but for other reefs, it would
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be appropriate to include other variables that are currently not considered. If a ‘resilience’ dimension
is to be added to the monitoring program, which we strongly recommend given the increase in the
frequency and intensity of disturbances that reefs undergo, data on coral recruitment (via the
abundance of juvenile colonies) can be included (Fig. 3, Table 1). Other adaptations are also possible.
For example, in the Caribbean where coral dominance is lower than in the Indo-Pacific and the
substrate is largely colonized by other invertebrates, the RI could give greater weight to variations in
sponge and gorgonian abundance. Moreover, on reefs where herbivory is dominated by sea urchins,
their abundance should be integrated in the calculation of the RI. Thus, consistent implementation of
the RI may offer strong value in terms of the quality and relevance of coral reef health monitoring in

French overseas.

5. Concluding remarks and perspectives

5.1. The value of French overseas monitoring in the context of national environmental policies

Despite the limitations identified in this synthesis, monitoring efforts in the French overseas
territories remain crucial for the surveillance of ecosystem conditions and the knowledge of
stakeholders, policymakers, and scientists. The extensive network of monitoring sites, spanning three
oceans, alongside the longstanding expertise underlying some of these initiatives, significantly
bolsters France’s capacity to address both national and international conservation challenges as the
4" largest coral reef nation.

With strategic political commitment and enhanced financial support, it is conceivable to address
and potentially rectify many of the outlined deficiencies within these programs. Recent efforts to
report and share data reactively, and to consolidate and harmonize reporting mechanisms across the
national level serve as a testimony to the potential for these monitoring programs to more effectively
align with the objectives of national public policies such as IFRECOR and SNAP (Monnier et al.

2021). Advancing towards a more integrated approach, which encourages collaboration across
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monitoring sites and synchronizes methodologies and indicators, promises increased efficiency,
consistency, and improved knowledge exchange (Teixeira et al. 2016, Obura et al. 2019, Di Camillo
et al. 2023). This effort, covering French reefs, must be carried out in collaboration with monitoring
initiatives in other regions and countries, such as Reef Check and AGRRA (Atlantic and Guld Rapid
Reef Assessment), to further the harmonization of existing sampling protocols, indicators and
analyses. In this context, it is also crucial to intensify fundamental research based on these monitoring
programs, which would enable more detailed analyses of the drivers of change or the involvement of

organismal adaptation in temporal trajectories (Flower et al. 2017, Edmunds 2024).

5.2. Incompatibility with the WFD requirements

On the other hand, our analysis highlights the incompatibility of coral reef monitoring programs
and the strict requirements of the WFD, a limitation also noted for other ecosystems (Moss 2008,
Hering et al. 2010, Josefsson et al. 2011, Bouleau & Pont 2015, Voulvoulis et al. 2017). Certain
aspects of the WFD, such as a more rigorous sampling strategy and the inclusion of more relevant
biological variables and indicators, have certainly helped improve monitoring programs in French
overseas regions. However, the unique attributes of coral reef ecosystems present significant
obstacles, including the establishment of reference points (“undisturbed state”), the delineation of
state thresholds, and the differentiation between natural and anthropogenic stressors, juxtaposed
against the prescribed remediation timelines mandated by the WFD in the context of recovery cycles
of reef communities. The basis of the WFD, rooted in the management of continental water bodies,
reveals a fundamental incompatibility with the dynamic, complex, and biodiverse nature of coral
reefs. Addressing these discrepancies necessitates more than minor adjustments to current monitoring
sampling strategies or indicators; it calls for a reconsideration of the WFD’s applicability to coral reef
environments. The energy and the human and financial resources devoted to implementing the WFD
in this inappropriate ecosystem are interfering with and risk compromising recent efforts to improve

and harmonize monitoring protocols and analyses within the framework of IFRECOR and SNAP.
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Among the possible alternatives, indicators based on coral reef benthic communities could be used
as a complementary status indicator to the other biological quality elements (BQE), without
downgrading or direct implications in terms of remediation measures, as previously suggested (Le
Moal et al. 2016). The development of specific policy adjustments or the creation of legal frameworks
tailored to coral reefs could have a significant impact on policymaking. However, the fact that France
is the only European country to have adopted the WFD for coral reefs, which makes the exercise even
more difficult due to the absence of equivalent initiatives in the EU, also raises the question of its
relevance on an international scale. These considerations extend deeply into the realm of policy and

legal reform, which are beyond the scope and objectives of the present synthesis.

5.3. Embracing new technologies for future monitoring efforts

Amidst escalating environmental disturbances, the advent of cutting-edge technologies offers
promising avenues for coral reef monitoring practices (Oburaet al. 2019, Apprill et al. 2023, Cardenas
et al. 2024, Sultan et al. 2025). Recent advancements in in situ and satellite-based remote sensing
measurements (Muller-Karger et al. 2018, Teague et al. 2022, Mills et al. 2024), ecological acoustics
(Elise et al. 2019), eDNA analysis (Hassan et al. 2024, Shen et al. 2024), reef water microorganisms
(Apprill & Salerno 2025), photogrammetry (Carlot et al. 2020, Urbina-Barreto 2021a, b) and artificial
intelligence (Beijbom et al. 2015, Gonzalez-Rivero et al. 2022, Ouassine et al. 2025) herald a new
era for ecological monitoring and research. Moreover, the ecological importance and extent of
mesophotic coral ecosystems (i.e., light-dependent corals and associated communities found at depths
ranging from 30 to 150 m), which have recently been revealed, also argue for their inclusion in
monitoring networks and conservation programs (Rocha et al. 2018, Hoarau et al. 2024). It would
also be relevant to include a temporal analysis of land-use changes, as the decline of reefs may also
reflect coastal pressures and transformations. Integrating these new technologies into monitoring
programs will require financial investment and the development of advanced expertise, and will have

implications for overall governance. As these technological innovations continue to develop and
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mature, there is a need for the establishment of interdisciplinary working groups dedicated to
integrating these tools into existing monitoring frameworks for better conservation and management
policy (Cardenas et al. 2024). In this context, the integration of socio-economic aspects into
monitoring programs also needs to be developed, drawing in particular on citizen science and local
knowledge (Obura et al. 2019). This effort will make it possible to develop indicators that better
integrate not only the ecological characteristics and functions of reef ecosystems, but also the
ecosystem services rendered to human populations (Maynard et al. 2010, Obura et al. 2019, Castro-
Cadenas et al. 2022). Such proactive measures will not only enhance our understanding of the coral
reef socio-ecological systems, but also equip conservation efforts to navigate the impending
challenges of the twenty-first century, ensuring that monitoring practices remain robust, responsive,

and relevant in the face of changing environmental conditions.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

Funding

This research is product of the SCORE-REEF project funded by the French Biodiversity Agency
(OFB), the French Ministry of Ecology (MTECT), and the French Foundation for Research on
Biodiversity (FRB) through its dedicated synthesis center (CESAB). We gratefully acknowledge

critical comments made by Jane Ballard and anonymous reviewers.

Acknowledgements

We thank the financial and logistical support provided by the French Biodiversity Agency (OFB)
and the French Foundation for Research on Biodiversity (FRB) through its dedicated synthesis center

CESAB at Montpellier.

28



698

699

700

701

702

703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742

Data availability

The data underlying the results presented in the study are available from the corresponding author.

References

Adjeroud M. Factors influencing spatial patterns on coral reefs around Moorea, French Polynesia.
Marine Ecology Progress Series. 1997; 159, 105-119.

Adjeroud M, Lasne G. Peuplements de coraux. In: Lasne, G. et al. (eds), Guide pour le suivi de la
qualité du milieu marin en Nouvelle-Calédonie. CNRT Nickel et son Environnement, Nouméa.
2022; pp. 220-23.

Adjeroud M, Kayal M, Penin L. The importance of recruitment processes in the dynamics and
resilience of reef coral assemblages. In: Rossi, S., Bramanti, L., Gori, A., Orejas, C. (Eds.),
Marine Animal Forests. Springer. 2017; pp. 549-5609.

Adjeroud M, Gilbert A, Facon M, Foglia M, Moreton B, Heintz T. Localised and limited impact of a
dredging operation on coral cover in the northwestern lagoon of New Caledonia. Marine
Pollution Bulletin. 2016; 105, 208-214.

Adjeroud M, Chancerelle Y, Schrimm M, Perez T, Lecchini D, Galzin R, Salvat B. Detecting the
effects of natural disturbances on coral assemblages in French Polynesia: a decade survey at
multiple scales. Aquatic Living Resources. 2005; 18, 111-123.

Adjeroud M, Kayal M, Iborra-Cantonnet C, Vercelloni J, Bosserelle P, Liao V, Chancerelle Y,
Claudet J, Penin L. Recovery of coral assemblages despite acute and recurrent disturbances on
a South Central Pacific reef. Scientific Reports. 2018; 8, 9680.

Apprill A, Girdhar Y, Mooney TA, Hansel CM, Long MH, Liu Y, Zhang WG, kapit J, Hughen K,
Coogan J, Greene A. Toward a new era of coral reef monitoring. Environmental Science and
Technology. 2023; 57: 5117-5124.

Apprill A, Salerno JL. Reef water microorganisms as diagnostic indicators for coral reef ecosystem
management and sustainability. Cell Reports Sustainability. 2025; 2: 100403.

Bachtiar 1, Suharsono, Damar A, Zamani NP. Practical resilience index for coral reef assessment.
Ocean Science Journal. 2019; 54: 117-127.

Bambridge T, Chlous F, D’Arcy P, Claudet J, Pascal N, Reynaud S, Rodolfo-Metalpa R, Tambutté
S, Thomassin A, Virto LR. Society-based solutions to coral reef threats in French Pacific
territories. Regional Studies in Marine Science. 2019; 29: 100667.

Beijbom O, Edmunds PJ, Roelfsema C, Smith J, Kline DI, Neal BP, et al. Towards automated
annotation of benthic survey images: variability of human experts and operational modes of
automation. PLoS ONE. 2015; 10: e0130312.

Ben-Tzvi O, Loya Y, Abelson A. Deterioration Index (DI): a suggested criterion for assessing the
health of coral communities. Marine Pollution Bulletin. 2004; 48: 954-960.

Berumen ML, Pratchett MS. Recovery without resilience: persistent disturbance and long-term shifts
in the structure of fish and coral communities at Tiahura Reef, Moorea. Coral Reefs. 2006; 25:
647-653.

Birk S, Bonne W, Borja A, Brucet QS, Courrat A, Poikane S, Solimini A, van de Bund W, Zampoukas
N, Hering D. Three hundred ways to assess Europe’s surface waters: An almost completer
overview of biological methods to implement the Water Framework Directive. Ecological
Indicators. 2012; 18: 31-41.

29



743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
77
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793

Bouleau G, Pont D. Did you say reference conditions? Ecological and socio-economic perspectives
on the European Water Framework Directive. Environmental Science and Policy. 2015; 47: 32-
41.

Brandl SJ, Carlot J, Stuart-Smith RD, Keith SA, Graham NAJ, Edgar GJ, Wicquart J, Wilson SK,
Karkarey R, Donovan MK, Arias-Gonzalez JE, Arthur R, Bigot L, Exton DA, Goetze J, Hoey
AS, Holmes T, Maréchal JP, Mouillot D, Ross CL, Wickel J, Adjeroud M, Parravicini V.
Unifying coral reef states through space and time reveals a changing ecosystem. Global
Ecology and Biogeography. 2024; 33: €13926.

Brandl SJ, Yan HF, Casey JM, Schiettekatte NMD, Renzi JJ, Merciére A, Morat F, Coté IM,
Parravicini V. A seascape dichotomy in the role of small consumers for coral reef energy fluxes.
Ecology. 2025; 106: e70065.

Brito-Millan M, Vermeij MJA, Alcantar EA, Sandin SA. Coral reef assessments based on cover alone
mask active dynamics of coral communities. Marine Ecology Progress Series. 2019; 630: 55-
68.

Broudic L, Pinault M, Claud R, Nicet JB, Wickel J, Bajjouk T, Rungassamy T, Bigot L, Nikolic N,
Crochelet E, Thibault M, Maze C, Bergerot B. Toward a spatialized index of the “benthic
ecological state” using a new Coral Reef Rapid Assessment Method (CORRAM): case study
at Reunion Island. Environmental and Sustainability Indicators. 2025; 27: 100811.

Burke L, Reytar K, Spalding M, Perry A. Reefs at risk revisited. World Resources Institute,
Washington DC, USA; 2011. 114 pp.

Cardenas JA, Samadikhoshkho Z, Rehman AU, Valle-Perez A, Herrera-Ponce de Leon E, Hauser
CAE, Feron EM, Ahmad R. A systematic review of robotic efficacy in coral reef monitoring
techniques. Marine Pollution Bulletin. 2024; 202: 116273.

Carlot J, Rouzé H, Barneche DR, Merciere A, Espiau B, Cardini U, Brandl SJ, Casey JM, Pérez-
Rosales G, Adjeroud M, Hedouin L, Parravicini V. Scaling up calcification, respiration, and
photosynthesis rates of six prominent coral taxa. Ecology and Evolution. 2022; 12: e8613.

Carlot J, Rovere A, Casella E, Harris D, Grellet-Mufioz C, Chancerelle Y, Dormy E, Hedouin L,
Parravicini V. Community composition predicts photogrammetry-based structural complexity
on coral reefs. Coral Reefs. 2020; 39: 967-975.

Castro-Cadenas MD, Loiseau C, Reimer J, Claudet J. Tracking changes in social-ecological systems
along environmental disturbances with the ocean health index. Science of the Total
Environment. 2022; 841: 156423.

Chabanet P, Adjeroud M, Andréfouét S, Bozec YM, Ferraris J, Garcia-Charton JA, Schrimm M.
Human-induced physical disturbances and their indicators on coral reef habitats: a multi-scale
approach. Aguatic Living Resources. 2005; 18: 215-230.

Cinner JE, Barnes ML. Social dimension of resilience in socio-ecological systems. One Earth. 2019;
1: 51-56.

Cinner JE, Pratchett MS, Graham NAJ, Messmer V, Bezerra Fuentes MMP, Ainsworth T, Ban N,
Bay LK, Blythe J, Dissard D, Dunn S, Evans L, Fabiny M, Fidelman P, Figueiredo J, Frisch
AJ, Fulton CJ, Hicks CC, Lukoschek V, Mallela J, Moya A, Penin L, Rummer JL, Walker S,
Williamson DH. A framework for understanding climate change impacts on coral reef social-
ecological systems. Regional Environmental Change. 2016; 16: 1133-1146.

Claudet J, Loiseau C, Peybale A. Critical gaps in the protection of the second largest exclusive
economic zone in the world. Marine Policy. 2021; 124: 104379.

Coté IM, Darling ES, Brown CJ. Interactions among ecosystem stressors and their importance in
conservation. Proceedings of the Royal Society B. 2016; 283: 20152592.

Cresswell AK, Renton M, Langlois TJ, Thomson DP, Lynn J, Claudet J. Coral reef state influences
resilience to acute climate-mediated disturbances. Global Ecology and Biogeography. 2024;
33: 4-16.

Cuet P, Mangion P, Bigot L, Bureau S, Nicet JB, Pinault M, Martinot P, Tedetti M, Lagoutte E,
Cordier E, Rouet P, Benoit Y, Stamenoff P, Turquet J. Mise en ceuvre du Réseau de Controle

30



794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844

d’Enquéte « substrats durs » sur les masses d’eau cotieres dites « récifales» (MER) a La
Réunion. Rapport OFB; 2023. 151 pp.

De’ath G, Fabricius KE, Sweatman H, Puotine M. The 27-year decline of coral cover on the Great
Barrier Reef and its causes. Proceedings of the National Academy of Science US. 2012; 109:
17995-17999.

Di Camillo CG, Ponti M, Storari A, Scarpa C, Roveta C, Mantas TP, Coppari M, Cerrano C. Review
of the indexes to assess the ecological quality of coralligenous reefs: towards a unified approach.
Frontiers in Marine Science. 2023; 10: 1252969.

Dirberg G, Barnaud G, Brivois O, Caessteker P, Cormier-Salem MC, Cuny P, Fiard M, Fromard F,
Gilbert F, Grouard S, Guiral D, Hubas C, Imbert D, Lamy D, Meziane T, Michaud E, Michelet
C, Militon C, Pibot A, Proisy C, Robinet T, Stieglitz T, Sylvi L, Taureau F, Udo H, Wlacker R,
Zeppilli D, Monnier O. Towards the development of ecosystem-based indicators of mangroves
functioning state in the context of the EU Water Framework Directive. Vie & Milieu. 2020; 70:
303-310.

Donovan MK, Burkepile DE, Kratochwill C, Shlesinger T, Sully S, Oliver TA, Hodgson G, Freiwald
J, van Woesik R. Local conditions magnify coral loss after marine heatwaves. Science. 2021;
372: 977-980.

Dufour S, Piegay H. From the myth of a lost paradise to targeted river restoration: forget natural
references and focus on human benefits. River Research and Application. 2009; 25: 568-581.

Edmunds PJ, Riegl B. Urgent need for coral demography in a world where corals are disappearing.
Marine Ecology Progress Series. 2020; 635: 233-242.

Edmunds PJ. Why keep monitoring coral reefs? Bioscience. 2024; 74: 552-560.

Elise S, Urbina-Barreto I, Pinel R, Mahamadaly V, Bureau S, Penin L, Adjeroud M, Kulbicki M,
Bruggemann JH. Assessing key ecosystem functions through soundscapes: A new perspective
from coral reefs. Ecological Indicators. 2019; 107: 105623.

Emslie MJ, Logan M, Bary P, Ceccarelli DM, Cheal AJ, Hughes TP, Johns KA, Jonker MJ, Kennedy
EV, Kerry JT, Mellin C, Miller IR, Osborne K, Puotinen M, Sinclair-Taylor T, Sweatman H.
Increasing disturbance frequency undermines coral reef recovery. Ecological Monographs.
2024; 94: e16109.

European Commission Directive 2000/60/EC of the European Parliament and the Council of 23
October 2000 establishing a framework for Community action in the field of water policy.
Official Journal of the European Communities; 2000. 72 pp.

Fichez R, Adjeroud M, Bozec YM, Breau L, Chancerelle Y, Chevillon C, Douillet P, Fernandez JM,
Frouin P, Kulbicki M, Moreton B, Ouillon S, Payri C, Perez T, Sasal P, Thébault J. Selected
indicators of anthropogenic inputs of particles, nutrients and metals in coral reef lagoon systems.
Aquatic Living Resources. 2005; 18: 125-147.

Fisher R, O’Leary RA, Low-Choy S, Mengersen K, Knowlton N, Brainard RE, Caley MJ. Species
richness on coral reefs and the pursuit of convergent global estimates. Current Biology. 2015;
25: 500-505.

Flower J, Ortiz JC, Chollett I, Abdullah S, Castro-Sanguino C, Hock K, Lam V, Mumby PJ.
Interpreting coral reef monitoring data: A guide for improved management decisions.
Ecological Indicators. 2017; 72: 848-8609.

Ford AK, Eich A, McAndrews RS, Mangubhai S, Nugues MM, Bejarano S, Moore BR, Rico C, Wild
C, Ferse SC. Evaluation of coral reef management effectiveness using conventional versus
resilience-based metrics. Ecological Indicators. 2018; 85: 308-317.

Fujita R, Moxley JH, DeBey H, Van Leuvan T, Leumer A, Honey K, Aguilera S, Foley M. Managing
for a resilient ocean. Marine Policy. 2013; 38: 538-544.

Gabrie C, Richer de Forges B, Moyne-Picard M, Quod JP, Bouchon Y, Bouchon C. L’état des récifs
coralliens outre-mer. Rapport IFRECOR; 1999. 130 pp.

Galzin R. Structure of fish communities of French Polynesian coral reefs. 11. Temporal scales. Marine
Ecology Progress Series. 1987; 41: 137-145.

31



845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895

Gonzalez-Rivero M, Beijbom O, Rodriguez-Ramirez A, Bryant DEP, Ganase A, Gonzalez-Marrero
Y, Herrera-Reveles A, Kennedy EV, Kim CJS, Lopez-Marcano S, Markey K, Neal BP,
Osborne K, Reyes-Nivia C, Sampayo EM, Stolberg K, Taylor A, Vercelloni J, Wyatt M,
Hoegh-Guldberg O. Monitoring of coral reefs using artificial intelligence: a feasible and cost-
effective approach. Remote Sensing. 2022; 12: 489.

Gorelick N, Hancher M, Dixon M, llyushchenko S, Thau D, Moore R. Google Earth Engine:
Planetary-scale geospatial analysis for everyone. Remote Sensing of Environment. 2017; 202:
18-27.

Gudka M, Obura D, Treml EA, Nicholson E. Strengthening resilience potential assessments for coral
reef management. Methods in Ecology and Evolution. 2024; 15: 612-627.

Guzman HM, Kaiser S, Weil E. Assessing the long-term effects of a catastrophic oil spill on subtidal
coral reef communities off the Caribbean coast of Panama (1985-2017). Marine Biodiversity.
2020; 50: 28.

Hassan S, Bali BS, Yaseen A, Zaman M, Muneer W, Ganiee SA, Shah AJ, Ganai BA. Bridging the
gaps through environmental DNA: A review of critical considerations for interpreting the
biodiversity data in coral reef ecosystems. Marine Pollution Bulletin. 2024; 209: 117242.

Hering D, Borja A, Cartensen J, Carvalho L, Elliott M,eFeld CK, Heiskanen AS, Johnson RK, Moe
J, Pont D, Solheim AL, van de Bund W. The European Water Framework Directive at the age
of 10: a critical review of achievements with recommendation for the future. Science of the
Total Environment. 2010; 408: 4007-4019.

Hoarau L, Guilhaumon F, Bureau S, Mangion P, Labarrére P, Bigot L, Chabanet P, Penin L,
Adjeroud M. Marked spatial heterogeneity of macro-benthic communities along a shallow-
mesophotic depth gradient in Reunion Island. Scientific Reports. 2024; 14: 32021.

Hoegh-Guldberg O, Bruno JF. The impact of climate change on the world's marine ecosystems.
Science. 2010; 328: 1523-1528.

Hoegh-Guldberg O. The adaptation of coral reefs to climate change: Is the Red Queen being
outpaced? Scientia Marina. 2012; 76: 403-408.

Hughes TP, Barnes ML, Bellwood DR, Cinner JE, Cumming GS, Jackson JBC, Kleypas J, van de
Leemput IA, Lough JM, Morrison TH, Palumbi SR, van Nes EH, Scheffer M. Coral reefs in
the Anthropocene. Nature. 2017a; 546: 82-90.

Hughes TP, Kerry JT, Alvarez-Noriega M, Alvarez-Romero JG, Anderson KD, Baird AH, Babcock
RC, Beger M, Bellwood DR, Berkelmans R, Bridge TC, Butler IR, Byrne M, Cantin NE,
Comeau S, Connolly SR, Cummings GS, Dalton SJ, Diaz-Pulido G, Eakin CM, Figueira WF,
Gilmour JP, Harrison HB, Heron SF, Hoey AS, Hobbs JPA, Hoogenboom MO, Kennedy EV,
Kuo CY, Lough JM, Lowe RJ, Liu G, McCulloch MT, Malcolm HA, McWilliam MJ, Pandolfi
JM, Pears RJ, Pratchett MS, Schoepf V, Simpson T, Skirving WJ, Sommer B, Torda G,
Wachenfeld DR, Willis BL, Wilson SK. Global warming and recurrent mass bleaching of corals.
Nature. 2017b; 543: 373-377.

Hwang CL, Yoon K. Methods for multiple attribute decision making. In: Multiple attribute decision
making. Lecture notes in economics and mathematical systems. Springer, Berlin, Heidelberg;
1981. pp 58-191.

IFRECOR. Etat des récifs coralliens, herbiers marins et mangroves des outre-mer francais. Bilan
2020. IFRECOR; 2021. 335 pp.

IPBES. Global assessment report on biodiversity and ecosystem services. IPBES Secretariat, Bonn,
Germany; 2019. 56 pp.

IPCC. Special report on the ocean and cryosphere in a changing climate. Summary for policy-makers.
In: IPCC Special Report on the Ocean and Cryosphere in a Changing Climate, Pértner HO et
al. (eds.), Cambridge University Press, Cambridge, UK and New York, NY, USA; 2019. pp 3-
35.

Josefsson H, Baaner L. The Water Framework Directive: a directive for the twenty-first century?
Journal of Environmental Law. 2011; 23: 463-486.

32



896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946

Jouval F, Adjeroud M, Latreille AC, Bigot L, Bureau S, Chabanet P, Durville P, Elise S, Obura D,
Parravicini V, Guilhaumon F, Brandl S, Carlot J, Penin L. Using a multi-criteria decision-
matrix framework to assess the recovery potential of coral reefs in the South Western Indian
Ocean. Ecological Indicators. 2023; 147: 109952.

Kaufman L, Sandin S, Sala E, Obura D, Rohwer F, Tschirky T. Coral Health Index (CHI): measuring
coral community health. Conservation International, Arlington, USA; 2011. 15 pp.

Kayal M, Adjeroud M, Lasne G. Recouvrement benthique. In Lasne et al. (eds), Guide pour le suivi
de la qualit¢ du milieu marin en Nouvelle-Calédonie. CNRT Nickel et son Environnement,
Nouméa; 2022. p 212-215.

Kayal M, Lenihan HS, Brooks AJ, Holbrook SJ, Schmitt RJ, Kendall BE. Predicting coral community
recovery using multi-species population dynamics models. Ecology Letters. 2018; 21: 1790-
1799.

Kayal M, Vercelloni J, Lison de Loma T, Bosserelle P, Chancerelle Y, Geoffroy S, Stievenart C,
Michonneau F, Penin L, Planes S, Adjeroud M. Predator Crown-of-Thorns Starfish
(Acanthaster planci) outbreak, mass mortality of corals, and cascading effects on reef fish and
benthic communities. PLoS ONE. 2012; 7(10): e47363.

Kittinger JN, Finkbeiner EM, Glazier EW, Crowder UB. Human dimensions of coral reef social-
ecological systems. Ecology and Society. 2012; 17: 17.

Kleypas JA, Buddemeier RW, Gattuso JP. The future of coral reefs in an age of global change.
International Journal of Earth Sciences. 2001; 90: 426-437.

Lam VY'Y, Doropoulos C, Mumby PJ. The influence of resilience-based management on coral reef
monitoring: A systematic review. PLoS ONE. 2017; 12:e0172064.

Lamy T, Galzin R, Kulbicki M, Lison de Loma T, Claudet J. Three decades of recurrent declines and
recoveries in corals belie ongoing change in fish assemblages. Coral Reefs. 2016; 35: 293-302.

Lasagna R, Gnone G, Taruffi M, Morri C, Bianchi CN, Parravicini V, Lavorano S. A new synthetic
index to evaluate reef coral condition. Ecological Indicators. 2014; 40: 1-9.

Le Moal M, Aish A, Monnier O, Adjeroud M, Ballorain K, Batailler C., Bigot L, Bouchon C,
Chabanet P, Dirberg G, Faure G, Frouin P, Hily C, Joannot P, Nicet JB, Payri C, Pichon M,
Pouget-Cuvelier A, Thabard M, Ximénés MC. Overseas coral reefs and seagrasses -
Developing WFD bioassessment tools. French Biodiversity Agency, Meeting Recap series;
2016. 90 pp.

Lindenmayer DB, Likens GE. Adaptive monitoring: a new paradigm for long-term research and
monitoring. Trends in Ecology and Evolution. 2009; 24: 482-486.

Lirman D, Formel N, Schopmeyer S, Ault JS, Smith SG, Gilliam D, Riegl B. Percent recent mortality
(PRM) of stony corals as an ecological indicator of coral reef condition. Ecological Indicators.
2014; 44: 120-127.

Lyu Y, Wang W, Zhou Z, Geng Z, Jia H, Lu C, Chen Z, Deng W, Xiong X, Shi R, Li H, Yang Z,
Lou Q. Evaluation of the ecological status of shallow-water coral reefs in China using a novel
method and identification of environmental factors for coral decline. Marine Pollution Bulletin.
2024; 201: 116227.

Maynard JA, Marshall PA, Johnson JE, Harman S. Building resilience into practical conservation:
identifying local management responses to global climate change in the southern Great Barrier
Reef. Coral Reefs. 2010; 29: 381-391.

Maynard JA, McKagan S, Raymundo L, Johnson S, Ahmadia GN, Johnston L, Houk P, Williams GJ,
Kendall M, Heron SF, van Hooidonk R, Mcleod E, Tracey D, Planes S (2015) Assessing
relative resilience potential of coral reefs to inform management. Biological Conservation.
2015; 192: 109-1109.

McClanahan TR, Darling ES, Maina JM, Muthiga NA, D’agata S, Leblond J, Arthur R, Jupiter SD,
Wilson SK, Mangubhai S, Ussi AM, Guillaume MMM, Humphries AT, Patankar V, Shedrawi
G, Pagu J, Grimsditch G. Highly variable taxa-specific coral bleaching responses to themal
stresses. Marine Ecology Progress Series. 2020; 648: 135-151.

33



947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997

McClanahan TR, Donner SD, Maynard JA, MacNeil MA, Graham NA, Maina J, Baker AC, Alemu
| JB, Beger M, Campbell SJ. Prioritizing key resilience indicators to support coral reef
management in a changing climate. PLoS ONE. 2012; 7:e42884.

Mcleod E, Anthony KRN, Mumby PJ, Maynard J, Beeden R, Graham NAJ, Heron SF, Hoegh-
Guldberg O, Jupiter S, MacGowan P, Mangubhai S, Marshall N, Marshall PA, McClanahan
TR, Mcleod K, Nystrém M, Obura D, Parker B, Possingham HP, Salm RV, Tamelander J. The
future of resilience-based management in coral reef ecosystems. Journal of Environmental
Management. 2019; 233: 291-301.

Mellin C, Brown S, Cantin N, Klein-Salas E, Mouillot D, Heron SF, Fordham DA. Cumulative risk
of future bleaching for the world’s coral reefs. Science Advances. 2024; 10: eadn9660.

Mellin C, Peterson EE, Puotinen M, Schaffelke B. Representation and complementarity of the long-
term coral monitoring on the Great Barrier Reef. Ecological Applications. 2020; 30: e02122.

Mills MS, Ungermann M, Rigot G, den Haan J, Leon JX, Schils T. Coral reefs in transition: Temporal
photoquadrat analyses and validation of underwater hyperspectral imaging for resource-
efficient monitoring in Guam. PLoS ONE. 2024; 19(3): e0299523.

Moberg F, Folke C. Ecological goods and services of coral reef ecosystems. Ecological Economics.
1999; 29: 215-233.

Monnier O, Coffre-Vieillard S, Bissery C. Evaluer I’état écologique des récifs coralliens — Réflexions
a la croisée des politiques publiques de protection. Office Francais de la Biodiversité, collection
Rencontres-Synthese; 2021. 136 pp.

Montilla LM, Miyazawa E, Ascanio A, Lopez-Hernandez M, Marino-Briceno G, Rebolledo-Sanchez
Z, Rivera A, Mancilla DS, Verde A, Croquer A. The use of pseudo-multivariate standard error
to improve the sampling design of coral monitoring programs. PeerJ. 2020; 8: €8429.

Moss B. The Water Framework Directive: total environment or political compromise? Science of the
Total Environment. 2008; 400: 32-41.

Muller-Karger FE, Miloslavich P, Bax N, Simmons SE, Costello MJ, Pinto IS, et al. Advancing
marine biological observations and data requirements of the complementary essential ocean
variables (EOVs) and essential biodiversity variables (EBVs) framework. Frontiers in Marine
Science. 2018; 5: 211.

Mumby PJ, Bejarano S, Golbuu Y, Steneck RS, Arnold SN, van Woesik R, Friedlander AM.
Empirical relationships among resilience indicators on Micronesian reefs. Coral Reefs. 2013;
32: 213-226.

Obura DO, Aeby G, Amornthammarong N, Appeltans W, Bax N, Bishop J, Brainard RE, Chan S,
Fletcher P, Gordon TAC, Gramer L, Gudka M, Halas J, Hendee J, Hodgson G, Huang D,
Jankulak M, Jones A, Kimura T, Levy J, Miloslavich P, Ming Chou L, Muller-Karger F, Osuka
K, Samoilys M, Simpson SD, Tun K, Wongbusarakum S. Coral reef monitoring, reef
assessment technologies, and ecosystem-based management. Frontiers in Marine Science.
2019; 6: 580.

QOuassine Y, Conruyt N, Kayal M, Martin PA, Bigot L, Vignes Lebbe R, Moussanif H, Zahir J. Deep
learning for automated coral reef monitoring a novel system based on YOLOvV8 detection and
DeepSORT tracking. Ecological Informatics. 2025; 89: 103170.

Pandolfi JM, Connolly SR, Marshall DJ, Cohen AL. Projecting coral reef futures under global
warming and ocean acidification. Science. 2011; 333: 418-422.

Parravicini V, Rovere A, Vassallo P, Micheli F, Montefalcone M, Morri C, Paoli C, Albertelli G,
Fabiano M, Bianchi CN. Understanding relationships between conflicting human uses and
coastal ecosystems status: A geospatial modelling approach. Ecological Indicators. 2012; 19:
253-263.

Parravicini V, Villéger S, McClanahan TR, Arias-Gonzélez JE, Bellwood DR, Belmaker J, Chabanet
P, Floeter SR, Friedlander AM, Guilhaumon F, Vigliola L, Kulbicki M, Mouillot D. Global
mismatch between species richness and vulnerability of reef fish assemblages. Ecology Letters.
2014; 17: 1101-1110.

34



998

999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047

Pellerin F, Espel D, Ballard J, Salatn J, Pichon M, Bosserelle P, Zubia M, Wickel J, Andrefouét S,
Garrigue C, Lasne G, Letourneur Y, Adjeroud M, Kayal E, Guillaumon F, Berteaux-Lecellier
V, Lecellier G, Kayal M. Snapshots of coral reef biodiversity. In: Planes S (ed.) The future of
coral reefs, Coral Reefs of the World 2025; 21, 187-241.

Penin L, Michonneau F, Baird AH, Connolly SR, Pratchett MS, Kayal M, Adjeroud M. Early post-
settlement mortality and the structure of coral assemblages. Marine Ecology Progress Series.
2010; 408: 55-64.

Randrianarivo M, Gasimandova LM, Tsilavonarivo J, Razakandrainy A, Philippe J, Guilhaumon F,
Botosoamananto RL, Penin L, Todinanahary G, Adjeroud M. Assessing recovery potential of
coral reefs in Madagascar and the effects of marine protected areas. Regional Studies in Marine
Science. 2024, 77: 103710.

Reaka-Kudla ML, Wilson DE, Wilson EO. Biodiversity Il: Understanding and protecting our
biological resources. Joseph Henry Press, Washington DC; 1996. 560 pp.

Reverter M, Helber SB, Rohde S, De Goeij JM, Schupp PJ. Drivers of coral reef benthic changes and
implications on ecosystem functioning and services. Oceanography and Marine Biology: An
Annual Review. 2024; 62: 215-247.

Rice MM, Ezzat L, Burkepile DE. Corallivory in the Anthropocene: Interactive effects of
anthropogenic stressors and corallivory on coral reefs. Frontiers in Marine Science. 2019; 5:
525.

Robinson JPW, Williams ID, Yeager LA, McPherson JM, Clark J, Oliver TA, Baum JK.
Environmental conditions and herbivore biomass determine coral reef benthic community
composition: implications for quantitative baselines. Coral Reefs. 2018; 37: 1157-1168.

Rocha LA, Pinheiro HT, Shepherd B, Papastamatiou YP, Luiz OJ, Pyle RL, Bongaerts P. Mesophotic
coral ecosystems are threatened and ecologically distinct from shallow water reefs. Science.
2018; 361: 281-284.

Rowland JA, Lee CKF, Bland LM, Nicholson E. Testing the performance of ecosystem indices for
biodiversity monitoring. Ecological Indicators. 2020; 116: 106453.

Salvat B, Aubanel A, Adjeroud M, Bouisset P, Calmet D, Chancerelle Y, Cochennec N, Davies N,
Fougerousse A, Galzin R, Lagouy E, Lo C, Monier C, Ponsonnet C, Remoissenet G, Schneider
D, Stein A, Tatarata M, Villiers L. Le suivi de I'état des récifs coralliens de Polynésie francaise
et leur récente évolution. Revue d'Ecologie (Terre Vie). 2008; 63: 145-177.

Santavy DL, Jackson SK, Jessup B, Gerritsen J, Rogers C, Fisher WS, Weil E, Szmant A, Cuevas-
Miranda D, Walker BK, Jeffrey C, Bradley P, Ballantine D, Roberson L, Ruiz-Torres H, Todd
B, Smith T, Clark R, Diaz E, Bauza-Ortega J, Horstmann C, Raimondo S. A biological
condition gradient for coral reefs in the US Caribbean Territories: Part I. Coral narrative rules.
Ecological Indicators. 2022; 138: 108805.

Shen EW, Borbee EM, Carvalho PG, Setiawan F, Subhan B, Madduppa H, Humphries AT, Lane CE.
Preliminary characterization of coral reef diversity using environmental DNA in a hyper-
diverse context. Regional Studies in Marine Science. 2024; 71: 103432.

Skirving WJ, Heron SF, Marsh BL, Liu G, De La Cour JL, Geiger EF, Eakin CM. The relentless
march of mass coral bleaching: a global perspective of changing heat stress. Coral Reefs. 2019;
38: 547-557.

Smith HA, Chen CCM, Pollock FJ, Re M, Willis BL, Bourne DG. Drivers of coral mortality in non-
acute disturbance periods. Marine Ecology Progress Series. 2023; 717: 37-50.

Smith JN, Mongin M, Thompson A, Jonker MJ, De’ath G, Fabricius KE. Shifts in coralline algae,
macroalgae, and coral juveniles in the Great Barrier Reef associated with present-day ocean
acidification. Global Change Biology. 2020; 26: 2149-2160.

Souter D, Planes S, Wicquart J, Logan M, Obura D, Staub F. Status of coral reefs of the world: 2020.
Executive summary. Global Coral Reef Monitoring Network (GCRMN) and International
Coral Reef Initiative (ICRI); 2021. 19 pp.

35



1048
1049
1050
1051
1052
1053
1054
1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083

Sultan A, Saoud LS, Elmezain M, Heshmat M, Seneviratne L, Hussain I. Autonomous robotic
systems for coral reef monitoring: Review and open research issues. Ecological Informatics.
2025; 92: 103511.

Teague J, Megson-Smith DA, Allen MJ, Day JCC, Scott TB. A review of current and new optical
techniques for coral monitoring. Oceans. 2022; 3: 30-45.

Teixeira H, Berg T, Uusitalo L, Furhaupter K, Heiskanen AS, Mazik K, Lynam CFP, Neville S,
Rodriguez JG, Papadopoulou N, Moncheva S, Churilova T, Kryvenko O, Krause-Jensen D,
Zaiko A, Verissimo H, Pantazi M, Carvalho S, Patricio J, Uyarra MC, Borja A. A catalogue of
marine biodiversity indicators. Frontiers in Marine Science. 2016; 3: 207.

Thompson A, Martin K, Logan M. Development of the coral index, a summary of coral reef resilience
as a guide for management. Journal of Environmental Management. 2020; 271: 111038.
Urbina-Barreto I, Chiroleu F, Pinel R, Fréchon L, Mahamadaly V, Elise S, Kulbicki M, Quod JP,
Dutrieux, Garnier R, Bruggemann JH, Penin L, Adjeroud M. Quantifying the shelter capacity
of coral reefs using photogrammetric 3D modeling: from colonies to reefscapes. Ecological

Indicators. 2021a; 121: 107151.

Urbina-Barreto I, Garnier R, Elise S, Pinel R, Dumas P, Mahamadaly V, Facon M, Bureau S, Peignon
C, Quod JP, Dutrieux E, Penin L, Adjeroud M. Which method for which purpose? A
comparison of Line Intercept Transect and underwater photogrammetry methods for coral reef
surveys. Frontiers in Marine Science. 2021b; 8: 636902.

Van Wynsberge S, Gilbert A, Guillemot N, Payri C, Andréfouét S. Alert thresholds for monitoring
environmental variables: A new approach applied to seagrass beds diversity in New Caledonia.
Marine Pollution Bulletin. 2013; 77: 300-307.

Vercelloni J, Kayal M, Chancerelle Y, Planes S. Exposure, vulnerability, and resiliency of French
Polynesian coral reefs to environmental disturbances. Scientific Reports. 2019; 9: 1027.
Voulvoulis N, Arpon KD, Giakoumis T. The EU Water Framework Directive: From great
expectations to problems with implementation. Science of the Total Environment. 2017; 575:

358-366.

Walker AS, Kratochwill CA, van Woesik R. Past disturbances and local conditions influence the
recovery rates of coral reefs. Global Change Biology. 2024; 30: e17112.

Williams GJ, Graham NAJ, Jouffray JB, Norstrom AV, Nystrom M, Gove JM, Heenan A, Wedding
LM. Coral reef ecology in the Anthropocene. Functional Ecology. 2019; 33: 1014-1022.
Williams GJ, Smith JE, Conklin EJ, Gove JM, Sala E, Sandin SA. Benthic communities at two remote
Pacific coral reefs: effects of reef habitat, depth, and wave energy gradients on spatial patterns.

PeerJ. 2013; 1: e81.

Woodhead AJ, Hicks CC, Norstrom AV, Williams GJ, Graham NAJ. Coral reef ecosystem services

in the Anthropocene. Functional Ecology. 2019; 33: 1023-1034.

36



1084

Table 1. Major characteristics of coral reef health monitoring in French overseas territories.

Name of . ’ . . . . Sampling
Region® | Island the En\_m_’onmental No._of Habitats® Starting | Sampling Sampling method Benthlc_ Sam_plmg method Fish categories method for Invertelgrate Data collectors
. policies stations date frequency for benthos categories for fishes - categories
monitoring invertebrates
J— . . 3 belt transects (50x5 - Eco-guards, researchers,
SWIO La Réunion | GCRMN IFRECOR 16 FR, OS 1998 Regular/interannual | 3 LIT of 20 m Genera/Species m) Species private consultants
SWIO La Réunion | DCE WFD 7 [6F] 2015 Regularfevery 3 3LITof20m Genera/Species 3 belt transects (50x5 Species 3 belt transects Sea urchins Private consultants
years m) (20x4 m)
SWIO | LaRéunion | MPA effect | SNAP 40 FR, OS 2007 Regular/every 5 40 photo-quadrats Genera/Species 3 Delt transects (505 Species Eco-guards, researchers
years (0.70%0.35 m) m)
SWIO Mayotte GCRMN IFRECOR 21 '(:)Z LR, 1999 Regular/interannual | 3 LIT of 20 m Genera/Species ?n? elt transects (50x5 Species Z{Jlavrétlit: consultants, eco-
SWIO Mayotte MPA effect | SNAP 10 BR 1995 Occasional ?n;) it transects (50x5 Species Private consultants
Fringin 1 MSA (20 m) and Targeted
SWIO | Mayotte ging IFRECOR 200 FR 1989 Occasional 10 photo-quadrats gete " Private consultants
Reef (2x2 m) categories
1 MSA (25 m) and Herbivores and
SWIO | Mayotte MSA IFRECOR 60 BR,LR |2005 | Occasional 10 photo-quadrats | 1avgeted 1 belt transect (25<5 | o1 homatic Private consultants
categories m) -
(5x5 m) species
SWIO | Europa GCRMN IFRECOR 6 FR, OS 2011 Occasional 3LITof20m Genera/Species ﬁq;)elt transects (50x5 Species Researchers
SWIO | Glorieuses GCRMN IFRECOR 6 FR, OS 2002 Occasional 3LITof20m Genera/Species ?n;)elt transects (505 Species Researchers
SWIO ﬁ%sisaas P& | GCRMN | IFRECOR 4 0S,LR |2011 | Occasional 3LITof 20 m Genera/Species f’n ;’e“ transects (50x5 | g6 ieg Researchers
SWIO "]\:j:cade GCRMN IFRECOR 7 FR, OS 2008 Occasional 3LITof20m Genera/Species i? elt transects (50x5 Species Researchers
SWIO | Tromelin GCRMN IFRECOR 3 0os 2011 Occasional 3LITof20m Genera/Species ;’;;)elt transects (50x5 Species Researchers
Regular/interannual
SWIO | Geyser/Zelée | GCGRMN | IFRECOR 14 BR,OS |1996 | forsomestations, |5, \roro0m Genera/Species | 5 PeILIransects (S0x5 | gq o Eco-guards, researchers,
occasional for m) private consultants
others
cp Moorea MPA SNAP 42 FR, LR, 2004 Regular/semi- 3 PIT of 25 m with Targete_d 3 belt transects (25x2 Species 3 belt transects Targete_d Researchers
monitoring (6N annual points every 0.5 m categories m) (25x2 m) categories
1 PIT of 50 m with
Tiahura FR, LR, . pointsevery 1 m, 1 4 belt transects (25x2 .
CcP Moorea radiial IFRECOR 3 os 1979 Regular/interannual PIT of 25 m with Genera m) Species Researchers
points every 0.25 m
. Regular/biannual .
CcP 14 islands? Polynesia IFRECOR 21 oS 1991 since 1997, 20 photo-quadrats Genera 3 belt transects (50x5 Species Researchers
Mana ; (1x1m) m)
occasional before
. Wallis & .
cp Wallis and Futuna IFRECOR 12 FR, LR, 2019 Occasional 4 PIT of 20 m with Targeted 4 belt transects (20x5 | Targeted 4 belt transects Targeted Eco-guards
Futuna monitoring 0os points every 0.5 m categories m) categories (20x5 m) categories
cp Wallis and Polynesia IFRECOR 6 os 1999 Regular/every 3 20 photo-quadrats Genera Species level Eco-guards
Futuna Mana years (1x1 m)
Regular/interannual .
WP New RORC IFRECOR 101 FR, LR, 1997 since 2003, 4PIT of 20 m with Targete_d 4 belt transects (20x5 Targete_d 4 belt transects Targete_d Participatory science
Caledonia BR . points every 0.5 m categories m) categories (20x5 m) categories
occasional before
New World FR, LR, Regular/every 6-10 Targeted Distance sampling Targeted 1 belt transect . Private consultants,
WP Caledonia Heritage IFRECOR 235 BR, OS 2006 years 1LITof50m categories (1x50 m) categories (50x5 m) Species level researchers
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Table 1. Continued.

. . . - . Sampling
Region | Island Name Of. the En\_n_ronmental NO'.Of Habitats Starting Sampling frequency Sampling method Benthlc_ Sam_plmg method Fish categories method for Invertel_arate Data collectors
monitoring | policies stations date for benthos categories for fishes . categories
invertebrates
3x50 m belt transects
FR Regular/interannual 21531p:§t0_quadrats 21bf2|rt ;:?)r:)sifgtss (esc(l):s4 3 belt transects Diadematidae sea
CA Martinique | GCRMN IFRECOR 5 y 2001 until 2013, Coral juveniles: Genera/Species P " | Species . Private consultants
BCR - 50x2 m for others (50x1 m) urchins
occasional after 0.25x0.25 cm B sori
(i.e., territorial)
quadrats (10 per
transect)
6 PIT of 10 m with
- FR, - point every 0.2 m, 60 . 60 quadrats (1x1 : .
CA Martinique | DCE WFD 15 BCR 2007 Regular/interannual quadrats (0.25x0.25 Genera/Species m) Sea urchins Private consultants
m)
CA Martinique | Reef Check | IFRECOR 4 FR, 2009 Occasional 4 F_’IT of 20 m with Targete_d 4 belt transects (20x5 Targete_d 4 belt transects Targete_d Participatory science
BCR points every 0.5 m categories m) categories (20x5 m) categories
6 LIT 10 m transects
?rlsr?gecateo " 10 belt transects Targeted 6 belt transects Researchers, private
CA Guadeloupe | GCRMN IFRECOR 4 FR 2002 Regular/interannual 6 belt transects Genera/Species (30x2 m) along a 150 categories (10x1 m) Sea urchins consultants
m transect
10%0.5 m for coral
juveniles
6 PIT of 10 m with
point every 0.2 m or
MPA . 3 PIT of 20 m with : 3 belt transects (50x2 | Targeted 60 quadrats (1x1 : Eco-guards, private
CA Guadeloupe network SNAP 2 FR 2017 Occasional point every 0.5 m, 60 Genera/Species m) categories m) Sea urchins consultants
quadrats (1.0x0.5 m)
for juvenile corals
6 PIT of 10 m with
point every 0.2 m, 60
FR quadrats (0.25x0.25 60 quadrats (1x1
CA Guadeloupe | DCE WFD 15 BC’R 2008 Regular/interannual | m), 6x10 m linear Genera/Species m)qua rats (1x Sea urchins Private consultants
transects +and 1x0.5
m quadrats for coral
juveniles
CA Guadeloupe | Reef Check | IFRECOR 8 BCR 2007 Interannual 4 F?IT (20 m), with Targete_d 4 belt transects (20x5 Targeteq 4 belt transects Targete_d Participatory science
points every 0.5 m categories m) categories (20x5 m) categories
6 LIT 10 m transects
. . along a 60 m
: Bi-annual until 2006 10 belt transects
Saint- ; ' | transect, . Targeted 6 belt transects . Eco-guards,
CA Barthelemy GCRMN IFRECOR 2 BCR 2002 interannual from 6 belt transects Genera/Species (30x2 m) along a 150 categories (10x1 m) Sea urchins researchers
2007 m transect
10%0.5 m for coral
juveniles
6 PIT of 10 m with
point every 0.2 m or
Saint- MPA 3 PIT of 20 m with : 3 belt transects (50x2 | Targeted 60 quadrats (1x1 : Eco-guards, private
CA Barthelemy | network SNAP 2 BCR 2007 Interannual point every 0.5 m, 60 Genera/Species m) categories m) Sea urchins consultants
quadrats (1.0x0.5 m)
for juvenile corals
CA Saint- Reef Check | IFRECOR 2 BCR 2018 Interannual 4 PIT (20 m), with Targeted 4 belt transects (20x5 | Targeted 4 belt transects Targeted Participatory science
Barthelemy points every 0.5 m categories m) categories (20x5 m) categories
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6 PIT of 10 m with
point every 0.2 m or

] MPA 3 PIT of 20 m with . 3 belt transects (50x2 | Targeted 60 quadrats (1x1 : Eco-guards, private
CA Petite Terre network SNAP BCR 2007 Interannual point every 0.5 m, 60 Genera/Species m) categories m) Sea urchins consultants
quadrats (1.0x0.5 m)
for juvenile corals
6 PIT of 10 m with
point every 0.2 m or
Saint- MPA 3 PIT of 20 m with : 3 belt transects (50x2 | Targeted 60 quadrats (1x1 : Eco-guards, private
CA Martin network SNAP BCR 2007 Interannual point every 0.5 m, 60 Genera/Species m) categories m) Sea urchins consultants
quadrats (1.0x0.5 m)
for juvenile corals
Saint- 4 PIT (20 m), with Targeted 4 belt transects (20x5 | Targeted 4 belt transects Targeted Eco-guards,
CA Martin Reef Check | IFRECOR BCR 2007 Interannual points every 0.5 m categories m) categories (205 m) categories participatory science
6 PIT of 10 m with
CA Samt_- DCE WFD BCR 2018 Regular/interannual point every 0.2 m, 60 Genera/Species 60 quadrats (1x1 Sea urchins Private consultants
Martin quadrats (0.25x0.25 m)
m)

1: SWIO: South-Western Indian Ocean; CP: Central Pacific; WP: West Pacific; CA: Caribbean; 2: Moorea, Tahiti, Bora Bora, Tetiaora, Aratika, Marutea sud, Mataiva, Nengo-Nengo, Rangiroa, Takapoto, Tikehau, Ua Uka, Nuku Hiva, Tubuai ; 3: OS:

LR: lagoonal/mid-shelf reefs; BR: barrier reef; OS: outer reef slope; BCR: volcanic rocky bottom; 4: These categories include various taxa that vary by region and monitoring program

FR: fringing reef;
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Figure captions

Fig 1. Contribution of French coral reefs to coral reef area at a global scale, and their distribution

among overseas territories. From Pellerin et al. (2025).

Fig. 2. Schematic representation of the objectives, protagonists and targets of the main national

(IFRECOR, SNAP) and European (WFD) environmental policies.

Fig. 3. Ecological variables and indicators used in French overseas reef monitoring across major
regions. Caribbean Ocean: Guadeloupe, Martinique, Saint-Martin, Saint-Barthelemy; West Pacific
Ocean: New Caledonia, Wallis and Futuna; Central Pacific Ocean: French Polynesia; Southwest

Indian Ocean: La Réunion, Mayotte and Iles Eparses).

Fig. 4. Concept of a modelling approach to define coral reef status based on unbiased reference
conditions. The approach is illustrated using coral cover as the response variable for reef status and a
generic variable for human impact (A). Ct is the target reef to be evaluated. The intercept of the coral
cover—impact relationship (Crp) represents an idealized “pristine” condition (i.e., the modelled coral
cover in the absence of human pressure). Crm represents the maximum attainable coral cover under
a level of human impact equivalent to that of Ct¢, while Ctm is the modelled coral cover under that
same impact. A Bayesian framework is used to estimate posterior distributions and thus the
uncertainty of each point (B). Based on this approach, we propose two ecological indices (C) that
quantify the deviation of Ct from (i) pristine conditions and (ii) the maximum attainable coral cover
under the prevailing level of human impact, when the latter cannot be mitigated by conservation

measurcs.



Fig. 5. Illustration of the use of the Recovery Index (RI) calculated with the TOPSIS approach to
examine the effects of Marine Protected Areas (MPAs) on reef communities. Three regions (Masoala
in the northeast, Nosy-Be in the northwest, and Salary Nord in the southwest) and 18 sampling
stations were located around Madagascar. The normalized values of the eight recovery metrics at each
station are presented in pie radar plots and the Rls are in bold in middle of each plot. Stations coded

NTZ (“No Take Zone”) are located in unfished areas. From Randrianarivo et al. (2024).
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« French coral reef monitoring programs represent a critical tool to inform about ecological changes
« The use of indicators that integrate key ecological and functional processes is recommended
« These monitoring programs may meet the expectations of national public policies

e The requirements of the Water Framework Directive are incompatible with coral reef ecosystems
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