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Coral bleaching poses a severe threat to the health and survival of global coral
reef ecosystems, with recent events surpassing historical heat stress records. To
address this crisis, improved long-term monitoring, communication, and
coordination are urgently required to enhance conservation, management, and
policy responses. This study reviews global coral bleaching survey
methodologies and datasets spanning 1963 to 2022, identifying key challenges
in methodological standardization, including database duplication and
inconsistencies in naming and reporting bleaching metrics. These issues hinder
comparative analyses and contribute to discrepancies in global bleaching impact
assessments. We developed a typology of twenty-nine coral bleaching methods
used across various scales, encompassing remote sensing tools, underwater
surveys, and specimen collection. Analysis of 77,370 observations from three
major datasets revealed that 9.36% of entries lacked methodological
descriptions. Among recorded methods, belt transects (42%), line and point
intercept transects (33%), and random surveys (17%) were the most widely
applied. Practitioner surveys underscored the dominance of in situ transect
and visual methods, highlighting the growing adoption of photo quadrats—an
emerging yet underrepresented technique in existing datasets. To enhance
global coral bleaching assessments, we propose a standardized framework that
ensures open access and accessible data that aligns with decision-makers’ needs
for efficient data aggregation and interoperability to better understand temporal
and spatial bleaching events. A globally coordinated coalition should unify
protocols, improve data-sharing capabilities, and empower regional networks
through targeted training, incentives, and open communication channels.
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Strengthening field capacity in coral taxonomy and standardized survey
methodologies, alongside integrating advanced tools, will improve data quality
and comparability. Additionally, creating precise geolocated datasets will bridge
on-the-ground observations with advanced remote sensing systems, refining the
accuracy of satellite-based early warning tools. Establishing interoperable online
platforms will further streamline data integration and accessibility, providing a
robust foundation to support global responses to coral bleaching and foster
impactful conservation initiatives.

KEYWORDS

coral reefs, coral bleaching surveys, global bleaching review, marine heatwaves,
underwater surveys

1 Introduction

Coral bleaching is one of the greatest current threats to reefs
worldwide (Heron et al., 2016; Hughes et al., 2017) and occurs when
water temperatures exceed the thermal tolerance of corals (Glynn
and D’Croz, 1990; Glynn, 1993). Although bleaching can occur
naturally due to fluctuations in seasonal temperatures,
sedimentation, and salinity, mass bleaching events have begun to
emerge during all phases of the El Nino-Southern Oscillation
(ENSO) due to the high heat content in the oceans (Claar et al,
2018; Muiiz-Castillo et al., 2019; Spady et al., 2022). These events
have increased in frequency across all coral reef regions of the globe
(Eakin et al., 2010; Hughes et al, 2018b; Sully et al., 2022; Virgen-
Urcelay and Donner, 2023), presenting limited recovery from one
event to the next (Mason et al., 2020). Global estimates suggest we
have lost half of the world’s corals (Eddy et al., 2021), and the
International Union for Conservation of Nature (IUCN) Red List
Coral Assessment estimates that 44% of reef-building coral species
globally are threatened with extinction due to climate change and
other stressors (Gutierrez et al., 2024). These staggering losses
demand an urgent reduction of global carbon emissions and an
effective robust approach to global coral bleaching monitoring
(Hoegh-Guldberg et al., 2023).

Data from ongoing monitoring efforts have significantly
influenced international policy (Obura et al, 2019). The Paris
Agreement under the United Nations Framework Convention on
Climate Change (UNFCCC) was shaped by data highlighting the
severe impact of rising sea temperatures on coral reefs, driving the
inclusion of temperature rise limits to keep the global average
temperature increase below 2°C above pre industrial levels, and
ideally 1.5°C, to protect reefs (Obura et al., 2019). Similarly, the
impacts of coral bleaching have guided the Convention on
Biological Diversity (CBD) Aichi Biodiversity goals, particularly
Target 8, which aims to minimize the impacts of climate change on
biodiversity and build resilience (CBD, 2024). The
Intergovernmental Panel on Climate Change (IPCC) incorporates
extensive heat stress projections in its assessment reports,
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emphasizing the urgent need for mitigation and adaptation
measures to protect coral reefs from climate change (IPCC, 2023).
Furthermore, based on these data, the United Nations Environment
Program (UNEP) has developed global guidelines and policy
recommendations for coral reef management and climate change
adaptation, integrating reef resilience into marine spatial planning
(Souter et al., 2021). Lastly, the International Coral Reef Initiative
(ICRI) and its operative network, the Global Coral Reef Monitoring
Network (GCRMN), use long-term data sets on coral reef status and
trends to generate comprehensive reports that guide international
policies and conservation strategies (Donovan et al., 2021; Souter
et al,, 2021; Sully et al.,, 2019, Sully et al., 2022).

Several global monitoring networks and regional initiatives with
standardized survey methodologies currently contribute data to
many prominent online platforms, facilitating meta-analyzing of
coral reef conditions (Donovan et al,, 2021; Lachs et al.,, 2021;
McClanahan et al., 2019; Sully et al., 2019, Sully et al., 2022). These
platforms monitor key indicators of reef health with set monitoring
time frames that may not coincide with bleaching events. However,
these programs offer bleaching and non-bleaching observations that
allow the creation of comprehensive global databases (Donner et al.,
2017; Spady et al., 2022; van Woesik and Kratochwill, 2022; Virgen-
Urcelay and Donner, 2023). These efforts encompass surveys
conducted by organizations such as Reef Check (Sully et al,
2019), Wildlife Conservation Society (McClanahan et al., 2019,
McClanahan et al., 2020) and CoralWatch (Siebeck et al., 2006;
Marshall et al., 2012) alongside long-standing regional programs
such as Atlantic and Gulf Rapid Reef Assessment (AGRRA) in the
Caribbean (Ginsburg and Lang, 2003), the National Coral Reef
Monitoring Program (NCRMP) across the United States and
territories, the Coastal Ocean Research and Development in the
Indian Ocean (CORDIO), and the Australian Institute of Marine
Science’s Long-Term Monitoring Program, among many others
(van Woesik and Kratochwill, 2022; Virgen-Urcelay and Donner,
2023). These networks and other bleaching monitoring groups
provide data to the National Oceanic and Atmospheric
Administration (NOAA) Coral Reef Watch Program to help
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validate early warning systems based on sea surface temperature
anomalies (Eakin et al., 2010).

Different methodologies and approaches can evolve naturally
when led by different organizations. However, methodological
incompatibility between organizations inhibits globally integrated
datasets to determine the status and trends of coral bleaching.
Currently, a plethora of in situ coral bleaching assessment methods
are in use, from data gathered at the cellular level to information
gleaned from satellites and from basic visual field estimates to more
precise digital calculations from in situ survey photos and machine
learning programs (Donovan et al., 2023; Hedley et al., 2016; Madin
etal., 2019; Obura et al., 2019; Teague et al., 2020; van Woesik et al.,
2022). Given the breadth of available assessment options, it remains
challenging to compare data gathered at different reef locations
across space and time, complicating our understanding of coral reef
health (Delaval et al., 2021; Wicquart et al., 2022). For instance, the
GCRMN has noted that a lack of integrated datasets hampers
seamless cross-compatibility and large-scale analyses of ecological
datasets of coral reefs (Wicquart et al., 2022). The differences in
resources and capacities between regions further compound this
issue. To successfully monitor reef health in an era of rapid change,
we must coordinate globally to guide policy and urgently address
longstanding data integration and methodological standardization
issues, which have persisted since the inception of global coral
bleaching protocols over three decades ago (Ginsburg and Lang,
2003; Hill and Wilkinson, 2004; Marshall et al., 2004).

Here, we provide a comprehensive review of the methodologies
and data sets available from 1963 to 2022 for global coral bleaching
surveys, detailing the methods used and their temporal and spatial
coverage. Our objective is to inform and improve conservation
efforts by synthesizing the current state of coral bleaching methods
and offering recommendations for future spatiotemporal data
harmonization of bleaching events. We emphasize that improving
data standardization will benefit and facilitate the integration of
advanced technology and predictive tools for coral reef
management and conservation. Standardization is imperative to
support links to globally relevant policies such as target eight of the
Global Biodiversity Framework (“Minimize the Impacts of Climate
Change on Biodiversity and Build Resilience”) and other efforts to
address the threats of coral reefs worldwide (CBD, 2024).

2 Materials and methods
2.1 Typology

Based on an analysis of three global coral bleaching databases, a
practitioner survey, and a review of gray and scientific literature, we
developed a conceptual framework to summarize the current coral
bleaching assessment methods. We structured our framework using
broad categories of methods (remote sensing, underwater surveys,
and specimen collection) and metrics used to measure bleaching.
This typology constitutes a visual aid in understanding the breadth
of bleaching monitoring methods and data collection types.
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2.2 Global coral bleaching databases

We compiled three of the most comprehensive global databases
of coral bleaching surveys, covering observations from 1963 to
2022: (a) van Woesik and Kratochwill, 2022 (1980-2020) with
34,846 observations; (b) Virgen-Urcelay and Donner, 2023 (1963-
2017) with 37,774 observations; and (c) CoralWatch, 2022 (2003-
2022) with 367,350 observations obtained from https://
biocollect.ala.org.au/coralwatch (Siebeck et al., 2006; Marshall
et al, 2012). These databases included data on bleaching and non-
bleaching observations. Incorporation of other available regional
coral bleaching databases was beyond the scope of this paper.

2.2.1 Quality control of the databases

To eliminate duplicate observations and locations, we
comprehensively cross-referenced the database (Figure 1). This
involved comparing entries according to date, geographic
coordinates, depth, and survey method. All data entries were
standardized by method name according to our typology and
reclassified accordingly. Since many observations did not
explicitly indicate an assessment method, we manually searched
sources to find this missing information when possible. We
considered these two independent methods if two distinct types
of surveys were done at a single site (e.g., point intercept transects
and belt transects). We used the following quality control workflows
for each database:

A. van Woesik and Kratochwill, 2022: we reviewed each data
provider and removed duplicate data. For example, we
removed Reef Check and CoralWatch from Kumagai and
Yamano, 2018 (668 observations) to prevent duplicates.
We obtained methods for the data provided by Safaie et al.
(2018) by manually reviewing the supplementary material
and associating a method with observations when
possible. We also removed data from (Donner et al,
2017) (7429 observations) since we included a more
recent version of this data set. After filtering by date,
geographic coordinates, depth, and survey method, we
obtained 32,954 site-level observations.

B. Virgen-Urcelay and Donner (2023) database: we
recategorized observations with an associated percentage
of bleaching to visual estimates but did not specify a visual
assessment method. We did this for data compiled by
Eakin et al. (2010), personal communications, and
CORDIO data originally submitted to NOAA Coral
Reef Watch (CRW). After filtering for date, geographic
coordinates, depth, and survey method, we obtained
24,309 site-level observations.

C. CoralWatch database: All observations were made using
the Coral Health Chart (Siebeck et al., 2006; Marshall
et al, 2012) and were labeled random surveys. At some
sites in the CoralWatch database, two methods were used,
including the random survey and georeferenced photo-
quadrat methods; in these cases, we included two methods
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Workflows Quality Control

« Reviewed methods for Safaie et al. 2018
« Removed data from Donner et al. 2017 —
Removed data from Kumagi et al. 2018

a) van Woesik and Kratochwill,
2022 (1980-2020) (n:34,846)

c) CoralWatch, 2022
(2003-2022) (n:367,350)

consolidated to sites).

FIGURE 1

Data accounted for 2 methods (color card
and photo quadrats; multiple observations

10.3389/fmars.2025.1547870

Data Consolidation

a) van Woesik and
Kratochwill, 2022
(n:32,954)

Final database of
observations
n:77,370
n:7,244 (9.36%) did not have
an associated method

Total 70,126
observations with methods

END

c) CoralWatch, 2022
(n:12,863)

Workflow analysis of three coral bleaching databases, resulting in 70,126 individual observations with associated methods from 1963 to 2022.

in our database conducted at the same site. After filtering
for date, geographic coordinates, depth, and survey
method, we obtained 12,863 site-level observations.

We also developed a map to visualize the density and
distribution of global bleaching monitoring efforts. To do so, we
overlaid a longitude/latitude grid on the tropical/subtropical waters
where coral reefs are found and quantified the number of
observations within = 0.698 square degrees (assuming values near
the equator) hexagonal cells. These analyses were performed using
QGIS tools from version 3.16.1-Hannover.

2.3 Practitioner survey

From June to December 2021, we sent a survey (via a Google
form; see Supplementary Material) with 15 questions to various
listservs and webmail sites such as Coral-List Digest and newsletters
for ICRI, the Reef Resilience Network, Seven Seas, and Western
Indian Ocean Marine Science Association, among other networks,
to reach managers, scientists, and other practitioners across the
globe with practical experience in the implementation of coral
bleaching field methodologies. Participants were asked to provide
information on the coral bleaching assessment method used by
their organization and their location within NOAA’s 18 monitored
regions that encompass the 214 virtual regions of Coral Reef Watch
(https://coralreefwatch.noaa.gov/product/vs/data.php). These
regions were then grouped into four areas: the Pacific Ocean, the
Atlantic Ocean, the Indian Ocean, and the Middle East.

Respondents were also asked to select their preferred coral
bleaching assessment method(s) from a list of twelve options, with
the opportunity to supply additional methods in an open-ended
‘other’ submission field. We also asked respondents about their
rationale for selecting certain methods, constraints that limited their
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choices, and the time frame of their monitoring efforts (these time
frames incorporate major global bleaching events, that is, historical/
before 1997, 1998-2004, 2005-2014 and 2015-2021).

3 Results
3.1 Typology of coral bleaching methods

Our conceptual diagram organizes the twenty-nine coral
bleaching monitoring methods identified in our global database/
literature review and practitioner survey (Figure 2). We grouped
methods by their spatial scale and extent covered into three
categories: (A) remote sensing tools (monitoring methods
conducted from air, that is, drones, airplanes or satellites in
space), (B) underwater surveys (both diver-based and remote
vehicles) and (C) specimen collection (samples of corals further
analyzed in a laboratory) (Hedley et al.,, 2016; Obura et al., 2019;
Teague et al., 2020; McLachlan et al., 2020; Thurber et al., 2022;
Donovan et al., 2021; van Woesik et al., 2022).

3.1.1 Type of coral bleaching measurement

Coral bleaching is evaluated and monitored using a range of
methods and metrics (Figure 2). These methods - remote sensing
tools, underwater surveys, and specimen collection - allow data
collection across seven types of bleaching metrics: (1) predicted
bleaching risk, (2) extent of bleached area, (3) presence or absence
of bleaching at a site, (4) cover of bleached corals at the site level, (5)
extent and severity at the coral colony level, (6) spectral signature,
and (7) bleaching at the cellular level (Table 1). These metrics are
broad, capturing various indicators related to coral health based on
the data collected. Together, these methods and metrics offer a
multifaceted approach to understanding and monitoring
coral bleaching.
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FIGURE 2

Linkages

Typology of coral bleaching monitoring methods at different scales of measurement: (A) Remote sensing tools (scale: global to cm), (B) underwater
surveys (scale: km to cm), and (C) specimen collection (scale: m to mm). This progression from satellites to divers offers increasing detail but covers
smaller geographic areas. The colored lines refer to the seven types of bleaching metrics shown in the legend (see Table 1). Methods with multiple-
colored lines were associated with more than one type of metric. Further details are provided in Table 2 and Table 3.

3.1.2 Remote sensing tools

Remote sensing tools (Table 2) provide broad sea surface
temperature (SST) measurements to develop heat stress indices
that help predict coral bleaching events (Hedley et al.,, 2016).
Satellite imagery can also reveal bleaching through spectral and
bottom reflectance analysis (Ziskin, 2011; Li, 2020; Bonelli et al.,
2024). Airborne tools, such as planes, helicopters, and Unmanned
Aerial Systems (UASs, also known as drones), enable visual
bleaching identification, and with specialized sensors, capture
more detailed images using airborne spectroscopy (Hedley et al.,
2016; Levy et al., 2018). Even more advanced technologies, such as
hyperspectral sensors available on both satellites and airborne
platforms, offer high precision but are limited by costs and
smaller coverage areas (Asner et al., 2021a; Nguyen et al., 2021).

3.1.3 Underwater surveys and
specimen collections

Underwater methods (Table 3) to assess coral bleaching in the
field encompass remote technologies (3 methods), direct visual
surveys (10 methods), digital imaging (5 methods), and bio-optical
analysis (3 methods). Each method provides a unique perspective on
evaluating bleaching. For underwater observations, remotely operated
vehicles (ROVs) and unmanned underwater vehicles (UUVs) provide
fine-scale detail (Cardenas et al., 2024; Obura et al., 2019; Teague et al.,
2020). Visual methods include techniques in which observers swim
along transects or freely to identify bleaching at the genera or species
level (Donovan et al., 2021; Jokiel et al., 2015; Teague et al., 2020; van
Woesik et al., 2022). Digital methods require cameras for video or
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photographs, which can be stitched together to form mosaics and/or
3D reef models of a set area (Jokiel et al., 2015; Kopecky et al., 2023;
Teague et al., 2020). Specimen collection (Table 3; three methods)
involves divers taking coral samples, which are then further analyzed
in a laboratory for genetic, physiological, or histological analysis
(McLachlan et al., 2020; Thurber et al., 2022).

3.2 Coral bleaching methods identified
from databases

Of our initial duplicated total of 77,370 surveys, 7,244 (9.36%)
could not be assigned a method even after a thorough manual review.
Therefore, we assessed the remaining 70,126 surveys, which included
bleaching and non-bleaching observations from van Woesik and
Kratochwill, 2022 (1980-2020) with 32,954 observations, Virgen-
Urcelay and Donner, 2023 (1963-2017) with 24,309 site-level
observations, and CoralWatch, 2022 (2003-2022) with 12,863
observations (Figure 1). Although a total of 15 different coral
bleaching field methods were identified, three methods accounted
for ~92% of the observations that specified a method. These where
belt transects (41.88%), line and point intercept transects (33%), and
random surveys (16.90%, most of which were color cards). The
methods associated with the remaining ~8% of the data points
included visual estimates (2.68%), aerial surveys (1.87%), photo
quadrats and transects (1.84%), and to a lesser extent quadrats
surveys (0.5%), another unspecified type of transect (0.4%), manta
tow (0.3%), among other methods (Figure 3A).
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TABLE 1 Detailed descriptions of the types of bleaching metrics and data collection categories, with examples of the methods and programs that

implement these methods.

Bleaching

metrics Description

Data collection
category

Example

of method Reference

Programs

Provided by satellite-based sea surface temperature

NOAA CRW uses SST National Oceanic

to generate products
such as Degree Heating
Weeks (DHW) to

Atmospheric
Administration-Coral
Reef Watch,

Hedley et al.,
2016; Skirving

1. Predicted i i Remote sensing tools, i Coordination of the et al., 2020;
K K (SST) data, bottom reflectance to predict potential estimate accumulated K
bleaching risk . L underwater surveys . Coastal Marine Xu et al,
bleaching events and in situ temperature loggers. heat stress, which in X
R Information and 2021; Xu
turn determines K
ing levels of Analysis System et al,, 2020
warning levels o
1 b{‘; hi (SIMAR), Allen
T ing.
cordl bleaching Coral Atlas
Australian Institute of
Involves estimating the actual area that has bleached, Marine Science’s
typically expressed as a percentage of an estimated or Long-Term Andrefouét
2. Bleaching YpIcally exp X K P 5 oL Remote sensing tools, ROVs, Drones, Manta g i ¢ i
measured region, providing a clear indication of the Monitoring Program et al,, 2002; Li
area extent . . . L. underwater surveys tows, Plots, .
spatial extent of bleaching, obtained via high- for the Great Barrier et al,, 2020
resolution satellite imagery, drone, or manta tow. Reef in Australia
(AIMS-LTMN)
3. Presence or Estimates the presence or absence of bleaching, often .
. . . Coral Card, Visual
absence of determined through visual surveys or seascape photos | Remote sensing tools, C CoralWatch, Donner
ensus,
bleaching at that qualitatively capture the extent of bleaching in underwater surveys CORDIO et al, 2017
. Seascape photos
a site each area.
Quantifies the cover of bleached corals (area or Jokiel et al.,
4 Cover of percentage), utilizing techniques such as benthic Transects, digital field WCS Rapid Coral 2015; Kopecky

transects, digital methods such as photo quadrats, and
photogrammetry visual quadrats. May be obtained via
visual or digital calculations using software for

bleached corals
at the site level

image analysis.

Involves determining the percentage of bleached coral
colonies, at the individual colony level vs. population
5. The extent
and severity at
the coral
colony level

or community level. The individual colony level tends
to be more detailed, as it includes additional data on
species, genus, colony size, growth form, paling,
partial bleaching, mortality, and disease, offering more
refined indicators of bleaching severity by genus and
community bleaching susceptibility.

Remote sensing tools,
underwater surveys

Underwater surveys

methods, line and point et al., 2023;

Bleaching, AIMS,

intercept, photo- Reef Cloud, CORDIO Roelfsema

quadrats, and plots 2010; Teague
et al.,, 2020

AGRRA, CORDIO,

Belt transect, Reef Check, WCS Khen et al.,

photogrammetry, RGB, = Rapid Coral 2023;

Bar Drop, Coral Card, Bleaching, HRI McClanahan

and visual quadrats Bleach et al,, 2020

Watch, CoralWatch

Includes remote and underwater assessments that
measure wavelength metrics where tools like

Asner et al,,
2021a; Drury

6. Spectral spectrometry, hyperspectral imaging, and fluorometry =~ Remote sensing tools, Transects, digital Primarily ¢ al. 2022
et al,, 5
signatures are used to gauge photosynthesis rates and other underwater surveys field methods academic studies Hedl
edle
indicators of bleached corals, offering insights into the 7
et al., 2016

physiological stress experienced by the corals.

Involves the collection of coral specimens for detailed

7. Bleaching at laboratory analysis. This includes techniques such as

the
cellular level

omics, physiology, microscopy, and imaging, as well
as the study of coral cores from fossils or skeletons, to
assess parameters that indicate coral bleaching at a

granular level.

3.2.1 Spatiotemporal patterns of
bleaching observations

The first major global bleaching event in 1998 resulted in
numerous monitoring efforts (Berkelmans et al., 2004;
McClanahan et al., 2001; McField, 1999). Most observations were
made using belt transects and line and point intercept methods until
~2015, after which additional methods such as photo quadrats and
transects became more common (Figure 3B). Aerial surveys
appeared only in the databases in 1998 and 2002 and for a
specific geographic area (Great Barrier Reef), while visual
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Underwater surveys

Grottoli et al.,

Transects, coral 20215
. ? Primarily McLachlan
coring, . .
hot " academic studies et al., 2020;
photogrammetry Thurber
et al., 2022

estimates were common between 2005 and 2015. Random surveys
started to increase from 2010 onward, peaking in 2019. Bleaching
observations were highest in 2005-2006 (coinciding with a mass
bleaching event in the Caribbean), with a notable dip in surveys in
2018 when no mass bleaching occurred.

Bleaching observations were unevenly distributed (Figures 4A-
D). Within the tropical and subtropical waters where coral reefs are
found, the density of coral bleaching survey observations ranged from
1 to 3,000 per 0.698 square degrees (~ 8,602.25 km? assuming values
near the equator), with the highest densities in the Bay Islands of
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TABLE 2 Description of the methods, bleaching metrics and scale used for remote sensing tools used for bleaching monitoring.

10.3389/fmars.2025.1547870

Methods Description Bleaching metrics Scale Reference
Al Satellites
SST is used to develop a plethora of heat stress indices for coral bleaching -
. . . L X . X Ziskin, 2011; Hedley
X early warning systems and calibrated against in situ temperature and 1. Predicted bleaching risk L
Bleaching X i K . X et al,, 2016; Skirving
detection bleaching observations. Potential bleaching is detected through satellite 2. Bleached area extent Global-m t al. 2020: X
i etal, ; Xu
change detection analysis by comparing sequential satellite images to 6. Spectral signature
. . - et al,, 2020
identify shifts in ocean color, wavelengths, and bottom reflectance.
2. Bleached tent
High-spectral resolution data across hundreds of narrow wavelength bands cached area exten
R i K 5. Colony level extent/ Hedley et al., 2016;
Hyperspectral allow the detection of subtle changes in spectral signatures from healthy, . km-m :
severity Nguyen et al,, 2021
bleached, and dead corals. .
6. Spectral signature
2. Bleach tent
» . cached area exten Asner et al., 2021a;
. Images are captured and compared across broad visible and near-infrared 5. Colony level extent/
Multispectral L . km-m Hedley et al, 2016;
wavelength bands to distinguish between healthy and bleached corals. severity
i Drury et al., 2022
6. Spectral signature :
A2. Aerial
Ob. ial 1 ined flight paths, visuall
s?rvers conduct aerial surveys along predeterm%ned ight paths, visually 2 Bleached area extent
Planes scoring the percentage of bleached coral (pale, white, or fluorescent) upon .
. L . . ; 3. Presence or absence km-m Teague et al., 2020
and helicopters | entering visible reef areas, and recording their scores on a map or via .
. 6. Spectral signature
software that automatically georeferences the data.
Airborne High-resolution spectral data from aircraft-mounted sensors detect changes | 2. Bleached area extent
. . . . Teague et al., 2020;
imagery in the light reflected by corals across a wide range of wavelengths to 3. Presence or absence km-m N ¢ al. 20211
Asner et al., b
spectroscopy distinguish between healthy and bleached corals. 6. Spectral signature
Small 2. Bleached area extent
Using high-resolution photography, hyperspectral imagery, or other means, *
unmanned : 3. Presence or absence
X drones can be used to conduct aerial surveys of coral reef areas to assess X Levy et al., 2018;
aerial K X i 4, Site-level cover km-m o
coral bleaching and garner other information about reef health, reef Teague et al., 2020
systems . 5. Colony level
composition, and more. Commonly known as drones. R
(drones) extent/severity

Honduras and Florida in the Caribbean (Figure 4B), in a section of
the coral reef triangle that includes Malaysia, Thailand, Hong Kong
and the Philippines in East Asia (Figure 4C); and along the Great
Barrier Reef of Australia (Figure 4D).

3.3 Practitioner survey

In the practitioner survey, 122 respondents identified fourteen
different methods for monitoring coral bleaching, many using
multiple approaches, resulting in a combined total of 384
responses. Most of the respondents monitored sites in the Pacific
(52.60%, n = 81), followed by the Atlantic (28.57%, n = 44), the
Indian Ocean (13.64%, n = 21) and the Middle East (5.19%, n = 8).
The four most common methods were combined line and point
intercept transects (17.97%), photo-quadrats (16.93%), belt
transects (16.67%), and visual estimates (16.67%), followed by
random surveys (7.55%), video transects (6.51%), permanent
transects (5.21%) and manta tows (3.91%) (Figure 5). The less
frequently used methods in the other category included bar drop
(2.34%), drone imagery (2.34%), aerial surveys (1.82%),
photogrammetry (1.56%), quadrat (0.26%), and photos
(0.26%) (Figure 5).

Monitoring participation evolved, with 11% of respondents
involved before 1997. Engagement increased slightly to 12.62%
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during 1998-2004, the first global coral bleaching event in 1998.
A marked increase was observed between 2005 and 2014, with
27.67% of respondents contributing during this period, which
included the mass bleaching event in the Caribbean (2005) and
the second global bleaching event (2010). Most respondents
(53.40%) reported monitoring between 2015 and 2020, coinciding
with the third global bleaching event (2014-2017). It is important to
note that this survey was conducted before the onset of the fourth
global bleaching event (2023-2024).

The preferences of the survey method were mainly influenced
by long-term institutional implementation (35%) and the use of the
scientific literature (29%), with fewer based on feasibility for citizen
scientists (23%) and the least common reason being the funding of
specific methods (5%). The survey results showed that 67.7% of the
respondents collaborate with a network response team or a group of
stakeholders to monitor coral bleaching, while 32.3% do not
participate in such collaborations. The main constraints on the
implementation of the method reported by the respondents were a
lack of funding (44%), an untrained monitoring team (28%),
logistical challenges (20%), and other factors such as limitations
in rapid responses, staffing, and the impact of COVID-19 (7%).

As part of the practitioner review, a list of coral health
monitoring programs, online platforms, dashboards, and their
respective geographic regions was identified and synthesized
in Table 4.

frontiersin.org


https://doi.org/10.3389/fmars.2025.1547870
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Rivera-Sosa et al.

10.3389/fmars.2025.1547870

TABLE 3 Description of the methods, bleaching metrics and scale used for underwater surveys and specimen collection for bleaching monitoring.

Methods

Description

Bleaching
metrics

Reference

B1. Remote

Remotely operated

High-resolution images and videos of coral bleaching can be

2. Bleached area extent
3. Presence or absence

Obura et al.,, 2019;

4. Site-level cover km-m Teague et al., 2020;
Vehicles (ROVs) equipped with various sensors and cameras. Bu
5. Colony level Cardenas et al., 2024
extent/severity
2. Bleached area extent
3. Presence or absence
A pre-programmed survey without direct human control. High- 4. Site-level cover Obura et al., 2019;
Underwater unmanned . . . . .
vehicles (UUVs) resolution images and videos of coral bleaching can be equipped 5. Colony level extent/ km-cm Teague et al., 2020;
with various sensors, cameras, and specimen collection. severity Cardenas et al., 2024
6. Bleaching at the
cellular level
B2. Visual
The technique involves towing an observer, using a rope and manta
l,qu Hvolves fowing using a rop 2. Bleached area extent . i
Manta tow board, behind a small boat powered by an outboard motor. The 3. Presence or absence I Hill and Wilkinson,
observer writes down information about the status of the reef below T 2004; Teague et al., 2020
4. Site level cover
on an underwater tablet.
2. Bleached area extent
A two-dimensional area is sampled along a fixed-width line on 3. Presence or absence Jokiel et al., 2015; Sully
Belt transect* either side of a transect tape, ideal for recording discrete 4. Site-level cover km-cm et al., 2019; Teague
observations not well sampled by linear transects. 5. Colony level et al., 2020
extent/severity
2. Bleached area extent
3. Presence or absence
L. A transect tape is stretched across the benthos. All corals that X Jokiel et al., 2015;
Line intercept transect* . . 4. Site-level cover km-cm
intersect the tape or are directly below assessed. Teague et al., 2020
5. Colony level
extent/severity
2. Bleached area extent
3.P b
. . Corals are assessed at specific intervals along a transect tape .resence or absence Jokiel et al., 2015;
Point count intercept* . 4. Site-level cover km-cm
if present. Teague et al., 2020
5. Colony level
extent/severity
2. Bleached tent
Replicate quadrats (~20 x 1-2m2) (placed on the reef and visual cached area exten
. 3. Presence or absence
observations of coral cover, macroalgae, substrate, and other .
Quadrat* A o s . 4. Site-level cover km-cm McClanahan et al., 2020
variables within the quadrat are recorded. (Wildlife Conservation
Soci d bleachi tocol) 5. Colony level
ociety rapid bleaching protocol
ty rap &P extent/severity
Corals are selected randomly. A person walks or swims in an
imaginary line and chooses the closest coral to assess the color of the | 3. Presence or absence Siebeck et al., 2006;
Color Chart coral compared to a calibrated ColorHealthChart after a set number 5. Colony level km-cm Marshall et al, 2012;
of fin kicks (or every set number of steps when walking). This extent/severity Teague et al., 2020
method allows for measuring the level of paling and bleached corals.
. R . 3. Presence or absence ) .
The surveyor swims haphazardly and identifies bleaching level and McField, 1999; Muniz-
Bar drop . . 5. Colony level km-cm L
mortality under spaced 25cm marks on a Im PVC stick. . Castillo et al., 2024)
extent/severity
After choosi int on the reef, a di lowly t inty ircl
: er cl oos‘mg a Pom on the reef, a diver slow] y urns into a.arc e 5 Bleached area extent Hill and
Plots* with a set view distance and assesses coral bleaching by counting km-m o
i 3. Presence or absence ‘Wilkinson, 2004
bleached colonies.
A diver estimates the percentage or number of colonies bleached in
. . . . . Donner et al., 2017,
Visual estimates a given area. Visual estimates may be taken randomly 3. Presence or absence m .
i ‘Winston et al., 2022
or systematically.
. . . 3. Presence or absence .
. . Surveyors swim over a reef area for a set period, recording the coral Hill and
Timed- Roving 5. Colony level km-m

genus-species, along with the presence and extent of bleaching.

extent/severity

Wilkinson, 2004
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TABLE 3 Continued

10.3389/fmars.2025.1547870

o Bleachin
Methods Description -ning Reference
metrics
B3. Digital
2. Bleached area extent
3. Presence or absence
An array of cameras is set up on a boat and films the bottom at a . Hill and
Camera tow 4. Site-level cover km-m o
fixed length ‘Wilkinson, 2004
5. Colony level
extent/severity
The Great Reef
Seascape photo Photo taken of the seascape in visual assessments. 3. Presence or absence m-cm !
Census, 2024
3. Presence or absence
. A diver swims a transect with a video camera, later assessing the 4. Site-level cover Mallet and
Video km-cm .
footage for bleached corals on shore. 5. Colony level Pelletier, 2014
extent/severity
3. Presence or absence
kiel et al., 2015; Neal
A PVC frame is placed on the reef and photographed (0.25 to 1 4. Site-level cover Jollel et a e
Photo-quadrat* . . . km-cm et al,, 2017;
sqm), with the images later analyzed using software on shore. 5. Colony level
R Roelfsema 2010
extent/severity
. . 3. Presence or absence
Overlapping images are taken underwater or on the benthic .
K 4. Site-level cover Teague et al., 2020;
Photogrammetry substrate at a set distance to create a 3D reef model for post-event km-cm
. . 5. Colony level Kopecky et al.,, 2023
coral bleaching analysis. .
extent/severity
B.4 Bio-optical
As t al., 2021a;
Measures the spectral reflectance of coral tissues, providing detailed snereta !
Spectrometry . . . . 5. Colony level extent/ km-mm Teague et al., 2020;
information on the health and pigmentation of the corals. .
severity Drury et al., 2022
Hyperspectral Captures high—reso]ution‘ spectral fiata acr0§s numerous wavelengths Km-mm Teague et al., 2020
to detect subtle changes in coral pigmentation. 6. Spectral signature
i ¢ Measures the fluorescence emitted by coral pigments, which T ¢ al. 2020
uorome ; m-cm eague et al.,
Y indicates the health and stress levels of the coral. 7. Bleaching at the 8
cellular level
C) Specimen collection
Studies the macromolecules and biochemical compounds, and 5. Colony level extent/
. approaches such as proteomics, metabolomics, and genomics, severity
Omics . . . . . . . cm-m
transcriptomics needing large bioinformatic analysis concerning
coral bleaching.
Samples are utilized to assess physiological changes, photosynthetic 6. Spectral signature McLachlan et al., 20205
Physiology capacity, quantification of energy reserves, and measurement of cm-m Grottoli et al., 2021;
endosymbiont chlorophyll concentrations, among other parameters. Thurber et al., 2022
' Coral'samples are collecu'ad for histologic'al'analysis, or ot}'ler 7. Bleaching at the
Microscopy techniques such as scanning and transmission electron microscopy,
. L . cellular level cm-m
and Imaging to analyze the microbiome, as well as external and internal features
including skeletal chemistry.

*Permanent versions of these methods also exist and involve securing transect attachment points/quadrats to the substrate so researchers can easily return and assess the same area over time. This

approach facilitates the tracking of the health of specific coral colonies.

Methods marked with * are permanent or georeferenced.

4 Discussion

The declaration of a fourth global bleaching event, coupled with
increasingly urgent climate forecasts, underscores the critical need for
improved communication and coordination in coral bleaching
monitoring (Reimer et al., 2024). While past research has
documented the impacts of bleaching (Eakin et al, 2019; Hughes
et al, 2018a; van Woesik and Kratochwill, 2022), there has been
limited focus on the diverse methodologies used in data collection.

Frontiers in Marine Science

This gap contributes to inconsistencies in global bleaching metrics, as
variations in methods, scales, and timing obscure the specific findings
and underlying drivers of coral bleaching variability (Khen et al., 2023).
Integrating multiple data collection techniques across spatial scales
would improve comparability and enhance regional trend analysis. A
hierarchical approach to survey methods that provide metrics of percent
coral cover and bleaching percent cover, ranging from beginner-friendly
techniques like Reef Check point intercept transects and quadrats, to
more advanced photo quadrats and belt transect-based assessments
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(A) Main methods used for coral bleaching assessments based on three global databases, (B) Temporal distribution of coral bleaching methods from

all databases during 1990-2022.

(e.g, AGRRA), could help bridge this gap. Standardized approaches are
urgently needed to accurately track and address this growing crisis.

To address this, we provide the following key recommendations
to help improve coordination, interoperability, and standardization
in coral bleaching assessments.

a. Global coalition and standardized indicators: Strengthen
and formalize a global coalition of organizations (e.g., such
as GCRMN, ICRI, and NOAA among others) and
monitoring platforms (e.g., Reef Check, AGRRA,
MERMAID among others) and promote partnership with

(53

e Cnl

Density (number of observations) N
1-1 2-10

FIGURE 4

11-30 31-100 101-300 301-1k 1k-3k 3k - 4k

(A) Spatial distribution and density of coral bleaching surveys in the habitable range of coral reefs globally, shown as the number of observations per

0.698 square degrees (~8,602.25 km? assuming values near the equator
Great Barrier Reef of Australia.

Frontiers in Marine Science

) hexagonal cells, (B) in the Caribbean, (C) in Southeast Asia, and (D) the

10 frontiersin.org


https://doi.org/10.3389/fmars.2025.1547870
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Rivera-Sosa et al. 10.3389/fmars.2025.1547870

b. Capacity building and monitoring expansion:
20% Strengthening expertise in identifying bleaching taxa and
training diverse stakeholders (scientists, communities,
citizen scientists) is crucial. This effort should be
16% complemented by expanding survey areas to improve
s spatial coverage, ensuring a more even distribution of
g 12% monitoring sites, and enhancing geolocation accuracy for
% precise data collection. A concrete step forward would be to
5 8% - establish regional training programs with secured funding
- and certification frameworks. This approach would ensure
% consistency in data collection and empower local
communities to contribute effectively to long-term reef

health assessments.
0 £ 5. 5 8 B > g = c. Integration of technologies and consistency: Combining
g . 8 g 2 § 9] g g % ] advanced technologies (photogrammetry or georeferenced
g g g_§ § 3 g § é photo quadrats) and Al-assisted image analysis with
% _g E%;% @ _% E &= traditional methods (line and point intercept) enhances
g Method & data accuracy, ensures consistent collection, and supports
FIGURE 5 regional and global comparisons to better understand coral
The main coral bleaching methods identified in practitioner surveys bleaching dynamics. We argue that all major bleaching
conducted from June to December 2021 monitoring organizations and entities should continue to
incorporate these tools into their protocols now and in

local, regional, and global networks. A working group of the future.

bleaching-monitoring organizations could define key d. Integrate coral bleaching assessment data using
policy- indicators and standardize metrics (e.g., interoperable online platforms. To create global coral
percentage cover bleaching, percentage cover of bleached bleaching databases, online management systems must
colonies) by harmonizing protocols to enable seamless data actively integrate regional networks and local programs
integration. To maximize impact, the coalition should drive while enforcing common standards such as FAIR
consistent communication, provide incentives, facilitate principles (Findable, Accessible, Interoperable, and
comprehensive training in key methods, and secure Reusable). We encourage the major bleaching monitoring
dedicated funding. programs and online platforms (Table 4) to develop

TABLE 4 Coral health monitoring programs, online platforms, and dashboards are applied worldwide.

Programs* Online data platform-dashboard Region

Arizona State University’s Center for Global Discovery and Conservation Science, along
with partners from Planet, the Coral Reef Alliance, the University of Queensland, and
Vulcan Inc. Allen Coral Atlas Global

Atlantic and Gulf Rapid Reef Assessment (AGRRA) AGRRA Online Portal Caribbean

Australian Institute of Marine Science (AIMS) Long-Term Monitoring Program, Great

Barrier Reef Marine Monitoring Program Reef Dashboard, Reef Cloud Global
Coastal Oceans Research and Development in the Western Indian Ocean (CORDIO) Indian Ocean Bleaching Observations Dashboard | Western Indian Ocean
CoralWatch Atlas of Living Australian Data Portal Global

Service National d’Observation CORAIL (SNO

Centre de Recherches Insulaires et Observatoire de I'Environnement (CRIOBE) CORAIL), National Observation Service French territories
Global Coral Reef Monitoring Networks Data consolidation using data agreements Global
National Coral Reef Monitoring Program (NCRMP) NCRMP Data Visualization Tool US territories

Coral Reef Watch Satellite Monitoring and
NOAA Coral Reef Watch Modeled Outlooks Global

Reef Check Global data tracker (in progress) Global

Marine Ecological Research Management
Wildlife Conservation Society AID (MERMAID) Global

* A regional list of programs is available in the Coral Bleaching Toolkit and Comprehensive Guide https://coral.org/en/coral-bleaching/.
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collaborative application programming interfaces (APIs),
open access datasets with standardization of methods and
metrics or data outputs to facilitate data sharing.

These recommendations will strengthen and unify global coral
health monitoring, producing a single, powerful, data-driven voice that
can highlight the impacts of heat stress on reefs and inform regional
decision-making, global policy, and climate targets. Establishing
interoperable information systems and fostering cross-network
collaboration will support the streamlining of data sharing, ensure
consistency across diverse datasets, and enable comprehensive large-
scale analyses critical to driving impactful coral conservation initiatives
(Wicquart et al,, 2022). Operationalizing these recommendations will
ensure accurate assessments of bleaching trends, support more
informed conservation strategies, and help decision makers prioritize
interventions and allocate resources effectively, advancing global efforts
to protect and preserve coral reefs in the face of climate change.

4.1 Global coral bleaching methods

Our study extensively reviewed the temporal and spatial
coverage of global coral bleaching monitoring methods. In
particular, belt, line, and point intercept transects emerged as the
most used methods worldwide, a trend supported by both database
analyses and practitioner surveys (van Woesik and Kratochwill,
2022; Virgen-Urcelay and Donner, 2023). These results highlight
that trained citizen science programs are the primary collectors of
publicly available coral bleaching data. We also identified
widespread duplication across databases and inconsistencies in
the naming and reporting of bleaching measurements (Reef Base,
2016; van Woesik and Kratochwill, 2022; Virgen-Urcelay and
Donner, 2023; Spady et al., 2022).

Our analysis highlighted discrepancies between the most widely
reported methods in global databases and those prevalent among
surveyed practitioners. While belt, line, and point intercept
transects predominated in the databases, practitioners indicated a
higher use of photo quadrats, an emerging method. This suggests
that much of the data generated from photo-quadrat data has only
recently begun to be used and thus has not yet been integrated into
global databases. Another hypothesis is that these photo-quadrat
data remain confined to individual studies and are not yet fully
integrated into public databases. A key modern challenge is scaling
up survey data consistently to the island or country level, where
NGOs and local marine resource agencies coordinate multiple
photo quadrat surveys across reefs, integrating and standardizing
individual datasets for broader ecological assessments. Despite the
availability of open-source tools like Coral Net (coralnet.ucsd.edu)
and ReefCloud (reeflcloud.org), which facilitate the analysis and
synthesis of photo quadrats on a global scale, further efforts are
required to incorporate these data into larger datasets. The
emergence of artificial intelligence tools, which streamline image
annotation and analysis, holds promise to enable bridging this gap
by enabling faster data integration. Furthermore, high-resolution
methods, such as video surveys and photogrammetry techniques,
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were described in the literature but were conspicuously absent from
global databases and rarely reported by practitioners (Kopecky
et al,, 2023; Mallet and Pelletier, 2014). This gap underscores a
lag in the integration of these methods. Furthermore,
photogrammetry is an emerging advanced technique; its high cost
and resource-intensive nature may render it less accessible.

Large-scale programs like Reef Check, AGRRA, NCRMP, and
AIMS conduct coral health monitoring surveys over specific intervals,
across various habitats worldwide; however, programs may not
necessarily target bleaching events. Although these datasets
contribute valuable non-bleaching observations to coral bleaching
databases, their monitoring protocols during bleaching events often
differ from their standard methodologies, introducing further
inconsistencies. Also, vast yet understudied areas, such as the Coral
Triangle, home to the world’s highest coral diversity, face inconsistent
bleaching assessments, reducing the reliability of regional risk
projections. Consequently, many programs are designed for rapid
assessments during specific bleaching events, rather than
comprehensive, long-term monitoring, complicating efforts to
achieve globally comparable datasets.

4.1.1 Challenges in comparing coral
bleaching data

Bleaching is often captured at different spatial scales and data
may not be interchangeable or need to be transformed to be
compared. The lack of reporting standards of different survey
techniques can create inconsistencies in coral bleaching data and
may lead to discrepancies in interpretation (Eakin et al., 2019;
Hughes et al., 2018¢c; van Woesik and Kratochwill, 2022).
Understanding the different bleaching metrics across methods
and within organizations’ protocols (e.g. severity indices, percent
cover estimates, or colony-level assessments) supports
comparability and integration of global data sets (Figure 6A-H)
(Bruno et al., 2001; Glynn et al.,, 2001; McClanahan, 2004; Carroll
et al,, 2017; Khen et al.,, 2023). Standardized metrics, clear
definitions (in terms such as bleaching prevalence, severity,
susceptibility, and frequency (Khen et al., 2023), and observer
training are essential to minimize differences in data collection to
ensure bleaching assessments are comparable.

Figure 6. provides examples of bleaching metrics measured in eight
methods. For example, visual assessments may rely on qualitative
descriptions (e.g., pale, fully bleached) used in scoring systems (e.g.,
None (<1%), low (1-10%), medium (10-50%), high (50-90%), extreme
(>90%) qualitatively based on bleached coral cover (Obura, 2015)
(Figure 6A) and are usually conducted in timed counts or per site.
Timed counts depend on the protocol, coral diversity, and survey
conditions, requiring divers to identify healthy and bleached corals
while swimming through a reef, making them effective for rare species.
However, in regions with high coral diversity, it can be challenging to
apply, though it still provides a valuable bleaching metric by calculating
the percentage of colonies affected, offering insights distinct from
traditional percent cover assessments. The Coral Health Chart from
CoralWatch, designed for citizen scientists, uses 24 color shades to
assess coral condition, requiring a minimum of 20 colonies per site and
focusing on boulder, branching, plate, and soft corals; itis often difficult
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Visual assessment

Metrics

% Bleached coral cover
Timed swims

Scoring systems:

none (<1%), low (1-10%),
medium (10-50%), high
(50-90%), extreme (>90%)

(e.g Basic method in
Western Indian Ocean)

Estimated area 10-30m
area not measured

Color chart Metrics

Colony level

24 shades of colors

20 colonies min. per site
Focus on coral type:
boulder, branching, plate
and soft corals

(e.g. Coralwatch)

Metrics

Colony level

Scoring systems:

no bleaching (0), partially
bleached (1); white (2)
bleached & partly dead
(3), recently dead (4).

(e.g. Basic- Marshall and
Shuttenberg, 2006)

10-100 m

Metrics

Site level colony
bleaching estimate

% proportion of bleached
colonies

(e.g. Reef Check)
Colony level
%proportion of spp. with
pale or bleaching from
planar view.

(e.g AGRRA coral
transect)

Belt transect

10 -100m

Legend

H Bleached coral

Sampled coral

FIGURE 6

| &
Photo quadrats .25- 1m2

10.3389/fmars.2025.1547870

Metrics

Colony level

Scoring systems:

normal, pale coral, 0-20%,
20-50%, 50-80%, 80-100%
of the live coral surface
area of fully bleached
genera & recently dead,

% coral cover, macroalgae
& soft corals

(e.g WCS rapid bleaching
protocol)

Quadrat

Quadrats Tm-2m2
20m2

Metrics

% bleached coral cover

% cover of other benthic
organisms

metrics calculated by image
analysis software

(e.g GCRMN protocol)

Photo quadrat

. photos can be georeferenced
(e.g University of Queensland)

Transects 1-500 m

Bar drop

Metrics

Colony level

200 individual colonies

% pale, partially bleached,
fully bleached (>90%)
Mortality: new, transitional,
old, diseases, coral size

(e.g Healthy Reefs for
Healthy People Initiative)
Estimated area
100-200m
(area not measured)

Photogrammetry Metrics

colony level

% bleached coral cover
also generates: 3D models
digital elevation models
and orthomosaics

(e.g specialized scientific
studies)

>10m

(Base reef image modified from Boegarts et al., 2021)

Schematic visual showing detailed bleaching metrics that can be obtained from eight different methods (base image was modified from Bongaerts et

al. 2021).

to compare across bleaching studies (Marshall et al., 2012) (Figure 6B)
Line intercept transects are among the most common methods that can
obtain coral cover, species composition, and bleaching percent cover
among other benthic attributes, yet outputs vary substantially
depending on the protocol (Figure 6C) (Hill and Wilkinson, 2004;
Marshall et al., 2004; Obura, 2015). Even the same type of method may
calculate different bleaching metrics. For example, Belt transects in Reef
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Check obtain the proportion of bleaching colonies at the site-level
(Figure 6D). Belt transects from AGRRA obtain bleaching percentages
in the planar view of individual colonies (Ginsburg and Lang, 2003).
Other methods such as the WCS rapid bleaching protocol include area
estimates and seven bleaching intensity categories (Figure 6E). Photo
quadrats’ bleaching metrics may vary but are usually based on percent
cover bleached with the support of photo software (Figure 6F). In the
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case of bar drop, used in the Mesoamerican Region, the percent
bleached live tissue is calculated within two hundred colonies in a
site with no metrics calculated for the surveyed area (Figure 6G).

Overall, there is limited data comparing bleaching across methods,
although some exist, they show varying results estimating benthic
attributes. A study by Couch et al. (2021) found that annotators
analyzing photogrammetry recorded significantly higher bleaching
levels than diver transect surveys. Similarly, in situ line-intercept
transects produced higher coral cover estimates than photo quadrats
and photogrammetry. Among all methods, surface analyses on
orthomosaics yielded the lowest and most consistent coral cover
estimates (Urbina-Barreto et al,, 2021). Overall, photogrammetry
provides the most detailed assessments, offering a high-resolution
perspective on reef conditions (Figure 6H).

Furthermore, the lack of specified methods across datasets
significantly hinders the ability to objectively compare and assess
the impact of coral bleaching over time. In this study, 9% of the
analyzed observations lacked an associated method, underscoring
the urgent need for improved data quality and mandatory
documentation of methods. Knowing the survey method allows
for more accurate comparisons and calculations, so without that
information, the comparison may become inaccurate. Additionally,
understanding the area assessed is equally critical. Since different
methods capture bleaching at varying spatial scales, the absence of
methodological context makes it difficult to separate actual coral
responses from survey bias. This issue extends beyond bleaching
data to coral monitoring in general. The Status of Coral Reefs of the
World: 2020, the most comprehensive compilation of long-term
coral reef condition data, revealed that while many countries
featured data collected by point intercept transects (47%) and
photo quadrats (20%), a substantial number of database entries
(27%) lacked information on the method type (Delaval et al.,, 2021).
This lack of methods metadata is a pervasive problem, further
complicating efforts not only to compare and analyze coral reef data
on a global scale, but also at the country- or island-level.

Our study revealed a significant upward trend in coral bleaching
data collection over time, with notable surges during major
bleaching events. Monitoring efforts intensified in the late 1990s
(Figure 3B), following the first recorded global coral bleaching event
(Berkelmans et al., 2004; Donner et al., 2017). It is important to note
that the decline during 2020-2022 is since Coral Watch was our
only database that included data from 2020 until early 2022.

4.2 Coral bleaching scales and modern
technology moving foward

The emergence of innovative approaches to monitoring coral
bleaching, particularly the integration of remote sensing technologies
with standardized field techniques, marks a pivotal advancement in
global coral monitoring efforts. The increase in satellite-based methods
and airborne sensors over the past decade highlights the transformative
potential of these technologies to enhance our ability to monitor coral
bleaching on a large scale. These innovations leverage higher resolution
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satellite imagery, integrate biophysical parameters such as depth and
waves, object-based contextual editing, advanced processing
algorithms, and consistent reef mapping, providing cost-effective and
extensive monitoring capabilities (Lyons et al., 2020; Kennedy et al,
2021; Roelfsema et al, 2021). Moreover, the latest remote sensing
mapping approaches allow the integration of multiple criteria - such as
water quality, wave exposure, spectral wavelengths, and light stress -
into comprehensive datasets that can strengthen prediction models for
coral bleaching (Li, 2020; Mason et al., 2020; Skirving et al., 2019).
Linking satellite-based predictions with in-situ datasets from long term
monitoring sites across spatial scales as well as on-site bleaching
responses is a critical modern challenge to further refine predictions.
Academic institutions have long term ecological research stations that
can provide multi-parameter monitoring to help refine predictions
(such as Centre for Island Research and Environmental Observatory
(CRIOBE) in French Polynesia). Satellite-derived temperature metrics
remain invaluable in predicting heat stress events globally consistently
across time and space, allowing reliable long-term comparisons and
early warning systems, a capability that can be further reinforced by
advances in technology. However, while satellite data provide broad
and consistent global coverage, it may lack the fine-scale resolution
necessary to assess localized coral health.

Airborne imaging spectroscopy, when combined with in situ
spectral data has the potential to map the phenotypic variations and
thermal tolerance of coral species during bleaching events (Drury
et al,, 2022). Although these methods can be expensive and have
seen limited application thus far, advancements in artificial
intelligence (AI), photogrammetry, machine learning, and image
analysis are poised to significantly enhance our ability to identify
patterns and trends within extensive datasets, leading to more
informed decision-making (Gonzalez-Rivero et al., 2020;
McCarthy et al., 2024).

Emerging technologies can be integrated with traditional
monitoring methods (Urbina-Barreto et al., 2021). Techniques
such as photo quadrats and photogrammetry offer high-detail
insights into reef changes and enable cross-referencing with
established methods, such as belt, line, and point-intercept
surveys, to support long-term monitoring and data sets (Urbina-
Barreto et al., 2021). These go-to methods may have the most direct
inter-compatibility with past data. The fusion of diverse,
georeferenced, and standardized field techniques, enriched with
comprehensive metadata, creates a solid framework for refining
satellite-based early warning systems, such as those by NOAA Coral
Reef Watch (CRW) and the Allen Coral Atlas (Hedley et al., 20165
Xu et al,, 2020). However, it is crucial to assess the feasibility of these
high-tech methods, as they may be impractical for communities and
countries in tropical regions, especially in Small Island Developing
States. Setting resource-intensive monitoring standards could
inadvertently widen existing geographic disparities in monitoring
capabilities, potentially leaving some regions without accessible
tools for coral health assessment.

NOAA CRW, which operates the world’s most widely used global
early warning system for coral bleaching, utilizes in situ coral bleaching
data to validate its metrics based on sea surface temperature (SST) that
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are used for predictions (e.g., hotspots, DHW, and bleaching alerts)
(Skirving et al,, 2020). In situ data are essential for ground-truth
satellite-derived SST heat stress metrics and other predictive
products, ensuring they accurately represent real-world conditions.
This localized data is critical not only for refining model predictions,
but also for supporting proactive monitoring, enabling targeted actions
to mitigate bleaching impacts before and during thermal stress events.
By providing direct insight into coral responses, in situ observations
allow NOAA CRW to improve prediction accuracy and strengthen risk
assessments and communication of bleaching threats across regions.

Similarly, the Allen Coral Atlas, another remote sensing tool,
offers a coral bleaching monitoring system that tracks changes in
bottom reflectance of coral and algae-mapped habitats, supported
by various global coral reef mapping products (Asner et al., 2021b;
Lyons et al,, 2020). Although the Atlas’s first-generation algorithms
have been tested in areas such as the Hawaiian Islands, French
Polynesia, Fiji, and parts of the Great Barrier Reef, ongoing
refinement is needed based on feedback on locations, extents, and
severity of bleaching events (Bonelli et al., 2024; Carlson et al., 2022;
Xu et al, 2020). Although this broader-scale technology provides
high spatial and temporal resolution for coral bleaching data, its
effectiveness is based on calibration with standardized field data. To
further improve the accuracy and validation of satellite-based
monitoring products, it is essential to expand geographical
coverage and geolocate field data from in-water reef surveys. For
example, georeferenced photo transects provide an opportunity to
record geotagged reef photographs over a larger reef track (200m up
to l1km) and may provide a detailed level of georeferenced
observations across multiple habitats and reef composition. This
complements further strategies that record one latitude and
longitude of a site where surveys have been conducted. Additional
advances in hyperspectral data to better distinguish between algal
growth and living coral tissue will allow for adjustments of spectral
data and help reduce errors of false positives or allow for the
identification of potential bleaching from live coral. Using
robotics and Al-driven image analysis will be instrumental in
strengthening satellite-based monitoring products (Hoegh-
Guldberg et al., 2023). Such innovations not only enhance
monitoring reliability but also address the urgent need for more
robust early warning methodologies for coral reefs. Globally
consistent data sets with standardized bleaching information are
critical to validating these monitoring tools and supporting data-
informed policy decisions that guide global conservation strategies
and climate adaptation actions for coral reef protection.

4.3 Collaboration and data integration

To improve comparability and facilitate global-scale analyses of
coral health and coral bleaching observations, it is essential to
improve standardized databases and support collaborative
frameworks led by ICRI, GCRMN, and NOAA. Monitoring
platforms must work with GCRMN to establish bottom-up

Frontiers in Marine Science

15

10.3389/fmars.2025.1547870

networks and adhere to guidelines such as the FAIR principles
(Findable, Accessible, Interoperable, and Reusable) and GCRMN’s
workflows (e.g., GitHub gcrmndb_benthos). If more programs
included standardized reporting parameters (such as coordinates,
method types, and measured areas) while submitting data, it would
facilitate comparison across efforts of data standardization that can
be incorporated into existing global databases (Wicquart et al.,
2022). Although efforts are already underway, the success of this
standardization approach depends on effective collaboration and
communication among local efforts, monitoring programs, online
platforms, scientists who conduct database consolidations, regional
institutions, and global organizations to ensure long-term
sustainability, as well as on securing long-term funding. Lessons
from past initiatives such as Reef Base highlight the need for
continued support to prevent funding shortages. Reef Base, once
the official database of the GCRMN and the International Coral
Reef Action Network (ICRAN) in the 1990s, was a comprehensive
information repository hosted by the WorldFish Center, but it is no
longer available (https://catalogue.odis.org/view/612).

There is precedent for this process, as standardization has
already been implemented for coral bleaching experiments, both
in laboratory and specimen collection from the field. Recent reviews
have stressed the importance of comparability and transparency
and offered detailed recommendations on data collection, reporting
parameters, and sample preservation to optimize cross-study
comparisons (Grottoli et al., 2021; McLachlan et al., 2020;
Thurber et al, 2022). These reviews emphasize that similarly
detailed reporting of field sampling is crucial, with parameters
such as the date of sampling, the area measured, depth, sampling
methods, habitat, and species/genus level identification (if available)
should be presented in the survey metadata (Thurber et al.,, 2022).
Our study revealed the critical importance of databases specifying
coordinate systems (e.g., geographic latitude and longitude) and
datum (e.g., World Geodetic datum) and differentiating between
source data and entries consolidated from other databases versus
those directly submitted.

Coral monitoring programs connected to online platforms and
standardized datasets play pivotal roles in supporting GCRMN,
ICRI, and NOAA, yet these networks have their own standard
operating procedures, protocols, funding mechanisms, and training
requirements. Therefore, prioritizing the coordination and sharing
of lessons learned across international boundaries (ideally led by
ICRI) is essential. The main bleaching monitoring programs and
online platforms (Table 4) could collaboratively develop application
programming interfaces (API) and integrated information systems
to facilitate data sharing. One major challenge for organizations
such as the GCRMN is the bureaucracy and time allocation
associated with data-sharing agreements; thus, creating more
seamless data collection and input systems could help mitigate
this issue if data agreements are established long-term and under a
unified platform. Also, investing in these APIs and training people
to use advanced technologies effectively will help ensure accurate
and efficient data collection and analysis. It is also important to
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integrate long-term legacy datasets into on-line platforms and
enable data extraction in standardized formats, although this can
also be time- and resource-intensive.

Ideally, technology could facilitate data sharing and
collaboration between researchers, practitioners in local and
regional networks, and global coral reef platforms, leading to
more effective and coordinated conservation efforts. To maximize
data interoperability, standardized data formatting is essential for
ensuring datasets are comparable across space and time. The
adoption of open and reproducible practices is becoming more
prevalent in modern scientific approaches. If the same response
variables are measured using consistent methods, data analysis can
be significantly streamlined. Best practices include structuring
datasets in a long format, using open-access file formats such
as.csv and.rtf, maintaining a well-organized data spreadsheet
paired with a corresponding metadata file, and posting data files
on open-access repositories. Standardized reporting templates,
unique ID numbers for datasets, and comprehensive metadata
guidelines could further enable effective collaboration while
addressing challenges with database duplication. Regional
networks, including CORDIO and AGRRA, are already in place
and could be linked to open-access global coral reef information
systems. The following best practices for open and accessible data
not only support reproducible analyses but also streamlines
scientific workflows, enabling more efficient research by
accelerating the analytical process (Lowndes et al., 2017).

A promising tool advancing these efforts is the Marine
Ecological Research Management Aid (MERMAID), an open-
source platform developed through a collaboration between WCS,
the World Wildlife Fund, and Sparkgeo. MERMAID facilitates data
standardization for coral reef data collection and analysis,
supporting a wide array of underwater surveys, including benthic
surveys (line intercept transect, point intercept transect, photo
quadrat), fish surveys (belt transect), bleaching surveys (quadrat),
and habitat complexity assessments (tape-and-chain). The platform
continues to evolve based on user needs, offering a user-friendly
dashboard, automated data management processes, and basic
analytical outputs in Excel and CSV formats. Additionally, the
open source mermaidr R package in RStudio enhances advanced
data accessibility and analysis, allowing users to compile datasets
from multiple projects and integrate legacy data. MERMAID aligns
with international policy initiatives, further strengthening its role in
global coral reef conservation (https://datamermaid.org).

4.4 Limitations of this study

One of the primary limitations encountered in this study was
the possible duplication of observations arising from the databases
utilized (van Woesik and Kratochwill, 2022; Virgen-Urcelay and
Donner, 2023). To mitigate this issue, we meticulously cross-
referenced data based on date, location, depth, and method to
identify and eliminate duplicates. However, the integration of

Frontiers in Marine Science

10.3389/fmars.2025.1547870

diverse data sources continues to pose significant challenges.
Therefore, the establishment of standardized comparative criteria,
the assurance of consistent training, and the fostering of
collaborative monitoring networks are essential steps to enhance
data reliability and coherence across various monitoring initiatives
(Souter et al., 2021; Wicquart et al., 2022). The results of this study
are heavily based on information from monitoring organizations
that adhere to standardized methods and provide data to scientists
to collate bleaching surveys, such as Reef Check and Coral Watch,
which are significant data sources. We acknowledge the exclusion of
other important long-term regional databases, such as AIMS’s Long
Term Monitoring Program for the Great Barrier Reef, among
others; however, incorporating additional databases was beyond
the scope of our study.

Observation data was analyzed over a continuous time frame
and not just during known periods of heat stress. However, while
the primary sources are labeled as bleaching databases, many
surveys derived from monitoring efforts were not strictly
bleaching assessments. The databases were designed for in-water
field surveys, with a single entry per site identified by the central
coordinates of the survey, rendering them incompatible with
airborne or other remote-sensing surveys that cover broader
areas. The databases primarily draw from existing datasets
maintained by large monitoring organizations that adhere to
consistent protocols (e.g., van Woesik and Kratochwill, 2022,
which utilized seven sources), which may account for
discrepancies in the breakdown of survey methods between the
databases and the practitioner survey.

Another limitation and constraint is the need to standardize the
timing of bleaching surveys and contextualize surveys within a
defined bleaching timeline to enhance data comparability (Khen
et al., 2023; Grottoli et al., 2014). Coral bleaching is a physiological
response that results from specific exposure to heat and light over
varying timeframes. Experimental research has shown that
bleaching can appear immediately after acute heat stress or can
take one to four months of accumulated heat stress to manifest
(Glynn and D’Croz, 1990; Grottoli et al., 2006; Grottoli et al., 2014;
Schoepf et al., 2015). Similarly, coral recovery can occur within
periods ranging from 20 days to two months (Rodriguez-Roman
et al., 2006; Grottoli et al., 2014; Schoepf et al., 2015).

Two approaches can enhance the effectiveness of coral
bleaching monitoring. The first approach focuses on
characterizing the maximum severity of a bleaching event by
conducting surveys during the peak heat stress period in each
region (Eakin et al, 2010; Hughes et al., 2018b; Muniz-Castillo
et al.,, 2019). This window of maximum severity of bleaching could
vary across regions (DeCarlo, 2020). These intra-annual patterns
may differ across subregions and should be considered when
designing monitoring efforts. For instance, in the Caribbean, most
subregions experience heat stress between August and December,
with the highest levels of heat stress typically observed in October or
November (Muifiiz-Castillo et al., 2019). Based on this example, the
monitoring season for Caribbean coral reefs could primarily occur
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from September to October. However, it is important to note that
coral bleaching may sometimes be observed before or after
this period.

The second approach involves categorizing data collection into
standard bleaching phases: a) Pre-Bleaching (Baseline), occurring
before significant thermal stress based on historical temperature
thresholds; b) Early Bleaching, when the first signs of bleaching are
reported or detected; ¢) Peak Bleaching, marking the maximum
bleaching extent in the region; and d) Late Bleaching/Recovery,
when bleaching subsides, and corals either recover or experience
mortality. It is most likely that the effort of bleaching will depend on
many variables such as funding, monitoring capacity, and other
factors mentioned in the practitioner survey. Many programs are
designed for rapid assessments during specific bleaching events,
rather than comprehensive, long-term monitoring, complicating
efforts to achieve globally comparable datasets. We recommend
prioritizing longitudinal measurements by tracking coral bleaching
over time. This approach provides critical insights into the
progression and recovery of bleaching events, thereby offering a
more comprehensive understanding of coral responses to thermal
stress (Grottoli et al., 2014; Neely et al., 2024).

5 Conclusions

There is an urgent need for improved coordination and
consolidation of coral bleaching monitoring data. The diversity of
methods and inconsistent data entry present significant challenges to
accurately understanding how coral reefs change over time, especially
given the increasing frequency of coral bleaching events. Our work has
identified the most widely used techniques, as well as issues such as
missing methods in metadata, highlighting the need for standardization
across methods. To address this, collaborations must be strengthened
across regional monitoring organizations, and global platforms (e.g.,
MERMAID) could collaborate with GCRMN to establish bottom-up
networks and adhere to guidelines (e.g., FAIR principles). In addition,
major monitoring programs and online platforms should develop
collaborative APIs and integrated information systems to streamline
data sharing based on data agreements. These elements will enhance
collaboration, communication, and coordination across the field and
result in more integrated global databases.

Although traditional methods for assessing coral bleaching in belt,
line, and point transects are widely used due to their established
protocols, training programs, and institutionalization, the importance
of integrating recent technology into coral bleaching monitoring
cannot be overstated. Despite their widespread use, these legacy
methods offer a limited scope of reef health assessment and require
considerable time and effort to monitor even small areas. In contrast,
advanced technologies such as photogrammetry at permanent sites (-
10m?) and geo-referenced photo quadrats provide a more accurate and
comprehensive understanding of reef dynamics at larger scales (Obura
et al, 2019; McCarthy et al, 2024). These technologies enable the
extraction of data that are comparable to legacy data while
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simultaneously advancing monitoring capabilities. However, these
approaches come with specific needs in technological equipment
(software, servers, global positioning devices, and computing power),
funding (investment in resources, training of personnel, and
maintenance of equipment), and data management and analysis that
can pose challenges, especially for under-resourced geographies
(McCarthy et al, 2024). To overcome these barriers, initiatives may
focus on low-cost, open-source alternatives for software and
equipment, as well as collaborations with international organizations
that can also provide access to training and resources. Incorporating
modern methods can significantly enhance our ability to track and
analyze reef health more effectively and link this to global policy
communication and efforts.

Recent technology offers a promising path forward by addressing
the limitations of traditional coral bleaching monitoring methods and
fostering the creation of more coordinated and consistent datasets. By
linking these data to high-resolution advanced remote sensing
platforms, many of which are freely accessible, practitioners,
managers, and decision-makers around the world could access and
utilize critical information. Our recommendations would improve
global capacity to monitor and manage coral reef ecosystems and
consolidate data, enabling the coral reef community to set and achieve
more effective conservation targets to protect the remaining coral
reefs worldwide.
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