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Abstract 

Coral bleaching is the largest global threat to coral reef ecosystem persistence this century. Advancing our understanding of coral 
bleaching and developing solutions to protect corals and the reefs they support are critical. In the present article, we, the US National 
Science Foundation–funded Coral Bleaching Research Coordination Network, outline future directions for coral bleaching research. 
Specifically, we address the need for embedded inclusiveness, codevelopment, and capacity building as a foundation for excellence in 
coral bleaching research and the critical role of coral-bleaching science in shaping policy. We outline a path for research innovation and 
technology and propose the formation of an international coral bleaching consortium that, in coordination with existing multinational 
organizations, could be a hub for planning, coordinating, and integrating global-scale coral bleaching research, innovation, and miti- 
gation strategies. This proposed strategy for future coral bleaching research could facilitate a step-function change in how we address 
the coral bleaching crisis. 
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is negligible compared with the impact of ocean warming (Krämer 
et al. 2022 , McLachlan et al. 2022 , Jury et al. 2024 ). By some esti- 
mates, global coverage of living coral may have already declined 
by as much as 50% since the 1950s (Eddy et al. 2021 ), with a loss 
of 14% in coral cover attributed to climate change over the past 
decade alone (Souter et al. 2021 ). By the end of this century, trop- 
ical ocean temperatures are expected to rise by another 1–4 de- 
grees Celsius (IPCC 2021 ). Coral bleaching events are predicted 
to become more intense and frequent, and coral reefs will al- 
most certainly continue experiencing substantial declines in coral 
abundance, diversity, and reef growth during this century (e.g., 
Hoegh-Guldberg et al. 2007 , Eakin et al. 2009 , Veron et al. 2009 , 
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lobal stressors such as rising temperature and ocean acidifica-
ion, coupled with local stressors such as pollution and overfish-
ng, threaten the persistence of coral reefs (e.g., Veron et al. 2009 ,
antin et al. 2010 , Frieler et al. 2012 , Chua et al. 2013 , Knowlton
t al. 2021 ). In the present article, we focus on the primary cause of
arge-scale coral bleaching events—heat stress. Thermal stress on
oral reefs has increased fivefold since preindustrial times (Lough
t al. 2018 , Tanaka and van Houtan 2022 ) with a corresponding in-
rease in the length and severity of marine heat waves that lead
o coral bleaching, disease, and subsequent mortality (Eakin et al.
019 , Leggat et al. 2019 , Marin et al. 2021 ). Although ocean acidifi-
ation is also increasing, its effect on corals in the coming decades
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Figure 1. Conceptual representation of the future of coral bleaching 
research. Anchoring the research at conception is (a) embedded 
inclusiveness and (b) codevelopment where financial support is 
available to local collaborators and provides the strongest foundation 
for then (c) building capacity, (d) strengthening research and innovation, 
and for (e) informing policy. The timing for each step will be project and 
location dependent. (f) A coral bleaching consortium may be one 
structural way to guide coral bleaching research globally and lead to 
beneficial reef outcomes. 
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oegh-Guldberg 2011 ). Studies show that coral natural adapta-
ion is unlikely to keep pace with the rate of rising temperatures
Logan et al. 2014 , Bay et al. 2017 , Matz et al. 2018 , Matz et al. 2020 ,
airos-Novak et al. 2021 , Smith et al. 2022 ). At the current rate of
cean warming, some studies predict the collapse of coral reef
cosystems as early as 2060 (e.g., Kleypas et al. 2021 , Lachs et al.
024 ), whereas others show the possibility of coral communities
hanging yet persisting when warming is limited to an increase of
 degrees Celsius (McLachlan et al. 2022 , Price et al. 2023 , Jury et al.
024 ). Research shows that for coral reefs to persist beyond this
entury, emissions need to be reduced, and active interventions
mplemented where possible or necessary (Knowlton et al. 2021 ,
oolstra et al. 2021 ) to give space and time for corals to acclimate
r adapt (e.g., Torda et al. 2017 , Coles et al. 2018 , Jury et al. 2019 ,
atz et al. 2020 ). Efforts to manage the numerous local stres-
ors that also exert significant impacts on coral reefs (i.e., habitat
estruction, coastal development, eutrophication, sedimentation,
ollution, and overfishing) are also clearly important (Donovan
t al. 2021 ) but may have little consequence for long-term reef per-
istence if the threats posed by climate change and local stressors
re not addressed (e.g., Pandolfi et al. 2005 , Winston et al. 2022 ). 
The state of coral reefs thus hinges on the ability of corals

o respond to ocean warming, and time is running out for hu-
ans to mitigate that trajectory (Knowlton et al. 2021 ). Coral re-
earchers, managers, and policymakers have a narrowing window
f opportunity to optimize and apply research efforts to affect
ositive change on coral reefs around the globe (van Oppen et al.
015 , Anthony et al. 2017 , van Oppen et al. 2017 , Peixoto et al.
022 , Voolstra et al. 2023 ). One way to increase the efficiency of
ngoing research and accelerate the rate of discovery and pos-
ible solutions is to develop common and standardized frame-
orks for experimental design, sample collection and archiving,
nd for working across biological and physical scales from cellular
o global. 
Through a series of three workshops, the US National Science

oundation–funded Coral Bleaching Research Coordination Net-
ork (USCBRCN) addressed this need and developed common
rameworks for experimental studies of coral bleaching (McLach-
an et al. 2020 , Grottoli et al. 2021 ), for sample collection and
rchiving (McLachlan et al. 2021 , Vega Thurber et al. 2022 ), and
or working across biological and ecological scales (van Woesik
t al. 2022 ). The adoption of these frameworks by coral bleaching
esearchers could enhance comparability among studies, maxi-
ize the use of collected reef biomaterial (i.e., samples), and in-
rease our ability to develop tools for integrating disparate data
treams—paving the way for collaboration, moving coral bleach-
ng research forward faster, and reducing the time to discovery
see the supplemental material for additional details). These
rameworks also provide a roadmap for current coral bleaching re-
earch practices. Critical next steps in coral bleaching studies that
o beyond research and apply findings to real-world solutions can
enefit from investments in embedded inclusiveness, codevelop-
ent, capacity building, a willingness to take on large-scale re-
earch actions, and the integration of research findings with policy
ecision-making (figure 1 ). To develop a synthesis and blueprint
or the next steps in coral bleaching research, a fourth work-
hop was held ahead of the 15th International Coral Reef Sympo-
ium 2022. All USCBRCN participants from the first three work-
hops were invited (see the supplemental material for additional
etails). 
The USCBRCN was formed through the U.S. National Science

oundation Research Coordination Network Program (which is
ow the name came about). Some participants were directly
nvited and some were selected from applications that were
penly solicited through the coral reef ecosystem internet discus-
ion forum Coral-list, which has over 9000 members and is man-
ged by the International Coral Reef Society. Care was taken to
nvite participants from all career stages, with a wide range of
xpertise (e.g., biology, geology, physical oceanography, modeling)
nd with near equal gender representation. Because of funding-
gency-imposed restrictions, at least 90% of the participants had
o be from US institutions for the first workshop. Recognizing
he need to increase international representation, the USCBRCN
teering committee negotiated with the National Science Founda-
ion to increase the number of international participants to 20%,
0%, and 30% for the second, third, and fourth workshops, respec-
ively. Moving forward, we propose the development of an interna-
ional coral bleaching consortium made up of researchers, prac-
itioners, social scientists, stakeholders, and local and Indigenous
nowledge holders from around the globe, to instigate and pro-
ote bold discovery and intervention to enhance the potential for
eneficial outcomes for coral reefs (figure 1 ). 

irections for the future of coral bleaching 

esearch 

ixty-four percent of coral reefs are located within the geographic
oundaries of low, low- to middle-, and middle-income countries
s defined by the World Bank (Pascal et al. 2016 ). However, 75% of
esearch on coral reefs is led by investigators from high-income
ountries, and progress toward equity, diversity, inclusion, and
ustice has been slow in the coral research community (Ahmadia
t al. 2021 ). When coral reef research efforts are led solely or
redominantly by nonlocal individuals, it perpetuates inequal-
ty (Trisos et al. 2021 ) and is logistically inefficient because it
gnores Indigenous and local ecological knowledge and expertise.
he well-documented practice of parachute science excludes

https://academic.oup.com/bioscience/article-lookup/doi/10.1093/biosci/biaf066#supplementary-data
https://academic.oup.com/bioscience/article-lookup/doi/10.1093/biosci/biaf066#supplementary-data
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Table 1. Summary of proposed paths forward in coral bleaching research. 

Path Steps 

Embedded inclusiveness, 
codevelopment, and 
capacity building 

Provide direct funding to low- and middle-income country collaborators from high-income countries. 
Codevelop research programs through open, virtual, and in-person forums that bring people together to include 
various voices and perspectives, and forms of knowledge. 

Develop a capacity-building pipeline for coral reef science training at all levels, across disciplines, and among 
nations. 

Research shaping policy Deliver a unified message: Coral reefs are in crisis. Evidence-based solutions that address local to global stressors, 
coupled with technology and innovation interventions, are critical to coral reef persistence and survival. 

Communicate science-based solutions for the coral crisis that resonate with policymakers, the public, and 
representatives in science diplomacy. 

Participate in the drafting of documents for international policy initiatives that can protect coral reefs. 

Coral bleaching research, 
bio- and geoengineering 
innovation 

Explore all aspects of the coral holobiont potential for survival this century through long-duration, multi-stressor 
studies. 

Maximize what can be learned from all research through improved metadata and a central database of planned 
and ongoing projects. 

Evaluate bioengineering solutions to increase coral resilience including assisted evolution methods (e.g., selective 
breeding, hybridization, trans-basin transplantation, gene editing), Symbiodiniaceae manipulation, probiotic 
treatments, increased nutrition through enhanced feeding, and novel technologies to enhance larval 
recruitment and survivorship. 

Evaluate geoengineering solutions to reduce solar radiation and seawater temperature. 
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ocal researchers and opportunities for capacity building (Ste-
anoudis et al. 2021 ), can produce findings that fail to address
egion-specific priorities, perpetuates inequities, erodes trust, and
isses opportunities for the codevelopment of transformative

esearch (Trisos et al. 2021 ). In fact, because of restrictions by the
unding agency that supported the workshop, the participants
nd resulting coauthors of this publication were not as inclusive
s they could have been. 

ath forward for embedded inclusiveness and 

o-development 
ocal researchers, community members, and Indigenous groups
ave intimate familiarity with their region’s respective reefs and
re versed in the cultural context within which conservation and
esearch efforts occur (Barber et al. 2014 , Winter et al. 2020a ,
insworth et al. 2021 ). A genuine, long-term and codevelopment
pproach between nonlocal and local researchers and practition-
rs, from conception to implementation, fosters embedded inclu-
iveness (Royal Society 2011 , Barber et al. 2014 , Hind et al. 2015 ,
inter et al. 2020b , Love et al. 2021 , Stefanoudis et al. 2021 , Trisos
t al. 2021 ). Codevelopment, the collaborative weaving of research
nd practice (Chambers et al. 2021 ), increases the potential for in-
orporating Indigenous and local knowledge into hypothesis de-
elopment while creating a bridge for the coupling of traditional
nd scientific approaches (Sterling et al. 2017 , Winter et al. 2020b ).
raditional ecological knowledge provides unique insights derived
rom centuries of observation, experimentation, and adaptation
ithin reef ecosystems that are invaluable for sustainable re-
ource management and biodiversity conservation (Sinthumule
023 ). Although it has been historically overlooked by Western
cience, traditional ecological knowledge is increasingly acknowl-
dged and valued by Western scientists (Gómez-Baggethun et al.
013 ). It also provides training and equipment acquisition op-
ortunities to underrepresented groups (Hind et al. 2015 , Price
nd Toonen 2017 , ‘Ohukani’ohi’a III Gon et al. 2021, Ainsworth
t al. 2021 , Singeo and Ferguson 2023 ). Finally, codevelopment
ncreases trust within local communities of research outcomes,
engages local decision-makers, and promotes cooperative and
successful policy actions (Singeo and Ferguson 2023 ). For example,
such codevelopment has been successfully implemented in oys-
ter bed restoration activities (Smith et al. 2022 ) and has since been
proposed as a general strategy for all restoration activities (Crane
et al. 2017 , Price and Toonen 2017 , Forsman et al. 2018 , Sweet et al.
2021 , Merchant et al. 2022 ). 

However, the current funding structure of many agencies is a
barrier to codevelopment. The future of coral bleaching research
could build a better culture of embedded inclusiveness and code-
velopment if funding agencies in high-income countries required
that research conducted in low- and middle-income countries
include codeveloped collaborations and coleadership with local
partners, as well as direct financial support of those local part-
ners (table 1 ) . Codevelopment is ideally integrated at all levels of
the research starting at the inception or proposal stage, through
to the in-country research, and ending with the publication and
future new collaborations. For this to be most effective, funding
agencies would allow for funds in grants to financially compen-
sate and support local collaborators (e.g., individuals at academic
institutions, nongovernmental organizations, government agen-
cies, national laboratories, field stations, teaching and learning
centers, informal science centers). Collaborative partnerships and
strong relationships are developed over time and with sufficient
resources. Improving direct access for researchers in developing
countries to funding as project leaders or coleaders, supported by
agencies in high-income countries, could be a powerful way to fa-
cilitate the establishment and maintenance of equal research col-
laborations. Recently, the Coral Research and Development Accel-
erator Platform (CORDAP ) has implemented a funding model that
requires codevelopment, coleadership, and financial support of all
partners including those in low or middle-income countries. 

Codevelopment of research programs can be facilitated
through open, virtual, and in-person forums that bring people to-
gether to include various voices, perspectives, and forms of knowl-
edge (table 1 ). Building trust with local communities will take time
to overcome a history of disenfranchisement in the research and
policy space (Torres-García et al. 2024 ). One starting point could
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nclude open and accessible webinars and workshops, hosted by
 suite of sources (e.g., research coordination networks, organi-
ations such as the International Coral Reef Society or the Coral
estoration Consortium, journal-led monthly events) that could
elp facilitate multidirectional science communication and re-
earch codevelopment (Davies et al. 2023 ). Another step would
nclude researchers participating in community-led activities, in-
luding community workdays, that build reciprocal rather than
xtractive relationships. Days engaging with communities ideally
re in addition to research days while at a study site to build
rust between researchers and local communities (Kūlana Noi ̒i
orking Group 2021 ). Flexibility by funding agencies to allow for
rants to cover the travel and participation costs for individuals
rom outside of the funding agency’s country is critical to ensur-
ng the input of a broad range of voices. Community engagement
rior to project development ensures data sovereignty and access
greements are incorporated into proposals (Kūlana Noi ̒i Work-
ng Group 2021 , Ravindran 2024 ) and increases the potential for
ncorporating community needs into proposals. One challenge is
aintaining relationships and commitments with local commu-
ities beyond the traditional 1–4-year grant period. The conducted
esearch may be a short-term outcome for researchers but could
epresent a longer commitment by local communities (Torres-
arcía et al. 2024 ). When taken together, these actions and con-
iderations could help create a more equitable, diverse, accessible,
nclusive, and just landscape for coral bleaching research. Such a
trategy would also foster more creative research, facilitate new
iscoveries, and strengthen the adoption of evidence-based con-
ervation and management decisions at all levels. 

apacity-building 

apacity building includes training the next generation of coral
esearchers, managers, and policymakers around the world.
here are currently institutional barriers and funding restrictions
hat limit capacity building (Davies et al. 2021 , Davies et al. 2023 ).
n addition, limited funding in developing countries or political
nstability that impedes funding can preclude investment in
odern research infrastructure in those countries, making it
arder to train the next generation of scientists, managers,
nd practitioners (Barber et al. 2014 ). The disparity in funding
pportunities among low-, middle-, and high-income countries
s exacerbated by the cost of journal subscriptions, resulting in
ublications and their data sets being hidden behind paywalls
Roche et al. 2015 , Piwowar et al. 2018 ). Funding agencies could
equire that all publications resulting from the work they sup-
ort be published open access and provide the funds to do so.
ccess to higher education can be inaccessible because of cost,
ogistics, and scholarship requirements. Programs such as that by
he Coastal Oceans Research and Development—Indian Ocean
CORDIO) initiative (Obura et al. 2012 ) that are more equitable,
iverse, and inclusive (e.g., and have fostered embedded inclu-
iveness; Barber et al. 2014 , Richmond 2014 , Love et al. 2021 )
an serve as models for capacity building to the coral bleaching
ommunity. 
Jump-starting capacity building can be initiated by develop-

ng a pipeline for coral reef science training at all career stages,
cross disciplines, and among nations (table 1 ). Individuals from
iverse countries (e.g., low, middle, and high income) and career
tages (e.g., local community leaders and grass roots organiza-
ions, regional students, undergraduate and graduate students,
esearchers, and practitioners) could be recruited for training, net-
orking, and professional development programs. As a starting
oint, programs such as the World Bank’s capacity-building Grad-
ate Scholarship Program (World Bank 2025 ) and the United King-
om Research and Innovation (UKRI) Future Leaders Fellowships
rogram (UKRI 2024 ) could be extended to include wider partici-
ation and serve as models for new programs. The World Bank’s
rogram is for applicants from developing countries to receive
raduate level training abroad and then return to their home
ountry. The UKRI program funds students from any country to
tudy in the United Kingdom. Both programs provide training op-
ortunities to students from low- and middle-income countries
nd incentives to return to their country, contributing to local ca-
acity building. Within the United States, an international version
f the National Science Foundation’s Research Traineeship Pro-
ram (NSF 2024 ) could provide additional opportunities for capac-
ty building. It has been suggested that for every graduate student
rom a high-income country who visits a developing country to
o research, there should be funding for a reciprocal visit for a
tudent from the low- or middle-income country to be trained in
he high-income country (Trisos et al. 2021 ). To that end, funding
gencies could consider adding reciprocal training as a require-
ent in grant proposals and could provide criteria and additional

unding needed to support these activities. 

ole of research and researchers in shaping 

olicy 

esearch is the foundation for evidence-based policy decisions.
ew policy actions for coral reefs that consider solutions for
eople and the environment are the most effective because of
he multitude of benefits a healthy reef provides (Hoegh-Guldberg
t al. 2019 , Dundas et al. 2020 , Knowlton et al. 2021 ). Moreover,
ranslating scientific findings into policies and actions benefits
rom fostering a diverse and inclusive research and policymaking
rena (see the “Directions for the coral bleaching RCN” section),
nd effective communication, decision analysis, diplomacy, and
ncentives (Lee et al. 2019 , Polejack 2021 ). This successful model
s exemplified, for instance, by the CORDIO (Obura et al. 2012 , von
interfeldt 2013 ) initiative—an internationally funded regional
etwork that monitors coral bleaching events in East Africa and
cross the Indian Ocean and influences government policy by hav-
ng representatives on high-level intergovernmental panels and
oards while also providing capacity development across the re-
ion. CORDIO can serve as a model for other organizations and
ountries for bridging science and policy. 

ath forward for research shaping policy 

t individual and organization scales, all researchers can elevate
he impact of their coral bleaching research in shaping policy by
elivering a clear and unified message about the coral reef crisis
nd the need for evidence-based solutions, by leveraging creative
essaging platforms to effectively communicate science-based
olutions for the coral crisis to policymakers and other stakehold-
rs, and by engaging in the writing of international policy initia-
ives that can protect coral reefs. These three courses of action are
nterdependent to achieve the goal to safeguard reefs, with urgent
nd pronounced emissions reduction critical to the effectiveness
f all other efforts. 
Increasing the impact of research findings for the full spectrum

f end users (e.g., policymakers, government, practitioners, the
rivate sector, researchers, educators, the general public) and
nfluencing the adoption of policy solutions to coral bleaching
vents could benefit from a shared, unified, common message
bout the coral reef crisis. One suggestion would be a statement
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hat both advocates for greenhouse gas emission reductions
nd the implementation of evidence-based actions that benefit
oral reefs (table 1 ). Building on the sentiment echoed in our
iscussions and in many reviews and white papers (e.g., Kleypas
t al. 2021 , Knowlton et al. 2021 , Reimer et al. 2024 ), we propose
 unified statement could be “Coral reefs are in crisis. Evidence-
ased solutions that address local to global stressors, coupled
ith technology and innovation interventions, are critical to coral
eef persistence and survival.” If researchers and practitioners
nite around this message and incorporate it into their publi-
ations and presentations, it would help to enhance the power
f the message. Examples of how actions directly benefit coral
eefs (Knowlton et al. 2021 , Carlson et al. 2022 ) and of the cost of
naction (Peixoto et al. 2022 ) are well documented. Sharing some
f the evidence-based findings with stakeholders on the conse-
uences of coral bleaching on human well-being (e.g., childhood
tunting due to loss of fish-derived protein; Chaijaroen 2022 ) and
conomic stability (Crosby et al. 2002 ) can also serve as a tool
or increasing commitments from national and international
odies to take action to mitigate climate change and implement
olutions to protect coral reefs. 
Scientific journals remain the primary means of disseminating

esearch to other researchers, but policymakers do not necessarily
ely heavily on scientific articles as an information source. Fur-
hermore, high publication and access fees may sometimes rep-
esent accessibility barriers to those outside of large research in-
titutions (Cvitanovic et al. 2015 ). Having a universal practice of a
iered pricing structure for publication costs, as many journals al-
eady do, could greatly enhance equitable access for researchers.
n addition, journals that allow for publication in languages other
han English, such as Coral Reefs and many of the American Geo-
hysical Union journals, increase equity and inclusion in research
issemination. Alternative platforms for disseminating research
ore equitably include local listening sessions, white papers,
ebinars, public press (e.g., newspapers, magazines), teaching
nd learning resources, and targeted presentations to specific
roups and advisory councils that inform the direction of policy
nd practice (Mea et al. 2016 ). Investment in better methods for
ommunicating research findings within journal platforms (Dou-
leday and Connell 2017 , Freeling et al. 2019 ), as well as outside of
he scientific journal platform requires a change in how academic
nd government institutions recognize and reward nonstandard
cademic publications in the promotion process (Davies et al.
021 ). By leveraging existing messaging platforms and developing
reative communication strategies to effectively convey science-
ased solutions that resonate with policymakers, the general
ublic, and representatives in science diplomacy we could in-
rease the impact of the message at local (e.g., Stony Coral Tissue
oss Disease Response Effort Communications and Outreach
eam) and global (e.g., Conference of the Parties, United National
onvention on Biological Diversity, United Nations Ocean Confer-
nce) levels (table 1 ). In addition, maintaining open and reciprocal
ommunication among researchers, managers, local communi-
ies, and policymakers will help to ensure that consensus findings
egarding coral bleaching and mass mortality events are deliv-
red in accessible formats and that ongoing research continues
o align with priority needs. Several existing communities of
ractice have developed effective and inclusive communication
rameworks (i.e., the Coral Restoration Consortium, the State
f Florida’s Stony Coral Tissue Loss Disease Response Effort,
nd the Center for Ocean Sciences Education Excellence Island
arth initiative used in Wiener et al. 2016 ). These could serve as
pringboards for connecting coral bleaching research findings
with stakeholders and policymakers. Alternatively, the existing
communication frameworks could serve as models for effec-
tive messaging for a new coral bleaching consortium (see the
conclusion). 

Finally, coral reef scientists could remain directly involved in
drafting documents for international policy initiatives that can
protect coral reefs (e.g., United Nations post-2020 Global Biodiver-
sity Framework, the International Coral Reef Initiative, Commit-
tee of the Parties on Climate Change; table 1 ). Such documents
are designed to influence negotiations over global commitments
on emissions reductions of greenhouse gasses, protection of nat-
ural ecosystems such as coral reefs, and support scientific discov-
ery, capacity building, technology development, and information
exchange (Polejack 2021 ). The governments of coral-rich develop-
ing countries will have the greatest influence in ensuring success-
ful mitigation of local stressors whereas high-income nations are
likely to have the greatest influence on global carbon emissions.
Local researchers in coral-rich nations can uniquely combine dis-
ciplinary authority on coral reefs and familiarity with their gov-
ernment and culture to become effective diplomats for informed
policy decisions in their countries, as well as internationally. It
is also important for well-funded researchers and institutions in
developed nations to collaborate with and amplify the voices of
their counterparts in coral-rich developing nations as described in
the “Embedded inclusiveness, codevelopment, and capacity build-
ing” section. A strong and fluid connection among research find-
ings, researchers, local stakeholder needs, and policymakers will
ensure that the best policies are developed and implemented at
all scales. 

Path forward for coral bleaching research and 

innovative technological approaches 
Moving coral bleaching research in a forward direction requires us
to explore the coral holobiont (the coral animal together with its
protist, bacteria, viral, and fungal partners) in multistressor situ-
ations across spatial and temporal scales. Doing so will lead to a
better understanding of the individual roles of each component
in health and bleaching and inform the subsequent expansion
of research into higher-risk approaches for developing scalable
restoration and engineering solutions. The catastrophic rate of
coral loss necessitates thoughtful research-informed actions that
reflect constantly emerging findings. Success will be optimized
when all stakeholders are involved and embedded inclusiveness is
part of all aspects of the work. (See the “Embedded inclusiveness,
codevelopment, and capacity building” section for details.) 

Pushing our knowledge of coral bleaching further
New research frontiers for understanding coral bleaching will re-
quire exploring the adaptive potential of the coral holobiont (i.e.,
host, endosymbiotic algae, and microbiome) in the context of mul-
tiple stressors over time (table 1 ; e.g., Wiedenmann et al. 2013 ,
Pogoreutz et al. 2017 , Donovan et al. 2021 , Grottoli et al. 2021 ,
Collins et al. 2022 ). Coral bleaching is often associated with dis-
ease outbreaks, so understanding the relationship among bleach-
ing, disease, and what confers disease resistance and resilience
during marine heat waves remains a critical knowledge gap (e.g.,
Miller et al. 2009 , Vega Thurber et al. 2014 , Merselis et al. 2018 ).
The combined effects of chronic, acute, and variable heat stress,
ocean acidification, light, disease, low food availability, low oxy-
gen, elevated nutrient levels, and pollution are just some of the
suboptimal conditions that corals regularly face today (e.g., van
Woesik and Randall 2017 , Reichert et al. 2021 , Dobson et al.
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021a , 2021b , Alderdice et al. 2022 , Gómez-Campo et al. 2022 ). Re-
earch on processes operating from the subcellular to the basin
cale (van Woesik et al. 2022 ), over long durations (Grottoli et al.
021 ), and in the context of interactions with other reef taxa
e.g., Detmer et al. 2022 , Grupstra et al. 2022 , Jury et al. 2024 )
ushes our knowledge of coral bleaching further. Studies address-
ng these concepts could be explored through the use of meso-
osm and in situ field experiments (e.g., Bahr et al. 2020 , Paiva
t al. 2021 , McLachlan et al. 2022 ) coupled with modeling ap-
roaches to integrate findings across studies (e.g., Gómez-Campo
t al. 2022 , Shlesinger and van Woesik 2023 ). Ideally, experimen-
al temperature regimens would reflect the long-term history of
limate and temperature variability derived from measurements
Heron et al. 2016 ) and coral skeletal records (e.g., Grottoli and
akin 2007 , Lough 2010 , Felis 2020 ) most relevant to the corals
n a study. How natural selection acts on all coral partners (e.g.,
hakravarti et al. 2017 , McManus et al. 2021 ) and how environ-
ent and thermal history can drive phenotypic plasticity and nat-
ral selection (e.g., Grottoli et al. 2006 , Fine et al. 2013 , Brown et al.
015 , Scheufen et al. 2017 , Hughes et al. 2019 , Barott et al. 2021 )
ill also be informative in exploring what drives negative out-
omes from bleaching and coral resilience to marine heat waves.
esults can inform our basic understanding of coral holobiont bi-
logy and provide insights to improving coral conservation. For
xample, a deeper understanding of the life history of the coral’s
ndosymbiotic algal partners, the Symbiodiniaceae, which are re-
ponsible for a large proportion of natural variation in bleaching
esponse, is still needed (Fuller et al. 2020 , Davies et al. 2023 ). We
re also only starting to scratch the surface on the mechanisms
nd potential for selection, adaptation, and phenotypic plastic-
ty of heat-stress-resistant (i.e., less likely to bleach under heat
tress) and -resilient (i.e., more likely to survive heat stress) corals
nd their associated symbiotic partners (Levin et al. 2017 , Putnam
t al. 2017 , Morikawa and Palumbi 2019 , Barott et al. 2021 , Figueroa
t al. 2021 , Howe-Kerr et al. 2023 ). Determining whether those
raits are heritable (Kenkel et al. 2015 , Quigley et al. 2017 , Jury et al.
019 , Bairos-Novak et al. 2021 ) and to what degree they will be
onstrained by physiological trade-offs or genetic correlations will
urther our basic understanding of coral biology and genetics and
ould inform future predictions and interventions (Sgrò and Hoff-
ann 2004 , Muller et al. 2018 , McManus et al. 2021 , Rodrigues and
adilla-Gamiño 2022 ). 
Maximizing what we can learn from research going forward
ill be greatly enhanced and accelerated by improving the
ecording and publishing of metadata associated with observa-
ions and experiments (Edmunds et al. 2011 , Madin et al. 2016 ,
cLachlan et al. 2020 , Grottoli et al. 2021 , Toczydlowski et al.
021 ) in a supported database that is readable and writable
table 1 ; e.g., the MEDFORD and GeOMe metadatabases; Shpilker
t al. 2022 , Deck et al. 2017 , respectively). Such procedures are
ow commonplace for next generation sequence data (data
eposited at the National Centre for Biotechnology Information)
ut are still less common for ecological data. Furthermore, any
uch effective archiving would acknowledge the sovereignty of
ndigenous peoples or nations where the data were collected
Riginos et al. 2020 , Liggins et al. 2021 ). Moving toward a practice
f publishing that emphasizes collective benefit, authority to
ontrol, responsibility and ethics (CARE; Carroll et al. 2020 ) and
ndability, accessibility, interoperability, and reusability (FAIR;
ilkinson et al. 2016 ) coupled with open science principles and

ransparency in methods will enhance discoverability of new
esearch and increase the potential for adoption of new frame-
orks. For example, CARE principles could be advanced through
 notices and labels system such as Local Contexts (Liggins et al.
021 ), which ensures appropriate Indigenous attribution and
ata sovereignty. Furthermore, a central database for researchers
o register projects at the time of conception as well as archived
amples from past projects could facilitate the development of
nterdisciplinary collaborations, streamline project activities to
inimize repetition, facilitate coordination of CITES (Convention
n International Trade in Endangered Species of Wild Fauna and
lora) approvals for sample sharing, and speed up the pace of dis-
overy (table 1 ; Grottoli et al. 2021 , Vega Thurber et al. 2022 ). The
ational Science Foundation’s AccelNet program is an existing
egistry that could potentially be leveraged to realize this goal. 

ioengineering and geoengineering solutions 
old actions going forward could include a range of bioengineer-
ng and geoengineering approaches that may be higher risk but
ay also be promising for some species and locations. Bioengi-
eering technologies that may be viable paths to increase coral
opulation resilience for some species include assisted evolution
e.g., selective breeding, hybridization, transbasin transplanta-
ion, gene editing; e.g., Craggs et al. 2020 , Randall et al. 2020 , Drury
t al. 2022 , Bay et al. 2023 ), Symbiodiniaceae and microbiome ma-
ipulation (Rosado et al. 2019 ), enhanced coral feeding (Dobson
t al. 2021a , Denis et al. 2024 , Grottoli et al. 2025 ), and structures
o enhance larval recruitment and survivorship (table 1 ; Jessica
eichert, personal communications ). High-throughput thermal
olerance phenotyping (e.g., Coral Bleaching Automated Stress
ystem; Evensen et al. 2023 ) and genotyping systems are emerging
or identifying individuals that may be more useful as broodstock
or study, breeding, and restoration (e.g., Tyler et al. 2018 , Carradec
t al. 2020 , Chang et al. 2020 , Voolstra et al. 2020 , Brown and Barott
022 , Meng et al. 2022 ). However, methods used to identify parent
orals for selective breeding do not always reliably identify coral
apacity for tolerating long-term heat stress typical of heatwaves
n the ocean (Humanes et al. 2024 ). More controversially, it may
e time to consider assisted migration using coral from differ-
nt regions within a basin or even from different ocean basins
Hoegh-Guldberg et al. 2008 ). Parts of the Caribbean may already
e candidates for assisted migration because of extreme degra-
ation of some sites coupled with the region-wide breakdown
f recruitment of native reef-building species (van Woesik et al.
014 , Roff 2020 ). Reintroduction of native species to historical or
olocene ranges has been done with Acropora palmata in Florida
Kuffner et al. 2020 , Chapron et al. 2023 ), giant clams Tridacna
igas in the Philippines (Gomez and Mingoa-Licuanan 2006 ),
nd sea otters Enhydra lutris in California (e.g., Davis et al. 2019 ),
hich can serve to jumpstart sexual reproduction for keystone
pecies. Expanding species ranges beyond historical limits in
nticipation of further environmental changes can sometimes
lso be a viable management alternative (e.g., managed reloca-
ion of bull trout Salvelinus confluentus ; Karasov-Olson et al. 2021 ).
lthough assisted migration carries potential risks of unintended
pecies introductions (e.g., associated microfauna, microbiome),
he potential benefits could outweigh the risks for the most
egenerate reefs (e.g., reefs with less than 1% coral cover). Other
ioengineering approaches that are in the early phases of de-
elopment include genetically modifying corals via CRISPR-Cas
ystems (Cleves et al. 2020 ), modification of Symbiodiniaceae or
heir distribution to prospective hosts (Grupstra et al. 2023 ), en-
ancement of coral probiotics (Li et al. 2022 , Peixoto et al. 2022 ),
utritional supplementation through enhanced coral feeding
e.g., the Underwater Zooplankton Light Enhancement Array by
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rottoli et al. 2025 Patent Pending Application Numbers US
9/127,361; AU 2023373381; SA 1120252948) and nanotechnology
ioprinting (Roger et al. 2023 ) to enhance larval recruitment,
rowth, and survivorship in situ . Although some of these bio-
ngineering technologies are already showing promise at small
cales (e.g., Morikawa and Palumbi 2019 , Evensen et al. 2023 ,
rottoli et al. 2025 ), continued study and investment could
acilitate the eventual implementation of these bioengineering
olutions at scales needed to produce climate change resilient
oral populations. 
Geoengineering technologies are the least explored approaches

o mitigating coral bleaching so far (NASEE 2019 , Kleypas et al.
021 ). This is likely due to the high cost and the difficulty in
redicting their efficacy and potential adverse effects. However,
hese interventions still warrant exploration since they may be a
romising avenue for mitigating thermal stress in some cases and
 complementary approach in other cases. Geoengineering tech-
ologies being explored to manipulate the environment include
hose designed to reduce solar radiation (e.g., cloud brightening,
urface-albedo enhancement, reef shading) and to reduce sea sur-
ace temperature (e.g., artificial upwelling, artificial increases in
ow; table 1 ). For example, artificial upwelling could provide tem-
oral thermal refugia (Sawall et al. 2020 ) and could promote ther-
al tolerance if pulses of cooler deeper water intrusions create

hermal fluctuations that increase the coral’s physiological plas-
icity as found in some natural upwelling systems (Buerger et al.
015 , Wall et al. 2015 ). 
Both bioengineering and geoengineering approaches are still in

arious stages of research and development, limiting the imme-
iate applicability of these technologies to coral protection and
estoration. Nevertheless, continued investment in both engineer-
ng and technological interventions could help identify potential
olutions. Partnerships between academic and private enterprises
an provide mechanisms for funding projects, decrease the time
o implementation and commercialization, can enhance the
apacity for scaling up and broad distribution, and can help stim-
late a circular economy where restoration and conservation are
unded through a business model. Examples of funded programs
nclude CORDAP, a program funded by G20 countries aimed at
upporting technology innovation to facilitate coral restoration
uccess. Furthermore, large-scale endeavors to build living reefs
o protect coastlines from wave damage and that can sustain heat
aves are being developed through programs such as DARPA’s
the Defense Advanced Research Projects Agency) Reefense
rogram in Hawai’i and Florida. The Australian Reef Restora-
ion and Adaptation Program and the King Abdullah University
f Science and Technology Reefscape Restoration Initiative at
hushah Island are other large initiatives that investigate a num-
er of potential geoengineering, bioengineering, and restoration
echniques. 
Regardless of the bio- or geoengineering approach, there are

hree keys to success: Define clear project objectives (e.g., Gann
t al. 2019 ), use measurable indicators to determine the degree
f success of project objectives (Boström-Einarsson et al. 2020 )
nd to accordingly modify subsequent engineering interventions
n the basis of lessons learned (Guest et al. 2018 , Elahi et al.
022 , Knapp et al. 2022 , Shlesinger and van Woesik 2023 ), and
ssess the capacity to scale up, given that the impacts on reefs
re anticipated to increase both spatially and in severity (Hughes
t al. 2018 ). For example, increasing the capacity for culturing and
ass production of bioengineered coral fragments and recruits

or restoration in a warming world and including genetic diversity
oals will be necessary for effective scaling up (Shafir et al. 2006 ,
orsman et al. 2018 , Page et al. 2018 ). The Coral Spawning Lab, in
the United Kingdom, is at the forefront of coral reproduction bio-
engineering having developed and commercialized an ex situ coral
spawning system with high recruit survivorship and growth. The
system is already being scaled up and implemented internation-
ally. That said, the majority of bio- and geoengineering approaches
are still in their infancy and have yet to broach issues of scalability,
although they are moving in the right direction. Targeting efforts
toward engineering interventions with the highest degree of scal-
ability and focusing on reefs with the greatest potential for repro-
duction across reef regions will be necessary in a resource-limited
reality where the need for immediate solutions is urgent. Further-
more, continued development of partnerships with government
bodies and Indigenous knowledge holders is needed to better un-
derstand the local context for each project and overcome the per-
mitting and legislative hurdles that currently limit the scope of
bio- and geoengineering solution implementation. 

Directions for the coral bleaching RCN 

The USCBRCN has united 69 diverse coral bleaching researchers
(table 2 ) and, as a community, could leverage and expand this
network for initiating, organizing, and coordinating a path for-
ward as outlined in the previous sections. A next step would be
to meaningfully broaden the USCBRCN network to form an in-
ternational coral bleaching consortium that includes individuals
from additional underrepresented and underserved groups, more
individuals from countries around the globe, individuals with lo-
cal and Indigenous knowledge, and individuals and organizations
with science-to-policy expertise. Through large international co-
operation, embedded inclusiveness, and multidisciplinary collab-
orations, there is the potential to better address the global impacts
facing coral reefs. The consortium could engage in strategic plan-
ning to unify the community in mission driven, multinational,
multiscale, integrative efforts to tackle the next steps in coral re-
search and innovation, spearhead big science initiatives for coral
bleaching, and shepherd them through to policy and applications
(box 1 ). Recruitment to the consortium could be achieved through
social media and a consortium webpage with open solicitations
for nominations by colleagues, institutions, agencies, and govern-
ments. To optimize accessibility and participation, meetings could
be online, because this dramatically reduces the cost of partici-
pation and minimizes travel-related climate impacts. When in-
person participation is desirable, the consortium could provide fi-
nancial support for travel to members to ensure participation was
diverse and inclusive. Implementing such a plan would generate
increasingly complex, multiscale, and transdisciplinary research
and data streams requiring a mechanism to reduce study redun-
dancy and optimize sharing of samples. One approach to manag-
ing the data generated globally could be to help create a platform
for effectively and quickly sharing findings with all stakeholders.
To be most effective, the consortium could be a hub for facili-
tating the translation of that science into policy and action and
for facilitating embedded inclusiveness and capacity building
practices. 

Precedents for complex, diverse, multinational integrative
projects exist in programs such as the Mars Mission and the
Large Hadron Collider. Smaller scale examples of multinational
integrative coral reef programs include the Tara Pacific (Planes
et al. 2019 ), Reef Check ( www.reefcheck.org), and the Mission
Iconic Reefs (MIR 2025 ). These programs demonstrate that large
complex integrative initiatives can work and lay a pathway
for an international coral bleaching consortium initiative. An
international coral bleaching consortium could have as a core

http://www.reefcheck.org
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Table 2. Demographic summary of participants at all Coral Bleaching Research Coordination Network workshops. 

Workshop 1 Workshop 2 Workshop 3 Workshop 4 

Participants Number Percentage Number NSR Percentage Number NSR Percentage Number NSR Percentage Total 
Average 

percentage 

Total 27 100 29 3 100 29 2 100 39 31 100 124 100 
Women 14 52 17 2 59 11 0 38 21 16 54 63 51 
Men 13 48 12 1 41 18 2 62 18 15 46 61 49 
Non-White 5 19 4 1 14 7 0 24 11 10 28 27 22 
PD + GS 5 19 7 0 24 8 0 28 7 5 18 27 22 
early career 8 30 9 1 31 8 0 28 13 12 33 38 31 
mid-career 6 22 5 2 17 8 1 28 11 9 28 30 24 
senior 8 30 8 0 28 5 0 17 8 6 21 29 23 
United States 24 89 24 2 83 23 1 79 26 21 67 97 78 
International 3 11 5 1 17 5 1 17 13 10 33 26 21 

Note: Career stages were categorized as early career (assistant professor or equivalent), midcareer (associate professor or equivalent), and senior (full professor or 
equivalent). Workshop 4 was a synthesis workshop of the previous three, which was designed to be composed almost entirely of previous participants. In total, 
there were 69 unique participants. To comply with the funding requirements, at least 90%, 80%, 80%, and 70% of the participants had to be from US institutions 
for the first, second, third, and fourth workshops, respectively. Abbreviations: NSR, nonsteering repeat participants; PD + GS, postdoctoral researchers and graduate 
students. 
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Box 1. Example of a possible co

An international coral bleaching consortium could facilitate th
(table 1 ) by coordinating a global, integrated, and multinationa
to evaluate coral- and regional-specific signatures of heat stres
most thermally tolerant; to elucidate their shared and unique
to enable the development of large-scale efforts to ground-trut
drivers, and susceptibility to future mass bleaching events. Coo
samples, results, and metadata across researchers (e.g., Grotto
provide unprecedented insights into fundamental rules governin
scale studies would inform conservation efforts at local, region
and species. In addition, bioengineering solutions could be eva
heatwaves, and determining the scale over which management

An international coral bleaching consortium could further facil
tries around the world to coordinate the experimental design
interventions, and coordinate large-scale interpretations. This 
nous knowledge to be successful. Then using consistent data co
occurs and for a long period following the bleaching event. Su
between the environmental characteristics of bleaching events
An international coral bleaching consortium would have the re
codevelop management and policy strategies to prevent furthe

oral bleaching science and policy, coordinate efforts to identify
onsensus in the coral bleaching community and build commu-
ication networks (see example in box 1 ). Any new consortium
ould also need to avoid overlap with current efforts, work collab-
ratively with existing efforts, and work to bridge the translational
ap from discovery to policy and application. A registry for data,
etadata, and ongoing projects that could reduce overlap and en-
ourage sharing of samples and international collaborations can
ersist only if there are long term financial commitments to sus-
ain it. Such a database could also be instrumental in develop-
ng metadata characteristics of reef sites around the world. The
oral Restoration Consortium ( www.crc.world; Vardi et al. 2021 )
nd the Open Traits Network ( https://opentraits.org/; Gallagher
t al. 2020 ) are two examples of existing collaborative commu-
ities that have developed effective and inclusive international
ommunication and data frameworks, and these could serve as
odels for the development of a similar coral bleaching consor-

ium data-sharing platform. Alternatively, new partnerships with
xisting collaborative networks (e.g., the International Coral Reef
leaching consortium initiative.

ploration of coral holobiont potential for survival this century 
ject of standardized, long-duration, multistressor experiments 
ch a project would help to identify coral populations that are 
biont characteristics at local, regional, and global scales, and 
test hypothesized relationships between traits, environmental 
ted efforts would further facilitate and support the sharing of 
al. 2021 , van Woesik et al. 2022 , Vega Thurber et al. 2022 ), and 
ral biology and resilience. Furthermore, results from such large- 
nd global scales, by identifying thermally tolerant populations 
d as possible intervention strategies during and after marine 
 technology approaches could be shared among regions. 

 the codevelopment of a large-scale project like this with coun- 
cilitate comparisons among experiments and bioengineering 
tive would rely on local workforce codevelopment and Indige- 
ion and protocols, monitor those corals until a mass bleaching 
 study would facilitate our understanding of the relationship 
coral survival following these events on a local to global scale. 
nd expertise at all levels to put such findings into context and 
 of coral reef habitats. 

ociety, the International Coral Reef Initiative, the Coral Restora-
ion Consortium, the Open Traits Network) could be developed to
ouse coral bleaching metadata, project registry data, and sample
egistry data. 
The formation of an international coral bleaching consortium

s ambitious and would ideally require investments from multiple
unding agencies from multiple countries to support a core of staff
o initiate, coordinate, and manage consortium activities, main-
ain communication with all participants, and manage a project
atabase. The National Science Foundation does have funding to
stablish centers and could be a starting point for this initiative.
ORDAP may also be another avenue for funding. Forming the
onsortium would be an essential first step to building and sup-
orting the conceptual framework illustrated in figure 1 . 

onclusions 

dvancing coral bleaching research and increasing coral reef re-
ilience will require a massive global coordinated effort if we are

http://www.crc.world
https://opentraits.org/
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o make significant progress at a global scale and at a pace that
an keep up with or get ahead of climate change and local stres-
ors. An international coral bleaching consortium may be one
ay to structure such efforts and provide a global umbrella for
oordinating innovation in coral bleaching research that lever-
ges truly embedded inclusiveness and capacity building, effec-
ively influences policies, intersects with existing coral research
etworks and platforms and can increase the chances of sus-
aining coral reefs at ecologically relevant scales this century
figure 1 ). Leveraging the cohort of researchers that participated
n USCBRCN activities provides only the starting point. The In-
ernational Coral Reef Society and the International Coral Reef
nitiative (who represent a global network of coral reef scien-
ists and practitioners), might serve as logical collaborators for
 coral bleaching consortium to broaden the network of partic-
pating members and countries and encourage broader action
n a global problem. Even without a new consortium, additional
ollaboration, cooperation, data and project transparency, tech-
ological innovation, and embedded inclusiveness are needed
o push the global coral bleaching research field and possible
olutions and interventions initiatives forward. Embarking on a
older path to address the coral bleaching crisis will require sig-
ificant and sustained resources and funding to stimulate the
eeded research and innovation, to assess the impact of inter-
entions long-term, and to convert evidence-based findings into
olicies and actions. A comprehensive understanding of coral
leaching and innovation to support resilient coral populations
t ecologically relevant scales will require substantial funding
nd large, inclusive, diverse, multinational, and interdisciplinary
eams. Furthermore, existing initiatives (e.g., CORDAP, the Global
oral Reef Monitoring Network, the NSF Directorate for Technol-
gy, Innovation, and Partnerships) are independently focused on
estoration, surveys, and technology, respectively, but are discon-
ected and do not have a structure for working toward integra-
ive solutions across programs. Failing to make a step-function
hange in how we address this crisis, both scientifically and fi-
ancially, could result in the ultimate cost—the devastating loss
f coral reefs before the end of this century. Further invest-
ent of resources and collaborative efforts has the potential to
revent or at least slow further loss of coral reefs for future
enerations. 
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