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SUMMARY

Many ecosystems are unraveling under record-breaking climate stress. Urgent action is essential. However,
balancing urgency with reflection on what is feasible, appropriate, and fair remains challenging. Coral reef
conservation has seen growing emphasis on bespoke technological interventions—promising solutions
that fill a perceived void between inaction and ecological collapse. While technological solutions meet a
desire for agency, they may reinforce a narrow logic of action, sidelining strategic re-visioning and deeper
shifts. Here, we synthesize emerging ideas that reframe how to approach future social-ecological systems.
We term this synthesis Minimum-In Minimum-Out (MIMO). MIMO is a philosophy of practice for stewardship
under climate change, centered on ecological and ethical integrity. MIMO aligns long-term resilience with
retreat from overengineering, while embracing natural dynamics, bioethics, and novel systems. Far from pas-
sive, MIMO provides a framework for navigating complex decisions via deliberate, decisive, and responsible
care for climate-impacted systems—and the people who depend on them.

INTRODUCTION

Marine systems support billions of people and sustain major
extractive industries, yet many are exceedingly susceptible to
climate change.’™ Among marine systems at risk, tropical coral
reefs appear closest to tipping toward irrevocable losses,” with
“major threats” to coral reefs considered “virtually certain.®”
While multiple climate impacts threaten corals and coral
reefs—including increased storm activity damaging corals,”*®
sediment-laden floodwaters smothering corals,” and altered
ocean chemistry threatening biochemical reef growth'®—the
most widely profiled threat is coral bleaching. In recent years,
coral-bleaching events have increased in severity, frequency,
and geographic spread, generating growing scientific concern
and media attention.’'~® With record sea-surface temperatures
across Northern and Southern Hemisphere summers, April 2024
marked the fourth pan-global coral mass-bleaching event in his-
tory identified by the US National Oceanic and Atmospheric
Administration (NOAA).'® It was the second such event in one
decade.

Such global-scale coral-bleaching events are caused by a mo-
lecular-scale disruption of the symbiosis between two key or-
ganisms: corals and photosynthetically active, single-celled
algae. When anthropogenic carbon emissions cause episodes
of extreme seawater temperature, these algae (dinoflagellates)
are expelled from the coral host. This loss of photosynthetic, pig-

Gheck for
Updates

mented dinoflagellates starves corals and fades their color,
causing bleaching. If protracted, coral bleaching is followed by
coral death.’” To address the ultimate driver of coral bleaching
and to safeguard the future of not only corals but countless
social-ecological systems around the globe, radical emissions
mitigation through structural socioeconomic change must
oceur. 819

Yet, progress toward carbon emissions reduction remains
painfully slow.?®?" Despite scientific consensus on the urgency
to limit warming to the relative safety of 1.5°C,?? global emission
reduction pledges are currently only sufficient to limit global
warming to a range of 2.1°C-2.8°C by 2100°*>?* —and pledges
are not actions. The sobering prediction for coral reefs is that:
“even if global warming is constrained to 1.5°C” international
scientists believe with “very high confidence” that 70%-90%
of corals will disappear.® This dire outlook and slow progress
have stimulated many coral reef scientists and policymakers to
shift focus away from addressing the fundamental causes of
climate change and toward addressing the immediate symp-
toms, such as limiting the loss of coral.

While emissions reduction remains routinely prioritized as a
communal global task,'® the emphasis on local interventions to
save corals via restoration, bio- or geoengineering is viewed as
an immediate stopgap to “buy time?*”—a direct action, less
fraught with geo-political delays, bureaucratic scale, and socie-
tal latency. Such interventions focus on local action, not global
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goals,® as reflected in many important local-scale non-govern-
mental organization (NGO), industry-, or community-lead coral
restoration projects across tropical and island nations, for
example, in Costa Rica,”” Mexico,”® Kenya,?® the Maldives,*°
Indonesia,®' and Fiji.>* Beyond such local restoration practices
that benefit individual reef sites and/or local communities, a
new class of large-scale systemic restoration agenda has also
gained momentum —backed by substantial public, private, and
philanthropic investment and spearheaded by ambitious na-
tional science programs, for example, in Australia, Saudia Ara-
bia, and the US. Having been described as “a race against
time,” “a fight against climate change,” and “the equivalent of
a space mission,*3” such initiatives often prioritize novel, tech-
nology-driven interventions and have been motivated and
endorsed through international high-profile platforms such the
United Nations Decade of Restoration®" and the United Nations
Decade of Ocean Science.* The scale of funding, aspirations,
and enthusiasm is remarkable —and carries significant influence
in shaping the future trajectory of coral reef conservation. Na-
tional commitments to conserve coral reefs are laudable and
tend to garner widespread public, political, and industry support.
But, it may be naive to overlook the fact that many countries
spearheading modern techno-solution projects are also among
the world’s highest per capita emitters—i.e., countries that
calculate that investment in techno-solutions is cheaper and
easier than the costs of avoiding emissions through ambitious
decarbonization.*®

Here, we focus primarily on this newer domain of large-scale,
high-profile intervention efforts, because these powerful, well-
funded, highly publicized initiatives have the outsized potential
to reshape scientific disciplines, steer funding flows, and com-
mand political and public attention in ways that can eclipse or
distract from smaller, community-led efforts responding to local
needs. We reflect on the desire and need to update coral reef
conservation strategies to the now omnipresent threat of climate
impacts and explore how coral reef science is responding to the
urgent question of “what should be done now?'**”” We exa-
mine the motivations, goals, and assumptions that support the
emergence of novel coral-focused intervention technologies
and consider how these fit within a broader landscape of
climate-adapted conservation.*® Drawing from emerging sci-
ence, ethics, and practice, we outline a guiding framework,
Minimum-In Minimum-Out (MIMO), that integrates mitigation, re-
straint, and long-term care. Summarized as five actions for sci-
ence and policy, MIMO is not a rejection of novelty or action,
but a tool to support critical reflection, reveal blind spots, and ul-
timately broaden the spectrum of possible actions available
today to support future social-ecological reef systems under
increasingly challenging climatic conditions.

SHIFTING PRIORITIES IN THE PURSUIT OF HEALTHY
REEFS

Traditional approaches to reef conservation and management
were not designed to protect reefs against the chronic, global,
and systemic threats of climate change and ocean heating.*®
The traditional conservation approaches that arose in the
1970s and 80s were designed to respond to immediate, proxi-
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mate threats caused by local resource use and direct human
impact. Through marine spatial planning, temporal closures,
gear restrictions, and runoff management, reefs were protected,
to various extents, from destructive mining, commercial ship-
ping, overfishing, and land-based agriculture.*>*" Species-ba-
sed protection also helped to maintain populations of charis-
matic species, such as turtles, dugongs, manatees, sharks,
coral trout, or snapper. By the 1990s, individual species were
not only protected because they were “iconic” or “important,”
but also because they were “umbrella species,” key to conse-
rving habitat and other species occupying the same space.*®
In more recent decades, these ambitions developed further,
into protecting biodiversity for its inherent value and for its
leveling “portfolio effect” and provision of “resilience” or “multi-
functionality.*>**” Such process-focused conservation mea-
sures included: (1) size limits in fisheries (ensuring the persis-
tence of stocks and populations by protecting reproductively
active individuals from exploitation),* (2) water-quality stan-
dards (reducing excessive nutrient and sediment inputs to main-
tain favorable reef conditions),*® and (3) controls on extraction of
herbivorous species (protecting herbivore functions and pre-
venting algae from competing with corals for space).*® More
recent, complementary strategies include identifying and pro-
tecting climate refugia—critical locations that may buffer against
warming due to biogeographic location®’ or depth, such as mes-
ophotic reefs potentially shielded by cooler waters.*®

Despite the evolving diversity and broadening of conservation
strategies,”® such approaches remained inherently “conserva-
tive” in that they did not aim to actively create an aspirational,
new state of health, but instead focused on stabilizing or rein-
stating “good” reference conditions, often for specific commer-
cial species, based on previously observed reef configurations,
by removing or limiting external disruption (Figure 1A). However,
over the last decades, the drawbacks of such a focus on distur-
bance removal (be it removing nutrients from rivers or redirecting
fishers) became apparent when faced with global climate
change. This was because the causes of modern disturbances,
i.e., global greenhouse gases and ocean temperatures, remain
outside of the jurisdiction of individual governments and the
grasp of marine scientists, management agencies, or conserva-
tion groups.®® Today, as ocean heat records continue to be
repeatedly broken,'®'®°%? novel marine interventions are
rapidly gaining global prominence as a hopeful new tool that
concerned actors can employ to address unprecedented
climate impacts. Indeed, as traditional approaches are increas-
ingly viewed as insufficient for the scale and nature of the climate
threat,*>°° industrial-scale investment in coral interventions is
expanding rapidly around the globe, complementing, and in
some cases overtaking, earlier small-scale operations. For
example, Saudi Arabia’s NEOM project,*® Singapore’s 100,000
corals initiative,®” and the US’s “Mission: Iconic Reefs,*®” and
rapid responses to marine heatwaves®® are all experimenting
with large-scale technological interventions. Likewise, consecu-
tive Australian governments have committed a total of A$5 billion
over one and half decades (2014-2030), in increasingly large in-
stallments (A$1.2 billion in 2022), to similarly “protect and
restore” the Great Barrier Reef (GBR) in the face of climate
change.®® Given these countries’ scientific influence and policy
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Figure 1. Shifting priorities in coral reef conservation
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(A) Traditional approaches to reef conservation tended to prioritize the removal of external disturbances. But given the global, transboundary impacts of climate

change on coral reefs, such “removal” is no longer considered viable.

(B) In response, active intervention paradigms have gained traction, where human actions aim to support reef systems by directly bolstering specific species and

system states.

(C) Here, we synthesize a third option, MIMO, which blends aspects of (A) and (B) to support systemic health in a heating world.

leadership,®'~®° the paradigms they develop are readily exported
as reference points and models for best practice for natural
resource management—shaping global discourse on how to
manage marine systems under climate stress.

Similar to previous taxon- and resilience-focused conserva-
tion strategies, active technological interventions also aim to
protect the inherent stability of populations or climate-impacted
ecosystems. But, rather than focusing on the removal of dama-
ging external influences, active interventions aim to add positive
influences internally by bolstering specific species (Figure 1B).
These are chosen based on their ecological promise (by being
considered foundational within the ecosystem) and pragmatic
convenience (by being hardy, feasible to propagate, and fast-
growing). Examples of novel intervention approaches include
(1) habitat restoration (re-seeding former habitat with target spe-
cies from nursery brood stock or from remaining habitat patches,
for example, Posidonia sp. in seagrass beds®* and Ostrea sp. in
oyster beds,®® Rhizophora sp. in mangroves,®® Macrocystis sp.

in kelp forests,®” and Acropora sp. on coral reefs®°); (2) bioengi-
neering approaches such as “assisted evolution” (enhancing
species through breeding and genetic modification, targeting
traits deemed beneficial in future hotter conditions®®%%); (3) geo-
engineering to buffer against proximate climate change impacts
such as increased temperatures (managing solar irradiation
through shade structures or cloud seeding, or by modifying wa-
ter temperature through pumping cooler water from depth’®"")
and (4) pest-control of invasive or natural predators of target spe-
cies (industrial culling of sea-urchins that overgraze kelp beds’
and crown-of-thorns starfish that consume live coral”).
Proponents of novel active interventions commonly acknowl-
edge the inherent risks of innovations but argue that these risks
must be weighed against the risks of not intervening,* i.e., the
risks of not committing to a promising new way of protecting
reefs. The perceived benefits of active interventions are at least
3-fold: (1) they offer direct action that appears independent of
global carbon emissions, (2) the principle of managing the
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survival and reproduction of individual species, or a small hand-
ful of species, is a tried-and-tested method used in industrialized
agriculture, and (3) as long as the correct species are chosen,
their proliferation is expected to kickstart and reinforce ecolog-
ical dynamics’* that will, in turn, restore or stabilize system-
wide health. Nevertheless, concerns persist. These include (1)
moral hazard, i.e., the potential for solution narratives to distract
from radical climate mitigation,® (2) ineffectiveness, i.e., uncer-
tainty around scalability of interventions,”®~"” and (3) maladapta-
tion, i.e., unresolved social and bioethical consequences.*®"¢8!
Other experts call for a data-driven re-consideration of the dy-
namics of reef loss®® that must be better understood to drive
more responsible action, or challenge the framing of options as
limited to either technological solutions or inaction, which nar-
rows the scope of considered responses.®®

Thus, conservation paradigms are never static; they evolve in
response to climate change, shifting values, and the need to
attend to critical social dimensions such as equity, livelihoods,
and cultural resilience.®* In this context, we turn to the MIMO
approach as an emerging model for rethinking the future of
reef systems under climate pressure (Figure 1C).

CLIMATE ACTION THROUGH PURPOSEFUL
RESTRAINT: MIMO

MIMO responds to growing concerns about overpromising,
overengineering, and underappreciating the ecological limits of
reef interventions. MIMO promotes a renewed focus on system
function, care, and ethical integrity by asking if and when pur-
poseful retreat—rather than further intervention—might be the
more responsible choice. Thus, at its core, MIMO prompts
reflection on our underlying goals. If the aim is to rapidly increase
coral cover at specific sites, active interventions may indeed be
the most direct route. But, if we seek to sustain dynamic, func-
tioning reef systems over decades to come, especially under
escalating climate pressure, then MIMO may offer a more dura-
ble, albeit challenging, path forward—by reorienting coral con-
servation toward supporting dynamic, self-organizing systems.
As such, MIMO complements a dimension of climate action
easily obscured by urgency: purposeful reflection and restraint.

Calls to integrate broader, ethical, and sustainability-focused
considerations into coral reef restoration design, practice, and
science are not new. These include strong calls to advance
diverse stakeholder coordination,® to foreground resilience®®
and adaptive decision-making,®” to learn from established prin-
ciples from terrestrial restoration,®®®° and to incorporate Indige-
nous perspectives.’® MIMO is not intended to replace these crit-
ically important considerations discussed within restoration
practitioner communities. Instead, MIMO offers a consolidated
framework to elevate their visibility. Intended as practical guid-
ance for navigating conservation decisions under climate pres-
sure, MIMO aims to foster more consistent application—to
help ensure that important considerations acknowledged at
the strategic level are more readily carried through into practice,
higher-level planning, investment decisions, and definitions of
success.

Like both traditional and interventionist approaches, MIMO
aims to support systemic coral reef health. But, it represents
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an evolution from traditional philosophies because it fundamen-
tally embraces the new reality of dynamic change caused by
climate impacts, rather than defining success as retaining, or re-
turning to, preferred configurations. This acceptance that we are
entering a new era of coral reef conservation is also what unites
MIMO and traditional and interventionist approaches. All recog-
nize the need for innovation. What distinguishes MIMO is the
commitment to reflect on how the goal of supporting systemic
coral reef health is defined and how it may be achieved. MIMO
stems from an acceptance of our limited capacity to predict
and influence specific outcomes within complex natural systems
or understand mechanisms of change. It emphasizes humility
and reflection in the face of uncertainty, acknowledging that
we still know very little about which aspects of climate-impacted
marine systems are most important or most at risk.°""°> Rather
than focusing on external manipulation of specific species as
leverage points for “health,” MIMO shifts the focus toward the
conditions that support dynamic, self-organizing systems.

This view parallels emerging paradigms in human medicine
that challenge perceptions of “health” as a stable state defined
by meeting certain pre-defined target metrics, or by the absence
of “disease.” Instead health is increasingly defined as an emer-
gent property from interacting, dynamic processes—a balance
of metabolism (turnover) and homeostasis (dynamic stability).®®
In natural systems, equivalents to “metabolism” and “homeo-
stasis” are supported by the dynamic processes that shape,
build, and stabilize systems, i.e., ecosystem functions, or the
“the movement or storage of energy or material.”*” From a
MIMO perspective, these functions are most robust when un-
necessary inputs or extractions (of energy or material) are mini-
mized—the very principle reflected in its name: MIMO.%*

Supporting reef health, then, means supporting the system’s
inherent capacity to self-organize by enabling the emergence
of stable or increasingly complex ecosystem functions—not
through pursuing specific target metrics (e.g., high coral cover
or extractable tourism and fishery returns), but by reducing
external pressures, stepping back from intervention, and allow-
ing functional dynamics to stabilize and evolve (Figure 1C). In
response to accelerating climate change, modern interventionist
approaches, by contrast, take a different approach to defining
and supporting health. They typically focus on bolstering tar-
geted species as the main leverage points and proxies for health,
operating under the assumption that the proliferation of select
species will lay the foundation for broader ecosystem recovery
(Figure 1B). In this view, ecosystem functions, system health,
and human-environment values are subsequent by-products of
species restoration (Figure 2A). MIMO inverts this logic. MIMO
considers ongoing ecosystem functions as the foundation for
ecosystem health and views species proliferating as one
outcome, or symptom, of health (Figure 2B). In essence, all phi-
losophies have the same goal, but they diverge in how they
understand causality: species supporting ecosystems vs. eco-
systems supporting species (Figure 2).

Thus, rather than offering a one-size-fits-all solution, a MIMO
approach highlights that purposeful restraint and system-ori-
ented thinking may provide distinctive advantages. These ad-
vantages include: (1) redirecting the attention of benevolent po-
litical and market forces away from technofixes, which require
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constant input; (2) avoiding the need for premature value
judgments on which system states or iconic species are
worth saving; (3) supporting natural dynamics in the face of
complexity and uncertainty; and (4) reinforcing established,
demonstrably effective conservation management approaches
that already minimize input or extraction.®” For example,
water-quality regulations and usage permits already limit
harmful nutrient loads or unchecked tourism, while National
Parks and marine protected areas (MPAs) already limit
extractive activities such as mining or fishing. These existing
strategies exemplify low-input approaches consistent with
MIMO principles.

Crucially, MIMO offers a lens to reflect on what we are trying to
achieve, prompts reconsideration of the breadth of options, and
guides decisions accordingly. In doing so, it can help clarify
when and where traditional and interventionist approaches
may be warranted, and when deliberate restraint may lead to
more sustainable outcomes. Navigating such complex decisions
can ease pressure on science funders, policymakers, and man-
agement authorities as they face mounting calls from scientists
and communities demanding urgent responses as global tem-
peratures rise (Box 1). To help apply MIMO in real-world coral
reef management, and extend its relevance to other climate-
impact ecosystems, we offer five guiding principles for applying
MIMO as a practical decision-support tool: (1) step forward on
climate action, (2) embrace novel social-ecological systems, (3)
accept passive recovery as a viable option, (4) identify new
ways to define, monitor, and support ecosystem health, and (5)
foster an intrinsic ethics of care.

Principle 1: Step forward on climate action

The need to address climate change is routinely acknowledged in
almost all communications about traditional, and modern, inter-
vention-based conservation initiatives. Acknowledging the need
to address climate change is an important, first step. But, some
conservation scientists and managers could be turning climate
mitigation into empty calories through inflationary use as a
disclaimer. Acknowledging but side-stepping the issue reinforces
the well-established notion that scientists, conservationists, and

Desired outputs are side-effects of
ecological functions and health.

ecological
functions
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Figure 2. Reimagining how coral reefs work
(A) To date, both traditional and interventionist
conservation approaches on coral reefs tend to
favor the left paradigm, where corals are the in-
dicator and foundation for health, and thus the
leverage for human influence.

(B) By contrast, MIMO-based conservation favors
systemic ecosystem protection where high coral
cover is just one of the possible desired side ef-
fects of a healthy, functioning reef system.

Coral reef health

managers have only one “realistic” option
based on “common sense”: deal with the
consequences of climate change, while
policymakers and industry shape the
path forward on mitigating climate
change.®® These fabricated constraints
deny the role, agency, influence, and re-
sponsibility of science and conservation in society—and must
be categorically rejected.®%95°"

While no ecologist or natural resource manager can directly
pass legislation that reduces fossil fuel emissions, they can avoid
presenting “solutions” that normalize or reinforce rising emis-
sions and resource consumption, such as the development
and export of new intervention technologies and industries.®
Responsible scientists and managers can also avoid providing
an apparent, scientifically approved, “ecological absolution” to
polluting industries via investments in restoration and offsets.'®
They can equally avoid messaging to the public that science
is working on solutions that save coral reefs, thereby inadver-
tently claiming authority and agency and adding to politicized
narratives that “rationalize inaction®” by enabling public
disengagement with,'° or opposition to,'°" the seriousness
and complexity of climate change. In other words, climate
change mitigation must be a core principle embedded into con-
servation strategies—not a diffuse goal to be taken care of by
someone else or in the future.’® In the emerging MIMO para-
digm, a crucial first step is to step forward on climate action.
This can occur through rejecting palliative interventions (for
example, offsets) that legitimize the status quo of climate
inaction, '® and by incorporating carbon footprints and emissions
calculations into feasibility assessments of all management
options.”®

Principle 2: Embrace novel social-ecological systems

Even with aggressive mitigation action, climate change will alter
nature as we have known it."%>"% Accepting this reality carries
an uncomfortable connotation of having given up, of being re-
signed to loss and failure; it can induce anxiety and affect human
wellbeing.'® Humans default to evaluating novel ecosystem
configurations as undesirable. We prefer to hold on to what we
have or have had and are likely to overestimate the disadvan-
tages of alternative new realities. In economics these phenom-
ena are termed loss aversion, endowment effect, and status
quo bias.'°® They are just as relevant in conservation. Indeed,
calls to embrace novel ecosystems are not new,'”~'% put in
the face of new climate challenges MIMO overturns our
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Box 1. Navigating climate-impacted reefs with MIMO

MIMO is a decision-support framework to guide leaders through the complex social-ecological challenges of climate-impacted coral reefs. The
scenario below illustrates how MIMO can provide structure and clarity when navigating the moral, ecological, and political complexities of reef con-
servation in a climate-changed world. After a hypothetical climate-induced coral-bleaching event in 2026, which decimates corals and threatens the
livelihoods, cultural heritage, and wellbeing of coastal communities of the Isolated Isles, local leaders are under intense pressure to act. They apply
MIMO’s five principles to develop a balanced response that accounts for the complexities of the situation, while prioritizing both immediate action
and systemic, long-term goals.

(1) In the wake of mass coral mortality, politics and industry push to “Save the Isles” through local coral replacement. Reef sci-

—

-~

=

-~

entists and managers appreciate the attention but are wary about climatewashing and the emerging narrative that science can
“rescue” reefs. In response, they take a systemic, long-term approach and “step forward on climate action” by making climate
mitigation a core principle of decisions. Knowing that marine heatwaves and coral mortality are driven by greenhouse gas emis-
sions, they grapple with concerns about being “too small” to matter. They leverage their position as perceived custodians of
the Isles to advocate for global climate action. They challenge decision-makers on the consequences of overpromise and
climate inaction, publicly emphasizing that without addressing climate change, local conservation efforts can only, at best, pro-
vide short-term relief, not save reefs in the long term. They also adjust their feasibility assessments, openly deprioritizing emis-
sions-heavy strategies, e.g., those that rely on upscaled industrial manufacture and shipping, global imports, or constant tech-
nological inputs.

Public campaigns call to “restore the former glory,” featuring images of vibrant coral gardens. While these visions are inspiring,
reef leaders are concerned that recreating historical conditions is unrealistic under ongoing climate impacts resulting in inev-
itable disappointment with current and future reefs. Instead of clinging to the past, reef leaders “embrace novel social-ecolog-
ical systems” shaped by new environmental realities. They shift the narrative, emphasizing that even if these new systems look
and function differently, they can still support vital benefits including aesthetic values, fisheries, and coastal protection. Public
outreach grapples with these dramatic losses while reframing change as a potential path to a new, resilient future, not a sign of
failure. The focus moves from fighting to restore a lost, nostalgic past toward grieving the losses, and then embracing, under-
standing, and supporting a transformed future.

In the aftermath of the bleaching event, decision-makers face immense pressure to act boldly and “fix” the Isles, often framed
as a moral obligation. But they pause, grappling with the weight of their choices and questioning whether human intervention
per se is better than natural regeneration. They acknowledge that, in a climate-impacted world, changes are inevitable and that
nature’s recovery, while imperfect, can sustain vital ecosystem functions without the risks of experimental interventions. Shift-
ing their focus from replacement of, to support for, natural recovery, i.e., from restoration to resilience, leaders “accept passive
recovery as a viable option.” In doing so, they begin to redefine what success looks like under climate change. Temporary no-
fishing zones and reduced reef access provide the reef space to regenerate naturally, while emerging signs of thermal tolerance
in some corals offer hope. They embrace their role as stewards of change, prioritizing measures that support natural adapta-
tion, and investing in research to understand and redefine health and conservation goals for an evolving, future ecosystem.
They decide that the boldest choice is to actively step back and support nature, not to try to reshape it.

Leaders question whether coral cover captures the full picture of a healthy reef. While coral cover is a familiar and useful metric
of change, they recognize that reefs are dynamic systems, and health depends on sustaining key processes like coral recruit-
ment and erosion rates, fish productivity, or the processes provided by other overlooked organisms, for example, reef accre-
tion by encrusting algae, primary productivity by turfing algae, nutrient cycling by seabirds, habitat provision by mangroves, or
reef-building and productivity by the myriad of non-coral invertebrates. They advocate for diversifying research efforts to
improve health assessments that reflect ecosystem dynamics, using natural dynamics as a unifying theme. This broader
view of health helps ensure long-term sustainability, where thriving coral populations are just one of many possible outcomes.
Leaders communicate openly that reef "health" depends on the functions they aim to sustain. Through this public agenda
setting, they foster a flourishing diverse scientific community, studying how to “identify new ways to define, monitor, and sup-
port health” on coral reef ecosystems now and in the future.

Faced with the complex needs of diverse reef stakeholders, leaders reassess their role and mission. Recognizing that func-
tioning reef systems underpin all human uses, they shift their focus toward advocating for reefs as natural entities with inherent
value. They “foster an intrinsic ethics of care,” valuing reefs not just for their human utility but for their inherent worth. When
selecting conservation strategies, they view reefs not as commodities to be managed but as sovereign entities whose rights
deserve protection. In doing do, they move away from extractive, technocratic approaches toward stewardship rooted in
respect and care. Strategies are co-designed with Indigenous communities, who have long practiced custodianship of natural
entities. By fostering inclusive stewardship, leaders emphasize that reef health is a collective responsibility and source of well-
being, not just for scientists or tourists and policymakers, but for Indigenous peoples, local communities, non-human species,
and future generations.
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preference for using the derogatory term “degradation” instead
of the more neutral term “change.”

When it comes to the status of coral reefs, we have been sli-
ding on the so-called slippery slope to slime for decades.’'%"""
Even the earliest coral reef science only ever studied coral reefs
that were already degraded."'? Paradoxically we seem to have
chosen reefs from the 1980s and 90s as reference condi-
tions—and as restoration goals. The rapid pulses of obvious
change, i.e., global bleaching events since 1998, in 2016/17, in
2023/4, and in 2024/5 have contributed to the renewed, yet not
novel, sense of having entered the final act for coral reefs.

Itis important to be aware of shifting baselines,'>"'° so we can
evaluate and record the changes in natural systems that go
beyond a human lifetime or personal experience. But critics
warn we should also be more cautious of consistent messaging
of loss and reduced worth if our goal is to communicate the value
of these systems and their conservation. We may want to trigger
awe and inspire care by showing what was. But, if we consistently
highlight so-called flaws, imperfections, and realities that are bet-
ter but out of reach, we may in fact stymie interest, engagement,
and enjoyment."'® Indeed, if it is the role of coral reef scientists
and managers to preserve coral reefs for people, we must
consider who is using these reefs. According to UN projections,'”
in half a decade, by 2030, half of the people (49% + 1%) in coun-
tries with coral reefs''® will never have experienced a reef unaf-
fected by global bleaching events —because they were born after
1998. A quarter of people (23% + 1%) will have been born after
2016 and thus only know Anthropocene-era coral reefs (Data S1).

Embracing novel ecosystems is, in other words, not a question
of becoming indifferent to loss.''® But, it is the difference be-
tween despairing over the loss of specific manifestations of na-
ture versus embracing the process of grief and memorializa-
tion,"?° appreciating nature’s dynamics, and moving forward
from reactionary “palliative” conservation'® toward future-ori-
ented stewardship. MIMO acknowledges that we may not have
the coral reefs we want, but that we should perhaps learn to
appreciate the coral reefs we will have (and, possibly, deserve);
turning not to nostalgic memorialization but to action toward a
new chapter and different, but no less valid, future.

Principle 3: Accept passive recovery as a viable option
The rationale of active interventions implies that human interven-
tion per se is critical to facilitating recovery, and that we (1) know
what to modify, (2) are able to modify it, and (3) are responsible
for modifying ecological futures. The implied consequence of
inaction is inevitable failure and ecological ruin. Thus, active in-
terventions frame conservation as a heroic narrative that
advanced science and technology can fix climate-impacted
reefs.'?! Given the motivational benefit of such a valiant narra-
tive, the alternative of intervening less, or not intervening at all,
is rarely considered as a serious option.

The reasons behind the prevailing predilection for doing more
are likely to go beyond the conservation needs of coral reefs and
stem instead from human behavior. Humans prefer solutions that
allow them to actively add something new, failing to consider
subtraction even when it would be simpler and more efficient, 22
and regardless of evidence on whether any action is likely to
improve the outcome.'?® Personal agency, job satisfaction,
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and confidence in capabilities are key drivers behind such inter-
vention bias.'?® The resulting principle is addition, not reduc-
tion—new tools, technologies, and approaches in the hope to
make things better.

It is important to note here that the philosophy behind MIMO
retains active agency, but this active agency is not in the form
of increased intervention. Rather it manifests as purposeful
reduction in human influence. The center of attention thus be-
comes not heroic human repair, but the enabling of the natural
system’s inherent potential for passive recovery (Figure 3). It is
critical to emphasize that recovery is always imperfect. Ecosys-
tems around the globe display recovery debt, i.e., “deficits in
biodiversity and functions” after disturbances.'?*'** Rather
than having “pristine,” undisturbed “wilderness” as a target
(see Erwin'?®), passive recovery can be understood as a natural
process that enables the ongoing existence of stable or incr-
easing ecological complexity—in short, a capacity to continue
functioning in a new state. Thus, in MIMO, “recovery” is not a
backward-oriented return to a previous state of apparent “nor-
mal,” but a forward-looking facilitation of ongoing health.

Natural recovery dynamics and ongoing provision of functions
and services exist in many disturbed systems, where neither re-
covery completeness, nor recovery speed, differs between hu-
man restoration, compared with natural, unaided recovery.'*®
On coral reefs, recent studies reveal the continued delivery of
critical functions and ecosystems services in natural, yet
“degraded” systems. In reef fish communities, the production
of biomass harvestable by human fishers or natural predators
is sustained despite intense human use and chronic climate dis-
turbances having changed fish community composition and
standing stocks.”*"®" In corals, intra-specific bleaching sus-
ceptibility'*> may already have given rise to initial natural adap-
tive responses, with global coral populations bleaching at higher
temperatures than only a decade ago.'®® Recent large-scale
coral recovery of fast-growing Acropora corals on Australia’s
GBR,'®* have proved to be an ephemeral bloom in boom-and-
bust dynamics, heavily impacted in 2024 by renewed record-
breaking summer temperatures.’®> However, high-turnover
monocultures of structurally complex and weedy Acropora
corals are nonetheless a natural output of an altered, albeit func-
tioning, ecosystem. Their provision of live coral cover may be
ephemeral, but their rapid productivity and death provide a
conveyor belt of nutrient turnover, structural complexity, and
biogenic carbonate.

MIMO highlights that the reasoning to discount passive recov-
ery, including observed natural re-growth of coral, as “irrelevant”
or “insufficient,” while promoting untested human interventions
to increase cover of the same or similar fast-growing corals as
the right tool for “proper” recovery, needs to be carefully
interrogated.

Principle 4: Identify new ways to define, monitor, and
support health

According to both traditional and interventionist paradigms, a
healthy reef is a reef with high coral cover. Indeed, this link is
so tight that the fate of corals is commonly extrapolated to reef
systems as whole. A recent analysis of nanobiotech engineering
for future coral reefs stated, for example, that “although
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“...1.5°C of global warming
[...] will result in the further
loss of 70-90% of
reef-building corals
compared to today, with
99% of corals being lost
under warming of 2°C...”

IPCC 2018

we will
lose

£ 3

“Coral reefs [...] are
projected to decline by
a further 70-90% at
1.5°C with larger
losses (>99%) at 2°C.”

IPCC 2018
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“[AY] +2°C,

5 99% of
¢ coral reefs
" 7% will vanish.”

reefs will go
EXTINCT.

REEFS

Figure 3. As climate change intensifies, we must work to understand the key differences between coral loss and reef extinction

(A-C) The quote in (A)° is the source for (B)'?” and (C)."?® While similar at first glance, they represent subtle but important differences. Directly merging “coral loss”
with “coral reef extinction” cements the foundational importance of coral protection for future coral reef ecosystems. This is a powerful tool to communicate
urgency. But iconic, important taxa (coral) and complex social-ecological systems (reefs) are not identical.

projections about the rate of coral loss are continuously being
adjusted, the unanimous consensus is that climate change is
causing the rapid disappearance of tropical coral reefs and
threatening their extinction within this century.’*®” Indeed, coral
cover has become such a prevalent proxy for reef condition, that
“saving corals” and “protecting coral reefs” are treated as syn-
onyms'?® (Figure 3). It is logical therefore that protecting or
increasing coral cover is the sole stated focus of many new inter-
ventions. MIMO interrogates this popular conflation, which may
have emerged from three intertwined facts and assumptions: (1)
coral cover is a useful, easily measurable metric to assess
changing reef conditions, (2) increased coral cover is central to
the existence of coral reefs and the reef values that we may
desire (e.g., coastal protection, aesthetic beauty), and (3)
increased coral cover will improve reef resilience. Indeed, corals
are the key visible factor that links reefs to climate change, the
canary in the coal mine. But just as it is ineffective to breed ca-
naries if we want to reduce toxic gases in mineshafts, MIMO un-
derscores that is important to remember that a good metric of
change is not automatically a good remedy.

Undoubtedly, coral cover is a useful metric to detect change—
coral cover is sensitive to environmental change and readily
quantifiable. But, MIMO underscores that the problem lies in
trying to manipulate coral cover in the hope it will lead to resilient,
self-sustaining reef systems. The assumption is that corals
create healthy reefs, not that corals are the product of healthy
reefs. Traditional and interventionist approaches have inadver-
tently turned coral cover from a metric (we can quantify a symp-
tom of change) into a goal (if we maximize corals, reefs will be
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healthy). However, there remains a fundamental distinction be-
tween (1) a useful indicator of changing conditions and (2) a
powerful remedy that engenders health. If the goal is to increase
coral cover locally, and in the short term, then engineered coral
planting may indeed be the most direct tool available. But, if
the goal is to support resilient, self-sustaining reef systems
over time, then simply manipulating cover may offer little more
than an aesthetic placeholder—especially if key drivers of
decline persist.

Given our current causal understanding of coral reefs, identi-
fying which select ecological processes are particularly important
for ecological health remains an intensely challenging task.’'*”
Researchers are only now beginning to identify what is required
for reef health, growth, and resilience. While coral cover may
well be the most satisfactory metric of reef condition available,
MIMO highlights that there is an urgent need for research to link
this proxy of reef condition to actual outcomes for reef health.
Since health dynamically emerges over time, a promising start
is to monitor functions, i.e., dynamics, changes, and fluxes
through measurements that capture a rate, not a state.”®” Exam-
ples are reef accretion and erosion rates, *®'“° coral demo-
graphics, such as recruitment and growth rates,"'*? fish produ-
ctivity,'*>"** and ecological metabolic rates.'*> A focus on MIMO
as a new paradigm would necessitate a significant increase in
attention and investment toward the scientific pursuit of better
health assessments on reefs.

This shift in investment is critical, because it allows scientific
efforts in time and resources to be diversified away from
coral-centrism toward a better understanding of the dynamic
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ecological health of the entire climate-impacted system. Such a
changed perspective does not suggest that coral cover is irrele-
vant to coral reefs. But, it highlights that the relationship between
corals and reef condition is more complex than current conser-
vation paradigms imply, where changing coral communities
simultaneously threaten, and save, the very existence of reefs.
While science addresses critical knowledge gaps, a MIMO
approach can enable a process-based view of ecological health,
focused on the ongoing provision of ecosystem functions, with
low risk and low assumptions. If we focus on protecting reefs
as healthy systems, abundant diverse corals may just be one
desirable side effect.

Principle 5: Foster an intrinsic ethics of care

Many current and developing interventions to conserve coral reefs
are problematic because they focus on use, not care, i.e., on
perpetuating the extraction of services from nature for human ben-
efits.'*® Bio- and geoengineering interventions also tend to priori-
tize elite technical and scientific ability in ecosystem valuation, de-
cision-making, and management; they are inherently technocratic.
Social scientists have warned that extractive and technocratic ap-
proaches to valuing and restoring reefs can risk perpetuating prac-
tices of colonial extraction and ecological imperialism.’*’ Such
eco-imperialism occurs when more powerful groups, for example,
scientists or conservationists, impose extrinsic environmental
goals and strategies on less powerful groups, for example, First
Nations peoples and local communities. Eco-imperialism be-
comes evident when immeasurable environmental values of First
Nations are acknowledged (e.g., aesthetics or cultural values)
but linked to instrumental human use (e.g., food and livelihood se-
curity or social license to operate). Interventions that seek to sus-
tain coral reefs for their value and worthiness from being used, ex-
ploited, or enjoyed by humans, not from simply existing as an
expression of nature, are the logical outcome.

Technocratic worldviews that place technical and scientific
feasibility at first priority also tend to seriously overlook the
intrinsic act of ethical care for reefs. Indeed, in the biophysical
sciences, consideration of ethical care is typically regarded as
“non-scientific,” as being outside the mandate and authority of
scientists, as too sensitive, or too inconvenient. Instead, it is
treated as important labor to be handed over to others—to ethics
committees, social scientists, permitting agencies, First Nations
peoples, and Global South communities who must take on the
moral load abrogated by technocratic scientists.'“%'“° This with-
drawal from care or control becomes especially problematic
when marginalized peoples are simultaneously labeled as
“vulnerable” and virtuously slugged with the moral overload of
ethical care for climate-impacted systems.'*° In doing so, tech-
nocratic scientists provide a trifecta of ethically questionable ex-
ports: (1) emissions-intensive intervention industries that rein-
force climate threats, (2) performative inclusion through sharing
of important but inconvenient moral labor, and (3) an economy
of technological “solutions” that can or must be monetized,
often without an exit strategy.

However, MIMO recognizes that even within technocratic sys-
tems, an awareness is growing that care is an important aspect
of human sociality that goes beyond the preservation of self-in-
terests.''®'5":152 According to MIMO, an ethics of care app-
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roach is not a cumbersome performative addition to conserva-
tion, nor is it anti-intervention. Rather, it should be regarded as
a source and spring of responsible, active stewardship of eco-
systems as they are, and as they will be—rather than what
they once were, or how we once used them.'“®*° Such a holis-
tic perspective of stewardship of care, not use, facilitates critical
considerations that go beyond biophysical and technological
feasibility, for example, how to ensure reef care (1) advances
just climate futures, (2) protects human and non-human rights
and interests,’'®'*® and (3) expands agency beyond the hu-
man.'>*15° By embracing MIMO as an alternative paradigm for
stewardship and conservation, by putting all people and nature
in the focus, not just elite scientific abilities, we enable a perspec-
tive where we all care for the whole social-ecological system,
and avoid enrolling marginalized rightsholders and communities
into reinstating our extractive use of it.

ENABLING CONDITIONS AND GLOBAL RELEVANCE

Together, the five actions above offer a structured way to sup-
port coral reef futures under climate stress, while avoiding
uncritical escalation of interventions or backward-looking ap-
proaches. MIMO is a flexible framework centered on long-term
care and context-specific futures. Unlike traditional and techno-
cratic models that rely on substantial funding, technological
infrastructure, or endorsement by powerful institutions, MIMO
can operate within the means of any community, organization,
or management body seeking to act with purpose and integ-
rity —empowering small-scale, locally led efforts rather than dis-
placing them. Because it is not anchored in costly technologies
or externally imposed metrics, MIMO accommodates a wide
range of conservation priorities, from reducing pollution and
managing fisheries to establishing culturally meaningful re-
serves. These efforts may not always maximize biomass or coral
cover, but they can maximize self-determination, legitimacy, and
long-term relevance. In this way, even modest actions can carry
profound conservation value.

MIMO recognizes that more affluent countries may have
greater capacity to act but insists that they need not define the
targets for all. A small reserve rooted in local cultural priorities
may achieve more than a high-tech intervention shaped by
foreign benchmarks. The key distinction is that local interven-
tions typically pursue clear, tangible, human-centered goals, '*°
while high-tech initiatives often aspire to broad, harder-to-grasp
visions of future social-ecological benefits whose feasibility and
consequences remain uncertain. Against this backdrop, MIMO
offers a way of thinking that prioritizes goals over scale: What
matters is not the scale of any single action, but its goals, pur-
pose, relevance, and sustainability. These are the criteria by
which we must decide whether any approach—including
MIMO —is truly sufficient and effective. In doing so, MIMO invites
reflection over prescription, offering a practical yet aspirational
path that is as applicable to small island states and low-income
nations as to as to large, industrialized reef economies. The mes-
sage is simple but powerful: doing less can be a valid, even su-
perior, form of climate action—when it is intentional and rooted in
care, context, and ethical restraint, and shaped by the commu-
nities it affects.
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Realizing MIMO at scale, for coral reefs or other Anthropocene
conservation challenges, will require deeper institutional shifts:
more reflexive governance, sustained investment in system
care, and value frameworks grounded in equity and ecological
integrity.®®"87915" These shifts are essential to reposition pur-
poseful restraint, not as passive inaction, but as an active form
of responsible, radical, and considered stewardship.18 Crucially,
shifts to institutionalize such restraint must also contend with
systemic pressures, including economic and political incentives
that reward growth, novelty, visibility, and marketable solutions
over long-term sustainability.'*® Understanding how such shifts
emerge—and how they can be supported across science, pol-
icy, and civil society—is a critical research frontier for respon-
sible climate action®®.

CONCLUSIONS

The urgency to act on climate threats to coral reefs is driving new
scientific pursuits shaped by a genuine desire to help—but also
by human intervention bias, technocratic worldviews, societal
expectations, political demands, and financial incentives. Up-
dated conservation strategies are undoubtedly needed in the
Anthropocene. But, evocative narratives of urgency, existential
threat, and innovative solutions risk narrowing our collective
imagination, crowding out genuine consideration of alternatives,
and creating a false sense that only backward-looking or specu-
lative options remain. MIMO is challenging this narrowing by of-
fering a viable, ready, alternative, with less risk and potentially far
higher long-term vyields.

Informed by interdisciplinary principles, MIMO synthesizes an
array of options for intervening differently within an integrated
conservation philosophy. This integration provides a framework
that can be adapted to local cases to guide specific decision-
making problems and inspire new management approaches.
At MIMQO’s core lies a redefinition of ecological health: a shift
from defining and measuring states and symptoms, toward sup-
porting intrinsic dynamics that foster system-level metabolism
and homeostasis as temperatures rise. The guiding principle is
simple: “MIMO.”

Ultimately, MIMO is challenging our heating world to consider
an uncomfortable question, what do we desire more: a new,
evolving configuration of an ecosystem shaped by natural dy-
namics, or a technologically managed display of what we believe
nature used to, and should, look like (at the cost of upscaled
industry and carbon emissions)? As escalating climate change
imposes real, hard limits on both coral reefs’ and humanity’s wel-
fare, the time has come for scientists, funders, and policymakers
to reconsider what needs to be done, and to reappraise what
conservation strategies cost, and what they can achieve. Tradi-
tional approaches and active interventions can play an important
role, especially in clearly defined, bespoke, small-scale, short-
term protection of corals and the engagement, inspiration, or
economic support of local communities and scientists. These
are valuable. But, we need to seriously question whether they
can deliver large-scale benefits to global social-ecological reef
systems beyond 2030 or indeed 2050. Embracing ideas like
MIMO can open space for other, innovative, radical appro-
aches—ones that are aligned with the future we are entering—
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and that can support climate-impacted corals, and coral reefs,
and the people who depend on them.

Rather than a single route to success, MIMO offers a shared
ethos—one that invites reflection, care, and context-specific
stewardship across ecological and cultural landscapes. Where
traditional and interventionist solutions dominate the conversa-
tion, MIMO offers an entry point for communities and practi-
tioners to ask: what is needed, what is possible, and what should
be left alone? MIMO is not about doing less for the sake of it, but
about doing what is appropriate, and about widening the conver-
sation on what constitutes serious, viable options for responsible
climate action. We are not out of time for reflection and restraint;
we are out of time for illusions.

ACKNOWLEDGMENTS

We thank Dr. Victor Huertas for the top photo in Figure 1C and Shaun Wolfe (via
Ocean Image Bank) for the top photo in Figure 1B. Funding was provided by
the Australian Research Council through a Laureate Fellowship to D.R.B.
and T.H.M. (FL 190100062 and FL 250100132), a Discovery Award to T.H.M.
(DP 220103921), a US Science for Nature and People Partnership (SNAPP)
Working Group to T.H.M., and a WorldFish-University of Melbourne Fellowship
to R.P.S.

DECLARATION OF INTERESTS

The authors declare no competing interests.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.
crsus.2025.100529.

REFERENCES

1. Gattuso, J.-P., Magnan, A.K., Bopp, L., Cheung, W.W.L., Duarte, C.M.,
Hinkel, J., Mcleod, E., Micheli, F., Oschlies, A., Williamson, P., et al.
(2018). Ocean Solutions to Address Climate Change and Its Effects on
Marine Ecosystems. Front. Mar. Sci. 5, 337. https://doi.org/10.3389/
fmars.2018.00337.

2. Duarte, C.M., Agusti, S., Barbier, E., Britten, G.L., Castilla, J.C., Gattuso,
J.-P., Fulweiler, R.W., Hughes, T.P., Knowlton, N., Lovelock, C.E., et al.
(2020). Rebuilding marine life. Nature 580, 39-51. https://doi.org/10.
1038/s41586-020-2146-7.

3. Jacquemont, J., Blasiak, R., Le Cam, C., Le Gouellec, M., and Claudet, J.
(2022). Ocean conservation boosts climate change mitigation and adap-
tation. One Earth 5, 1126-1138. https://doi.org/10.1016/j.oneear.2022.
09.002.

4. Rosentreter, J.A., Laruelle, G.G., Bange, H.W., Bianchi, T.S., Busecke, J.
J.M., Cai, W.-J., Eyre, B.D., Forbrich, I., Kwon, E.Y., Maavara, T., et al.
(2023). Coastal vegetation and estuaries are collectively a greenhouse
gas sink. Nat. Clim. Change 13, 579-587. https://doi.org/10.1038/
s41558-023-01682-9.

5. Wang, S., Foster, A, Lenz, E.A., Kessler, J.D., Stroeve, J.C., Anderson, L.
O., Turetsky, M., Betts, R., Zou, S., Liu, W., et al. (2023). Mechanisms and
Impacts of Earth System Tipping Elements. Rev. Geophys. 67,
RG000757. https://doi.org/10.1029/2021RG000757.

6. Hoegh-Guldberg, O., Jacob, D., Taylor, M., Bindi, M., Brown, S., Camil-
loni, A., Diedhiou, A., Djalante, R., Ebi, K.L., Engelbrecht, F., et al. (2018).
Chapter 3, Impacts of 1.50C Global Warming on Natural and Human Sys-
tems, Box 3.4. In Global Warming of 1.5°C. An IPCC Special Report on
the impacts of global warming of 1.5°C above pre-industrial levels and
related global greenhouse gas emission pathways, in the context of


https://doi.org/10.1016/j.crsus.2025.100529
https://doi.org/10.1016/j.crsus.2025.100529
https://doi.org/10.3389/fmars.2018.00337
https://doi.org/10.3389/fmars.2018.00337
https://doi.org/10.1038/s41586-020-2146-7
https://doi.org/10.1038/s41586-020-2146-7
https://doi.org/10.1016/j.oneear.2022.09.002
https://doi.org/10.1016/j.oneear.2022.09.002
https://doi.org/10.1038/s41558-023-01682-9
https://doi.org/10.1038/s41558-023-01682-9
https://doi.org/10.1029/2021RG000757
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref6
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref6
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref6
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref6
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref6
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref6

Cell Reports Sustainability

20.

21.

22.

strengthening the global response to the threat of climate change, sus-
tainable development, and efforts to eradicate poverty, V. Masson-Del-
motte, P. Zhai, H.-O. Portner, D. Roberts, J. Skea, P.R. Shukla, A. Pirani,
W. Moufouma-Okia, C. Péan, and R. Pidcock, et al., eds. (Cambridge
University Press), pp. 175-312.

. Kenyon, T.M., Doropoulos, C., Wolfe, K., Webb, G.E., Dove, S., Harris,

D., and Mumby, P.J. (2023). Coral rubble dynamics in the Anthropocene
and implications for reef recovery. Limnol. Oceanogr. 68, 110-147.
https://doi.org/10.1002/Ino.12254.

. Madin, J.S., and Connolly, S.R. (2006). Ecological consequences of ma-

jor hydrodynamic disturbances on coral reefs. Nature 444, 477-480.
https://doi.org/10.1038/nature05328.

. Tuttle, L.J., and Donahue, M.J. (2022). Effects of sediment exposure on

corals: a systematic review of experimental studies. Environ. Evid. 117,
4. https://doi.org/10.1186/s13750-022-00256-0.

. Cornwall, C.E., Comeau, S., Kornder, N.A., Perry, C.T., van Hooidonk, R.,

DeCarlo, T.M., Pratchett, M.S., Anderson, K.D., Browne, N., Carpenter,
R., et al. (2021). Global declines in coral reef calcium carbonate produc-
tion under ocean acidification and warming. Proc. Natl. Acad. Sci. USA
118, €2015265118. https://doi.org/10.1073/pnas.2015265118.

. Grottoli, A.G., Toonen, R.J., van Woesik, R., Vega Thurber, R., Warner,

M.E., McLachlan, R.H., Price, J.T., Bahr, K.D., Baums, |.B., Castillo, K.
D., et al. (2021). Increasing comparability among coral bleaching exper-
iments. Ecol. Appl. 37, e02262. https://doi.org/10.1002/eap.2262.

. Hughes, T.P., Anderson, K.D., Connolly, S.R., Heron, S.F., Kerry, J.T.,

Lough, J.M., Baird, A.H., Baum, J.K., Berumen, M.L., Bridge, T.C.,
et al. (2018). Spatial and temporal patterns of mass bleaching of corals
in the Anthropocene. Science 359, 80-83. https://doi.org/10.1126/sci-
ence.aan8048.

. Hoegh-Guldberg, O., Skirving, W., Dove, S.G., Spady, B.L., Norrie, A.,

Geiger, E.F., Liu, G., De La Cour, J.L., and Manzello, D.P. (2023). Coral
reefs in peril in a record-breaking year. Science 382, 1238-1240.
https://doi.org/10.1126/science.adk4532.

. Hinchiliffe, J., and Bowers, M. (2024). Great Barrier Reef’s worst bleach-

ing leaves giant coral graveyard: ‘It looks as if it has been carpet bombed.
The Guardian. https://www.theguardian.com/environment/2024/may/
01/great-barrier-reef-coral-bleaching-crisis.

. Reimer, J.D., Peixoto, R.S., Davies, S.W., Traylor-Knowles, N., Short, M.

L., Cabral-Tena, R.A., Burt, J.A., Pessoa, |., Banaszak, A.T., Winters, R.
S., et al. (2024). The Fourth Global Coral Bleaching Event: Where do
we go from here? Coral Reefs 43, 1121-1125. https://doi.org/10.1007/
s00338-024-02504-w.

. National Oceanic and Atmospheric Administration (2024). NOAA con-

firms 4th global coral bleaching event. https://www.noaa.gov/news-
release/noaa-confirms-4th-global-coral-bleaching-event.

. Suggett, D.J., and Smith, D.J. (2020). Coral bleaching patterns are the

outcome of complex biological and environmental networking. Glob.
Change Biol. 26, 68-79. https://doi.org/10.1111/gcb.14871.

. Morrison, T.H., Adger, W.N., Agrawal, A., Brown, K., Hornsey, M.J.,

Hughes, T.P., Jain, M., Lemos, M.C., McHugh, L.H., O'Neill, S., et al.
(2022). Radical interventions for climate-impacted systems. Nat. Clim.
Change 72, 1100-1106. https://doi.org/10.1038/s41558-022-01542-y.

. Morrison, T.H., Hughes, T.P., Adger, W.N., Brown, K., Barnett, J., and Le-

mos, M.C. (2019). Save reefs to rescue all ecosystems. Nature 573,
333-336. https://doi.org/10.1038/d41586-019-02737-8.

Matthews, H.D., and Wynes, S. (2022). Current global efforts are insuffi-
cient to limit warming to 1.5°C. Science 376, 1404-1409. https://doi.org/
10.1126/science.abo3378.

Liu, Z., Deng, Z., Davis, S.J., and Ciais, P. (2024). Global carbon emis-
sions in 2023. Nat. Rev. Earth Environ. 5, 253-254. https://doi.org/10.
1038/s43017-024-00532-2.

Armstrong McKay, D.l., Staal, A., Abrams, J.F., Winkelmann, R., Sak-
schewski, B., Loriani, S., Fetzer, |., Cornell, S.E., Rockstrém, J., and Len-

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

¢? CellPress

OPEN ACCESS

ton, T.M. (2022). Exceeding 1.5°C global warming could trigger multiple
climate tipping points. Science 377, eabn7950. https://doi.org/10.1126/
science.abn7950.

Meinshausen, M., Lewis, J., McGlade, C., Gutschow, J., Nicholls, Z.,
Burdon, R., Cozzi, L., and Hackmann, B. (2022). Realization of Paris
Agreement pledges may limit warming just below 2 °C. Nature 604,
304-309. https://doi.org/10.1038/s41586-022-04553-z.

UNFCCC (2024). Nationally Determined Contributions under the
Paris Agreement. Synthesis Report by the Secretariat. https://unfccc.
int/process-and-meetings/the-paris-agreement/nationally-determined-
contributions-ndcs.

Bostrom-Einarsson, L., Babcock, R.C., Bayraktarov, E., Ceccarelli, D.,
Cook, N., Ferse, S.C.A., Hancock, B., Harrison, P., Hein, M., Shaver,
E., et al. (2020). Coral restoration — A systematic review of current
methods, successes, failures and future directions. PLoS One 175,
e0226631. https://doi.org/10.1371/journal.pone.0226631.

Morrison, T.H., Barnett, J., Gurney, G.G., Lau, J., Barnes, M.L., Cinner,
J., Hettiarachchi, M., and Cohen, P. (2024). Overcoming lock-in of sci-
ence-policy responses to reef heating. Mar. Policy 770, 106380.
https://doi.org/10.1016/j.marpol.2024.106380.

Alvarado, J.J., Evans, K., Kleypas, J.A., Marin-Moraga, J.A., Mendez-
Venegas, M., Pérez-Reyes, C., Sandoval, M., Solano, M.J., and Villalo-
bos-Cubero, T. (2025). Coral reefs restoration initiatives in Costa Rica:
ten years building hope. Rev. Biol. Trop. 73, €63695. https://doi.org/10.
15517/rev.biol.trop.v73iS1.63695.

Calle-Trivifio, J., Rojas-Cano, D., Nifo-Torres, L.A., Colin-Garcia, N.,
Hernandez-Landa, R.C., Blanco-Pimentel, M., Arias-Gonzalez, J.E.,
Cortés-Useche, C., and Rioja-Nieto, R. (2025). Rebuilding Coral Reefs:
How Tourism Can Be a Driver Behind Solutions in a Changing Ocean. Di-
versity 17, 268. https://doi.org/10.3390/d17040268.

Knoester, E.G., Rienstra, J.J., Schirmann, Q.J.F., Wolma, A.E., Murk, A.
J., and Osinga, R. (2023). Community-managed coral reef restoration in
southern Kenya initiates reef recovery using various artificial reef de-
signs. Front. Mar. Sci. 70, 1152106. https://doi.org/10.3389/fmars.
2023.1152106.

Pancrazi, |., Feairheller, K., Ahmed, H., di Napoli, C., and Montefalcone,
M. (2023). Active Coral Restoration to Preserve the Biodiversity of a High-
ly Impacted Reef in the Maldives. Diversity 75, 1022. https://doi.org/10.
3390/d15091022.

Vida, R.T., Razak, T.B., Mogg, A.O.M., Roche, R., Lynch, J., Williams, B.,
Alisa, C.A.G., Subhan, B., Agus, S.B., Graham, N.A.J., et al. (2024). Im-
pacts of “Reef Star” coral restoration on multiple metrics of habitat
complexity. Restor. Ecol. 32, e14263. https://doi.org/10.1111/rec.14263.

Rozon, Y. (2025). Indigenous-led conservation and restoration: A case
study of the marine protected area in Naidiri Village, Fiji (University of
Northern British Columbia). https://doi.org/10.24124/2025/59607.

Hardisty, P., Roth, C.H., Silvey, P., Mead, D., and Anthony, K.R.N. (2019).
Investment Case — A Report Provided to the Australian Government from
the Reef Restoration and Adaptation Program. https://gbrrestoration.
org/wp-content/uploads/2022/08/RRAP-Investment-Case_2022.pdf.

Fischer, J., Riechers, M., Loos, J., Martin-Lopez, B., and Temperton, V.
M. (2021). Making the UN Decade on Ecosystem Restoration a Social-
Ecological Endeavour. Trends Ecol. Evol. 36, 20-28. https://doi.org/10.
1016/j.tree.2020.08.018.

Claudet, J., Bopp, L., Cheung, W.W.L., Devillers, R., Escobar-Briones,
E., Haugan, P., Heymans, J.J., Masson-Delmotte, V., Matz-Liick, N., Mi-
loslavich, P., et al. (2020). A Roadmap for Using the UN Decade of Ocean
Science for Sustainable Development in Support of Science, Policy, and
Action. One Earth 2, 34-42. https://doi.org/10.1016/j.oneear.2019.
10.012.

Morrison, T.H., Pecl, G., Nash, K.L., Hughes, T., Cohen, P.J., Layton, C.,
Brown, K., Lovelock, C.E., Lemos, M.C., Adger, W.N., et al. (2025). Gov-
erning novel climate interventions in rapidly changing oceans. Science
389, eadq0174. https://doi.org/10.1126/science.adq0174.

Cell Reports Sustainability 2, 100529, November 21, 2025 11



http://refhub.elsevier.com/S2949-7906(25)00225-3/sref6
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref6
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref6
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref6
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref6
https://doi.org/10.1002/lno.12254
https://doi.org/10.1038/nature05328
https://doi.org/10.1186/s13750-022-00256-0
https://doi.org/10.1073/pnas.2015265118
https://doi.org/10.1002/eap.2262
https://doi.org/10.1126/science.aan8048
https://doi.org/10.1126/science.aan8048
https://doi.org/10.1126/science.adk4532
https://www.theguardian.com/environment/2024/may/01/great-barrier-reef-coral-bleaching-crisis
https://www.theguardian.com/environment/2024/may/01/great-barrier-reef-coral-bleaching-crisis
https://doi.org/10.1007/s00338-024-02504-w
https://doi.org/10.1007/s00338-024-02504-w
https://www.noaa.gov/news-release/noaa-confirms-4th-global-coral-bleaching-event
https://www.noaa.gov/news-release/noaa-confirms-4th-global-coral-bleaching-event
https://doi.org/10.1111/gcb.14871
https://doi.org/10.1038/s41558-022-01542-y
https://doi.org/10.1038/d41586-019-02737-8
https://doi.org/10.1126/science.abo3378
https://doi.org/10.1126/science.abo3378
https://doi.org/10.1038/s43017-024-00532-2
https://doi.org/10.1038/s43017-024-00532-2
https://doi.org/10.1126/science.abn7950
https://doi.org/10.1126/science.abn7950
https://doi.org/10.1038/s41586-022-04553-z
https://unfccc.int/process-and-meetings/the-paris-agreement/nationally-determined-contributions-ndcs
https://unfccc.int/process-and-meetings/the-paris-agreement/nationally-determined-contributions-ndcs
https://unfccc.int/process-and-meetings/the-paris-agreement/nationally-determined-contributions-ndcs
https://doi.org/10.1371/journal.pone.0226631
https://doi.org/10.1016/j.marpol.2024.106380
https://doi.org/10.15517/rev.biol.trop.v73iS1.63695
https://doi.org/10.15517/rev.biol.trop.v73iS1.63695
https://doi.org/10.3390/d17040268
https://doi.org/10.3389/fmars.2023.1152106
https://doi.org/10.3389/fmars.2023.1152106
https://doi.org/10.3390/d15091022
https://doi.org/10.3390/d15091022
https://doi.org/10.1111/rec.14263
https://doi.org/10.24124/2025/59607
https://gbrrestoration.org/wp-content/uploads/2022/08/RRAP-Investment-Case_2022.pdf
https://gbrrestoration.org/wp-content/uploads/2022/08/RRAP-Investment-Case_2022.pdf
https://doi.org/10.1016/j.tree.2020.08.018
https://doi.org/10.1016/j.tree.2020.08.018
https://doi.org/10.1016/j.oneear.2019.10.012
https://doi.org/10.1016/j.oneear.2019.10.012
https://doi.org/10.1126/science.adq0174

¢? CellPress

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

12

OPEN ACCESS

McHugh, L.H., Lemos, M.C., Margules, C., Barnes, M.L., Song, A., and
Morrison, T.H. (2024). Divergence over solutions to adapt or transform
Australia’s Great Barrier Reef. Npj Clim. Action 3, 1-11. https://doi.org/
10.1038/s44168-024-00180-8.

Datta, A.W., Wyborn, C., Chaffin, B.C., and Barnes, M.L. (2024). Imag-
ining reef futures after mass coral bleaching events. Environ. Sci. Policy
151, 103625. https://doi.org/10.1016/j.envsci.2023.103625.

Bellwood, D.R., Pratchett, M.S., Morrison, T.H., Gurney, G.G., Hughes,
T.P., Alvarez-Romero, J.G., Day, J.C., Grantham, R., Grech, A., Hoey,
A.S,, etal. (2019). Coral reef conservation in the Anthropocene: Confront-
ing spatial mismatches and prioritizing functions. Biol. Conserv. 236,
604-615. https://doi.org/10.1016/j.biocon.2019.05.056.

Day, J.C. (2002). Zoning—lessons from the Great Barrier Reef Marine
Park. Ocean Coast. Manag. 45, 139-156. https://doi.org/10.1016/
S0964-5691(02)00052-2.

Kelleher, G.G., and Kenchington, R.A. (1982). Australia’s Great Barrier
Reef Marine Park: Making Development Compatible with Conservation.
Ambio 77, 262-267.

Nystrém, M., Graham, N.A.J., Lokrantz, J., and Norstrém, A.V. (2008).
Capturing the cornerstones of coral reef resilience: linking theory to prac-
tice. Coral Reefs 27, 795-809. https://doi.org/10.1007/s00338-008-
0426-z.

Thibaut, L.M., Connolly, S.R., and Sweatman, H.P.A. (2012). Diversity
and stability of herbivorous fishes on coral reefs. Ecology 93, 891-901.
https://doi.org/10.1890/11-1753.1.

Lavin, C.P., Jones, G.P., Wiliamson, D.H., and Harrison, H.B. (2021).
Minimum size limits and the reproductive value of numerous, young,
mature female fish. Proc. Biol. Sci. 288, 20202714. https://doi.org/10.
1098/rspb.2020.2714.

MacNeil, M.A., Mellin, C., Matthews, S., Wolff, N.H., McClanahan, T.R.,
Devlin, M., Drovandi, C., Mengersen, K., and Graham, N.A.J. (2019). Wa-
ter quality mediates resilience on the Great Barrier Reef. Nat. Ecol. Evol.
3, 620-627. https://doi.org/10.1038/s41559-019-0832-3.

Great Barrier Reef Marine Park Authority (2020). Give us a break: it helps
not to take. Poster Campaign. https://hdl.handle.net/11017/3581.

Beyer, H.L., Kennedy, E.V., Beger, M., Chen, C.A., Cinner, J.E., Darling,
E.S., Eakin, C.M., Gates, R.D., Heron, S.F., Knowlton, N., et al. (2018).
Risk-sensitive planning for conserving coral reefs under rapid climate
change. Conserv. Lett. 17, €12587. https://doi.org/10.1111/conl.12587.

Dimitrijevi¢, D., Santodomingo, N., and Kiessling, W. (2024). Reef refugia
in the aftermath of past episodes of global warming. Coral Reefs 43,
1431-1442. https://doi.org/10.1007/s00338-024-02548-y.

Wells, S., Ray, G.C., Gjerde, K.M., White, A.T., Muthiga, N., Bezaury
Creel, J.E., Causey, B.D., McCormick-Ray, J., Salm, R., Gubbay, S.,
et al. (2016). Building the future of MPAs - lessons from history. Aquat.
Conserv. Mar. Freshw. Ecosyst. 26, 101-125. https://doi.org/10.1002/
aqc.2680.

Henley, B.J., McGregor, H.V., King, A.D., Hoegh-Guldberg, O., Arzey, A.
K., Karoly, D.J., Lough, J.M., DeCarlo, T.M., and Linsley, B.K. (2024).
Highest ocean heat in four centuries places Great Barrier Reef in danger.
Nature 632, 320-326. https://doi.org/10.1038/s41586-024-07672-x.

Pan, Y., Miniére, A., von Schuckmann, K., Li, Z., Li, Y., Cheng, L., and
Zhu, J. (2025). Ocean heat content in 2024. Nat. Rev. Earth Environ. 6,
249-251. https://doi.org/10.1038/s43017-025-00655-0.

Cheng, L., Abraham, J., Trenberth, K.E., Reagan, J., Zhang, H.-M.,
Storto, A., Von Schuckmann, K., Pan, Y., Zhu, Y., Mann, M.E., et al.
(2025). Record High Temperatures in the Ocean in 2024. Adv. Atmos.
Sci. 42, 1092-1109. https://doi.org/10.1007/s00376-025-4541-3.

Condie, S.A., Anthony, K.R.N., Babcock, R.C., Baird, M.E., Beeden, R.,
Fletcher, C.S., Gorton, R., Harrison, D., Hobday, A.J., Plaganyi, E.E.,
et al. (2021). Large-scale interventions may delay decline of the Great
Barrier Reef. R. Soc. Open Sci. 8, 201296. https://doi.org/10.1098/
rs0s.201296.

Cell Reports Sustainability 2, 100529, November 21, 2025

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Cell Reports Sustainability

Webster, M.M., and Schindler, D.E. (2024). Ecological replacement for
reef-building corals. Nat. Clim. Change 14, 776-778. https://doi.org/10.
1038/s41558-024-02064-5.

Kleypas, J., Allemand, D., Anthony, K., Baker, A.C., Beck, M.W., Hale, L.
Z., Hilmi, N., Hoegh-Guldberg, O., Hughes, T., Kaufman, L., et al. (2021).
Designing a blueprint for coral reef survival. Biol. Conserv. 257, 109107.
https://doi.org/10.1016/j.biocon.2021.109107.

NEOM Company (2021). NEOM partners with KAUST to create the
world’s largest coral garden. https://www.neom.com/en-us/newsroom/
neom-kaust-coral-garden-mou.

Begum, S. (2023). 100,000 corals to be planted in Singapore waters, Big
Sister’s Island to reopen in 2024. Straits Times. https://www.straitstimes.
com/singapore/100000-corals-to-be-planted-in-s-pore-waters-big-sister-
s-island-to-reopen-in-2024-with-tidal-pool-forest-trail.

National Marine Sanctuary Foundation (2024). Mission: Iconic Reefs.
Natl. Mar. Sanctuary. https://marinesanctuary.org/mission-iconic-reefs/.

Staletovich, J. (2023). Scientists racing to save coral from bleaching are
running out of space. WLRN. https://www.wlrn.org/environment/2023-
08-03/coral-bleaching-florida-keys-climate-change.

Australian Government (2024). Department of Climate Change, Energy,
the Environment and Water. Our investments. https://www.dcceew.
gov.au/parks-heritage/great-barrier-reef/protecting/our-investments.

Morrison, T.H. (2017). Evolving polycentric governance of the Great Bar-
rier Reef. Proc. Natl. Acad. Sci. USA 174, E3013-E3021. https://doi.org/
10.1073/pnas.1620830114.

Carlson, R.R., Foo, S.A., Burns, J.H.R., and Asner, G.P. (2022). Untapped
policy avenues to protect coral reef ecosystems. Proc. Natl. Acad. Sci.
USA 119, e2117562119. https://doi.org/10.1073/pnas.2117562119.

Vardi, T., Rankin, T., Oliver, T., Moulding, A.L., Parrish, F., Moore, T.,
Enochs, I.C., Viehman, T.S., and Koss, J.L. (2020). NOAA action plan
on coral interventions. NOAA Tech. Memo. NMFS FSPO 208. https://
doi.org/10.25923/weyp-fy32.

Tan, Y.M., Dalby, O., Kendrick, G.A., Statton, J., Sinclair, E.A., Fraser, M.
W., Macreadie, P.l., Gillies, C.L., Coleman, R.A., Waycott, M., et al.
(2020). Seagrass Restoration Is Possible: Insights and Lessons From
Australia and New Zealand. Front. Mar. Sci. 7, 617. https://doi.org/10.
3389/fmars.2020.00617.

Howie, A.H., and Bishop, M.J. (2021). Contemporary Oyster Reef Resto-
ration: Responding to a Changing World. Front. Ecol. Evol. 9, 689915.
https://doi.org/10.3389/fevo.2021.689915.

Lovelock, C.E., Barbier, E., and Duarte, C.M. (2022). Tackling the
mangrove restoration challenge. PLoS Biol. 20, e3001836. https://doi.
org/10.1371/journal.pbio.3001836.

Eger, A.M., Marzinelli, E.M., Christie, H., Fagerli, C.W., Fujita, D., Gonza-
lez, A.P., Hong, S.W., Kim, J.H., Lee, L.C., McHugh, T.A,, et al. (2022).
Global kelp forest restoration: past lessons, present status, and future di-
rections. Biol. Rev. Camb. Philos. Soc. 97, 1449-1475. https://doi.org/
10.1111/brv.12850.

van Oppen, M.J.H., Oliver, J.K., Putnam, H.M., and Gates, R.D. (2015).
Building coral reef resilience through assisted evolution. Proc. Natl. Acad.
Sci. USA 112, 2307-2313. https://doi.org/10.1073/pnas.1422301112.

Nitschke, M.R., Abrego, D., Allen, C.E., Alvarez-Roa, C., Boulotte, N.M.,
Buerger, P., Chan, W.Y., Fae Neto, W.A., lvory, E., Johnston, B., et al.
(2024). The use of experimentally evolved coral photosymbionts for
reef restoration. Trends Microbiol. 32, 1241-1252. https://doi.org/10.
1016/j.tim.2024.05.008.

Anthony, K., Bay, L.K., Costanza, R., Firn, J., Gunn, J., Harrison, P., Hey-
ward, A., Lundgren, P., Mead, D., Moore, T, et al. (2017). New interven-
tions are needed to save coral reefs. Nat. Ecol. Evol. 7, 1420-1422.
https://doi.org/10.1038/s41559-017-0313-5.

Harrison, D.P. (2024). An Overview of Environmental Engineering
Methods for Reducing Coral Bleaching Stress. In Oceanographic


https://doi.org/10.1038/s44168-024-00180-8
https://doi.org/10.1038/s44168-024-00180-8
https://doi.org/10.1016/j.envsci.2023.103625
https://doi.org/10.1016/j.biocon.2019.05.056
https://doi.org/10.1016/S0964-5691(02)00052-2
https://doi.org/10.1016/S0964-5691(02)00052-2
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref41
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref41
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref41
https://doi.org/10.1007/s00338-008-0426-z
https://doi.org/10.1007/s00338-008-0426-z
https://doi.org/10.1890/11-1753.1
https://doi.org/10.1098/rspb.2020.2714
https://doi.org/10.1098/rspb.2020.2714
https://doi.org/10.1038/s41559-019-0832-3
https://hdl.handle.net/11017/3581
https://doi.org/10.1111/conl.12587
https://doi.org/10.1007/s00338-024-02548-y
https://doi.org/10.1002/aqc.2680
https://doi.org/10.1002/aqc.2680
https://doi.org/10.1038/s41586-024-07672-x
https://doi.org/10.1038/s43017-025-00655-0
https://doi.org/10.1007/s00376-025-4541-3
https://doi.org/10.1098/rsos.201296
https://doi.org/10.1098/rsos.201296
https://doi.org/10.1038/s41558-024-02064-5
https://doi.org/10.1038/s41558-024-02064-5
https://doi.org/10.1016/j.biocon.2021.109107
https://www.neom.com/en-us/newsroom/neom-kaust-coral-garden-mou
https://www.neom.com/en-us/newsroom/neom-kaust-coral-garden-mou
https://www.straitstimes.com/singapore/100000-corals-to-be-planted-in-s-pore-waters-big-sister-s-island-to-reopen-in-2024-with-tidal-pool-forest-trail
https://www.straitstimes.com/singapore/100000-corals-to-be-planted-in-s-pore-waters-big-sister-s-island-to-reopen-in-2024-with-tidal-pool-forest-trail
https://www.straitstimes.com/singapore/100000-corals-to-be-planted-in-s-pore-waters-big-sister-s-island-to-reopen-in-2024-with-tidal-pool-forest-trail
https://marinesanctuary.org/mission-iconic-reefs/
https://www.wlrn.org/environment/2023-08-03/coral-bleaching-florida-keys-climate-change
https://www.wlrn.org/environment/2023-08-03/coral-bleaching-florida-keys-climate-change
https://www.dcceew.gov.au/parks-heritage/great-barrier-reef/protecting/our-investments
https://www.dcceew.gov.au/parks-heritage/great-barrier-reef/protecting/our-investments
https://doi.org/10.1073/pnas.1620830114
https://doi.org/10.1073/pnas.1620830114
https://doi.org/10.1073/pnas.2117562119
https://doi.org/10.25923/weyp-fy32
https://doi.org/10.25923/weyp-fy32
https://doi.org/10.3389/fmars.2020.00617
https://doi.org/10.3389/fmars.2020.00617
https://doi.org/10.3389/fevo.2021.689915
https://doi.org/10.1371/journal.pbio.3001836
https://doi.org/10.1371/journal.pbio.3001836
https://doi.org/10.1111/brv.12850
https://doi.org/10.1111/brv.12850
https://doi.org/10.1073/pnas.1422301112
https://doi.org/10.1016/j.tim.2024.05.008
https://doi.org/10.1016/j.tim.2024.05.008
https://doi.org/10.1038/s41559-017-0313-5

Cell Reports Sustainability

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Processes of Coral Reefs (CRC Press), pp. 403-418. https://doi.org/10.
1201/9781003320425-31.

Miller, K., and Shears, N.T. (2023). The efficiency and effectiveness of
different sea urchin removal methods for kelp forest restoration. Restor.
Ecol. 37, e13754. https://doi.org/10.1111/rec.13754.

Pratchett, M.S., and Cumming, G.S. (2019). Managing cross-scale dy-
namics in marine conservation: Pest irruptions and lessons from culling
of crown-of-thorns starfish (Acanthaster spp.). Biol. Conserv. 238,
108211. https://doi.org/10.1016/j.biocon.2019.108211.

Lange, I.D., Razak, T.B., Perry, C.T., Maulana, P.B., Prasetya, M.E., Ir-
wan, and Lamont, T.A.A.C. (2024). Coral restoration can drive rapid
reef carbonate budget recovery. Curr. Biol. 34, 1341-1348.e3. https://
doi.org/10.1016/j.cub.2024.02.009.

Hughes, T.P., Baird, A.H., Morrison, T.H., and Torda, G. (2023). Principles
for coral reef restoration in the anthropocene. One Earth 6, 656-665.
https://doi.org/10.1016/j.oneear.2023.04.008.

Mula, C., Bradshaw, C.J.A., Cabeza, M., Manca, F., Montano, S., and
Strona, G. (2025). Restoration cannot be scaled up globally to save reefs
from loss and degradation. Nat. Ecol. Evol. 9, 822-832. https://doi.org/
10.1038/s41559-025-02667-X.

Smith, H.A., Dallmeyer-Drennen, G., Bourne, D.G., Egan, S., and Page,
C.A. (2025). Sea-weeding enhances early coral survival on seeding de-
vices, but benefits of seeding diminish after one year. J. Environ.
Manage. 383, 125322. https://doi.org/10.1016/j.jenvman.2025.125322.

Ogier, E.M., Pecl, G.T., Hughes, T., Lawless, S., Layton, C., Nash, K.L.,
and Morrison, T.H. (2025). Novel marine-climate interventions hampered
by low consensus and governance preparedness. Nat. Clim. Change 15,
375-384. https://doi.org/10.1038/s41558-025-02291-4.

Lawless, S., Ogier, E.M., Streit, R., Gurney, G.G., Cohen, P.J., Gruby, R.,
Pradhan, S., and Morrison, T.H. (2025). Promoting socially responsible
governance of new marine climate intervention. Cell Rep. Sustain. 2,
100366. https://doi.org/10.1016/j.crsus.2025.100366.

Lawless, S., Lau, J., Streit, R., and Morrison, T.H. (2024). Risks of
competing discourses of scientific responsibility in global ocean futures.
Npj Ocean Sustain. 3, 44. https://doi.org/10.1038/s44183-024-00086-2.

Barnett, J., and O’Neill, S. (2010). Maladaptation. Glob. Environ. Change
20, 211-213. https://doi.org/10.1016/j.gloenvcha.2009.11.004.

McClanahan, T.R. (2024). Reconsidering and rescaling climate change
predictions for coral reefs. Nat. Clim. Change 74, 779-781. https://doi.
0rg/10.1038/s41558-024-02079-y.

Streit, R.P., Morrison, T.H., and Bellwood, D.R. (2024). Coral
reefs deserve evidence-based management not heroic interference.
Nat. Clim. Change 74, 773-775. https://doi.org/10.1038/s41558-024-
02063-6.

Comte, A., and Pendleton, L.H. (2018). Management strategies for coral
reefs and people under global environmental change: 25 years of scien-
tific research. J. Environ. Manage. 209, 462-474. https://doi.org/10.
1016/j.jenvman.2017.12.051.

Vardi, T., Hoot, W.C., Levy, J., Shaver, E., Winters, R.S., Banaszak, A.T.,
Baums, I.B., Chamberland, V.F., Cook, N., Gulko, D., et al. (2021). Six pri-
orities to advance the science and practice of coral reef restoration
worldwide. Restor. Ecol. 29, e13498. https://doi.org/10.1111/rec.13498.

Shaver, E.C., McLeod, E., Hein, M.Y., Palumbi, S.R., Quigley, K., Vardi,
T., Mumby, P.J., Smith, D., Montoya-Maya, P., Muller, E.M., et al.
(2022). A roadmap to integrating resilience into the practice of coral
reef restoration. Glob. Change Biol. 28, 4751-4764. https://doi.org/10.
1111/gcb.16212.

Voolstra, C.R., Suggett, D.J., Peixoto, R.S., Parkinson, J.E., Quigley, K.
M., Silveira, C.B., Sweet, M., Muller, E.M., Barshis, D.J., Bourne, D.G.,
et al. (2021). Extending the natural adaptive capacity of coral holobionts.
Nat. Rev. Earth Environ. 2, 747-762. https://doi.org/10.1038/s43017-
021-00214-3.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Cell Reports Sustainability 2, 100529, November 21, 2025

¢? CellPress

OPEN ACCESS

Quigley, K.M., Hein, M., and Suggett, D.J. (2022). Translating the 10
golden rules of reforestation for coral reef restoration. Conserv. Biol.
36, €13890. https://doi.org/10.1111/COBI.13890.

Gann, G.D., McDonald, T., Walder, B., Aronson, J., Nelson, C.R., Jonson,
J., Hallett, J.G., Eisenberg, C., Guariguata, M.R., Liu, J., et al. (2019). In-
ternational principles and standards for the practice of ecological resto-
ration. Second edition. Restor. Ecol. 27, S1-S46. https://doi.org/10.
1111/rec.13035.

Quigley, K.M., Venkatachalam, T., Hatayama, M., and Siddiqi, A. (2024).
Surveying First Nations perspectives on marine genetic conservation
practices. Biol. Conserv. 292, 110545. https://doi.org/10.1016/j.biocon.
2024.110545.

Bellwood, D.R., Brandl, S.J., McWilliam, M., Streit, R.P., Yan, H.F., and
Tebbett, S.B. (2024). Studying functions on coral reefs: past perspec-
tives, current conundrums, and future potential. Coral Reefs 43,
281-297. https://doi.org/10.1007/s00338-024-02474-z.

Bellwood, D.R., Streit, R.P., Brandl, S.J., and Tebbett, S.B. (2019). The
meaning of the term “function’ in ecology: A coral reef perspective. Funct.
Ecol. 33, 948-961. https://doi.org/10.1111/1365-2435.13265.

Picard, M. (2022). Why Do We Care More About Disease than Health?
Phenomics 2, 145-155. https://doi.org/10.1007/s43657-021-00037-8.

Nyberg, D., and Wright, C. (2024). Defending hegemony: From climate
change mitigation to adaptation on the Great Barrier Reef. Organization
31, 247-268. https://doi.org/10.1177/13505084221115836.

Dablander, F., Sachisthal, M.S.M., Cologna, V., Strahm, N., Bosshard,
A., Grining, N.-M., Green, A.J.K., Brick, C., Aron, A.R., and Haslbeck,
J.M.B. (2024). Climate change engagement of scientists. Nat. Clim.
Change 74, 1033-1039. https://doi.org/10.1038/s41558-024-02091-2.

Schipper, E.L.F., Maharaj, S.S., and Pecl, G.T. (2024). Scientists have
emotional responses to climate change too. Nat. Clim. Change 74,
1010-1012. https://doi.org/10.1038/s41558-024-02139-3.

Lawless, S., Ogier, E., Gurney, G.G., Streit, R.P., and Morrison, T.H.
(2025). Promoting socially responsible governance of new marine climate
intervention. Cell Rep. Sustain. 2, 100366.

Lippmann, R.B., Helmstedt, K.J., Gibbs, M.T., and Corry, P. (2023). Opti-
mizing facility location, sizing, and growth time for a cultivated resource:
A case study in coral aquaculture. PLoS One 18, e0282668. https://doi.
org/10.1371/journal.pone.0282668.

Curnock, M.l., Nembhard, D., Smith, R., Sambrook, K., Hobman, E.V.,
Mankad, A., Pert, P.L., and Chamberland, E. (2024). Finding common
ground: Understanding and engaging with science mistrust in the Great
barrier reef region. PLoS One 19, e0308252. https://doi.org/10.1371/
journal.pone.0308252.

Hobman, E.V., Mankad, A., Pert, P.L., Chamberland, E., and Curnock, M.
(2024). Monitoring social and economic indicators among residents of
the Great Barrier Reef region in 2023: A report from the Social and Eco-
nomic Long-term Monitoring Program (SELTMP) for the Great Barrier
Reef. Australia: CSIRO Environment (CSIRO). http://hdl.handle.net/102.
100.100/600052%index=1.

Lubicz-Zaorski, C., Newlands, M., and Petray, T. (2024). Fuelling the
climate and science ‘denial machine’ on social media: A case study of
the Great Barrier Reef’'s 2021 ‘in danger’ recommendation on Twitter,
YouTube and Facebook. Public Underst. Sci. 33, 270-289. https://doi.
org/10.1177/09636625231202117.

Nyberg, D., Wright, C., and Bowden, V. (2022). Now Is Not the Time:
The Social Construction of Adaptation. In Organising Responses to
Climate Change: the Politics of Mitigation, Adaptation and Suffering
(Cambridge University Press), pp. 109-126. https://doi.org/10.1017/
9781009266901.006.

Kemp, L., Xu, C., Depledge, J., Ebi, K.L., Gibbins, G., Kohler, T.A., Rock-
strém, J., Scheffer, M., Schellnhuber, H.J., Steffen, W., et al. (2022).
Climate Endgame: Exploring catastrophic climate change scenarios.

13



https://doi.org/10.1201/9781003320425-31
https://doi.org/10.1201/9781003320425-31
https://doi.org/10.1111/rec.13754
https://doi.org/10.1016/j.biocon.2019.108211
https://doi.org/10.1016/j.cub.2024.02.009
https://doi.org/10.1016/j.cub.2024.02.009
https://doi.org/10.1016/j.oneear.2023.04.008
https://doi.org/10.1038/s41559-025-02667-x
https://doi.org/10.1038/s41559-025-02667-x
https://doi.org/10.1016/j.jenvman.2025.125322
https://doi.org/10.1038/s41558-025-02291-4
https://doi.org/10.1016/j.crsus.2025.100366
https://doi.org/10.1038/s44183-024-00086-2
https://doi.org/10.1016/j.gloenvcha.2009.11.004
https://doi.org/10.1038/s41558-024-02079-y
https://doi.org/10.1038/s41558-024-02079-y
https://doi.org/10.1038/s41558-024-02063-6
https://doi.org/10.1038/s41558-024-02063-6
https://doi.org/10.1016/j.jenvman.2017.12.051
https://doi.org/10.1016/j.jenvman.2017.12.051
https://doi.org/10.1111/rec.13498
https://doi.org/10.1111/gcb.16212
https://doi.org/10.1111/gcb.16212
https://doi.org/10.1038/s43017-021-00214-3
https://doi.org/10.1038/s43017-021-00214-3
https://doi.org/10.1111/COBI.13890
https://doi.org/10.1111/rec.13035
https://doi.org/10.1111/rec.13035
https://doi.org/10.1016/j.biocon.2024.110545
https://doi.org/10.1016/j.biocon.2024.110545
https://doi.org/10.1007/s00338-024-02474-z
https://doi.org/10.1111/1365-2435.13265
https://doi.org/10.1007/s43657-021-00037-8
https://doi.org/10.1177/13505084221115836
https://doi.org/10.1038/s41558-024-02091-2
https://doi.org/10.1038/s41558-024-02139-3
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref97
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref97
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref97
https://doi.org/10.1371/journal.pone.0282668
https://doi.org/10.1371/journal.pone.0282668
https://doi.org/10.1371/journal.pone.0308252
https://doi.org/10.1371/journal.pone.0308252
http://hdl.handle.net/102.100.100/600052?index=1
http://hdl.handle.net/102.100.100/600052?index=1
https://doi.org/10.1177/09636625231202117
https://doi.org/10.1177/09636625231202117
https://doi.org/10.1017/9781009266901.006
https://doi.org/10.1017/9781009266901.006

¢? CellPress

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

14

OPEN ACCESS

Proc. Natl. Acad. Sci. USA 119, e2108146119. https://doi.org/10.1073/
pnas.2108146119.

Gupta, J., Liverman, D., Prodani, K., Aldunce, P., Bai, X., Broadgate, W.,
Ciobanu, D., Gifford, L., Gordon, C., Hurlbert, M., et al. (2023). Earth sys-
tem justice needed to identify and live within Earth system boundaries.
Nat. Sustain. 6, 630-638. https://doi.org/10.1038/s41893-023-01064-1.

Ogunbode, C.A., Doran, R., Hanss, D., Ojala, M., Salmela-Aro, K., van
den Broek, K.L., Bhullar, N., Aquino, S.D., Marot, T., Schermer, J.A.,
et al. (2022). Climate anxiety, wellbeing and pro-environmental action:
correlates of negative emotional responses to climate change in 32 coun-
tries. J. Environ. Psychol. 84, 101887. https://doi.org/10.1016/j.jenvp.
2022.101887.

Kahneman, D., Knetsch, J.L., and Thaler, R.H. (1991). Anomalies: The
Endowment Effect, Loss Aversion, and Status Quo Bias. J. Econ. Per-
spect. 5, 193-206. https://doi.org/10.1257/jep.5.1.193.

Graham, N.A.J., Cinner, J.E., Norstrom, A.V., and Nystrém, M. (2014).
Coral reefs as novel ecosystems: embracing new futures. Curr. Opin. En-
viron. Sustain. 7, 9-14. https://doi.org/10.1016/j.cosust.2013.11.023.

Hobbs, R.J., Higgs, E.S., and Harris, J.A. (2014). Novel ecosystems:
concept or inconvenient reality? A response to Murcia et al. Trends
Ecol. Evol. 29, 645-646. https://doi.org/10.1016/j.tree.2014.09.006.

Corlett, R.T. (2015). The Anthropocene concept in ecology and conserva-
tion. Trends Ecol. Evol. 30, 36-41. https://doi.org/10.1016/j.tree.2014.
10.007.

Bellwood, D.R., Hughes, T.P., Folke, C., and Nystrom, M. (2004). Con-
fronting the coral reef crisis. Nature 429, 827-833. https://doi.org/10.
1038/nature02691.

Pandolfi, .M., Jackson, J.B.C., Baron, N., Bradbury, R.H., Guzman, H.
M., Hughes, T.P., Kappel, C.V., Micheli, F., Ogden, J.C., Possingham,
H.P., et al. (2005). Ecology. Are U.S. Coral Reefs on the Slippery Slope
to Slime? Science 307, 1725-1726. https://doi.org/10.1126/science.
1104258.

Knowlton, N., and Jackson, J.B.C. (2008). Shifting Baselines, Local Im-
pacts, and Global Change on Coral Reefs. PLoS Biol. 6, e54. https://
doi.org/10.1371/journal.pbio.0060054.

Pauly, D. (1995). Anecdotes and the shifting baseline syndrome of fish-
eries. Trends Ecol. Evol. 710, 430. https://doi.org/10.1016/S0169-5347
(00)89171-5.

Muldrow, M., Parsons, E.C.M., and Jonas, R. (2020). Shifting baseline
syndrome among coral reef scientists. Humanit. Soc. Sci. Commun. 7,
1-8. https://doi.org/10.1057/s41599-020-0526-0.

Pandolfi, J.M. (2022). Historical degradation and shifting baselines on
Australian coral reefs. In Coral Reefs of Australia: Perspectives from
Beyond the Water’s Edge (CSIRO Publishing).

Li, X., Hsee, C.K., and O’Brien, E. (2023). “It Could Be Better” Can Make It
Worse: When and Why People Mistakenly Communicate Upward Coun-
terfactual Information. J. Mark. Res. 60, 219-236. https://doi.org/10.
1177/00222437221112312.

United Nations (2022). World Population Prospects (Online Edition). https://
www.un.org/development/desa/pd/sites/www.un.org.development.desa.
pd/files/wpp2022_summary_of_results.pdf.

Spalding, M.D., Ravilious, C., and Green, E.P. (2001). WorldAtlas of Coral
Reefs. Prepared at the UNEP World ConservationMonitoring Centre (Uni-
versity of California Press, Berkeley, USA).

Pineda-Pinto, M., Kennedy, C., Collier, M., Cooper, C., O’'Donnell, M.,
Nulty, F., and Castafeda, N.R. (2023). Finding justice in wild, novel eco-
systems: A review through a multispecies lens. Urban For. Urban Green
83, 127902. https://doi.org/10.1016/j.ufug.2023.127902.

Cunsolo, A., Harper, S.L., Minor, K., Hayes, K., Williams, K.G., and Ho-
ward, C. (2020). Ecological grief and anxiety: the start of a healthy
response to climate change? Lancet Planet. Health 4, e261-e263.
https://doi.org/10.1016/S2542-5196(20)30144-3.

Cell Reports Sustainability 2, 100529, November 21, 2025

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Cell Reports Sustainability

Australian Academy of Science (2023). Reef Futures Roundtable Report.
https://www.science.org.au/supporting-science/science-advice-and-
policy/reports-and-publications/reef-futures-roundtables-report.

Adams, G.S., Converse, B.A., Hales, A.H., and Klotz, L.E. (2021). People
systematically overlook subtractive changes. Nature 592, 258-261.
https://doi.org/10.1038/s41586-021-03380-y.

Foy, A.J., and Filippone, E.J. (2013). The Case for Intervention Bias in the
Practice of Medicine. Yale J. Biol. Med. 86, 271-280.

Moreno-Mateos, D., Alberdi, A., Morrién, E., van der Putten, W.H., Rodri-
guez-Uia, A., and Montoya, D. (2020). The long-term restoration of
ecosystem complexity. Nat. Ecol. Evol. 4, 676-685. https://doi.org/10.
1038/s41559-020-1154-1.

Moreno-Mateos, D., Barbier, E.B., Jones, P.C., Jones, H.P., Aronson, J.,
Lépez-Loépez, J.A., McCrackin, M.L., Meli, P., Montoya, D., and Rey Be-
nayas, J.M. (2017). Anthropogenic ecosystem disturbance and the re-
covery debt. Nat. Commun. 8, 14163. https://doi.org/10.1038/ncomms
14163.

Erwin, D.H. (2024). Fall of the wild: why pristine wilderness is a human-
made myth. Nature 632, 974-975. https://doi.org/10.1038/d41586-024-
02761-3.

IPCC (2018). Summary for Policymakers. In Global Warming of 1.5°C. An
IPCC Special Report on the impacts of global warming of 1.5°C above
pre-industrial levels and related global greenhouse gas emission path-
ways, in the context of strengthening the global response to the threat
of climate change, sustainable development, and efforts to eradicate
poverty, V. Masson-Delmotte, P. Zhai, H.-O. Portner, D. Roberts, J.
Skea, P.R. Shukla, A. Pirani, W. Moufouma-Okia, C. Péan, and R. Pid-
cock, et al., eds. (Cambridge University Press), pp. 3-24.

United Nations (2023). How is climate change impacting the world’s
ocean. https://www.un.org/en/climatechange/science/climate-issues/
ocean-impacts.

Jones, H.P., Jones, P.C., Barbier, E.B., Blackburn, R.C., Rey Benayas, J.
M., Holl, K.D., McCrackin, M., Meli, P., Montoya, D., and Mateos, D.M.
(2018). Restoration and repair of Earth’s damaged ecosystems. Proc.
Biol. Sci. 285, 20172577 https://doi.org/10.1098/rspb.2017.2577.

Morais, R.A., Smallhorn-West, P., Connolly, S.R., Ngaluafe, P.F., Mali-
mali, S., Halafihi, T., and Bellwood, D.R. (2023). Sustained productivity
and the persistence of coral reef fisheries. Nat. Sustain. 6, 1199-1209.
https://doi.org/10.1038/s41893-023-01137-1.

Yan, H.F., and Bellwood, D.R. (2023). Multi-decadal stability of fish pro-
ductivity despite increasing coral reef degradation. Funct. Ecol. 37,
1245-1255. https://doi.org/10.1111/1365-2435.14319.

Leinbach, S.E., Speare, K.E., Rossin, A.M., Holstein, D.M., and Strader,
M.E. (2021). Energetic and reproductive costs of coral recovery in diver-
gent bleaching responses. Sci. Rep. 17, 23546. https://doi.org/10.1038/
s41598-021-02807-w.

Sully, S., Burkepile, D.E., Donovan, M.K., Hodgson, G., and van Woesik,
R. (2019). A global analysis of coral bleaching over the past two decades.
Nat. Commun. 70, 1264. https://doi.org/10.1038/s41467-019-09238-2.

Australian Institute of Marine Science (2024). Long-Term Reef Monitoring
Program - Annual Summary Report of Coral Reef Condition 2023/4.
https://www.aims.gov.au/monitoring-great-barrier-reef/gbr-condition-
summary-2023-24.

Raoult, V., Joyce, K., Li, J.Y.Q., Roff, G., Carlin, G., and Williamson, J.E.
(2025). Coral bleaching and mass mortality at Lizard Island revealed by
drone imagery. Coral Reefs. https://doi.org/10.1007/s00338-025-
02695-w.

Roger, L.M., Lewinski, N.A., Putnam, H.M., Roxbury, D., Tresguerres, M.,
and Wangpraseurt, D. (2023). Nanobiotech engineering for future coral
reefs. One Earth 6, 778-789. https://doi.org/10.1016/j.oneear.2023.
05.008.


https://doi.org/10.1073/pnas.2108146119
https://doi.org/10.1073/pnas.2108146119
https://doi.org/10.1038/s41893-023-01064-1
https://doi.org/10.1016/j.jenvp.2022.101887
https://doi.org/10.1016/j.jenvp.2022.101887
https://doi.org/10.1257/jep.5.1.193
https://doi.org/10.1016/j.cosust.2013.11.023
https://doi.org/10.1016/j.tree.2014.09.006
https://doi.org/10.1016/j.tree.2014.10.007
https://doi.org/10.1016/j.tree.2014.10.007
https://doi.org/10.1038/nature02691
https://doi.org/10.1038/nature02691
https://doi.org/10.1126/science.1104258
https://doi.org/10.1126/science.1104258
https://doi.org/10.1371/journal.pbio.0060054
https://doi.org/10.1371/journal.pbio.0060054
https://doi.org/10.1016/S0169-5347(00)89171-5
https://doi.org/10.1016/S0169-5347(00)89171-5
https://doi.org/10.1057/s41599-020-0526-0
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref115
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref115
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref115
https://doi.org/10.1177/00222437221112312
https://doi.org/10.1177/00222437221112312
https://www.un.org/development/desa/pd/sites/www.un.org.development.desa.pd/files/wpp2022_summary_of_results.pdf
https://www.un.org/development/desa/pd/sites/www.un.org.development.desa.pd/files/wpp2022_summary_of_results.pdf
https://www.un.org/development/desa/pd/sites/www.un.org.development.desa.pd/files/wpp2022_summary_of_results.pdf
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref118
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref118
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref118
https://doi.org/10.1016/j.ufug.2023.127902
https://doi.org/10.1016/S2542-5196(20)30144-3
https://www.science.org.au/supporting-science/science-advice-and-policy/reports-and-publications/reef-futures-roundtables-report
https://www.science.org.au/supporting-science/science-advice-and-policy/reports-and-publications/reef-futures-roundtables-report
https://doi.org/10.1038/s41586-021-03380-y
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref123
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref123
https://doi.org/10.1038/s41559-020-1154-1
https://doi.org/10.1038/s41559-020-1154-1
https://doi.org/10.1038/ncomms14163
https://doi.org/10.1038/ncomms14163
https://doi.org/10.1038/d41586-024-02761-3
https://doi.org/10.1038/d41586-024-02761-3
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref124
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref124
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref124
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref124
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref124
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref124
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref124
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref124
https://www.un.org/en/climatechange/science/climate-issues/ocean-impacts
https://www.un.org/en/climatechange/science/climate-issues/ocean-impacts
https://doi.org/10.1098/rspb.2017.2577
https://doi.org/10.1038/s41893-023-01137-1
https://doi.org/10.1111/1365-2435.14319
https://doi.org/10.1038/s41598-021-02807-w
https://doi.org/10.1038/s41598-021-02807-w
https://doi.org/10.1038/s41467-019-09238-2
https://www.aims.gov.au/monitoring-great-barrier-reef/gbr-condition-summary-2023-24
https://www.aims.gov.au/monitoring-great-barrier-reef/gbr-condition-summary-2023-24
https://doi.org/10.1007/s00338-025-02695-w
https://doi.org/10.1007/s00338-025-02695-w
https://doi.org/10.1016/j.oneear.2023.05.008
https://doi.org/10.1016/j.oneear.2023.05.008

Cell Reports Sustainability

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

Streit, R.P., and Bellwood, D.R. (2023). To harness traits for ecology, let’s
abandon ‘functionality.’. Trends Ecol. Evol. 38, 402-411. https://doi.org/
10.1016/j.tree.2022.11.009.

Kench, P.S., Beetham, E.P., Turner, T., Morgan, K.M., Owen, S.D., and
McLean, R.F. (2022). Sustained coral reef growth in the critical wave
dissipation zone of a Maldivian atoll. Commun. Earth Environ. 3, 1-12.
https://doi.org/10.1038/s43247-021-00338-w.

Molina-Hernandez, A., Medellin-Maldonado, F., Lange, I.D., Perry, C.T.,
and Alvarez-Filip, L. (2022). Coral reef erosion: In situ measurement on
different dead coral substrates on a Caribbean reef. Limnol. Oceanogr.
67, 2734-2749. https://doi.org/10.1002/In0.12234.

Edmunds, P.J., and Perry, C.T. (2023). Decadal-scale variation in coral
calcification on coral-depleted Caribbean reefs. Mar. Ecol. Prog. Ser.
713, 1-19. https://doi.org/10.3354/meps14345.

Morais, J., Morais, R.A., Tebbett, S.B., Pratchett, M.S., and Bellwood, D.
R. (2021). Dangerous demographics in post-bleach corals reveal boom-
bust versus protracted declines. Sci. Rep. 771, 18787. https://doi.org/10.
1038/s41598-021-98239-7.

Morais, J., Morais, R., Tebbett, S.B., and Bellwood, D.R. (2022). On the
fate of dead coral colonies. Funct. Ecol. 00, 1-13. https://doi.org/10.
1111/1365-2435.14182.

Morais, R.A., and Bellwood, D.R. (2019). Pelagic Subsidies Underpin Fish
Productivity on a Degraded Coral Reef. Curr. Biol. 29, 1521-1527.e6.
https://doi.org/10.1016/j.cub.2019.03.044.

Morais, R.A., Siqueira, A.C., Smallhorn-West, P.F., and Bellwood, D.R.
(2021). Spatial subsidies drive sweet spots of tropical marine biomass
production. PLoS Biol. 79, €3001435. https://doi.org/10.1371/JOUR-
NAL.PBIO.3001435.

Hoehler, T.M., Mankel, D.J., Girguis, P.R., McCollom, T.M., Kiang, N.Y.,
and Jargensen, B.B. (2023). The metabolic rate of the biosphere and its
components. Proc. Natl. Acad. Sci. USA 720, e2303764120. https://doi.
org/10.1073/pnas.2303764120.

Deloitte Access Economics (2013). Economic Contribution of the Great
Barrier Reef (Great Barrier Reef Marine Park Authority). https://www.
dcceew.gov.au/sites/default/files/documents/gbr-economic-contribution.
pdf.

Gibbs, M.T., Gibbs, B.L., Newlands, M., and Ivey, J. (2021). Scaling up
the global reef restoration activity: Avoiding ecological imperialism and
ongoing colonialism. PLoS One 76, e0250870. https://doi.org/10.1371/
journal.pone.0250870.

148.

149.

150.

152.

153.

154.

155.

156.

157.

158.

¢? CellPress

OPEN ACCESS

Genus, A., and Stirling, A. (2018). Collingridge and the dilemma of control:
Towards responsible and accountable innovation. Resour. Policy 47,
61-69. https://doi.org/10.1016/j.respol.2017.09.012.

Van den Hoven, J., Lokhorst, G.-J., and Van de Poel, I. (2012). Engineer-
ing and the Problem of Moral Overload. Sci. Eng. Ethics 18, 143-155.
https://doi.org/10.1007/s11948-011-9277-z.

Nursey-Bray, M., Palmer, R., Smith, T.F., and Rist, P. (2019). Old ways for
new days: Australian Indigenous peoples and climate change. Local En-
viron. 24, 473-486. https://doi.org/10.1080/13549839.2019.1590325.

. Pauwelussen, A., and Swanson, S.S. (2022). Good Human-Turtle Rela-
tionships in Indonesia. In Laws of the Sea (Routledge), pp. 258-281.
https://doi.org/10.4324/9781003205173-13.

Mol, A., and Hardon, A. (2020). Caring. In Pragmatic Inquiry: Critical Con-
cepts for Social Sciences, J.R. Bowen, N. Dodier, J.W. Duyvendak, and
A. Hardon, eds. (Routledge), pp. 185-204. https://doi.org/10.4324/
9781003034124-16.

Epstein, Y., Ellison, A.M., Echeverria, H., and Abbott, J.K. (2023). Science
and the legal rights of nature. Science 380, eadf4155. https://doi.org/10.
1126/science.adf4155.

RiverOfLife, M., Poelina, A., Bagnall, D., and Lim, M. (2020). Recognizing
the Martuwarra’s First Law Right to Life as a Living Ancestral Being.
Transnat. Environ. Law 9, 541-568. https://doi.org/10.1017/
S2047102520000163.

de la de la Bellacasa, M.P. (2017). Matters of Care: Speculative Ethics in
More than Human Worlds (University of Minnesota Press).

Peixoto, R.S., Voolstra, C.R., Baums, I.B., Camp, E.F., Guest, J., Harri-
son, P.L., Montoya-Maya, P.H., Pollock, F.J., Smith, D.J., Wangpraseurt,
D., et al. (2024). The critical role of coral reef restoration in a changing
world. Nat. Clim. Change 174, 1219-1222. https://doi.org/10.1038/
$41558-024-02202-z.

O’Brien, K., Garibaldi, L., Agrawal, A., Bennett, E., Biggs, O., Calderon
Contreras, R., Carr, E., Frantzeskaki, N., Gosnell, H., Gurung, J., et al.
(2024). Thematic Assessment Report on the Underlying Causes of Biodi-
versity Loss and the Determinants of Transformative Change and Op-
tions for Achieving the 2050 Vision for Biodiversity. IPBES secretariat.
https://doi.org/10.5281/zenodo.11382215.

Puig, D., Adger, N.W., Barnett, J., Vanhala, L., and Boyd, E. (2025).
Improving the effectiveness of climate change adaptation measures.
Clim. Change 178, 7. https://doi.org/10.1007/s10584-024-03838-8.

Cell Reports Sustainability 2, 100529, November 21, 2025 15



https://doi.org/10.1016/j.tree.2022.11.009
https://doi.org/10.1016/j.tree.2022.11.009
https://doi.org/10.1038/s43247-021-00338-w
https://doi.org/10.1002/lno.12234
https://doi.org/10.3354/meps14345
https://doi.org/10.1038/s41598-021-98239-7
https://doi.org/10.1038/s41598-021-98239-7
https://doi.org/10.1111/1365-2435.14182
https://doi.org/10.1111/1365-2435.14182
https://doi.org/10.1016/j.cub.2019.03.044
https://doi.org/10.1371/JOURNAL.PBIO.3001435
https://doi.org/10.1371/JOURNAL.PBIO.3001435
https://doi.org/10.1073/pnas.2303764120
https://doi.org/10.1073/pnas.2303764120
https://www.dcceew.gov.au/sites/default/files/documents/gbr-economic-contribution.pdf
https://www.dcceew.gov.au/sites/default/files/documents/gbr-economic-contribution.pdf
https://www.dcceew.gov.au/sites/default/files/documents/gbr-economic-contribution.pdf
https://doi.org/10.1371/journal.pone.0250870
https://doi.org/10.1371/journal.pone.0250870
https://doi.org/10.1016/j.respol.2017.09.012
https://doi.org/10.1007/s11948-011-9277-z
https://doi.org/10.1080/13549839.2019.1590325
https://doi.org/10.4324/9781003205173-13
https://doi.org/10.4324/9781003034124-16
https://doi.org/10.4324/9781003034124-16
https://doi.org/10.1126/science.adf4155
https://doi.org/10.1126/science.adf4155
https://doi.org/10.1017/S2047102520000163
https://doi.org/10.1017/S2047102520000163
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref155
http://refhub.elsevier.com/S2949-7906(25)00225-3/sref155
https://doi.org/10.1038/s41558-024-02202-z
https://doi.org/10.1038/s41558-024-02202-z
https://doi.org/10.5281/zenodo.11382215
https://doi.org/10.1007/s10584-024-03838-8

	Reconciling urgency and restraint in the coral climate crisis: A philosophy of practice
	Introduction
	Shifting priorities in the pursuit of healthy reefs
	Climate action through purposeful restraint: MIMO
	Principle 1: Step forward on climate action
	Principle 2: Embrace novel social-ecological systems
	Principle 3: Accept passive recovery as a viable option
	Principle 4: Identify new ways to define, monitor, and support health
	Principle 5: Foster an intrinsic ethics of care

	Enabling conditions and global relevance
	Conclusions
	Acknowledgments
	Declaration of interests
	Supplemental information
	References


