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Restoration cannot be scaled up globally to 
save reefs from loss and degradation
 

Clelia Mulà1, Corey J. A. Bradshaw    2,3,4, Mar Cabeza    1, Federica Manca    1, 
Simone Montano5,6 & Giovanni Strona    7 

Coral restoration is gaining popularity as part of a continuum of 
approaches addressing the widespread, recurring mass mortality events 
of corals that—together with elevated and chronic mortality, slower 
growth and recruitment failure—threaten the persistence of coral reefs 
worldwide. However, the monetary costs associated with broad-scale 
coral restoration are massive, making widespread implementation 
challenging, especially with the lack of coordinated and ecologically 
informed planning. By combining a comprehensive dataset documenting 
the success of coral restoration with current and forecasted environmental, 
ecological and climate data, we highlight how such a coordinated and 
ecologically informed approach is not forthcoming, despite the extent 
of previous and ongoing efforts. We show that: (1) restoration sites tend 
to be disproportionally close to human settlements and therefore more 
vulnerable to local anthropogenic impacts; (2) the immediate outcomes 
of restoration do not appear to be influenced by relevant ecological and 
environmental predictors such as cumulative impact; and (3) most restored 
localities have a high and severe bleaching risk by the middle of this 
century, with more than half of recently restored sites already affected. Our 
findings highlight the need for the coral reef community to reinforce joint 
development of restoration guidelines that go beyond local objectives, with 
attention to ocean warming trends and their long-term impacts on coral 
resilience and restoration success.

Coral reefs are among the most diverse ecosystems worldwide, yield-
ing shelter and nourishment for >30% of named marine species1 while 
simultaneously providing livelihoods, food security and protection 
from storms and coastal erosion to almost 1 billion people2. As coral 
reefs transform in the Anthropocene, their traditional roles and func-
tions will also probably change. The benefits we receive from coral 
reefs will increasingly depend on the interactions between social and 
ecological systems and the emergence of novel service configurations 

resulting from changing environmental and social dynamics3.  
However, coral reefs are increasingly threatened by climate change and 
local human stressors such as overfishing and pollution4. Reducing 
these local impacts can improve reef resilience and recovery following 
climate-induced bleaching events. For example, reefs with reduced 
land–sea impacts in Hawai‘i demonstrated a greater probability of 
maintaining reef-builder cover (hard coral and crustose coralline algae) 
after marine heatwaves5. Models based on different scenarios of future 
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the broader applicability and future scalability of these outcomes still 
need examination30.

Even in ideal situations where restoration is deemed successful, 
only a small portion of the coral cover already lost can be realistically 
restored when comparing the costs with the pace of loss. Although 
restoration costs are readily available, quantifying any associated 
benefits is complex and conditional on long-term success. Coral res-
toration, even for only a few target species, is expensive30–33, rang-
ing from US$6,000 to US$143 million per hectare, depending on the 
environmental settings, techniques applied and local cost of labour32. 
This cost range includes coral gardening (coral fragments grown in 
nurseries transplanted back to the reef), direct transplantation of 
coral fragments, artificial reef structures, larval enhancement and 
low-tech methods such as transplanting coral fragments onto natural 
substrata in low-energy (currents or waves) environments32 (Extended 
Data Table 1). However, these cost estimates do not include advanced 
techniques, such as assisted evolution or gene flow applicable to only a 
few species. Their costs and scalability remain highly uncertain because 
they have not yet been tested at scale30. Including these techniques 
would probably increase the total costs substantially. Some lower-cost 
examples do exist, such as tourism-led coral planting on the Great 
Barrier Reef, which leverages existing infrastructure to reduce costs 
to US$2.34 per coral per trip5,34–36.

Despite these efforts, mass mortality events triggered by ocean 
warming and exacerbated by other local stressors can rapidly destroy 
huge areas of coral reef37. Quantifying the global loss of coral area 
is challenging. One study suggested that ~11,700 km2 of coral reefs  
(14% of total coral coverage globally) was degraded from 2009–201838. 
Even at the lower boundary of cost estimates and assuming all res-
toration actions are successful, rehabilitating just 10% of degraded 
coral reef areas would require >US$1 billion (Fig. 1 and Extended Data 
Table 1)—nearly four times the total investment in coral restoration over 
the past decade (US$258 million)31. At the upper boundary, costs could 
soar to US$16.7 trillion (Fig. 1 and Extended Data Table 1)—surpassing 

carbon emissions point to major losses of coral cover globally by the 
middle of this century6–8. Predicting the responses of reefs to future dis-
turbance is complicated by the variability of coral responses to thermal 
stress. While selective mortality of more vulnerable coral species can 
modify the resilience of coral communities under certain conditions9, 
the general trend shows that repeated stresses might progressively 
erode the ecological resilience of remaining reefs4,10.

Coral restoration is advocated as a promising tool to reduce coral 
loss and restore damaged reefs11–16. The US National Academies of Sci-
ences, Engineering, and Medicine lists 23 intervention types to mitigate 
coral loss, including assisted gene flow, evolution and colonization, 
cryopreservation and microbiome manipulation17. The most commonly 
used restoration methods include outplanting coral colonies (with or 
without a nursery phase), corallivore removal, fish reintroductions 
to enhance ecosystem functioning, substratum enhancement and 
construction of artificial reefs18–21. Other techniques include releasing 
reared or harvested coral larvae22,23, which promotes genetic diver-
sity within coral populations24 and potentially increases ecosystem 
resilience.

However, 30–40% of coral reef restoration projects fail due to 
poor planning, unrealistic objectives, inadequate regular mainte-
nance and persistent anthropogenic pressures21. This high failure rate 
also includes trial-and-error projects designed to test and improve 
restoration practices16. These experimental projects advance resto-
ration ecology by refining techniques, identifying challenges early 
and experimentally testing new methods. Although such trials might 
not yield immediate restoration success, they provide direction to 
improve future projects and contribute to understanding the risks and 
limitations of different approaches16. Early attempts suggest that res-
toration can succeed at the local scale (200 m2 to 2 ha) within months 
to years12,25–27. There are emerging examples of successful restoration 
of reef function at broader scales (≤8 ha). For instance, coral restora-
tion can drive rapid recovery of reef carbonate budgets following 
disturbances28,29. Although reef function can be restored at these scales, 
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Fig. 1 | Quantifying the hypothetical cost of broad-scale coral restoration. The 
plots show the upper and lower bounds (shaded areas) and median values (solid 
lines) of estimated restoration costs of coral reefs based on published values as 
a function of the area of degraded reef that could be rehabilitated according to 

different techniques. The data used to estimate the upper, median and lower 
boundaries are from Table 1 of Bayraktarov et al.32. We report these data  
together with estimates of the costs to restore 10% of the 11,700 km2  
(that is, 1,170 km2 = 117,000 ha) area of damaged reef (dashed lines in each plot).
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the entire 2024 US research and development budget (US$210 billion)39.  
More economical options, such as coral gardening, are estimated to 
cost ~US$3.3 billion (Fig. 1 and Extended Data Table 1). More intensive 
approaches (for example, adding substratum for artificial reefs) could 
drive costs up appreciably. These figures highlight the vast monetary 
commitment required—ranging from US$6,000 to US$261 million per 
hectare—within a reasonable time frame.

In contrast to public perception40–42 and scientific enthusiasm40,43,44, 
these estimates show that restoration alone is not a practical or 
affordable solution to counteract the global decline of coral reefs. 
The challenge extends beyond monetary constraints; growing and 
transplanting billions of corals are formidable hurdles, as recognized 
previously16,21. This does not imply that restoration is ineffective at the 
local scale and under specific conditions, but it casts doubt on its scala-
bility and role for coral conservation. The growing focus on restoration 
interventions also risks diverting attention from addressing the root 
causes of coral reef decline, such as reducing greenhouse gas emissions 
and mitigating local human land–sea impacts, and fostering optimism 
that might exceed the current evidence for effectiveness45. This calls 
for the identification of well-defined and realistic targets, such as the 
conservation of sites and/or species46–48 selected according to criteria 
informed by ecological, economic and social considerations49,50.

Such criteria should ideally maximize the success of restoration, 
but defining success is a challenge in itself51,52 due to the lack of consen-
sus on how to measure and quantify the economic and socio-cultural 
values of ecosystem outcomes50,53–57. Most studies21 measure success 
in terms of survival and/or the growth of restored corals over a certain 
monitoring time58. This seemingly straightforward measure might be 
deceptive because of variable and often insufficiently long monitor-
ing, and because the survival of the transplanted corals might not be 
representative of the overall condition of the reef, including habitat 
complexity, structural integrity and diversity59. For example, there is 
evidence that reefs with higher habitat complexity (for example, with 
abundant branching corals) offer more shelter and resources for fish 
and invertebrates, which in turn promote faster coral recovery follow-
ing disturbances59. Another common metric is the percentage of live 
coral cover60. However, some studies do not incorporate a control and 
a reference baseline in restoration plans61. Without a comparison with 
nearby damaged yet unmanipulated reefs and establishing baselines, 
distinguishing natural recovery processes from restoration success 
is confounded.

In principle, these measures capture important and complemen-
tary facets of restoration success, which when combined offer standard 
metrics that are useful for assessing, selecting and improving restora-
tion techniques15,47,48,62–65. However, despite the calls for standardized 
data collection protocols51, this potential is hampered by the large 
variation in how monitoring data are collected, stored, processed 
and shared21.

An additional complication in evaluating restoration success is 
that short-term, local ecological success (that is, growth and survival) 
might not necessarily increase the long-term persistence of restored 
reef ecosystems48,63 and associated marine life66,67. The immediate 
results derived from coral interventions might only be temporary, 
especially in environmental settings facing persistent adverse condi-
tions. For example, one study described the initial success of a coral 
restoration intervention in Indonesia, but then reported the death 
of almost all corals only 6 months after the first assessment37. Many 
restoration projects lack comprehensive monitoring frameworks to 
track long-term success. Even large, transnational corporations claim-
ing leadership roles in ecosystem restoration often do not report the 
outcomes of their restorations68. This highlights the need for increased 
transparency, consistency and accountability in coral restoration to 
ensure that projects deliver meaningful and lasting ecological benefits.

We used data from 220 coral restoration projects globally 
(Extended Data Fig. 1) to answer the following questions: (1) what 

ecological and environmental factors are associated with the loca-
tion of restoration projects? (2) are the same factors associated with 
restoration success or is success more associated with the features of 
restoration practice or local threats? and (3) will restored sites remain 
viable in the future? For the scope of this study and based on the infor-
mation in available datasets, we define success as survival relative to 
monitoring time. We argue that the lack of consistent and clear targets 
and standardized, well-defined and ecologically meaningful metrics 
of success complicate planning and monitoring, thereby increasing 
the risk of wasting resources on projects that are unnecessary and/or 
doomed from the start. These weaknesses also slow progress by mak-
ing it difficult to derive valuable information from past and ongoing 
projects to improve future endeavours. Focusing on coral gardening 
(with a nursery phase) and direct transplantation as the most common 
restoration techniques, we combined a large dataset of coral restora-
tion actions with ecological, environmental and climate data to explore 
these questions quantitatively. We hypothesized that some of these 
variables (that is, remoteness from large human settlements, coral 
diversity, cumulative impact and bleaching events) are associated 
with both site selection and restoration success. For example, highly 
impacted sites might be more degraded, warranting restoration69. 
Additionally, sites more vulnerable to impacts face higher risks of 
conservation interventions being jeopardized by external stressors, 
influencing their restoration success or long-term viability.

Results
Criteria for restoration site selection
We explored whether coral sites targeted for restoration share com-
mon ecological and environmental attributes indicating how restora-
tion sites are selected. We included variables associated with threats  
(climate change, pollution and exploitation) and practical implemen-
tation and biodiversity values (Extended Data Fig. 2). These included 
pre-restoration exposure to thermal anomalies, particularly the trend 
and mean values of bleaching alert levels from the National Oceanic 
and Atmospheric Administration (NOAA) Coral Reef Watch70 in the 
five years preceding the target restoration (Methods) and the mean 
and trend of the cumulative impact on oceans of 14 stressors from 
human activities and climate change (that is, commercial demersal 
destructive fishing, commercial demersal non-destructive high- and 
low-bycatch fishing, pelagic high- and low-bycatch fishing, artisanal 
fishing, sea surface temperature increase, ocean acidification, sea level 
rise, shipping, nutrient pollution, chemical pollution, direct human 
damage and light)71. We also considered remoteness, measured as the 
travel distance from large human settlements72, and gravity (combining 
remoteness with human population density)73. These two measures 
are related, but not redundant—remoteness provides a standardized 
measure quantifying the difficulty of accessing a reef (that is, a proxy 
for the logistical challenges) and gravity is a standardized measure of 
potential human–reef interactions72. We also took local coral diversity 
into account because it could potentially drive the choice of restoration 
sites by contributing to their perceived conservation value74.

We built boosted regression tree models that predicted the choice 
of restoration sites with reasonable accuracy (mean false positive 
error ± s.d. = 0.25 ± 0.17; average false negative error = 0.27 ± 0.22; aver-
age true skill statistic = 0.48 ± 0.18; n = 1,000 iterations; Methods). 
Gravity was the most influential variable, followed by mean cumulative 
impacts, coral diversity and remoteness (Fig. 2). We investigated the 
direction of the effects of the predictors using partial dependency plots. 
These revealed that the probability of a site being selected for restora-
tion increased sharply with human accessibility to reefs (increasing grav-
ity and decreasing remoteness), increased with impact and decreased 
with coral diversity (Fig. 2). In other words, restoration actions are more 
likely to occur in easily accessible localities subject to local human influ-
ences and possibly in a more degraded state (with lower coral diversity) 
than more remote, less accessible and less impacted localities72.
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Correlates of short-term coral restoration success
To assess drivers of restoration success, we generated boosted regres-
sion tree models including the restoration technique(s) (coral garden-
ing, direct transplantation, artificial reefs, larval enhancements and 
number of coral genera used in restoration), remoteness, gravity, local 
coral diversity, mean and trend of cumulative impacts and pre- and 
post-exposure (±5 years) to thermal anomalies as independent variables  
(Extended Data Fig. 3).

Despite eight independent variables and parameter tuning, the 
models explained <5% of the variance in restoration success (assessed 
through cross-validation (Fig. 3); see also the Methods section ‘Deter-
minants of short-term restoration success’ and Extended Data Fig. 4 for 
how we assessed success). This low performance could arise because 
of the few records in the dataset (134 after excluding the records for 
which we could not compute standardized survival; see Methods). 
However, it might also reflect broader issues, such as inconsistencies 
in monitoring and reporting across studies—an indicator of the lack of 
coordination in global restoration (see Discussion).

Post-restoration fate of target sites
We explored how often the restored sites experienced severe bleaching 
following restoration. Sea surface temperature (bleaching alert levels 
from NOAA combining instantaneous heat stress and degree heating 
weeks (DHW); see Methods)75 indicated that in 57% (170/299) of the 
localities we considered, coral communities were exposed at least once 
to a bleaching alert level I or worse (instantaneous heat stress > 1 °C 
and DHW = 4–8 °C-weeks) within five years following restoration 
(Fig. 4), with most localities experiencing multiple exposure events 
(mean ± s.d. = 1.54 ± 0.94). Fifteen percent of restored sites were exposed 
at least once to bleaching alert level II (instantaneous heat stress > 1 °C 
and DHW > 8 °C-weeks), with a mean of 1.3 ± 0.65 events per reef.

We then explored the potential fate of restored reefs by examining 
projected future heat stress. We referred to an intermediate green-
house gas emissions scenario (Shared Socioeconomic Pathway 2-4.5 
(SSP2-4.5))76,77 under which the world does not shift substantially from 
historical social, economic and technological patterns—thus present-
ing moderate mitigation and adaptation and an associated radiative 
forcing of 4.5 W m−2. We used data from ref. 78 to identify all of the years 
when the maximum projected DHW value was ≥20 °C-weeks for each 
locality (that is, near-complete mortality in >80% of corals79; Meth-
ods). Almost all (96.7%) reef localities are predicted to experience at 
least one year with a DHW value of ≥20 °C-weeks by 2100 (Figs. 5 and 6  
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Fig. 2 | Factors affecting the choice of restoration sites. Partial dependency 
plots showing the marginal effects of the independent variables included in our 
model on the predicted probability of a site being the target of restoration. We 
report both the fitted functions (solid orange lines; n = 10,000) and fitted values 
(blue dots; n = 3,324). The rug plots on top of the panels show the density of 
observed values in the target independent variables. The percentage values in 
parentheses indicate the relative influence of each variable. Gravity was obtained 
from ref. 73 and represents the summed gravity of locations within a radius of 
500 km from a target reef location, with individual gravity of each location within 

the radius computed as the ratio between the population of that location, and 
the squared distance (measured as travel time, in minutes) from the location and 
the target reef location. In the plot, we report the gravity values quoted by 1,000 
to ease visualization of labels in the x axis. For the quantification of cumulative 
impacts, refer to ref. 71. Remoteness is reported as log-transformed travel time 
from a target reef location to the closest large human settlement, as in ref. 72. 
Bleaching alert levels refer to NOAA Coral Reef Watch data70 and we considered as 
‘severe bleaching alert’ level events, those with alert levels I or II (Methods).
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Fig. 3 | Observed success of coral restoration projects compared with  
the success predicted by 1,000 boosted regression tree models based  
on a large set of independent variables identifying coral restoration 
techniques, ecological factors and disturbances. The data are from a 
cross-validation exercise in which we trained and tested 1,000 models on 
spatially independent sets of observations (including 80% of data in the training 
sets and 20% in the testing sets). The mean R2 of observed versus predicted 
restoration success in the 1,000 replicates was 0.05 ± 0.06 s.d. and the overall 
R2 for all of the points in the plot was 0.00002. See Methods for details on how 
‘success’ was quantified.
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and Extended Data Fig. 5). Restored reefs are predicted to be the most 
vulnerable; we predict that 99.6% of them will experience at least one 
bleaching event—and more often many of them—by 2100 (24.8 ± 14.9 
events), with the first anomaly recorded in 2063 on average (±16 years).

Discussion
Our boosted regression tree models revealed clear predictors for 
the selection of restoration sites that were also correlated with suc-
cess. Reef accessibility was a main determinant indicating how the 
local availability of infrastructure and facilities, targets of funding 
schemes and governmental or political actions often influence con-
servation planning more than broader ecological considerations80–83. 
For example, coral diversity had minimal influence in the choice of 
restoration sites, despite diversity being a good indicator of ecosystem 
resilience84 and a metric that should be included when selecting restora-
tion sites15,48. Many initiatives arise locally, driven by immediate needs 
and socio-cultural priorities, leading to patterns that might lack a clear 
ecological rationale. Proximity to human settlements, while offering 
socio-ecological benefits, is associated with greater degradation and 
human influence. This raises the question of whether it is better to focus 
restoration on a site where the need is moderate but the likelihood of 
success is high or a site with high restoration need but low chances of 
success85. While locally driven restoration can enhance socio-ecological 
resilience, contribute to livelihoods and protect coastlines, these 
efforts might be unsustainable and ineffective in the long term. Alter-
native interventions directly targeting these needs might be a safer 
and more effective strategy. Although social and cultural dimensions 
are beyond the scope of our study, we recognize their importance for 
restoration success and emphasize the need for ecologically informed 
guidelines that integrate local objectives.

In contrast, we could not identify clear, consistent factors cor-
related with restoration success. Under the hypothesis that major 
environmental and ecological conditions affect the success of resto-
ration, the lack of consistency in the definition of success weakened 
the statistical power. For instance, the monitoring duration varied 
from 0.8–144 months, complicating comparisons of coral survival 
and therefore restoration success. However, we cannot exclude the 
notion that other unmeasured variables (for example, site-specific 
management practices, local disturbances and unforeseen ecologi-
cal interactions) also determined restoration success. The varying 
spatial resolutions of our predictors also probably influenced the 
lack of relationships. For example, predictors such as coarse-scale 
sea surface temperature might not align well with the local conditions 
at restoration sites, in contrast with more localized measurements 

such as the distance from population centres. The large variation 
in restoration techniques and environmental settings adds further 
complexity, making it difficult to generalize about the overarching 
drivers of success. Differences in the coral species targeted and the 
extent of local anthropogenic impacts also probably contributed to 
the poor performance of the model, complicating the identification 
of predictors of success.

The lack of common, standardized and widely accepted recommen-
dations and protocols for data collection, processing and reporting51 not 
only makes it challenging to link restoration success to specific restora-
tion practices or environmental and ecological settings; they also have 
detrimental consequences for planning and management30. To document 
restoration actions in line with our findings, there are a few fundamental 
metrics emerging from our analyses. These include a detailed characteri-
zation of the restored area, ideally incorporating relevant environmental 
and ecological parameters to establish a baseline for evaluating restora-
tion outcomes. For coral gardening initiatives, recording data such as 
the number of transplanted colonies per species, as well as their survival 
and growth at the target and adjacent control sites, would be valuable. 
Regular assessments over a standard period would enhance the reliability 
of these metrics. Quantifying human intervention through comparable 
measures such as person-hours or estimated costs for activities such as 
structure maintenance and algae removal would also aid in assessing 
resource requirements. We acknowledge that the extent of monitoring 
is contingent on the objectives of each restoration programme and local 
resource availability. We focus here on highlighting essential metrics that 
would improve the comparability and effectiveness of restoration at a 
broader scale. In line with recent guidance documents86, our suggestions 
are not exhaustive, but they do emphasize the data needed to streamline 
monitoring and improve standardization.

The restoration process could benefit from initiatives that estab-
lish a single, centralized, open-access database hosting consistent data 
reported by scientists and practitioners following the establishment 
of common, globally relevant guidelines. This might be an extension 
of existing resources, such as the one we used here21 (now hosted at 
www.icriforum.org/restoration/coral-restoration-database), or a new 
product, but it should provide a widely accepted template with which 
to plan data collection in future restoration actions. Although coral 
gardening is one such technique that could be included, restoration 
and rehabilitation practices rely on many techniques. The database 
should therefore accommodate data from diverse methodologies 
to provide a resource for all types of coral restoration. Successful 
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Fig. 4 | Fraction of recently restored sites exposed to bleaching alert level  
I and/or II per year compared with control (non-restored) sites. For each target 
year, we identified all of the localities restored in the preceding five years and 
identified as a control all of the remaining reef localities. We then computed the 
fraction of restored and control localities that were exposed to bleaching alert 
levels I and/or II. The data are aggregated in 5-year intervals, with values on the 
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We shifted the time series for the restored and control data horizontally by ±1 unit 
to ease visualization. The data are presented as means ± s.d. (n = 5).
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Fig. 5 | Number of predicted end-of-century coral mass mortality years 
compared with the timing of the first mass mortality year under an 
intermediate emissions scenario (SSP2-4.5). The black dots indicate restored 
localities and the grey dots represent the other reef localities that have not 
undergone restoration (0.5° × 0.5° grid cells). Mass mortality years for a given 
locality are identified as those when the maximum projected DHW value is 
≥20 °C-weeks. This analysis was based on projected DHW data from ref. 78.  
The vertical and horizontal solid lines indicate the means of the x and y values.
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examples of similar databases include the MERMAID platform for reef 
monitoring (www.datamermaid.org) as an effective model for data 
standardization and sharing in marine science. Accessibility is essential 
for ensuring widespread use of and engagement with such a database. 
To maximize inclusivity, the resource should be openly accessible, 
user friendly and equipped with multilingual interfaces. By doing so, 
we can support diverse stakeholders involved in restoration planning 
and implementation, empowering them to contribute to and benefit 
from coral restoration around the globe.

Our analyses also show that restoration planning so far has under-
estimated the exposure of coral reefs to climate change87, despite rising 
temperatures being the main driver of coral losses8. More than 30% of 
restored sites have already experienced high heat exposure shortly 
after restoration (Fig. 4) and all of them are projected to experience 
several more events of thermal stress in the coming decades (Figs. 5 and 
6). Focusing on the short-term success of restoration could therefore 
be deceptive. Although not necessarily a revelation for some in the 
restoration community, it underscores the need for a more careful 
and strategic approach to restoration. Spending effort to restore an 
area with a high exposure to heatwaves could waste finite resources88. 
This risk might be reduced by considering future climate projections 
in restoration planning89 to identify areas expected to face moderate 
stress, also potentially serving as recruitment hubs for nearby, but more 
vulnerable, localities. Repeated exposure to sublethal heat stress can 
increase coral resilience—a phenomenon referred to as environmental 
memory9,90,91. This suggests that under certain conditions corals might 
develop greater tolerance to future thermal stress. However, while 
our understanding of this mechanism and its trade-offs with other 
ecological processes is still limited, exposure to DHW values above the 
critical thresholds (for example, bleaching alert level II) continues to 
be a major concern, often followed by high coral mortality, especially 
in the absence of sufficient recovery periods between stress events4.

Deciding where to restore is a fundamental planning detail, yet it is 
only one facet of the process. Of equal importance is careful selection 
of the reared and/or transplanted coral species. In principle, the choice 
of candidate species should be based on sound ecological reasoning 
and consider important aspects for survival such as susceptibility to 
predation, disease and rising temperatures92. However, in most cases 

the target corals have limited taxonomic and functional diversity and 
their selection is not supported by ecological reasoning—their role in 
ecosystem processes, resilience to environmental stressors and capac-
ity to support biodiversity and promote long-term reef recovery. The 
main goal of most restoration projects is to re-establish coral cover, 
with less attention devoted to maximizing biodiversity and ecological 
function60. This limitation is compounded by the challenges of rearing 
and outplanting some coral species; hence, fast-growing genera such 
as Acropora are preferred93.

The coral taxa used in all restoration projects21 accounted for 
only 0.04% of the local coral diversity on average. Even for successful 
restoration actions, it is unlikely that such limited taxonomic diversity 
could provide the range of ecological functions needed to maximize 
community resilience92,94. Different corals support many specialized 
interactions (such as those with the Chaetodontidae and coral-dwelling 
Gobiidae95,96 or with invertebrate epifauna such as highly coral-specific 
Tetralia species crabs)97 that could disappear following declining coral 
diversity regardless of total cover. At the global scale, coral diversity 
drives fish diversity, with the expectation of a proportional loss of fish 
diversity with the loss of coral diversity, corroborating the idea that all 
coral species are not ecologically equivalent6,72.

The planning, evaluation, cost and scalability challenges (Fig. 1) 
raise important questions about the current effectiveness of coral 
restoration as an effective response to ongoing coral decline98. Our 
analyses suggest that although coral restoration has the potential to 
be a valuable tool in certain circumstances it is not yet feasible to scale 
it up sufficiently to have meaningful, long-term and positive effects on 
coral reef ecosystems. This reality check should stimulate construc-
tive debate about maximizing the utility of restoration, particularly 
in combination with broader strategies to address climate change 
and other threats.

Considering the constraints facing current restoration methods, 
our findings underscore the importance of exploring indirect interven-
tions to support coral resilience while addressing CO2 reduction on a 
broader scale. For instance, combined approaches targeting both sea- 
and land-based stressors5 such as marine protected areas99 and water 
quality remediation100,101 could create synergistic benefits for reefs 
while also supporting local human communities with incentives for 
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conservation. Although beyond the immediate scope of this paper, rein-
forcing complementary strategies could bolster ecosystem resilience,  
extending the reach of coral restoration efforts.

Methods
Data
We obtained data for the global distribution of coral reefs from the UN 
Environment Programme World Conservation Monitoring Centre102 
at a resolution of 0.5° latitude × 0.5° longitude. We integrated data 
for coral restoration events from Boström-Einarsson et al.21—the most 
comprehensive database of coral restoration available (Extended Data 
Fig. 1). This dataset includes the location and timing of each restoration 
action, the broad category of the disturbance that caused coral mortal-
ity and generated the need for restoration, the species or genera used, 
the restoration technique (which we reclassified into four categories: 
coral gardening using nurseries, direct transplantation, building of 
artificial reefs and larval enhancement), the monitoring duration of 
restored colonies and coral survival in the monitored colonies.

We then obtained data on different potential sources of detrimen-
tal impacts on coral communities. We hypothesized that these vari-
ables affect site selection and restoration success. For example, highly 
impacted sites might be more degraded, thereby warranting restora-
tion69. Additionally, sites more vulnerable to impacts face higher risks 
of conservation interventions being jeopardized by external stressors.

We accounted for thermal anomalies recorded before, during and 
after the restoration. We retrieved thermal anomalies from 1986–2021 
from NOAA. We focused on the bleaching alert levels, identifying for 
each reef locality the number of recorded events of severe bleach-
ing alert (levels I and II) per year. Specifically, bleaching alert level  
I identifies localities experiencing instantaneous (that is, daily) heat 
stress > 1 °C and DHW = 4–8 °C-weeks, whereas bleaching alert level 
II indicates heat stress > 1 °C and DHW≥ 8 °C-weeks. We obtained data 
describing anthropogenic pressures from Halpern et al.71. This dataset 
includes global and local threats to marine ecosystems. We computed 
both means and trends of cumulative impacts from 2003–2013 for each 
reef location (see ref. 71).

We integrated two measures of the accessibility of each locality 
to humans: remoteness (that is, the shortest travel distance from the 
closest large human settlement (a locality with a population density of 
≥1,500 inhabitants per km2 or a built-up density of >50% and ≥50,000 
inhabitants))72 and gravity (quantifying human accessibility to reefs as 
a function of distance (travel time) and population size)73. These two 
measures offer complementary information. Remoteness is a standard-
ized proxy for the technical and logistical challenges associated with 
implementing restoration, whereas gravity is an additional proxy for 
human disturbance that quantifies the magnitude of potential human–
reef interactions. Proximity to large human settlements can have the 
opposite effects of hindering restoration success through increased 
disturbances and simplifying operations for the implementation and 
maintenance of restoration. We also included information on coral 
diversity (quantified as species richness) for each locality using the 
coral species range provided by the International Union for Conserva-
tion of Nature (www.iucnredlist.org).

Before each of the modelling approaches described in the fol-
lowing sections, we explored pairwise collinearity among all of the 
variables to exclude potentially redundant predictors. The correlations 
(R2) were <0.7 for all pairs (see Supplementary Figs. 1 and 2), so we 
eventually opted to include all of the variables in the models.

Choice of restoration sites
We searched for potential determinants driving the selection of the res-
toration localities using a machine-learning approach—boosted regres-
sion trees103—to generate models differentiating restored sites from 
other reef locations based on a combination of hypothesized predictors 
(the response is therefore a binary variable indicating whether the 

target site had been restored or not). We hypothesized that sites more 
impacted by anthropogenic and climatic stressors (that is, commercial 
demersal destructive fishing, commercial demersal non-destructive 
high- and low-bycatch fishing, pelagic high- and low-bycatch fishing, 
artisanal fishing, sea surface temperature increase, ocean acidification, 
sea level rise, shipping, nutrient pollution, chemical pollution, direct 
human damage and light) could be more targeted by conservation 
actions. We also expected that accessibility to the sites (remoteness 
and gravity) could be important because they measure the practical 
challenges of implementing restoration (for example, transporting 
materials, ensuring continuous nursery monitoring and so on), as 
well as reef exposure to human impacts. We also included local coral 
diversity under the hypothesis that species-rich sites might be more 
likely to be flagged as conservation priorities.

We used cross-validation to calibrate the model and assess its accu-
racy. First, we identified the best model parameterization by exploring 
how model accuracy varied for different combinations of learning rate 
(0.01, 0.001 or 0.0001), bag fraction (0.5, 0.7 or 0.8) and tree complex-
ity (1, 2, 3, 4 or 5). We generated ten models for each combination of 
parameters. For each model–parameter combination, we also explored 
the effect of the number of trees on model performance by using the 
function gbm.step from the dismo package104, training models by 
varying tree number from 50–10,000 with incremental steps of ten 
trees and finally retaining the one model minimizing holdout deviance.

We trained the models on a set of observations including 80% of 
randomly selected presences (restored sites) and 80% of randomly 
selected absences (non-restored sites) and tested model performance 
on the remaining observations. To address the class imbalance in the 
training data, where restored sites were less common than non-restored 
sites, we applied site weights inversely proportional to the prevalence 
of each class. This approach ensured that the less common restored 
sites contributed more to the model training, whereas non-restored 
sites were downweighted to prevent the model from becoming biased 
towards the majority class. To account for potential issues arising from 
spatial autocorrelation in the probability of a site being selected for 
restoration, instead of using the full set of reef locations, we generated 
a random set of locations characterized by spatial independence in 
their restored or non-restored state for each model. For this, we started 
from a randomly selected reef locality and then iterated through all of 
the other reef localities one at a time, adding a locality to the set only 
if it was >150 km (haversine distance) from the closest locality already 
in the set. We then tested spatial independence between the localities 
included in the set using join count statistics105 to assess the prob-
ability that any two neighbouring sites had the same status (restored 
or non-restored) consistent with random expectation (the expected 
probability if the observed states were randomly reallocated across 
localities). Here we used the function joincount.multi from the spdep 
package106. We discarded the sets not satisfying this condition, replicat-
ing the random site selection procedure until it generated a valid set.

We evaluated model accuracy by applying each model to the test-
ing set, comparing observed and predicted classification values and 
computing true skills statistics (TSSs)107. We explored probability 
thresholds for class assignment in 0.001, 0.002, …, 0.900 and then 
selected the threshold maximizing the TSS. We computed the mean 
of the TSS scores across replicates of parameter combinations and 
then selected the parameterization giving the highest TSS (learn-
ing rate = 0.001, bag fraction = 0.5 and tree complexity = 3). We then 
trained and tested 1,000 models with the same procedure as above 
and the optimal parameterization. For each model, we computed 
(cross-validated) type I and II (false positive and negative) error rates 
and the TSS. We also replicated this step by generating training sets 
including 50% of observations instead of 80%. The substantial reduc-
tion in the amount of training information provided to the model 
resulted in a small reduction in the model accuracy, yielding an aver-
age ± s.d. TSS of 0.40 ± 0.12.
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We derived a complete model (with best parameterization) on 
the full dataset, which we used to explore variable importance. We 
computed the relative influence of each independent variable and 
used partial dependency plots108 generated with the R package pdp109 
to show individual relationships between the independent variables 
and the predicted probability of site selection.

Determinants of short-term restoration success
We combined information on the duration of post-restoration moni-
toring and the relative survival of the monitored colonies to obtain 
a standardized proxy for restoration success (Extended Data Fig. 4). 
Based on empirical studies, we assumed an exponential decay relation-
ship between coral mortality and coral size, with mortality high in the 
early phases of growth and decreasing as corals grow. We calibrated the 
relationship based on an empirical curve of percentage coral survival 
versus time from the literature (Supplementary Fig. 1). We then used 
the curve to quantify the percentage of surviving coral colonies (start-
ing from a class size of 5–10 cm, which is the typical size used in coral 
restoration) after n post-monitoring months. We then derived a proxy 
of restoration success (Sr) by quantifying the deviation of the observed 
survival (So) from the expected survival (Se) as:

Sr = loge (1 + 100 − (Se − So)
Se

100)

(Supplementary Fig. 1). We then used this measure as a dependent 
variable in the boosted regression trees testing the determinants of 
restoration success. As candidate independent variables, we included 
the various measures of means and trends in human impacts (12 vari-
ables), the number of pre- and post-restoration severe bleaching alerts 
recorded in the target locations (within windows of 5 years before and 
after the restoration date), local coral diversity, remoteness, gravity and 
coral restoration technique (four binary variables indicating the use 
of coral gardening, transplantation, artificial reef building and larval 
enhancement). Because we detected weak evidence of spatial autocor-
relation in the measure of restoration success (Moran’s I P = 0.049), we 
reduced the set of observations used to train and test the models by 
repeating the procedure described in the previous section (‘Choice of 
restoration sites’). Considering the weak evidence for spatial autocor-
relation detected in the full dataset (and its smaller size), we used a 
distance threshold of 1 km (that is, we excluded only overlapping sites 
from the subset). Considering that the target variable was continuous 
(that is, restoration success), we tested each resulting subset for spatial 
autocorrelation using Moran’s I P (retaining sets with P > 0.05).

Before assessing model performance through cross-validation 
(including 80% of observations in the training set and the remaining 
20% in the testing set), we first tuned the model by exploring different 
parameterizations by varying the learning rate, bag fraction, tree com-
plexity and number of trees using the same procedure and parameter 
value combinations we used for the restoration site selection model. 
We evaluated model accuracy in terms of the goodness of fit (Pearson’s 
R2) of predicted versus observed success in each testing set and then 
selected the parameterization leading to the highest mean accuracy 
(learning rate = 0.001, bag fraction = 0.7 and tree complexity = 5). We 
then used this parameterization to train and test 1,000 models. Because 
the average accuracy of these models gave a low (R2 < 0.05) goodness 
of fit, we did not explore variable importance as possibly misleading.

Exploring the future fate of restored reefs
We obtained cumulative heat stress data from ref. 78 in the form of 
DHW values calculated over a rolling 12-week (84-day) window. These 
data are provided at the same spatial resolution as our dataset (0.5° lati-
tude × 0.5° longitude), hence requiring no adjustments. We focused on 
an intermediate climate projection (SSP2-4.5; middle of the road) and 
used the model ensemble product (combining five different models) 

provided by the authors. For each locality, we counted the number of 
years from 2015–2100 in which the maximum yearly DHW value was 
≥20 °C-weeks. At this threshold, mass coral mortality (>80% of corals) 
is expected4. We also took note of the first year in which such thresh-
olds occurred. We then compared projected heat stress data between 
restored and non-restored localities.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All of the data and code needed to replicate the analyses are available 
at https://doi.org/10.5281/zenodo.14760258 (ref. 110). Source data are 
provided with this paper.
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Extended Data Fig. 1 | Global distribution of restored sites from the dataset. We aggregated data from Boström-Einarsson et al.21 at a resolution of 4° × 4° latitude/
longitude to ease visualization.
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Extended Data Fig. 2 | Frequency distribution of the independent variables used to predict the choice of restoration sites. Total n observations = 3324.
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Extended Data Fig. 3 | Frequency distribution of the independent variables used to predict coral restoration success. Total n observations = 134.
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Extended Data Fig. 4 | Measure of standardized success in coral restoration actions (Sr). Sr is computed as the deviation of the observed survival (So) from expected 
survival (Se) (after a given number of post restoration months) as Sr = loge(1+ 100− (Se−So)

Se
100). Se is computed based on an empirical curve of coral survival % versus 

time obtained from literature.
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Extended Data Fig. 5 | Mean number of sites experiencing a maximum yearly 
degree heating weeks ≥ 20 per decade. The plot shows the mean number 
of sites with predicted maximum yearly DHW ≥ 20 globally within a moving 
time window of 10 years. We mapped reef localities at a resolution of 0.5° × 0.5° 

latitude/longitude (n = 3780). The moving time window started at year 2015, so 
the first reported year is 2025. Predictions are based on an intermediate CMIP6 
climate projection (SSP2-4.5, ‘middle of the road’; see Methods for details), with 
DHW obtained from ref. 79.
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Extended Data Table 1 | Cost estimates to rehabilitate 10% of coral reefs degraded between 2009 and 2018

Data based on Table 1 from Bayraktarov et al.40 

http://www.nature.com/natecolevol







	Restoration cannot be scaled up globally to save reefs from loss and degradation

	Results

	Criteria for restoration site selection

	Correlates of short-term coral restoration success

	Post-restoration fate of target sites


	Discussion

	Methods

	Data

	Choice of restoration sites

	Determinants of short-term restoration success

	Exploring the future fate of restored reefs

	Reporting summary


	Acknowledgements

	Fig. 1 Quantifying the hypothetical cost of broad-scale coral restoration.
	Fig. 2 Factors affecting the choice of restoration sites.
	Fig. 3 Observed success of coral restoration projects compared with the success predicted by 1,000 boosted regression tree models based on a large set of independent variables identifying coral restoration techniques, ecological factors and disturbances.
	Fig. 4 Fraction of recently restored sites exposed to bleaching alert level I and/or II per year compared with control (non-restored) sites.
	Fig. 5 Number of predicted end-of-century coral mass mortality years compared with the timing of the first mass mortality year under an intermediate emissions scenario (SSP2-4.
	Fig. 6 First occurrence and frequency of years when reef localities (n = 3,929) experienced a maximum DHW value of ≥20 °C-weeks under an intermediate emissions scenario (SSP2-4.
	Extended Data Fig. 1 Global distribution of restored sites from the dataset.
	Extended Data Fig. 2 Frequency distribution of the independent variables used to predict the choice of restoration sites.
	Extended Data Fig. 3 Frequency distribution of the independent variables used to predict coral restoration success.
	Extended Data Fig. 4 Measure of standardized success in coral restoration actions (Sr).
	Extended Data Fig. 5 Mean number of sites experiencing a maximum yearly degree heating weeks ≥ 20 per decade.
	Extended Data Table 1 Cost estimates to rehabilitate 10% of coral reefs degraded between 2009 and 2018.




