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Abstract 

An ecosystem is defined as a collection of organisms that move energy within and 

outside of a system, while sustaining both the system itself and the multiple ser-

vices that benefit humanity. Ecosystem restoration, then, is ultimately concerned 

with reviving and maintaining ecosystem processes by repopulating organisms and 

enhancing the habitat after periods of disturbance or loss. Whether interventions 

are considered “successful” depends on three criteria: 1) were the goals/outcomes 

clearly defined before implementing the intervention; 2) did the outcome arise directly 

from the intervention, and 3) does the outcome reflect a functioning ecosystem in 

the long term (e.g., > 10 years)? The answers to these questions have been chal-

lenging for coral restoration practitioners, as they are often hindered by the lack of 

predefined hypotheses and rigorous experimental design and by confusion between 

metrics quantifying coral production and outplanting efforts rather than recovery of 

community structure and ecosystem functioning. As a result, the impacts of resto-

ration efforts are inconsistently and often incorrectly interpreted, and funding is often 

tied to intervention activities instead of outcomes. Here, we present a framework to 

implementing robust experimental designs and measure more relevant ecosystem 

indicators in order to assess the impacts of interventions and promote more informed 

and effective restoration outcomes. We then illustrate these concepts by reviewing 

coral restoration-specific case studies to demonstrate the degree to which success-

ful outcomes under such a framework have been achieved. Through these practical 
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recommendations, we hope to support coral restoration practitioners in designing and 

executing future interventions, and to encourage the broader community, including 

funders, to adopt a more systematic framework to evaluate and report restoration 

success.

Introduction

Coral reefs in the Anthropocene have been declining at unprecedented rates [1,2]. 
The combination of local and global stressors and the extirpation of foundation and 
keystone species have had negative impacts on reef functioning [3,4], reducing the 
natural potential of these ecosystems to recover from disturbance [5,6] and their 
capacity to deliver goods and services to millions of people [7,8]. As coral reefs con-
tinue to decline and their ecological resilience is compromised in an era dominated by 
climate change, many restoration practices have emerged with the ambitious intention 
of halting, mitigating, and ultimately reversing the local loss of coral reefs in nature [9].

The field of coral restoration has made significant recent advances, with most 
efforts being focused on developing and refining breeding and outplanting methods 
and advancing technologies to scale-up coral production/survivorship at lower costs 
[9–12]. In contrast, conceptual frameworks involving experimental design, commu-
nity ecology, ecosystem ecology, and landscape dynamics have received much less 
attention by the coral restoration community [13], as has been the case with ecologi-
cal restoration generally [14]. Furthermore, the impacts of restorations have failed to 
match the extent of coral ecosystem loss (i.e., hundreds of hectares) over meaningful 
time frames (i.e., > 10 years) [15].

Intact coral reef ecosystems are defined by a complex habitat supporting diverse 
assemblages of organisms that sustain a range of biogeochemical (e.g., carbonate 
accretion, nutrient cycling) and ecological processes (e.g., herbivory, predation) [16]. 
Despite recent achievements in coral restoration interventions targeting larger scales 
(e.g., tens of hectares) and more efficient coral propagation methods and projects, the 
majority of efforts measure success on colony or even fragment-level attributes, such 
as number of outplants and/or their survival over time [9]. Only a few published coral 
restoration studies assess ecosystem-wide attributes such as structural complexity or 
enhanced biodiversity [17–19]. Compounding this issue, most coral restoration proj-
ects lack proper experimental design, appropriate replication, or fail to systematically 
follow the change of ecosystemic properties over time. Therefore, the essential eco-
logical question of how coral restoration success is measured, and how quantitative 
experimental evidence can be used to demonstrate improvement and/or recovery of 
former ecosystem structure and function, remains unanswered in most coral resto-
ration programs [13,15,20]. One of the fundamental challenges for the field of coral 
reef restoration is how practitioners can effectively assess and report on the success 
or failure of their projects to ensure valuable resources are not wasted in scaling inef-
fective strategies and future projects can be adapted to emerging needs and threats.

Whether interventions are “successful” requires the consideration of three 
major criteria: 1) were the goals/outcomes clearly defined before implementing the 

of the German Government’s Ministry for 
the Environment, Climate Action, Nature 
Conservation and Nuclear Safety (BMUV) 
through The Nature Conservancy’s CoralCarib 
project. The funders had no role in study 
design, data collection and analysis, decision to 
publish, or preparation of the manuscript.

Competing interests: The authors have 
declared that no competing interests exist.



PLOS One | https://doi.org/10.1371/journal.pone.0331083  March 9, 2026 3 / 26

intervention; 2) were the goals met and did the outcome arise because of the intervention; and 3) does the outcome reflect 
a functioning ecosystem, such that actual ecological restoration is being achieved in the long term (e.g., > 10 years)? Here, 
we present a conceptual and experimental framework to guide practitioners to answer these questions more successfully. 
We discuss the need for experimental frameworks in coral restoration projects so that results can be quantitatively mea-
sured and argue for the use of monitoring metrics focused on ecosystem structure and functioning rather than restoration 
effort and/or colony performance (e.g., production and outplanting of corals, outplant survivorship and outplant growth 
rates). We then provide specific examples of how conceptual and experimental frameworks have been used in coral resto-
ration projects.

Ecological restoration conceptual framework

Ecological restoration aims to assist the recovery of a degraded, damaged or destroyed ecosystem, generally (but not 
always) in the direction of a historical reference [21,22]. The starting point of any restoration intervention is always a 
degraded or disturbed ecosystem with limited capacity for natural recovery. Any attempt of ecological restoration must 
acknowledge the importance of natural recruitment and ecological succession and how species can or cannot reassemble 
and change over time following natural and/or anthropogenic disturbance [23–26]. Differentiating between the natural and 
intervention paths to restoration, and at what level of ecological organization is being considered, is vital to set the scope 
and goals of any restoration program [21,27–29].

Often, it is virtually impossible to achieve full recovery either because of the lack of a historical reference, drastic 
changes in prevailing environmental conditions (such as temperature), and/or because “restoration as the outcome” 
has sometimes become synonymous with “intervention as the process of rearing and outplanting corals” [30]. Even 
when baselines are available, they only represent a snapshot of a highly dynamic and complex ecosystem. Because 
returning to historic baselines is likely not feasible in the face of climate change and that, in many ways, we don’t 
know what the new “baseline” for functioning, resilient reefs are, reaching recovery only means the system returned to 
the point we set as “desirable” according to expert criteria and perceptions which change over time (i.e., the shifting 
base line syndrome) [31]. In addition, baselines and “desirable functioning” might be strongly site-dependent (e.g., 
enhancing habitat vs. enhancing climate resilience). In such cases, interventions must aim to rehabilitate, enhance or 
“improve” community structure and ecosystem function rather than restore [21,22,27]. Here, we regard reef restoration 
as a compilation of human interventions implemented to aid the recovery (e.g., restore, enhance, rehabilitate) or even 
replace a specific set of collective and emergent properties of a coral community and/or a coral reef ecosystem [10]. 
Therefore, having a clear idea of emergent properties that define community structure and ecosystem functionality is 
essential for coral restoration practitioners.

Likely, most interventions currently implemented by coral restoration practitioners are benefiting organisms and popu-
lations within hectares in the short-middle term (<10 years, Fig 1). Restoration of species associated with physical struc-
tures provided by corals have their own specific functions and interactions that must also be considered. Corals are a 
diverse group of organisms with different structural and functional characteristics [2,3,32,33] that have various implications 
for their use as habitat and for their capacity to provide additional services (such as wave attenuation and shoreline pro-
tection) [34]. Therefore, measuring success in coral restoration should not only be reflected in the increase in the number 
of corals writ large, but rather in the desirable attributes of different coral species that maximize the functionality of the 
ecosystem (i.e., “functional diversity”). Such positive impacts for upper levels of organization (e.g., metacommunities and 
ecosystems), across reef systems and provinces have not yet been demonstrated and might require complex modeling 
exercises to demonstrate positive outcomes in the long term (Fig 1). Thus, a functional approach for coral restoration is 
one that recognizes both the foundational structure as well as the emergent biodiversity and functions associated with 
coral ecosystems [35,36]. What matters is not only the taxonomic identity of reef organisms, but the specific ecological 
role or impact that species has on the ecosystem [16,37]. Restoring, rehabilitating, or enhancing ecosystem structure and 
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function is not trivial and requires a formal adoption of ecosystem functioning monitoring metrics as part of a robust exper-
imental design that will allow practitioners to assess the outcomes of interventions.

Experimental design conceptual framework

The role of experimental ecology in coral restoration has long been acknowledged [9,20,38] but rarely operationalized. 
Recently, coral restoration experiments have being described as discrete “fast fail” activities designed to develop tech-
niques and detect problems as early as is feasible in the development phase and as pilot studies [39], but not as full-
fledged frameworks to follow and evaluate restorations over the timescales it takes to recovery ecosystem structure and 
ecological processes. Furthermore, it has been argued that restoration ecology experiments must be separated from col-
lective assessments of coral restoration activity [39]. However, restoration activities must always be designed to quantify 
the effect size [40,41] of cumulative interventions and to separate these long-term effects from other natural/uncontrolled 
sources of variation in the experiment (e.g., natural recovery). Otherwise, it is impossible to ascribe observed outcomes 
directly to the intervention, muddying our understanding of why and how restorations succeed (or do not) and leading 
to future failures. Thus, any human intervention aimed at reassembling the natural complexity of a coral community or a 
coral reef ecosystem constitutes-by definition- a multiscale long-term manipulative field experiment [42–44].

A long-term manipulative experiment should have a clearly articulated hypothesis (expected outcome arising from the 
intervention) based on the level of organization being targeted (species/community/ecosystem), as well as a set of inde-
pendent factors and dependent (response) variables that must be properly selected to measure the outcome of the exper-
iment over the chosen spatial and temporal scales [44–48]. Principles of proper randomization, spatial array of treatments 
and replication of experimental and operation units are all essential to avoid pseudoreplication and for proper statistical 
inference and interpretation of results [47,48]. Finally, because resources for restoration are limited, we recommend fol-
lowing the hypothetical-deductive reasoning whereby hypotheses are drafted before data is collected and the hypotheses 
are falsifiable [46] (Fig 2); rather than the opposite inductive-Baconian approach in which data is collected first to draft and 
confirm hypotheses [46].

Fig 1.  Schematic representation of levels of organization, spatial and temporal scales that can be impacted by coral restoration efforts. Solid 
arrows represent expected outcomes that can be upscaled. Dashed arrows represent outcomes that require modelling exercises to prove expected suc-
cess. Green dash box encapsules the levels of organization and temporal and spatial scales where benefits of restoration projects have been reported.

https://doi.org/10.1371/journal.pone.0331083.g001

https://doi.org/10.1371/journal.pone.0331083.g001
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Mensurative and manipulative experiments can be conducted both in the field and in the laboratory. Active 
restoration based on coral outplanting is a good example of a manipulative experiment, whereas passive resto-
ration based on mitigation constitutes an example of a mensurative experiment. The factorial structure includes a 
series of decisions regarding number and type of factors and how they related to each other. Replication structure 
includes a clear differentiation between experimental and operational units, proper randomization and indepen-
dence to avoid confounding responses. Response variables are measured upon operation units belonging to a 
target biological population. The selection of variables and the frequency of monitoring will be determined by the 
duration of the experiment, available resources, established capacity and the life-history traits of species used in 
the experiment.

Fig 2.  Schematic representation of key steps in the design of a coral restoration project targeting community and ecosystems levels of 
organization.

https://doi.org/10.1371/journal.pone.0331083.g002

https://doi.org/10.1371/journal.pone.0331083.g002
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Hypothesis construction for a coral restoration experiment

A clear hypothesis being tested is fundamental for any experiment [46]. In a restoration experiment, the underlying 
hypothesis encompasses predictions about specific outcomes of human interventions aimed to restore (i.e., bring back 
to the original condition), rehabilitate (i.e., recover, enhance, or “improve”), and/or replace the community structure and 
function of an ecosystem in a particular area within a specific period. When hypotheses are designed and tested using a 
frequentist approach, an effect size must be set a priori so that the experimenter predicts the magnitude of the expected 
change that interventions will produce in the target area within a period (e.g., a 5% increase in coral cover or colony 
density) [46] (Fig 2). Effect size should always be proportional to outplanting effort, established capacity and reasonable/
justifiable cost-effective interventions so that all targets are timebound for every project. Furthermore, expectations should 
be set based on the current status of the reef and what can reasonably be achieved given knowledge of past interventions 
or pilot studies. A clear hypothesis or prediction would be that a series of interventions (e.g., outplanting of target coral 
species) will improve the habitats (e.g., increase coral cover and abundance) and concomitantly a “portion” of ecosystem 
functionality within a site for a known period relative to a reference (Fig 2). This process is similar and can be useful for 
developing SMART (Specific, Measurable, Achievable, Relevant and Time-bound) goals for coral restoration project plan-
ning and design [29].

Restoration experiments are often wrongly regarded as Before-After-Control Impact (BACI) and Beyond BACI designs 
under the assumption that interventions are human activities with positive impacts. However, there are striking differences 
between these designs (Fig 3). First, a BACI design compares two sites that are different in ecological status: (1) dis-
turbed and (2) undisturbed [49,50]. The Beyond BACI approach replicates more than one control site leading to asymmet-
ric designs because normally the impacted site cannot be replicated [49]. In contrast, a restoration design compares three 
sites: (1) a disturbed/degraded area that will not benefit from interventions (i.e., the “control” site), (2) a similar area where 
the interventions are deployed (i.e., the “intervention” site), and (3) an area that reflects the expected outcome of interven-
tions (i.e., the “reference” site) that is in “better” condition compared to control and intervention sites, but not necessarily 
pristine [21,22,51]. However, the control and intervention sites may still be disturbed due to overarching factors, so any 
improvement from the intervention must be measured relative to such changes over time. The null hypothesis for a resto-
ration experiment is that interventions will not “improve” or have a positive effect on any emergent property of the chosen 
level of organization. Note that time (e.g., months, years or decades) and space (e.g., m2, hectares, km2) are important 
concepts to consider (Fig 3) but should not change the way the hypothesis is drafted nor the fact that restoration is a field 
manipulative experiment.

Finally, the meaning of a reference site deserves special attention. A reference site could be a pristine area (if any), his-
torical data when available or a site that is in better condition and resembles what the restoration project strives to achieve 
[51]. If the objective of the intervention is to replace the ecosystem because it is impossible to bring back the ecosystem 
as it was, then the reference site must portray what we want to achieve post interventions. Thus, whether the reference 
site is located on the same reef where interventions are implemented is not as relevant as knowing the desired outcome 
of these interventions. The take home message is that every restoration project should have a reference for the desired 
outcome of the interventions, and without a reference it is impossible to ascertain what has been restored in relation to a 
desirable ecosystem state [21,51].

In a restoration experiment, we aim not only to detect the dissimilarity between the control and the intervention site but 
also to determine how similar the intervention site becomes in relation to the reference site after restoration interventions 
are implemented [51]. Thus, the control site in a BACI is not the same as the control for a restoration design [51]; rather, 
it is equivalent to the reference site [51]. Ultimately, interventions made in a restoration experiment must not be regarded 
as a disturbance because BACI “impact” sites and restoration “intervention” sites are generally expected to have opposite 
temporal trajectories (i.e., declining for the first and “improving” for the latter) (Fig 3). Therefore, the ecological prediction 
of a successful restoration experiment should be that, over time, intervention sites will become more dissimilar compared 
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to control and concomitantly more similar to the reference site [51]. However, this may not always be the case: for exam-
ple, a loss of 5% cover at the intervention site may still be considered successful if there is a corresponding loss of 10% 
cover at the control or especially the reference site (i.e., the outcome is beyond what would be expected in the absence of 
intervention).

This design has additional causal implications for assessing restoration outcomes. Another way of phrasing the 
hypothesis is what would have happened if the system had not intervened, or was the intervention necessary? This 
counterfactual is never capable of being observed, since the investigator has changed the system simply through the act 

Fig 3.  Fundamental differences between: (a) BACI, (b) Beyond BACI and (c) Restoration experimental designs in terms of levels of treatments. 
The theoretical expected outcomes from the different designs are shown in the right plots; before (light gray) and after (light blue) disturbances and inter-
ventions. Time scales are provided in year intervals.

https://doi.org/10.1371/journal.pone.0331083.g003

https://doi.org/10.1371/journal.pone.0331083.g003
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of the intervention. Thus, a suitable counterfactual must be developed and defended to reflect the state of the system in 
the absence of intervention [14]. This can generally be achieved through the careful selection and implementation of the 
control site to capture the same environmental and ecological conditions as the restoration site to generate a fair com-
parison [52], and in setting appropriate targets using the reference site. Consider the scenario in which a restoration site 
achieves higher coral cover after the intervention. In the absence of any additional context, it would be tempting to attri-
bute the successful outcome to the restoration interventions. However, imagine that the control site also increased in coral 
cover by means of natural recovery. With this new information, alternative hypotheses could be developed and tested: for 
example, a large-scale recruitment event has led to region-wide recovery that would have regardless of the intervention 
[53,54]. It may even be that the control site increased in coral cover beyond that of the restoration site, suggesting that the 
intervention may have had a negative impact despite an overall increase in hard coral cover (for example, through distur-
bance of the benthos by restoration activities). Nevertheless, if this level is still below that found at the reference site, the 
results may suggest further intervention is needed even in the presence of natural recovery. Without establishing proper 
control and reference sites reflective of pre-intervention conditions and large-scale trajectories under the above design 
framework, a causal test of the null hypothesis is simply not possible.

Additionally, there are critical, but often not perceived, differences between BACI and restoration designs regarding the 
relative importance of committing type I (alpha) or Type II (beta) inference errors. For a BACI design, it is more critical to 
avoid type II errors, or the incorrect retention of the null hypothesis of lack of impacts. For a restoration experiment, avoid-
ing Type I error, or an incorrect rejection of the true null hypothesis of lack of restoration success. In other words, is it bet-
ter to mistakenly reject a successful outcome (Type II error) than to wrongly declare a failed outcome as a success (Type 
I error). Arguably, the latter scenario would lead to the most damage, as not only has the restoration failed to achieve the 
expected outcome, but the wrongful perception of success may lead restorationists to repeat these failed practices into 
the future, propagating failure to other restorations.

Factorial design to test intervention success

Once the null hypothesis is clearly formulated and the errors of inference are established a priori, the next step is 
to conceptualize a factorial design in the experiment allowing to test the null hypothesis of no intervention success 
[46]. Factors can be fixed or random and orthogonal or nested. These concepts will not be addressed here as they 
are clearly explained elsewhere [46] but deciding based on the hypothesis to be tested is extremely relevant since 
they have a direct impact on how the statistics are calculated in the models and in the interpretation of results [46]. 
The term replicate is rather a qualifier as in replicated experiments, experimental units, blocks, operation (evaluation) 
units, samples and subsamples or any other unit of analysis [48]. Misinterpretation of the units of analysis and/or lack 
of independence among these units will lead to simple, temporal, sacrificial, and/or test-qualified sacrificial pseudorep-
lication [47,48,55].

While a truly comprehensive discussion of full suite of analytical tools available to restoration practitioners is beyond 
this article, we provide some general guidelines for drawing statistical inference from our proposed design. In terms 
of univariate responses, such as changes in percent cover or species richness, we recommend a regression-based 
approach with the following key fixed effects of interest: (1) treatment (restoration, control, and reference); (2) time (either 
before or after the intervention, or the number of days since the initiation in the event of repeated observations); and (3) a 
treatment-by-time interaction, to test whether any treatment effects are emerging before vs. after the intervention or over 
the course of post-restoration monitoring. It is important to note that the plots represent the experimental units in which 
the treatments are replicated. If the hypothesis involves predictions encompassing broader spatial scales (e.g., multiple 
locations), then sites must also be replicated (Supplementary Figure S1 in S1 Supplementary). The use of post-hoc con-
trasts can identify which treatments differ in the event of a significant treatment effect, which is key in distinguishing if, say, 
the intervention site differs from the baseline, or whether the baseline differs from the reference. Additional covariates that 
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may affect the outcomes—such as depth, environment (e.g., temperature), and design factors such as effort (number of 
outplants)—may be additionally modeled as fixed effects.

It is also important to account for sources of known but uncontrolled variation, such as repeated observations within the 
same plot (subsamples or pseudoreplication) or multiple plots within and/or among sites (a nested or hierarchical sam-
pling design). The most straightforward implementation is to specify these known sources as so-called “random effects” in 
a generalized linear mixed effects modeling framework—this approach not only prevents them from being included in the 
error (unexplained) variance but allows for less biased (and often more precise) estimates of the fixed effects. If the prac-
titioner suspects that the treatment effects may vary across multiple sites, for example, if one site is more degraded and 
thus may respond more slowly or not at all to the intervention, then it may be valuable to further specify a random slope of 
treatment. Further discussion of specifying fixed and random effects can be found in [56].

We note that such mixed-effects models are analogous to specifying a nested structure in classic Analysis of Variance 
(ANOVA) procedures, which may be familiar to many practitioners due to their approachability and ease of estimation. 
Unlike ANOVA, which partitions variance using sums-of-squares estimation, modern linear modeling generally uses Max-
imum Likelihood, which is ideal for unbalanced or non-orthogonal designs (for example when replicates are lost) or when 
the response is highly skewed (such as for abundance or density), are only positive integers (species richness), or binary 
(such as presence-absence). While both are valid, they may require subtly different specifications to meet the statistical 
assumptions of the two tests and accommodate the underlying data-generating process.

If the restoration occurred over multiple locations and there is an specific hypothesis about sites, we additionally 
suggest to include a fixed effect of site, assuming this term is not conflated with treatment (i.e., each site represents a 
different treatment), for two reasons: first, it is often of interest to understand whether restorations perform differently at 
different sites, and second, this term can account for omitted variable bias (OBV), or the hidden influence of unmeasured 
factors that may lead to spurious conclusions. A discussion of the use of fixed effects (and other approaches) to reduce 
OBV can be found in [57]. Alternatively, sites could be modelled as random factor if the restoration practitioner is inter-
ested in exploring if intervention outcomes are scalable or variable or can be extrapolated to other sites.

Restoration experiments could be planned to be even more complex, adding depths, habitats, localities or regions 
and any kind of spatial and temporal variation.. Furthermore, when interventions involve the introduction of artifacts (e.g., 
exclusion nets, artificial substrates, frames, devices for shading, media to deliver terapeuthic treatments) or any kind of 
device that might influence the response variable, procedural controls for these artifacts are essential to validate results 
[46]. The important take-home message for coral restoration practitioners is that the adoption of an experimental frame-
work opens the chance to choose for proper statistical parametric (e.g., ANOVA and GLM) and semiparametric models 
based on permutations and similarity/distance matrices (e.g., PERMANOVA) that allow the separation of the true effect of 
their interventions from a series of uncontrolled factors and relevant interactions.

Response variables: univariate versus multivariate approach

A restoration experiment may focus on measuring a single variable (i.e., univariate approach) and/or measuring multiple 
response variables (i.e., multivariate approach). The univariate approach is often easier to interpret but it misses relevant 
information when dealing with complex and functionally diverse ecosystems. On the other hand, the multivariate approach 
is more difficult to interpret, but it captures the actual complexity of the system which is more in line with the goals of eco-
logical restoration at the community and ecosystem levels of organization.

Ideally, a coral restoration program should collect data on different assemblages and functional traits (e.g., benthic 
species, fish, invertebrates, habitat complexity, herbivory, predation rates, etc.) to test if interventions are improving and/
or recovering the structure and function of the ecosystem. The goal is not only to show recovery of hard coral cover, for 
example, but also to be able to link interventions with “improvement” of habitat structural complexity and concomitantly 
the development of communities that actively interact with that habitat over space and time. Thus, considering spatial and 
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temporal dynamics across different scales is crucial for assessing recovery of emergent properties at community and/or 
ecosystems levels of organization.

Emergent properties are unique and arise through the integration of processes up the levels of organization (genetic/
organismal, population, community, and ecosystems) [58]. Levels of organization occur across boundaries, including 
spatial (from millimeters to hundreds of thousands of km) and temporal (from minutes to hundreds to thousands of years) 
scales [58].Thus, choosing the proper metrics to assess coral restoration success is not trivial as it involves a clear under-
standing of the target level of organization, the interconnection of oceanographic, geological and ecological processes, 
and relevant spatial and temporal scales for each of these processes. Furthermore, most of the variables traditionally 
used to report coral restoration success might be useful to describe organism, population and community levels of organi-
zation, and/or methods to raise and outplant corals. Yet, they often do not demonstrate “improvement” in ecosystem func-
tioning or the recovery of key ecological or environmental processes that occur at different spatial and temporal scales 
across different habitats (Table 1).

Common variables used to measure coral restoration success

There is a myriad of variables that can be used to measure coral restoration success [59]. From an experimental ecology 
point of view, all metrics chosen must be goal-based; or better yet, hypothesis-driven. In this section we describe the pros 
and cons of variables commonly used by coral restoration practitioners to report the outcome of their projects and we 
suggest alternatives to complement these metrics.

Number of outplants, survivorship, and growth rates.  The number of outplants and their survivorship and 
growth rates are almost universally used as indicators of coral restoration success [60–63] (Table 1). While these 
indicators are highly valuable for assessing improvement of population descriptive parameters (e.g., growth rate, 
mean, mode, skewness and kurtosis) and the success of propagation methods and technologies, they do not 
necessarily demonstrate successful restoration, rehabilitation, enhancement and/or replacement at community or 
ecosystem levels of organization (Table 1). Even if the scope of the effort is to benefit communities or ecosystems 
through outplant survival and growth, these indicators should be complemented by others that demonstrate if 
the habitats are sustaining biodiversity (e.g., foundational, benthic invertebrates, and fishes) and ecological 
succession (e.g., promotion of settlement of early colonizers) as well as promoting ecosystem function (e.g., species 
interactions) (Table 1). If the scope of the program is to test technologies, a different experimental framework that 
allows comparisons of method effectiveness and/or efficiency must be incorporated, whereby the methods and 
technologies become the treatments that must be compared in the laboratory and/or in the field against appropriate 
controls and procedural controls when necessary. Such tests should not constitute a full-fledged ecosystem 
restoration effort, nor should they be reported as such, unless they prove recovery/improvement of coral ecosystem 
functions. Finally, if coral farming is the focus of a program, practitioners should use a clear experimental framework 
aimed at increasing coral production, with minimal coral extraction, maximum effective return (i.e., outplants that 
survive to become reproductive) and reduced costs.

In addition, outplanting corals in a degraded habitat might alter the natural course of ecological succession and any 
new habitat created by the intervention might be far from sustaining the target community. Under natural circumstances, a 
coral climax community is reached 9–12 years after a disturbance [64], although such time series are rare in coral res-
toration [9]. Thus, monitoring early colonizers and/or cryptic species (e.g., foraminifera, hydrozoans, bryozoans, serpulid 
worms, encrusting crustaceans, predatory snails and echinoids [65,66]) would be extremely informative to better weight 
the success of interventions (Table 1). However, these taxa are difficult to sample, and their taxonomy is complex, there-
fore, the use of artificial recruitment monitoring system (ARMS) [67,68] or any artificial substrate could be combined with 
environmental DNA/metabarcoding techniques to characterize early successional changes in species composition before 
and after interventions are implemented. Unfortunately, eDNA and other methods designed to look at small species and 
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Table 1.  List of response variables used in coral restoration programs, advantages, disadvantages and recommendations.

Approach Target Metrics Advantages Disadvantages

Univariate Colony/
population

Outplants number/
unit area

Good proxies of outplanting effort/capacity to 
breed corals

Only useful if the aim is to restore a coral population. Do not 
show improvement on population specific properties (e.g., 
size, sex population structure, reductive output). Not linked 
to ecosystem function

Colony/
population

Survivorship Good proxy of methods of outplanting/perfor-
mance of a colony

Colony/
population

Growth rate Good proxy of colony/genotype performance

Physical 
structure

Rugosity Easy to compute with outstanding advances 
of photogrammetry

Multivariate attributes of structural complexity shrinked and 
underestimated

Habitat Live coral cover Easy to estimate and interpret/compare Does not provide information about community emergent 
properties. Live coral cover may remain univariant, despite 
of dramatic changes in species composition

Associated fauna 
biomass/density

Easy to estimate and interpret/compare Visual census is often focus on species thriving in the water 
column, but not necessarily the ones using the benthic habi-
tat. Difficult to independently assign each counting to each 
of the experimental units (e.g., plots).
Fish biomass/density may remain univariant, despite of 
dramatic changes in species composition associated to the 
benthic habitats. Does not necessarily provide information 
on ecosystem function

Community Similarity indices Easy to compute and interpret in terms of 
percentage of similarity/dissimilarity

Visualization of patterns depends on how well-represented 
samples are in an ordination space. Some indexes are 
sensitive to joint absences

Community Alpha diversity 
indices

Species diversity is an emergent property of 
communities, indices are easy to compute. 
They offer information linking benthic commu-
nity structure with associated communities

Not directly comparable, highly influenced by sampling 
effort, area and/or data collection approach. Often underes-
timate rare species

Community Beta diversity 
indices

More informative to understand ecological 
processes (e.g., succession) relevant for spe-
cies diversity (e.g., turnover and variation)

Not easy to compute, multiple indices, not always straight-
forward to interpret

Multivariate Community Live coral cover 
per species

Easy to estimate and interpret/compare Does not provide information linking coral community, with 
habitat structure and other associated species. Underestimate 
the importance of early colonizers in the ecological succession

Community Benthic cover Incorporates/acknowledges a multivariate 
framework which is the essential problem that 
ecological restoration attempts to achieve

Taxonomic resolution to species level might not be equal for 
all benthic groups

Community Fish biomass/den-
sity per species or 
guilds

Incorporates/acknowledges a multivariate 
framework which is the essential problem that 
ecological restoration attempts to achieve

Difficult to link positive impacts of restoration activities with 
highly variable fish communities. No information showing 
how species are interacting (e.g., predation rates)

Ecosystem Reef sound scape Relates soundscapes with ecosystem status 
using multivariate indices (e.g., aquatic 
complexity index, sound pressure level and 
acoustic enrichment)

Limited spatial and temporal scales to detect sounds 
specific to the restoration site. More research to find the 
mechanistic links between sound and ecosystem function.

Ecosystem Carbonate 
budgets

Incorporates/acknowledge the importance 
of a key multivariate process for coral reefs. 
Relatively easy to estimate from accretion 
and bioerosion rates.

Habitat dependent. Highly variable across habitats and 
highly dynamic environmental conditions.

Ecosystem Predation/con-
sumption rates 
(e.g., Squidpop)
Functional indices

Incorporates the importance of species 
interactions. Easy to standardize/estimate/
compare across habitats.
Accurate comparisons among ecosystems 
based on species traits.

Biased by the type/size/availability of baits. Oversimplifica-
tion of food web and species interactions.
Functional indices require intensive sampling to capture 
wide range of species traits. Not easy to interpret.

Ecosystem Economic 
valuation

Acknowledges the importance of linking eco-
system function with the human dimension.

Comparisons across sites depend on methods used as they 
might be subjective and sometimes based on perceptions 
and intuition.

https://doi.org/10.1371/journal.pone.0331083.t001

https://doi.org/10.1371/journal.pone.0331083.t001
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early colonizers are still relatively expensive, expertise-intensive, and lack appropriate reference libraries, which might 
difficult the adoption of this approach by many restoration projects.

Ultimately, the experimental framework proposed here (and others, like that by Chapman in 1998 [51]) for coral 
restoration aims to describe long-term divergent (e.g., control vs. intervention treatments) and/or convergent (e.g., 
intervention vs. reference) trajectories of whole community structure and ecosystem function, rather than short-
term comparisons of methods whose primary goal is to optimize the breeding and/or outplanting and survival of 
corals.

Live coral cover.  Increased live hard coral cover is commonly used as an indicator of restoration success (Table 1), 
likely because it is an essential ocean variable [69] and is generally regarded as the most direct indicator of coral reef 
"health" [70–72]. While coral cover could be used to assess restoration success, it is important to acknowledge several 
limitations. First, coral cover is provided by assemblages of scleractinian corals. Our current ability to grow corals in 
land-based and water-based nurseries is limited to only a few species [9,29,59], and of those, only a smaller proportion, 
particularly the Acroporids can grow fast enough to contribute with coral cover in intervention areas within 2–5 years. 
Thus, live cover could be used as an indicator of success if the target habitat is monospecific and/or has a limited 
number of species, or if the goal is to enhance, rehabilitate or even replace the intervention area rather than to restore it 
as it was. Furthermore, the extensive mortality of major reef builders due to diseases (e.g., SCTLD) and bleaching has 
produced dramatic declines in live coral cover [73]. Thus, estimating the number of colonies per unit area (i.e., density) 
could provide additional information to detect change, as coral populations have been depleted to low coral cover in many 
regions such as the Caribbean [74].

Abundance and biomass of associate fauna.  Fish counts have been a highly recommended metric to 
demonstrate coral restoration success [59]. Visual censuses conducted at a site-scale are traditionally used by 
practitioners to determine the density, size and biomass of fish associated with a section of the reef. From these 
surveys, total biomass and density are estimated to depict the abundance of fish per unit area using standard 
methods (e.g., AGRRA, Table 1). While fish counts provide relevant information for coral restoration projects, the 
approach to conducting fish surveys often comes with major caveats. First, many surveys have restricted species 
lists or focus on large and evident species, especially with volunteer divers, which by design cannot provide a holistic 
assessment of reef biodiversity. Second, many surveys ignore cryptobenthic species which are vital to reef functioning 
[75]. Many surveys also do not consider benthic invertebrates [16], even though these may have significant 
implications for the health and productivity of the reef and in some cases, live coral cover and restoration outcomes 
(e.g., crown-of-thorns sea stars, fireworms). Some monitoring programs, such as Reef Life Survey, look at all species, 
including cryptobenthic fish and invertebrates [76] and should be considered when devising a restoration monitoring 
strategy. Finally, fish and invertebrates constitute a direct link to key services arising from reefs, including herbivory, 
fisheries, and tourism. Thus, assessing faunal responses to restoration can not only reflect ecological progress but 
also the capacity of the restoration to sustain human well-being.

Structural complexity.  Reef physical structure largely defines its capacity to provide functionality, therefore, the 
recovery of structural complexity through coral outplanting is also taken as evidence of the reversal of ecosystem 
decline [77]. Recently, many restoration programs have adopted photogrammetry underwater techniques (e.g., 
Structure-from-Motion) to determine three-dimensional volume and rugosity as indicators of structural complexity. 
However, structural complexity is a multivariate property of the reef habitat (i.e., shape, size, volume, and diversity 
of different benthic organisms) and can be estimated at different spatial scales [2] and therefore, with different 
ecological interpretations. Even when rugosity has been highly useful to describe structure complexity declines in 
the Caribbean region [78], it is just one among many important variables that make the benthos heterogeneous 
[79,80] such as fractal dimension, topographic position, structural richness, and structural evenness [81]. Colony 
morphology in the form of volume should also be incorporated following a multivariate approach (Table 1).
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Indices to compare communities that can be used to measure restoration success

In community ecology, comparisons of species assemblages and/or biological communities in space (e.g., across environ-
mental gradients) and through time (e.g., ecological succession) are extremely relevant as they can provide clues to key 
underlying processes that control the development, and importantly, the persistence of these assemblages [25]. While the 
multivariate approach provides more information about the structure of these assemblages or communities, the interpreta-
tion of multiple interacting variables (e.g., species relative abundances) might be daunting to most practitioners (Table 2). 
To overcome this problem, ecologists have developed metrics of distance and/or similarity that collapse the multivariate 
complexity into diversity indices aimed to represent samples in reduced ordination spaces [82]. These indices should be 
more informative to assess and/or report the outcomes of a restoration program dedicated to restoring coral communities 
and coral reef ecosystem function, recognizing that they are useful only when comparing within a system and pairs of 
samples. It is more difficult, however, to compare metrics of community dissimilarity across different efforts if, for instance, 
they do not share a common pool of species and/or are assessed differently (abundance vs. density).

Similarity indices based on species abundance and presence/absence.  Biological assemblages can be compared 
in space and time using similarity/dissimilarity indexes [82,83]. For decades, many indices have been developed 
[84], however, the Bray-Curtis index of similarity and the Jaccard-Dice index are amongst the most used in ecological 
studies because of their simplicity to interpret and unique properties [82]. The Bray-Curtis index (S) is a standardized 
measurement of similarity between two objects (e.g., samples, sites) estimated from absolute differences in species 
abundance relative to the total abundance of species, expressed as a percentage (Table 1) [82]. The Jaccard-Dice index 
is similar, but calculations are made on species presence/absence rather than abundance [82]. Similarity indices such 
as the ones described in this section are often used to describe spatial and temporal changes in biological assemblages 
[82], and recently, species replacement or loss [85,86], which is essentially the goal of ecological restoration. However, 
sometimes a clear visualization of patterns depends on how well samples are represented in the ordination space and 
some of these indices are sensitive to joint absences (Table 2).

Diversity indices.  Diversity is an emergent property of communities and can be partitioned into Gamma (regional 
species pool), Alpha (local assemblage), and Beta (variation of species composition among assemblages) components 
[86]. Beta diversity may reflect two different phenomena, spatial species turnover and nestedness of assemblages, which 
result from two antithetic processes, namely species replacement and species loss, respectively [86]. Understanding the 
extent to which each of these processes drives community dissimilarity can help to more accurately interpret responses 
to restoration and predict subsequent consequences affecting ecosystem function, for example, by demonstrating which 
species are missing between the reference and restoration sites.

Indices of diversity are mathematical expressions that have been used for decades in community ecology [87], com-
puted from estimations of species richness and the relative contribution of each species (evenness) in the community 
[82]. The major caveat of these indices is that all of them are highly influenced by the surveyed area because the num-
ber of species increases with sampling size [88]. In consequence, direct comparison of classic diversity indices (e.g., 
Shannon-Weiner) is only possible for cases with similar and/or “large” sampling efforts [88]. Even when samples are 
standardized by size, they will usually have different degrees of completeness, depending on the species abundance 
distributions in the communities being compared [88]. To overcome these limitations Cao and Lost (2012) developed 
new “coverage-based” rarefaction and extrapolation methods that allow fair comparison of samples across different 
assemblages and levels of effort [88]. Furthermore, richness omits the identity of species in the community, whereas 
diversity indices normally underestimate the abundance of rare species [89] (Table 1). Ecologists have proposed the use 
of rank-abundance (k) [87], abundance-biomass curves (ABC) [89], and diversity profiles [90], as analytic tools to better 
understand the underlying dynamic processes of species assemblages (e.g., niche partitioning). Thus, advanced methods 
to characterize diversity represent a better approach to comparing spatial and temporal changes in biodiversity before and 
after interventions (Table 2).
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Functional diversity indices.  Functional diversity is a component of biodiversity that concerns what organisms do, 
rather than, for example, their taxonomic identity [91]. Thus, functional diversity is a measure of diversity that implicitly 
incorporates putative mechanisms of ecological interactions between species, and it provides a general approach for 
scaling from individual traits to properties of communities and ecosystems [91]. Specific descriptions of diversity indexes 

Table 2.  Common practices in coral restoration programs and recommendations for coral restoration projects aiming at supporting the recov-
ery of community structure and ecosystem function.

Components of 
coral restoration 
experiment

Common practices Recommended practice

Hypotheses Hypothesis not included Use hypothetical-deductive instead of Inductive/Baconian reasoning

Hypothesis stated incorrectly Include predictions (e.g., effect size), draft a clear null hypothesis for a restoration experiment

Hypothesis confounded with 
objectives

Tailor SMART objectives to test your hypotheses

Effect sizes and errors of inference 
are not set a priori

Stablish conservative effect sizes a priori and set low type I errors for statistical inference

No clear idea of the 
target population

Include a clear conceptual framework to know in advance: (1) what is the level of organization 
to benefit and (2) what is the intention (restore, rehabilitate, enhance or replace)

Factorial structure BACI and Restoration designs 
regarded as the same

Differentiate the purpose, predictions and hypotheses of BACI and Restoration designs

Omission of reference sites A reference is not a pristine condition. Check for options nearby the area to intervene and for 
historical data. Adapt to set objectives to improve, enhance or even replace

Factorial design does not respond 
the hypothesis

Establish proper set of factors (fixed or random, orthogonal, nested) to test your hypothesis. 
Use controls and procedural controls if needed.

Replication, 
Randomization 
and assignment of 
treatments

Confusion of units of analysis: 
unreplicated treatments with multi-
ple replicated samples

Incorporate conceptual framework of experimental design. Knowing the hypothesis helps to 
define the experimental units, knowing the target population helps to define the operation 
units.

Pseudo replication Avoid any form of pseudo replication as it might inflate type I error, a sensitive problem for 
restoration experiments

No reference to randomization and 
interspacing of treatments

Make sure that response variables are independent between treatment, remove practitioner 
biases

Response variables Confusion between metrics 
depicting aquaculture success, 
restoration efforts and ecosystem 
recovery

Separate metrics depicting restoration efforts from those showing recovery of ecosystem 
function

Use of diversity indexes without 
acknowledging problems of sample 
size, species representativeness

Estimate sample coverage, use K and ABC curves to have a more mechanistic understanding 
of biodiversity

Preference of univariate approach 
(e.g., coral cover, total biomass, 
rugosity)

Embrace multivariate approaches and use similarity indexes traditionally used to compare 
samples as a proxy of restoration success.

Use of variables difficult to align 
with the conceptual framework of 
ecosystem functioning (e.g., eco-
logical footprint)

Use proxies of functionality (e.g., predation rates, carbonate budgets, bioerosion, etc.) and 
include the human dimension (ecosystem goods and services)

Approaches for 
data analysis

Lack of identification of all sources 
of variation in the experiment and 
the analysis

Identify, understand and interpret in advance all sources of variation in the restoration 
experiment

Lack of proper partition of the 
variance

Use statistical models that allow proper partition of variance, particularly interactions (e.g., 
ANOVA, MANOVA, GLM, GAM) and/or are more flexible to data assumptions (PERMANOVA).

Use of non-parametric test unable 
to test for relevant interactions

The analysis of treatment x time interactions is the only statistical prove for restoration success 
and/or any other temporal trajectory recorded at control, intervention and reference sites

https://doi.org/10.1371/journal.pone.0331083.t002
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are revised elsewhere [91] and it is out of scope for this paper, however, they can be divided among five four categories: 
(1) measures that work on trait values directly (e.g., community weight means), (2) measures that work on distance 
matrices, (3) measures that work on functional dendrograms, (4) measures that concern multidimensional hypervolumes 
[92] including innovations for more representative estimation of the portion of the multivariate space being occupied 
by particular species [93] and (5) measures derived from bioenergetic models that quantify process-based ecosystem 
functions [94]. All these methods would rely on having species with clearly defined traits [95], although methods exist 
to impute or resolve unmeasured traits, as well as accommodate a mix of trait types (continuous vs. ordinal). A clear 
guidance for relevant decisions to choose among multiple functional traits is described elsewhere [96]. For our scope 
of analysis, the incorporation of functional diversity approaches would represent an important improvement for coral 
restoration science.

Strategy for data analysis and interpretation

To test the success of restoration experiments, we must compare the trajectories of the chosen metrics in the control, 
reference, and intervention treatments before and after unique and/or multiple interventions take place. The workflow for 
data analysis is three-fold: (1) visualization of spatial and temporal patterns (i.e., exploration of the data), (2) formal test of 
null hypothesis and (3) interpretation of results [82].

Visualization of spatial and temporal patterns

For univariate cases, there are many options to explore if there are spatial and temporal patterns in a dataset. However, 
in our context, whatever option that comparatively shows trajectories of the three levels of treatments (control, intervention 
and reference) as in Fig 3 is valid. For multivariate cases, ordination techniques are a better option (e.g., principal compo-
nent analysis for environmental data and metric or non-metric multidimensional scaling for biological data). These tech-
niques allow the visualization of community trajectories by using distance and/or similarity indexes [82].

Formal test of null hypothesis

A key analytic step in statistical inference is to choose the best approach to test hypotheses. There are two important 
facts that must be considered to select the best choice to test if interventions to restore, rehabilitate, enhance or replace 
community structure and ecosystem function have been successful. First, as mentioned before, restoration requires 
complex designs with multiple sources of variation and interactions among factors in the experiment. Second, the data will 
unlikely satisfy classic assumptions of normally distributed errors, homogeneity of variance, and independence of errors. 
In consequence, the chosen methods should allow estimating robust effect sizes (e.g., through maximum-likelihood esti-
mation), addressing non-normality (e.g., by specifying specific error distributions), and/or incorporating random variation 
for multiple sources of non-independence that arise from complex experiments (e.g., through fixed correlation structures 
or mixed-effects modeling).

Thus, for complex designs we strongly recommend semi-parametric tests based on permutations flexible to parametric 
assumptions (e.g., PERMANOVA) [97] and/or depending on the kind of dependent variable used (continuous or discrete), 
any family of Generalized Linear (Mixed-Effects) Models or even Generalized Additive Models in the presence of signifi-
cant non-linearities, but only if the data meet the assumptions of these models [98,99].

Interpretation of results

Restoration success can be statistically proven by looking at meaningful factor interactions for the hypothesis being tested 
[51]. Particular attention must be paid to interactions between the treatments (i.e., control, reference and intervention) 
and time (before and after) as the experiment expects different temporal trajectories for these treatments [51] (Fig 4 a-e). 
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However, it is important to look at other relevant interactions that could depict trajectories such as successful interventions 
not sustained in time because of the presence of disturbances leading to coral outplant mortalities (Fig 4b) and cases 
of natural recovery and trajectories recorded when multiple interventions are used during a project (Fig 4d). The same 
principle applies to coral restoration projects using a multivariate approach (Fig 5a-d). Using ordination techniques and 
multivariate tests, it is possible to represent relevant interactions to portray temporal trajectories of samples belonging to 
different treatments in a chosen ordination space/technique (e.g., MDS, nMDS, CCA).

In terms of scalability, if the design incorporates the three levels of treatments replicated across sites, localities and 
regions, all interactions involving time-x-treatment across these spatial scales must be properly interpreted to conclude that 
interventions were successful or not. For example, post-hoc contrasts of a significant interaction between time-x-treatment 

Fig 4.  Examples of different hypothetical outcomes (treatment x time interactions) of a coral restoration experiment using a single variable 
and or an index (e.g., diversity, evenness, Bray Curtis similarity, rugosity). (a) successful restoration, (b) successful interventions not sustained 
in time, (c) successful interventions and natural recovery, (d) unsuccessful restoration, (e) unsuccessful restoration and decline of reference sites, (f) 
successful restoration not sustained in time with decline of both reference and intervention sites. Coral restoration experiments often entail multiple inter-
ventions (vertical blue bars) with potential cumulative long-term positive outcomes.

https://doi.org/10.1371/journal.pone.0331083.g004

https://doi.org/10.1371/journal.pone.0331083.g004
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and site would allow practitioners to conclude whether interventions have been consistently successful at the scale of sites 
(e.g., hundreds of meters), or an interaction between time x treatment and locality-region would allow us to conclude if 
interventions have been consistently successful at the scale of localities (e.g., tens of kilometers) or regions (e.g., hundreds 
of kilometers). If interventions are consistently effective across various spatial scales, then interactions should not become 
statistically significant, and success can be inferred just by looking at the main effect of treatment and time.

Analysis of current coral restoration efforts under the proposed experimental framework

In previous sections, we argue that coral restoration fits the definition of a long-term manipulative experiment [42,100], hence 
the importance of having a clear conceptual framework based on principles of ecological theory and experimental designs. 
This section analyzes specific examples of coral restoration studies conducted during the past 10 years to evaluate if these 
principles were used. Specifically, we reviewed five critical aspects: (1) clear hypothesis and predictions, (2) factorial structure 
of the coral restoration experiment, (3) proper replication, randomization and assignment of treatments, (4) variables used to 
conclude restoration success, and (5) approaches for data analysis (univariate and/or multivariate). In the next few years, we 
expect this framework will be adopted by restoration practitioners who have not envisioned their projects as we propose here.

Hypothesis and predictions

Coral restoration guides published over the past five years acknowledge the importance of having hypotheses and predictions 
(often called SMART objectives) as part of the systematic design of coral restoration projects [29,101]. Furthermore, other 
authors acknowledged the importance of incorporating principles of experimental design into coral restoration projects [14,59]. 

Fig 5.  Different hypothetical non-Metric Multidimensional scaling (nMDS) ordinations in a Bray-Curtis ordination space depicting the possi-
ble outcomes of a coral restoration experiment using a multivariate approach. (a) Initial array before interventions, (b) successful restoration, (c) 
unsuccessful restoration, (d) unsuccessful restoration and natural recovery and (e) decline of reference sites.

https://doi.org/10.1371/journal.pone.0331083.g005

https://doi.org/10.1371/journal.pone.0331083.g005
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However, in practice most coral restoration efforts do not apply these principles properly. This is particularly evident in cases 
where practitioners do not clearly state and make publicly accessible their projects’ goals to restore, rehabilitate, enhance, or 
replace the community structure and ecosystem function of reefs. For example, because coral restoration projects focus on 
outplanting a few breedable species (in situ and ex situ) across multiple habitats, replacement rather than restoration might 
be a common outcome. This frequently manifests in the Caribbean as outplanting Acropora cervicornis on relict Orbicella spp 
frameworks.

Factorial structure of the coral restoration experiment

Often, coral restoration practitioners do not recognize restoration projects as long-term manipulative exper-
iments, as terrestrial ecologists often do [102]. A common problem in coral restoration projects is the lack of 
control, reference and/or intervention levels of treatment [19,20,103,104] (Table 2). There are instances where 
the lack of reference sites is a logistical, rather than a conceptual, problem as finding “healthy” reefs seemed to 
be impossible [105]. In such cases, it is important to consider that a reference does not imply pristine conditions 
and, if data are available, sometimes the desired state could be a historical condition in a particular site or main-
tenance of a region-wide baseline. In cases where it is impossible to have a reference, practitioners must under-
stand that with no references, it is impossible to know what is the desired community structure and ecosystem 
function the program aspires to reach with the interventions, and the only information that can be extracted from 
the experiment is a formal comparison between the control site (i.e., natural recovery) and the intervention site 
(i.e., recovery associated with the interventions). It is also impossible to understand whether any outcomes are 
attributable to the intervention or to broader regional patterns. However, we did find cases where the control, 
reference, and intervention treatments are included, but using a different terminology (e.g., degraded, negative 
control, restored and healthy reefs) [23,106,107] (Table 2). Another common problem in coral restoration exper-
iments is the lack of procedural controls when needed (e.g., when predator exclusion devices are used or when 
a device is used to shade a coral nursery), and incorrect partition and/or examination of the variance accounted 
for all sources of variation in the experiment (e.g., controlled and uncontrolled random variability and covariates) 
(Table 2).

Proper replication, randomization, and assignment of treatments

A common problem of coral restoration projects is the paucity of proper replication and misuse of the BACI experimental 
design (Table 2). For example, there is a paucity of quantification of the random effect of the experimental units (e.g., plots) 
nested within treatments (i.e., control, reference and intervention) and the spatial and temporal interactions derived from a 
restoration experiment [105]. In consequence, it is impossible to know if the outcome of interventions varies within sites for 
uncontrolled reasons, although it is up to the investigator to identify and gauge whether potential confounders exist and if 
their influence is sufficient to explain the observed outcomes [108]. Nonetheless, there are a few examples of proper factorial 
structure in coral restoration experiments [109,110].

Often, because of time and/or resource constraints, plots are only monitored once before and after interventions to 
conclude about the success of interventions [104]. This is a clear case of simple pseudoreplication as temporal and spatial 
patterns are confounded because time is not properly replicated [46,47]. Furthermore, normally coral restoration prac-
titioners often confuse units of analysis by designing experiments with unreplicated treatments with multiple replicated 
samples and do not provide details of randomization/interspacing procedures utilized to assign treatments to experimental 
units and/or operation units to each treatment [104] (Table 2). Nonetheless, there are examples of restoration experiments 
with no pseudoreplication and proper assignment of treatments [109].

Coral restoration projects also often lack key mediators of restoration outcomes in the experimental framework. Given 
the spatial heterogeneity and the uniqueness of the local context where interventions occur, including covariates such 
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as depth, existing coral cover, substrate and habitat type, and water chemistry can control for variation to provide a more 
direct and cleaner test of the success (or lack thereof) of the restoration treatment.

Variables and approaches used to conclude restoration success

We found that coral practitioners prefer the univariate approach to report coral restoration success, whereas the 
multivariate approach is less used (Table 2). The most widespread strategy used by restoration practitioners is “coral 
gardening”, which involves harvesting coral fragments from naturally occurring stock colonies, and either transplanting 
fragments directly to a “benefited” area of reef (i.e., ecological footprint) or growing the fragments to a larger size in 
a nursery prior to transplantation [20,60–63,111]. These approaches typically focus on branching coral taxa that are 
fast-growing and easily fragmented [9,59,112]. Increased coral cover and fish biomass are the most common vari-
ables that restoration practitioners use to report success in their projects [112–115]. Coral restoration practitioners 
often use species richness, composition and alpha diversity as proxies of restoration success [114,116], however, beta 
diversity partition [85], dominance (k) and ABC curves are never used even though they are more informative and tied 
to ecological processes (Table 2).

There are examples of coral restoration projects that have used and/or acknowledged the importance of incorporating 
multivariate approaches to measure the outcome of restoration [19,117], but only one [118] specifically reported success 
using similarity indices designed to compare communities and species assemblages [119]. While different studies have 
used ordination techniques to show changes in benthic and community structure [105], none have statistically demon-
strated nor interpreted the ecological meaning of an increase in similarity between intervention and reference sites and/
or decrease in similarity between intervention and control sites as unequivocal evidence of restoration success. A detailed 
analysis of species identities that contribute with similarities/dissimilarities between treatments (control, reference and 
intervention) must be conducted for a clear interpretation of the spatial and temporal trends recorded before and after 
interventions.

Coral restoration practitioners are also recognizing the importance of incorporating concepts of ecological succession 
into their projects [65,105,115,117,118,120,121]. Coral restoration projects aimed at recovering communities and ecosys-
tems seldom incorporate a functional approach [101,122] (Table 2). Coral restoration efforts focus on outplanting corals 
to create habitats that promote recovery and/or foster species interactions [123] but never estimate multiple ecosystem 
functions. There are increasing efforts to enhance key ecological processes such as herbivory to improve the outcomes of 
coral gardening [124–128]. Other low cost-methods, such as, “Squidpop,” can be used as a comparative proxy of ecosys-
tem function (i.e., predation intensity) in coastal marine ecosystems [129,130], but have not yet been used to demonstrate 
recovery of functionality due to coral restoration, as they have in in seagrasses, mangroves and oyster reefs [131].

Another approach recently used in coral restoration is the analysis of acoustics as a function of the number of spe-
cies present in a reef. For example, comparing the soundscapes of healthy, restored and degraded reefs by using man-
ual counts of biotic sounds (i.e., phonic richness) [11] and two commonly used computational analyses: (1) the aquatic 
complexity index (ACI) and (2) the sound pressure level (SPL). Authors found no soundscape differences between the 
restored and healthy reefs, whereas the degraded reefs had different acoustic profiles. There are cases where acoustics 
is used as an intervention to enhance coral and fish larval recruitment (i.e., acoustic enrichment techniques) [132–134]. 
One limitation of this approach is the narrow spatial scales at which positive responses have been documented [133]. 
While acoustics is a promising field in coral restoration [135,136], there are still gaps in understanding how soundscapes 
are mechanistically linked with specific ecosystem emergent properties and the provision of services they provide to 
human societies.

Lastly, socioeconomic variables have been used as indicators of coral restoration success [20,112,137]. For example, 
restored reefs have been shown to recover their aesthetic as a direct and/or indirect consequence of coral restoration 
efforts [126]. There are also interesting applications of ecotourism to carry out restoration efforts, which in a roundabout 
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way constitutes a service arising from the reef by supporting local economies while simultaneously promoting restoration 
[138].

Conclusions

The advances of coral restoration in the past decade are indisputable, particularly for the unification of terminologies and 
the capacity to produce and outplant corals. Technological advances and research aimed at finding scalable technologies 
to scale up restoration will always be essential for coral restoration science to improve our capacity to produce and out-
plant corals as well as to reduce time, optimize cost of interventions and monitor the outcomes faster and more accurately. 
However, coral restoration practitioners do not always apply principles of experimentation properly, partly because the 
field-based practice of supplying more corals to the reef has often been separated from the academic science of evalu-
ating the impacts of these interventions on reefs over time. This disconnect is dangerous because restoration outcomes 
could be misattributed to the intervention in the absence of a rigorous experimental framework as proposed by academics. 
We found there is a paucity of examples that utilize the establishment of hypotheses, an experiment design, and monitor-
ing of ecosystem function-based variables distinguishing between restoration, rehabilitation, improvement and replace-
ment while setting objectives, targets and tailoring interventions.

Coral restoration practitioners do not often explicitly state their predictions and null hypothesis nor establish expected 
effect sizes for their interventions a priori for their statistical inferences. These problems are derived from conceptual/phil-
osophical clarity rather than correct application of specific terminologies. Experimental (e.g., plots, sites) and operation/
evaluation units are often confounded by coral restoration practitioners. In most cases, samples/operation units are rep-
licated, while treatments are not, and in consequence cases of pseudoreplication are common. Coral restoration is often 
based on Baconian (trial and error) philosophy, while hypothetical/deductive reasoning is less popular. The common prac-
tice of coral restoration often omits a reference site and/or confounds it with the control assuming this treatment plays the 
same role as in a BACI or Beyond BACI design. There are instances where the reference is omitted because of the lack 
of “pristine” or “healthier” reefs nearby intervention sites. However, adopting an experimental framework, particularly the 
monitoring of intervention, control, and reference sites, can address these issues and further provide enormous diagnostic 
insight, adaptive management potential, and empowerment to coral restoration practitioners, funders, and government 
agencies to support more understanding and successful use of restoration interventions in the future. It is in fact the only 
way that we can truly demonstrate a restoration project or intervention as “successful.”

Success is primarily reported with variables depicting the capacity to culture and/or outplant corals based on the imple-
mentation of various technologies. Univariate metrics of coral cover and survival are the most common indicators of suc-
cess for practitioners that prefer the univariate approach. Multivariate assessments are less used and/or biased towards 
linking benthic community changes driven by coral outplanting and the fish communities established at intervention sites, 
rather than comparing a control or reference site. There are only a few examples where (dis)similarity indices are used to 
infer restoration success and fewer examples of hypothesis testing with proper partition of sources of variation and inter-
pretation of ecological meaning of these sources, particularly those depicting treatment-x-time interactions among factors. 
More efforts to incorporate ecological therory such as concepts of ecological succession, emergent assemblages such 
as fishes and invertebrates, and functionality based on species traits and interactions to evaluate success are needed, 
particularly evaluating taxa that might be using coral outplants as a habitat during early successional stages. Finally, there 
is an urgent need to incorporate the human dimension in the form of ecosystem goods and services into coral restoration 
experiments.

We do acknowledge there are barriers to implementing our proposed framework, but they can be overcome. Technical 
expertise in experimental design and data analysis can be incorporated by fostering cooperation among practitioners. 
Projects can focus on enhancing colony survival or improving (not necessarily restoring) coral populations. For com-
munities and ecosystems levels of organization, metrics are beyond more complex, and results will require long-term 
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investments. Therefore, finding sustainable mechanisms for coral restoration projects is critical to improve the outcomes 
of coral restoration science. Despite the higher requirements, we believe this framework should be attractive to funders 
who seek assurances about the actual outcomes of their investments. Further, improved indicators can link other proper-
ties of the reef (e.g., percent hard coral cover) to those most relatable to human interests, such as tourism and fisheries.

While the paucity of a rigorous experimental framework in coral restoration has not precluded progress across the 
globe, implementing the recommendations above will keep improving the capacity for restoration practitioners and the 
community at large to assess success in the future, to better learn from failures, and to fairly compare and synthesize 
across restoration efforts at a time where restoration is at the forefront of global environmental policy. As coral resto-
ration continues to scale, scientists, governments, practitioners and funders must embrace and invest in restoration 
experimental design, monitoring and evaluating systems that measure success based on ecological outcomes rather 
than activities inputs.

Supporting information

S1 Supplementary. Schematic representation of an experimental design for a coral restoration experiment. Three 
levels of treatments are represented in different colors: intervention, control and reference. Experimental units (plots) are 
boxes nested within treatments. Observations before and after interventions (doted boxes) repeated multiple times (t1 to 
tn). Dots in smaller boxes are outplants or any operation units from which variables are collected. Treatments are truly 
replicated in plots; observations are replicated within each plot and time is truly replicated.
(TIF)

Acknowledgments

Special gratitude to Dr. Darcy Bradley for revising and providing valuable comments to improve the quality of the manu-
script. We thank two anonymous reviewers for providing comments to improve the manuscript.

Author contributions

Conceptualization: Aldo Croquer, Jonathan S. Lefcheck.

Formal analysis: Sergio D. Guendulain-García, Leah Harper.

Investigation: Aldo Croquer.

Methodology: Aldo Croquer.

Software: Sergio D. Guendulain-García.

Validation: Lorenzo Alvarez-Filip.

Visualization: Sergio D. Guendulain-García.

Writing – original draft: Aldo Croquer.

Writing – review & editing: Aldo Croquer, Sergio D. Guendulain-García, Jonathan S. Lefcheck, Leah Harper, Elizabeth 
Shaver, Rita I. Sellares-Blasco, Maria F. Villapando, Ainhoa L. Zubillaga, Rebecca Garcia-Camps, Andreina Rivera, 
Eva Salas, Jennifer Humberstone, Lorenzo Alvarez-Filip.

References
	1.	 Hughes TP, Barnes ML, Bellwood DR, Cinner JE, Cumming GS, Jackson JBC, et al. Coral reefs in the Anthropocene. Nature. 2017;546(7656):82–

90. https://doi.org/10.1038/nature22901 PMID: 28569801

	2.	 Perry CT, Alvarez‐Filip L. Changing geo‐ecological functions of coral reefs in the Anthropocene. Funct Ecol. 2019;33(6):976–88. https://doi.
org/10.1111/1365-2435.13247

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0331083.s001
https://doi.org/10.1038/nature22901
http://www.ncbi.nlm.nih.gov/pubmed/28569801
https://doi.org/10.1111/1365-2435.13247
https://doi.org/10.1111/1365-2435.13247


PLOS One | https://doi.org/10.1371/journal.pone.0331083  March 9, 2026 22 / 26

	 3.	 Alvarez-Filip L, Carricart-Ganivet JP, Horta-Puga G, Iglesias-Prieto R. Shifts in coral-assemblage composition do not ensure persistence of reef 
functionality. Sci Rep. 2013;3:3486. https://doi.org/10.1038/srep03486 PMID: 24336631

	 4.	 Estrada-Saldívar N, Jordán-Dalhgren E, Rodríguez-Martínez RE, Perry C, Alvarez-Filip L. Functional consequences of the long-term decline of 
reef-building corals in the Caribbean: evidence of across-reef functional convergence. R Soc Open Sci. 2019;6(10):190298. https://doi.org/10.1098/
rsos.190298 PMID: 31824686

	 5.	 Williams GJ, Graham NAJ. Rethinking coral reef functional futures. Funct Ecol. 2019;33(6):942–7. https://doi.org/10.1111/1365-2435.13374

	 6.	 Arif S, Graham NAJ, Wilson S, MacNeil MA. Causal drivers of climate‐mediated coral reef regime shifts. Ecosphere. 2022;13(3):e3956. https://doi.
org/10.1002/ecs2.3956

	 7.	 Pratchett MS, Hoey AS, Wilson SK. Reef degradation and the loss of critical ecosystem goods and services provided by coral reef fishes. Curr 
Opin Environ Sustain. 2014;7:37–43. https://doi.org/10.1016/j.cosust.2013.11.022

	 8.	 Woodhead AJ, Hicks CC, Norström AV, Williams GJ, Graham NAJ. Coral reef ecosystem services in the Anthropocene. Funct Ecol. 
2019;33(6):1023–34. https://doi.org/10.1111/1365-2435.13331

	 9.	 Boström-Einarsson L, Babcock RC, Bayraktarov E, Ceccarelli D, Cook N, Ferse SCA, et al. Coral restoration - A systematic review of current meth-
ods, successes, failures and future directions. PLoS One. 2020;15(1):e0226631. https://doi.org/10.1371/journal.pone.0226631 PMID: 31999709

	10.	 Vardi T, Hoot WC, Levy J, Shaver E, Winters RS, Banaszak AT, et al. Six priorities to advance the science and practice of coral reef restoration 
worldwide. Restor Ecol. 2021;29(8). https://doi.org/10.1111/rec.13498

	11.	 Lamont TAC, Williams B, Chapuis L, Prasetya ME, Seraphim MJ, Harding HR, et al. The sound of recovery: Coral reef restoration success is 
detectable in the soundscape. J Appl Ecol. 2022;59(3):742–56. https://doi.org/10.1111/1365-2664.14089

	12.	 Schmidt‐Roach S, Knorr T, Roch C, Klaus R, Klepac C, Klein SG, et al. Cost‐efficiency and effectiveness of coral restoration pathways. Restor 
Ecol. 2024;33(1). https://doi.org/10.1111/rec.14326

	13.	 Hughes TP, Baird AH, Morrison TH, Torda G. Principles for coral reef restoration in the anthropocene. One Earth. 2023;6(6):656–65. https://doi.
org/10.1016/j.oneear.2023.04.008

	14.	 Osenberg CW, Bolker BM, White JSS, St Mary Colette M, Shima JS. Statistical issues and study design in ecological restorations: lessons learned 
from marine reserves. In: Falk DA, Palmer MA, Zedler JB, editors. Foundations of Restoration Ecology. Washington D.C.: Society for Ecological 
Restoration International; 2006. p. 280–302.

	15.	 Mulà C, Bradshaw CJA, Cabeza M, Manca F, Montano S, Strona G. Restoration cannot be scaled up globally to save reefs from loss and degrada-
tion. Nat Ecol Evol. 2025;9(5):822–32. https://doi.org/10.1038/s41559-025-02667-x PMID: 40200110

	16.	 Brandl SJ, Rasher DB, Côté IM, Casey JM, Darling ES, Lefcheck JS, et al. Coral reef ecosystem functioning: eight core processes and the role of 
biodiversity. Front Ecol Environ. 2019;17(8):445–54. https://doi.org/10.1002/fee.2088

	17.	 Lange ID, Razak TB, Perry CT, Maulana PB, Prasetya ME, Irwan, et al. Coral restoration can drive rapid reef carbonate budget recovery. Curr Biol. 
2024;34(6):1341-1348.e3. https://doi.org/10.1016/j.cub.2024.02.009 PMID: 38460511

	18.	 Toth LT, Storlazzi CD, Kuffner IB, Quataert E, Reyns J, McCall R, et al. The potential for coral reef restoration to mitigate coastal flooding as sea 
levels rise. Nat Commun. 2023;14(1):2313. https://doi.org/10.1038/s41467-023-37858-2 PMID: 37085476

	19.	 Ladd MC, Burkepile DE, Shantz AA. Near‐term impacts of coral restoration on target species, coral reef community structure, and ecological pro-
cesses. Restor Ecol. 2019;27(5):1166–76. https://doi.org/10.1111/rec.12939

	20.	 Hein MY, Willis BL, Beeden R, Birtles A. The need for broader ecological and socioeconomic tools to evaluate the effectiveness of coral restoration 
programs. Restor Ecol. 2017;25(6):873–83. https://doi.org/10.1111/rec.12580

	21.	 Suggett DJ, Goergen EA, Fraser M, Hein MY, Hoot W, McLeod I, et al. A user’s guide to coral reef restoration terminologies. Coral Reefs. 
2025;44(2):731–43. https://doi.org/10.1007/s00338-025-02619-8

	22.	 SER. Society for Ecological Restoration. 2024.

	23.	 Precht WF, Robbart M. Coral Reef Restoration: The Rehabilitation of an Ecosystem under Siege. Coral Reef Restoration Handbook. CRC Press; 
2006. p. 17–40.

	24.	 Walker SJ, Schlacher TA, Schlacher‐Hoenlinger MA. Spatial heterogeneity of epibenthos on artificial reefs: fouling communities in the early stages 
of colonization on an East Australian shipwreck. Mar Ecol. 2007;28(4):435–45. https://doi.org/10.1111/j.1439-0485.2007.00193.x

	25.	 Chang CC, Turner BL. Ecological succession in a changing world. Journal of Ecology. 2019;107(2):503–9. https://doi.org/10.1111/1365-2745.13132

	26.	 McCarthy OS, Kelly ELA, Akiona AK, Clements SM, Martinez T, Pedersen NE, et al. Using Community Composition and Successional Theory to 
Guide Site-Specific Coral Reef Management. Glob Chang Biol. 2025;31(1):e70050. https://doi.org/10.1111/gcb.70050 PMID: 39873121

	27.	 Bradshaw AD. Underlying principles of restoration. Can J Fish Aquat Sci. 1996;53(S1):3–9. https://doi.org/10.1139/f95-265

	28.	 Geist J, Hawkins SJ. Habitat recovery and restoration in aquatic ecosystems: current progress and future challenges. Aquat Conserv. 
2016;26(5):942–62. https://doi.org/10.1002/aqc.2702

	29.	 Shaver E C, Courtney C A, Maynard J, Hein M, Wagner C, Philibotte J, et al. A Manager’s Guide to Coral Reef Restoration Planning and Design. 
NOAA Coral Reef Conservation Program, NOAA Technical Memorandum CRCP 36; 2020. https://doi.org/10.25923/vht9-tv39

	30.	 Hobbs RJ, Hallett LM, Ehrlich PR, Mooney HA. Intervention Ecology: Applying Ecological Science in the Twenty-first Century. BioScience. 
2011;61(6):442–50. https://doi.org/10.1525/bio.2011.61.6.6

https://doi.org/10.1038/srep03486
http://www.ncbi.nlm.nih.gov/pubmed/24336631
https://doi.org/10.1098/rsos.190298
https://doi.org/10.1098/rsos.190298
http://www.ncbi.nlm.nih.gov/pubmed/31824686
https://doi.org/10.1111/1365-2435.13374
https://doi.org/10.1002/ecs2.3956
https://doi.org/10.1002/ecs2.3956
https://doi.org/10.1016/j.cosust.2013.11.022
https://doi.org/10.1111/1365-2435.13331
https://doi.org/10.1371/journal.pone.0226631
http://www.ncbi.nlm.nih.gov/pubmed/31999709
https://doi.org/10.1111/rec.13498
https://doi.org/10.1111/1365-2664.14089
https://doi.org/10.1111/rec.14326
https://doi.org/10.1016/j.oneear.2023.04.008
https://doi.org/10.1016/j.oneear.2023.04.008
https://doi.org/10.1038/s41559-025-02667-x
http://www.ncbi.nlm.nih.gov/pubmed/40200110
https://doi.org/10.1002/fee.2088
https://doi.org/10.1016/j.cub.2024.02.009
http://www.ncbi.nlm.nih.gov/pubmed/38460511
https://doi.org/10.1038/s41467-023-37858-2
http://www.ncbi.nlm.nih.gov/pubmed/37085476
https://doi.org/10.1111/rec.12939
https://doi.org/10.1111/rec.12580
https://doi.org/10.1007/s00338-025-02619-8
https://doi.org/10.1111/j.1439-0485.2007.00193.x
https://doi.org/10.1111/1365-2745.13132
https://doi.org/10.1111/gcb.70050
http://www.ncbi.nlm.nih.gov/pubmed/39873121
https://doi.org/10.1139/f95-265
https://doi.org/10.1002/aqc.2702
https://doi.org/10.25923/vht9-tv39
https://doi.org/10.1525/bio.2011.61.6.6


PLOS One | https://doi.org/10.1371/journal.pone.0331083  March 9, 2026 23 / 26

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

	32.	 González-Barrios FJ, Álvarez-Filip L. A framework for measuring coral species-specific contribution to reef functioning in the Caribbean. Ecol Indic. 
2018;95:877–86. https://doi.org/10.1016/j.ecolind.2018.08.038

	33.	 Graham NAJ, Nash KL. The importance of structural complexity in coral reef ecosystems. Coral Reefs. 2012;32(2):315–26. https://doi.org/10.1007/
s00338-012-0984-y

	34.	 Richardson LE, Graham NAJ, Hoey AS. Cross-scale habitat structure driven by coral species composition on tropical reefs. Sci Rep. 
2017;7(1):7557. https://doi.org/10.1038/s41598-017-08109-4 PMID: 28790429

	35.	 Bellwood DR, Streit RP, Brandl SJ, Tebbett SB. The meaning of the term ‘function’ in ecology: A coral reef perspective. Funct Ecol. 2019;33(6):948–
61. https://doi.org/10.1111/1365-2435.13265

	36.	 Streit RP, Bellwood DR. Moving beyond the one true trait. Trends Ecol Evol. 2023;38(11):1014–5. https://doi.org/10.1016/j.tree.2023.08.006 PMID: 
37659888

	37.	 Jax K. Function and “functioning” in ecology: what does it mean? Oikos. 2005;111(3):641–8. https://doi.org/10.1111/j.1600-0706.2005.13851.x

	38.	 Edwards A, Guest J, Shafir S, Fisk D, Gomez E, Rinkevich B, et al. Reef rehabilitation manual: Coral reef targeted research & capacity building for 
management program. Edwards A, editor. St Lucia, Australia: The Coral Reef Targeted Research & Capacity Building for Management Program; 
2010.

	39.	 Suggett DJ, Guest J, Camp EF, Edwards A, Goergen L, Hein M, et al. Restoration as a meaningful aid to ecological recovery of coral reefs. npj 
Ocean Sustain. 2024;3(1). https://doi.org/10.1038/s44183-024-00056-8

	40.	 Goulet-Pelletier J-C, Cousineau D. A review of effect sizes and their confidence intervals, Part I: The Cohen’s d family. TQMP. 2018;14(4):242–65. 
https://doi.org/10.20982/tqmp.14.4.p242

	41.	 Cohen J. Statistical power analysis for the behavioral sciences. Second Edition. New York: New York University, Department of Psychology; 1988.

	42.	 Knapp AK, Smith MD, Hobbie SE, Collins SL, Fahey TJ, Hansen GJA, et al. Past, Present, and Future Roles of Long-Term Experiments in the 
LTER Network. BioScience. 2012;62(4):377–89. https://doi.org/10.1525/bio.2012.62.4.9

	43.	 Moreno-Mateos D, Alberdi A, Morriën E, van der Putten WH, Rodríguez-Uña A, Montoya D. The long-term restoration of ecosystem complexity. Nat 
Ecol Evol. 2020;4(5):676–85. https://doi.org/10.1038/s41559-020-1154-1 PMID: 32284582

	44.	 Loughin TM. Improved Experimental Design and Analysis for Long‐Term Experiments. Crop Sci. 2006;46(6):2492–502. https://doi.org/10.2135/
cropsci2006.04.0271

	45.	 Krebs CJ. The experimental paradigm and long‐term population studies. Ibis. 1991;133(s1):3–8. https://doi.org/10.1111/j.1474-919x.1991.
tb07663.x

	46.	 Underwood AJ. Experiments in Ecology. Cambridge University Press; 1996. https://doi.org/10.1017/cbo9780511806407

	47.	 Hurlbert SH. Pseudoreplication and the Design of Ecological Field Experiments. Ecol Monogr. 1984;54(2):187–211. https://doi.
org/10.2307/1942661

	48.	 Hurlbert SH. The ancient black art and transdisciplinary extent of pseudoreplication. J Comp Psychol. 2009;123(4):434–43. https://doi.org/10.1037/
a0016221 PMID: 19929111

	49.	 Underwood AJ. On Beyond BACI: Sampling Designs that Might Reliably Detect Environmental Disturbances. Ecol Appl. 1994;4(1):3–15. https://doi.
org/10.2307/1942110

	50.	 Underwood A. Beyond BACI: Experimental designs for detecting human environmental impacts on temporal variations in natural populations. Mar 
Freshw Res. 1991;42(5):569–87. https://doi.org/10.1071/mf9910569

	51.	 Chapman MG. Improving sampling designs for measuring restoration in aquatic habitats. J Aquat Ecosyst Stress Recovery. 1998;6: 235–1. https://
doi.org/10.1023/A:1009987403481

	52.	 Adams VM, Barnes M, Pressey RL. Shortfalls in Conservation Evidence: Moving from Ecological Effects of Interventions to Policy Evaluation. One 
Earth. 2019;1(1):62–75. https://doi.org/10.1016/j.oneear.2019.08.017

	53.	 Obura D, Causey B, Church J. Management response to a bleaching event. American Geophysical Union (AGU); 2006. p. 181–206.

	54.	 Chabanet P, Bigot L, Naim O, Garnier R, Tessier E, Moyne-Picard M. Coral reef monitoring at Reunion island (Western Indian Ocean) using the 
GCRMN method. Proceedings of the Ninth International Coral Reef Symposium. Bali, Indonesia: Ministry of Environment: Indonesian Institute of 
Sciences: International Society for Reef Studies; 2002. p. 873–878.

	55.	 Hurlbert SH. On misinterpretations of pseudoreplication and related matters: a reply to Oksanen. Oikos. 2004;104(3):591–7. https://doi.
org/10.1111/j.0030-1299.2004.12752.x

	56.	 Bolker BM, Brooks ME, Clark CJ, Geange SW, Poulsen JR, Stevens MHH, et al. Generalized linear mixed models: a practical guide for ecology 
and evolution. Trends Ecol Evol. 2009;24(3):127–35. https://doi.org/10.1016/j.tree.2008.10.008 PMID: 19185386

	57.	 Byrnes JEK, Dee LE. Causal Inference With Observational Data and Unobserved Confounding Variables. Ecol Lett. 2025;28(1):e70023. https://doi.
org/10.1111/ele.70023 PMID: 39836442

	58.	 Hatcher BG. Coral reef ecosystems: how much greater is the whole than the sum of the parts? Coral Reefs. 1997;16(0):S77–91. https://doi.
org/10.1007/s003380050244

https://doi.org/10.1057/s41599-020-0526-0
https://doi.org/10.1057/s41599-020-0526-0
https://doi.org/10.1016/j.ecolind.2018.08.038
https://doi.org/10.1007/s00338-012-0984-y
https://doi.org/10.1007/s00338-012-0984-y
https://doi.org/10.1038/s41598-017-08109-4
http://www.ncbi.nlm.nih.gov/pubmed/28790429
https://doi.org/10.1111/1365-2435.13265
https://doi.org/10.1016/j.tree.2023.08.006
http://www.ncbi.nlm.nih.gov/pubmed/37659888
https://doi.org/10.1111/j.1600-0706.2005.13851.x
https://doi.org/10.1038/s44183-024-00056-8
https://doi.org/10.20982/tqmp.14.4.p242
https://doi.org/10.1525/bio.2012.62.4.9
https://doi.org/10.1038/s41559-020-1154-1
http://www.ncbi.nlm.nih.gov/pubmed/32284582
https://doi.org/10.2135/cropsci2006.04.0271
https://doi.org/10.2135/cropsci2006.04.0271
https://doi.org/10.1111/j.1474-919x.1991.tb07663.x
https://doi.org/10.1111/j.1474-919x.1991.tb07663.x
https://doi.org/10.1017/cbo9780511806407
https://doi.org/10.2307/1942661
https://doi.org/10.2307/1942661
https://doi.org/10.1037/a0016221
https://doi.org/10.1037/a0016221
http://www.ncbi.nlm.nih.gov/pubmed/19929111
https://doi.org/10.2307/1942110
https://doi.org/10.2307/1942110
https://doi.org/10.1071/mf9910569
https://doi.org/10.1023/A:1009987403481
https://doi.org/10.1023/A:1009987403481
https://doi.org/10.1016/j.oneear.2019.08.017
https://doi.org/10.1111/j.0030-1299.2004.12752.x
https://doi.org/10.1111/j.0030-1299.2004.12752.x
https://doi.org/10.1016/j.tree.2008.10.008
http://www.ncbi.nlm.nih.gov/pubmed/19185386
https://doi.org/10.1111/ele.70023
https://doi.org/10.1111/ele.70023
http://www.ncbi.nlm.nih.gov/pubmed/39836442
https://doi.org/10.1007/s003380050244
https://doi.org/10.1007/s003380050244


PLOS One | https://doi.org/10.1371/journal.pone.0331083  March 9, 2026 24 / 26

	59.	 Goergen EA, Schopmeyer S, Moulding AL, Moura A, Kramer P, Viehman TS. Coral reef restoration monitoring guide: Methods to evaluate resto-
ration success from local to ecosystem scales. Service UStatesNO, (U.S.) NC for COS, editors. 2020.

	60.	 Page CA, Muller EM, Vaughan DE. Microfragmenting for the successful restoration of slow growing massive corals. Ecol Eng. 2018;123:86–94. 
https://doi.org/10.1016/j.ecoleng.2018.08.017

	61.	 Boch CA, Morse ANC. Testing the effectiveness of direct propagation techniques for coral restoration of Acropora spp. Ecol Eng. 2012;40:11–7. 
https://doi.org/10.1016/j.ecoleng.2011.12.026

	62.	 Sam SQ, Ng CSL, Kikuzawa YP, Toh TC, Sim WT, Chou LM. Influence of fragment size on post transplantation growth and survival of domed scler-
actinian corals. Mar Biol Res. 2021;17(4):327–40. https://doi.org/10.1080/17451000.2021.1957934

	63.	 Ishida‐Castañeda J, Pizarro V, López‐Victoria M, Zapata FA. Coral reef restoration in the Eastern Tropical Pacific: feasibility of the coral nursery 
approach. Restor Ecol. 2020;28(1):22–8. https://doi.org/10.1111/rec.13047

	64.	 Gouezo M, Golbuu Y, Fabricius K, Olsudong D, Mereb G, Nestor V, et al. Drivers of recovery and reassembly of coral reef communities. Proc Biol 
Sci. 2019;286(1897):20182908. https://doi.org/10.1098/rspb.2018.2908 PMID: 30963834

	65.	 Toledo M-I, Torres P, Díaz C, Zamora V, López J, Olivares G. Ecological succession of benthic organisms on niche-type artificial reefs. Ecol Pro-
cess. 2020;9(1). https://doi.org/10.1186/s13717-020-00242-9

	66.	 Choi DR. Ecological succession of reef cavity-dwellers (coelobites) in coral rubble. Bull Mar Sci. 1984;35.

	67.	 Sotelo-Casas RC, Hernández-Díaz YQ, Palomino-Álvarez AL, Guerra-Castro E, Simões N. Evaluation of diversity patterns of echinoderms with 
cryptic habits using Autonomous Reef Monitoring Structures (ARMS) in two reefs of Gulf of Mexico and Mexican Caribbean Sea. Discov Oceans. 
2025;2(1). https://doi.org/10.1007/s44289-025-00051-y

	68.	 Palomino-Alvarez LA, Vital XG, Castillo-Cupul RE, Suárez-Mozo NY, Ugalde D, Cervantes-Campero G, et al. Evaluation of the Use of Autono-
mous Reef Monitoring Structures (ARMS) for Describing the Species Diversity of Two Coral Reefs in the Yucatan Peninsula, Mexico. Diversity. 
2021;13(11):579. https://doi.org/10.3390/d13110579

	69.	 Miloslavich P, Bax NJ, Simmons SE, Klein E, Appeltans W, Aburto-Oropeza O, et al. Essential ocean variables for global sustained observations of 
biodiversity and ecosystem changes. Glob Chang Biol. 2018;24(6):2416–33. https://doi.org/10.1111/gcb.14108 PMID: 29623683

	70.	 Osborne K, Dolman AM, Burgess SC, Johns KA. Disturbance and the dynamics of coral cover on the Great Barrier Reef (1995-2009). PLoS One. 
2011;6(3):e17516. https://doi.org/10.1371/journal.pone.0017516 PMID: 21423742

	71.	 Feary DA, McCormick MI, Jones GP. Growth of reef fishes in response to live coral cover. J Exp Mar Biol Ecol. 2009;373(1):45–9. https://doi.
org/10.1016/j.jembe.2009.03.002

	72.	 Bruno JF, Selig ER. Regional decline of coral cover in the Indo-Pacific: timing, extent, and subregional comparisons. PLoS One. 2007;2(8):e711. 
https://doi.org/10.1371/journal.pone.0000711 PMID: 17684557

	73.	 Alvarez-Filip L, Estrada-Saldívar N, Pérez-Cervantes E, Molina-Hernández A, Gonzalez-Barrios FJ. A rapid spread of the Stony Coral Tissue Loss 
Disease outbreak in the Mexican Caribbean. PeerJ Inc.; 2019.

	74.	 Alvarez-Filip L, González-Barrios FJ, Pérez-Cervantes E, Molina-Hernández A, Estrada-Saldívar N. Stony coral tissue loss disease decimated 
Caribbean coral populations and reshaped reef functionality. Commun Biol. 2022;5(1):440. https://doi.org/10.1038/s42003-022-03398-6 PMID: 
35681037

	75.	 Brandl SJ, Tornabene L, Goatley CHR, Casey JM, Morais RA, Côté IM, et al. Demographic dynamics of the smallest marine vertebrates fuel coral 
reef ecosystem functioning. Science. 2019;364(6446):1189–92. https://doi.org/10.1126/science.aav3384 PMID: 31123105

	76.	 Edgar GJ, Cooper A, Baker SC, Barker W, Barrett NS, Becerro MA, et al. Establishing the ecological basis for conservation of shallow marine life 
using Reef Life Survey. Biol Conserv. 2020;252:108855. https://doi.org/10.1016/j.biocon.2020.108855

	77.	 Yanovski R, Abelson A. Structural complexity enhancement as a potential coral-reef restoration tool. Ecol Eng. 2019;132:87–93. https://doi.
org/10.1016/j.ecoleng.2019.04.007

	78.	 Bozec Y-M, Alvarez-Filip L, Mumby PJ. The dynamics of architectural complexity on coral reefs under climate change. Glob Chang Biol. 
2015;21(1):223–35. https://doi.org/10.1111/gcb.12698 PMID: 25099220

	79.	 Kovalenko KE, Thomaz SM, Warfe DM. Habitat complexity: approaches and future directions. Hydrobiologia. 2012;685(1):1–17. https://doi.
org/10.1007/s10750-011-0974-z

	80.	 Agudo-Adriani EA, Cappelletto J, Cavada-Blanco F, Croquer A. Colony geometry and structural complexity of the endangered species Acrop-
ora cervicornis partly explains the structure of their associated fish assemblage. PeerJ. 2016;4:e1861. https://doi.org/10.7717/peerj.1861 PMID: 
27069801

	81.	 Lazarus M, Belmaker J. A review of seascape complexity indices and their performance in coral and rocky reefs. Methods Ecol Evol. 
2021;12(4):681–95. https://doi.org/10.1111/2041-210x.13557

	82.	 Clarke KR, Warwick RM. Change in marine communities. An approach to statistical analysis and interpretation. Second Edition ed. Plymouth: 
PRIMER-E; 2001.

	83.	 Boyle TP, Smillie GM, Anderson JC, Beeson DR. A sensitivity analysis of nine diversity and seven similarity indices. Res J Water Pollut Control 
Fed. 1990;62:749–62.

	84.	 Legendre P, Legendre L, editors. Developments in Environmental Modelling. 1998.

https://doi.org/10.1016/j.ecoleng.2018.08.017
https://doi.org/10.1016/j.ecoleng.2011.12.026
https://doi.org/10.1080/17451000.2021.1957934
https://doi.org/10.1111/rec.13047
https://doi.org/10.1098/rspb.2018.2908
http://www.ncbi.nlm.nih.gov/pubmed/30963834
https://doi.org/10.1186/s13717-020-00242-9
https://doi.org/10.1007/s44289-025-00051-y
https://doi.org/10.3390/d13110579
https://doi.org/10.1111/gcb.14108
http://www.ncbi.nlm.nih.gov/pubmed/29623683
https://doi.org/10.1371/journal.pone.0017516
http://www.ncbi.nlm.nih.gov/pubmed/21423742
https://doi.org/10.1016/j.jembe.2009.03.002
https://doi.org/10.1016/j.jembe.2009.03.002
https://doi.org/10.1371/journal.pone.0000711
http://www.ncbi.nlm.nih.gov/pubmed/17684557
https://doi.org/10.1038/s42003-022-03398-6
http://www.ncbi.nlm.nih.gov/pubmed/35681037
https://doi.org/10.1126/science.aav3384
http://www.ncbi.nlm.nih.gov/pubmed/31123105
https://doi.org/10.1016/j.biocon.2020.108855
https://doi.org/10.1016/j.ecoleng.2019.04.007
https://doi.org/10.1016/j.ecoleng.2019.04.007
https://doi.org/10.1111/gcb.12698
http://www.ncbi.nlm.nih.gov/pubmed/25099220
https://doi.org/10.1007/s10750-011-0974-z
https://doi.org/10.1007/s10750-011-0974-z
https://doi.org/10.7717/peerj.1861
http://www.ncbi.nlm.nih.gov/pubmed/27069801
https://doi.org/10.1111/2041-210x.13557


PLOS One | https://doi.org/10.1371/journal.pone.0331083  March 9, 2026 25 / 26

	 85.	 Baselga A. Partitioning the turnover and nestedness components of beta diversity. Glob Ecol Biogeogr. 2010;19(1):134–43. https://doi.
org/10.1111/j.1466-8238.2009.00490.x

	 86.	 Baselga A. Multiplicative partition of true diversity yields independent alpha and beta components; additive partition does not. Ecology. 
2010;91(7):1974–81. https://doi.org/10.1890/09-0320.1 PMID: 20715618

	 87.	 Whittaker RH. Evolution and measurement of species diversity. Taxon. 1972;21(2–3):213–51. https://doi.org/10.2307/1218190

	 88.	 Chao A, Jost L. Coverage-based rarefaction and extrapolation: standardizing samples by completeness rather than size. Ecology. 
2012;93(12):2533–47. https://doi.org/10.1890/11-1952.1 PMID: 23431585 

	 89.	 Clarke KR. Comparisons of dominance curves. J Exp Mar Biol Ecol. 1990;138(1–2):143–57. https://doi.org/10.1016/0022-0981(90)90181-b

	 90.	 Leinster T, Cobbold CA. Measuring diversity: the importance of species similarity. Ecology. 2012;93(3):477–89. https://doi.org/10.1890/10-2402.1 
PMID: 22624203

	 91.	 Petchey OL, O’Gorman EJ, Flynn DFB. A functional guide to functional diversity measures. Biodiversity, Ecosystem Functioning, and Human 
Wellbeing. Oxford: Oxford University Press; 2009. p. 49–59.

	 92.	 Magneville C, Loiseau N, Albouy C, Casajus N, Claverie T, Escalas A, et al. mFD: an R package to compute and illustrate the multiple facets of 
functional diversity. Ecography. 2022;2022(1). https://doi.org/10.1111/ecog.05904

	 93.	 Blonder B. Hypervolume concepts in niche‐ and trait‐based ecology. Ecography. 2018;41(9):1441–55. https://doi.org/10.1111/ecog.03187

	 94.	 Schiettekatte NMD, Brandl SJ, Casey JM, Graham NAJ, Barneche DR, Burkepile DE, et al. Biological trade-offs underpin coral reef ecosystem 
functioning. Nat Ecol Evol. 2022;6(6):701–8. https://doi.org/10.1038/s41559-022-01710-5 PMID: 35379939

	 95.	 Petchey OL, Gaston KJ. Functional diversity: back to basics and looking forward. Ecol Lett. 2006;9(6):741–58. https://doi.org/10.1111/j.1461-
0248.2006.00924.x PMID: 16706917

	 96.	 Lefcheck JS, Bastazini VAG, Griffin JN. Choosing and using multiple traits in functional diversity research. Envir Conserv. 2015;42(2):104–7. 
https://doi.org/10.1017/s0376892914000307

	 97.	 Anderson MJ. Permutational Multivariate Analysis of Variance (PERMANOVA). Wiley StatsRef: Statistics Reference Online. John Wiley & Sons, 
Ltd; 2017. p. 1–15.

	 98.	 Cai TT, Guo Z, Ma R. Statistical Inference for High-Dimensional Generalized Linear Models with Binary Outcomes. J Am Stat Assoc. 
2023;118(542):1319–32. https://doi.org/10.1080/01621459.2021.1990769 PMID: 37366472

	 99.	 Heit DR, Ortiz-Calo W, Poisson MKP, Butler AR, Moll RJ. Generalized nonlinearity in animal ecology: Research, review, and recommendations. 
Ecol Evol. 2024;14(7):e11387. https://doi.org/10.1002/ece3.11387 PMID: 38994210

	100.	 LUo Y, Melillo J, Niu S, Beier C, Clark JS, Classen AT, et al. Coordinated approaches to quantify long‐term ecosystem dynamics in response to 
global change. Glob Change Biol. 2011;17(2):843–54. https://doi.org/10.1111/j.1365-2486.2010.02265.x

	101.	 Shaver EC, Silliman BR. Time to cash in on positive interactions for coral restoration. PeerJ. 2017;5:e3499. https://doi.org/10.7717/peerj.3499 
PMID: 28652942

	102.	 Pretzsch H, del Río M, Biber P, Arcangeli C, Bielak K, Brang P, et al. Maintenance of long-term experiments for unique insights into forest growth 
dynamics and trends: review and perspectives. Eur J Forest Res. 2019;138(1):165–85. https://doi.org/10.1007/s10342-018-1151-y

	103.	 Jaap WC. Coral reef restoration. Ecol Eng. 2000;15(3–4):345–64. https://doi.org/10.1016/s0925-8574(00)00085-9

	104.	 Williams SL, Ambo-Rappe R, Sur C, Abbott JM, Limbong SR. Species richness accelerates marine ecosystem restoration in the Coral Triangle. 
Proc Natl Acad Sci U S A. 2017;114(45):11986–91. https://doi.org/10.1073/pnas.1707962114 PMID: 29078320

	105.	 Chomitz BR, Kleypas JA, Cortés J, Alvarado JJ. Change in the composition of fauna associated with Pocillopora spp. (Scleractinia, Pocillopori-
dae) following transplantation. Rev Biol Trop. 2023;71(S1):e54882. https://doi.org/10.15517/rev.biol.trop.v71is1.54882

	106.	 Lamont TAC, Razak TB, Djohani R, Janetski N, Rapi S, Mars F, et al. Multi-dimensional approaches to scaling up coral reef restoration. Mar 
Policy. 2022;143:105199. https://doi.org/10.1016/j.marpol.2022.105199

	107.	 Peixoto RS, Voolstra CR, Staab S, Ribeiro B, Duarte G, Suggett DJ. Building Coral Reef Resilience Through Assisted Restoration. Coral Reefs of 
the World. Springer Nature Switzerland; 2025. p. 235–43.

	108.	 Grace JB. An integrative paradigm for building causal knowledge. Ecol Monogr. 2024;94(4). https://doi.org/10.1002/ecm.1628

	109.	 Cano I, Sellares-Blasco RI, Lefcheck JS, Villalpando MF, Croquer A. Effects of herbivory by the urchin Diadema antillarum on early resto-
ration success of the coral Acropora cervicornis in the central Caribbean. J Exp Mar Biol Ecol. 2021;539:151541. https://doi.org/10.1016/j.
jembe.2021.151541

	110.	 Peixoto RS, Voolstra CR, Baums IB, Camp EF, Guest J, Harrison PL, et al. The critical role of coral reef restoration in a changing world. Nat Clim 
Chang. 2024;14(12):1219–22. https://doi.org/10.1038/s41558-024-02202-z

	111.	 Omori M. Coral restoration research and technical developments: what we have learned so far. Marine Biol Res. 2019;15(7):377–409. https://doi.
org/10.1080/17451000.2019.1662050

	112.	 Hein MY, Beeden R, Birtles A, Gardiner NM, Le Berre T, Levy J, et al. Coral Restoration Effectiveness: Multiregional Snapshots of the Long-Term 
Responses of Coral Assemblages to Restoration. Diversity. 2020;12(4):153. https://doi.org/10.3390/d12040153

	113.	 Fox HE, Harris JL, Darling ES, Ahmadia GN, Estradivari, Razak TB. Rebuilding coral reefs: success (and failure) 16 years after low‐cost, low‐tech 
restoration. Restor Ecol. 2019;27(4):862–9. https://doi.org/10.1111/rec.12935

https://doi.org/10.1111/j.1466-8238.2009.00490.x
https://doi.org/10.1111/j.1466-8238.2009.00490.x
https://doi.org/10.1890/09-0320.1
http://www.ncbi.nlm.nih.gov/pubmed/20715618
https://doi.org/10.2307/1218190
https://doi.org/10.1890/11-1952.1
http://www.ncbi.nlm.nih.gov/pubmed/23431585
https://doi.org/10.1016/0022-0981(90)90181-b
https://doi.org/10.1890/10-2402.1
http://www.ncbi.nlm.nih.gov/pubmed/22624203
https://doi.org/10.1111/ecog.05904
https://doi.org/10.1111/ecog.03187
https://doi.org/10.1038/s41559-022-01710-5
http://www.ncbi.nlm.nih.gov/pubmed/35379939
https://doi.org/10.1111/j.1461-0248.2006.00924.x
https://doi.org/10.1111/j.1461-0248.2006.00924.x
http://www.ncbi.nlm.nih.gov/pubmed/16706917
https://doi.org/10.1017/s0376892914000307
https://doi.org/10.1080/01621459.2021.1990769
http://www.ncbi.nlm.nih.gov/pubmed/37366472
https://doi.org/10.1002/ece3.11387
http://www.ncbi.nlm.nih.gov/pubmed/38994210
https://doi.org/10.1111/j.1365-2486.2010.02265.x
https://doi.org/10.7717/peerj.3499
http://www.ncbi.nlm.nih.gov/pubmed/28652942
https://doi.org/10.1007/s10342-018-1151-y
https://doi.org/10.1016/s0925-8574(00)00085-9
https://doi.org/10.1073/pnas.1707962114
http://www.ncbi.nlm.nih.gov/pubmed/29078320
https://doi.org/10.15517/rev.biol.trop.v71is1.54882
https://doi.org/10.1016/j.marpol.2022.105199
https://doi.org/10.1002/ecm.1628
https://doi.org/10.1016/j.jembe.2021.151541
https://doi.org/10.1016/j.jembe.2021.151541
https://doi.org/10.1038/s41558-024-02202-z
https://doi.org/10.1080/17451000.2019.1662050
https://doi.org/10.1080/17451000.2019.1662050
https://doi.org/10.3390/d12040153
https://doi.org/10.1111/rec.12935


PLOS One | https://doi.org/10.1371/journal.pone.0331083  March 9, 2026 26 / 26

	114.	 Seraphim MJ, Sloman KA, Alexander ME, Janetski N, Jompa J, Ambo-Rappe R, et al. Interactions between coral restoration and fish assem-
blages: implications for reef management. J Fish Biol. 2020;97(3):633–55. https://doi.org/10.1111/jfb.14440 PMID: 32564370

	115.	 Krimou S, Raick X, Mery E, Carlot J, Carpentier C, Sowinski J, et al. Restoring the reef: Coral restoration yields rapid impacts on certain fish 
assemblages. Estuar Coast Shelf Sci. 2024;302:108734. https://doi.org/10.1016/j.ecss.2024.108734

	116.	 Muko S, Iwasa Y. Long-term effect of coral transplantation: restoration goals and the choice of species. J Theor Biol. 2011;280(1):127–38. https://
doi.org/10.1016/j.jtbi.2011.04.012 PMID: 21515287

	117.	 Ceccarelli DM, McLeod IM, Boström-Einarsson L, Bryan SE, Chartrand KM, Emslie MJ, et al. Substrate stabilisation and small structures in 
coral restoration: State of knowledge, and considerations for management and implementation. PLoS One. 2020;15(10):e0240846. https://doi.
org/10.1371/journal.pone.0240846 PMID: 33108387

	118.	 Miller M, Valdivia A, Kramer K, Mason B, Williams D, Johnston L. Alternate benthic assemblages on reef restoration structures and cascading 
effects on coral settlement. Mar Ecol Prog Ser. 2009;387:147–56. https://doi.org/10.3354/meps08097

	119.	 Legendre P, Legendre L. Numerical ecology ch 6 - multidimensional qualitative data. Developments in Environmental Modelling. 3rd edition. 
Amsterdam, The Netherlands: Elsevier; 2012. p. 337–424.

	120.	 Mathews G, Raj KD, Laju RL, Bharath MS, Kumar PD, Arasamuthu A, et al. First approach to the characterization of the ecological succession on 
perforated trapezoidal multi-purpose reef modules: Building climate resilience. Ocean Coast Manag. 2021;210:105669. https://doi.org/10.1016/j.
ocecoaman.2021.105669

	121.	 Oren A, Berman O, Neri R, Edery-Lutri M, Chernihovsky N, Tarazi E, et al. Ecological succession on 3D printed ceramic artificial reefs. Sci Total 
Environ. 2024;954:176371. https://doi.org/10.1016/j.scitotenv.2024.176371 PMID: 39343403

	122.	 Hein MY, Vardi T, Shaver EC, Pioch S, Boström-Einarsson L, Ahmed M, et al. Perspectives on the Use of Coral Reef Restoration as a Strategy to 
Support and Improve Reef Ecosystem Services. Front Mar Sci. 2021;8:299. https://doi.org/10.3389/fmars.2021.618303

	123.	 Ladd MC, Miller MW, Hunt JH, Sharp WC, Burkepile DE. Harnessing ecological processes to facilitate coral restoration. Front Ecol Environ. 
2018;16(4):239–47. https://doi.org/10.1002/fee.1792

	124.	 Spadaro AJ, Butler MJ. Herbivorous Crabs Reverse the Seaweed Dilemma on Coral Reefs. Curr Biol. 2021;31(4):853–9.e3. https://doi.
org/10.1016/j.cub.2020.10.097 PMID: 33306950

	125.	 Hylkema A, Debrot AO, van de Pas EE, Osinga R, Murk AJ. Assisted Natural Recovery: A Novel Approach to Enhance Diadema antillarum 
Recruitment. Front Mar Sci. 2022;9:929355. https://doi.org/10.3389/fmars.2022.929355

	126.	 Williams SM. The reduction of harmful algae on Caribbean coral reefs through the reintroduction of a keystone herbivore, the long‐spined sea 
urchin Diadema antillarum. Restor Ecol. 2022;30(1):e13475. https://doi.org/10.1111/rec.13475

	127.	 Butler MJ, Duran A, Feehan CJ, Harborne AR, Hylkema A, Patterson JT, et al. Restoration of herbivory on Caribbean coral reefs: are fishes, 
urchins, or crabs the solution? Front Mar Sci. 2024;11:1329028. https://doi.org/10.3389/fmars.2024.1329028

	128.	 Wilson MW, Bigler M, Renaud‐Byrne G, Gutiérrez Plata S, Hylkema A, Patterson J, et al. Employing invertebrates to restore herbivory on Carib-
bean coral reefs: recent developments and remaining barriers. Restor Ecol. 2025;33(4):e70025. https://doi.org/10.1111/rec.70025

	129.	 Duffy JE, Ziegler SL, Campbell JE, Bippus PM, Lefcheck JS. Squidpops: A Simple Tool to Crowdsource a Global Map of Marine Predation Inten-
sity. PLoS One. 2015;10(11):e0142994. https://doi.org/10.1371/journal.pone.0142994 PMID: 26599815

	130.	 Ritter CJ, Harper LM, Lefcheck JS, Paul VJ, Whippo R, Jones S, et al. Patterns of Consumption Across a Caribbean Seascape: Roles of Habitat 
and Consumer Species Composition Through Time. Front Mar Sci. 2021;8. https://doi.org/10.3389/fmars.2021.742907

	131.	 Duncan CK, Gilby BL, Olds AD, Connolly RM, Ortodossi NL, Henderson CJ, et al. Landscape context modifies the rate and distribution of preda-
tion around habitat restoration sites. Biol Conserv. 2019;237:97–104. https://doi.org/10.1016/j.biocon.2019.06.028

	132.	 Gordon TAC, Radford AN, Davidson IK, Barnes K, McCloskey K, Nedelec SL, et al. Acoustic enrichment can enhance fish community develop-
ment on degraded coral reef habitat. Nat Commun. 2019;10(1):5414. https://doi.org/10.1038/s41467-019-13186-2 PMID: 31784508

	133.	 Pysanczyn JW, Williams EA, Brodrick E, Robert D, Craggs J, Marhaver KL, et al. The role of acoustics within the sensory landscape of coral 
larval settlement. Front Mar Sci. 2023;10:1111599. https://doi.org/10.3389/fmars.2023.1111599

	134.	 Aoki N, Weiss B, Jézéquel Y, Zhang WG, Apprill A, Mooney TA. Soundscape enrichment increases larval settlement rates for the brooding coral 
Porites astreoides. R Soc Open Sci. 2024;11(3):231514. https://doi.org/10.1098/rsos.231514 PMID: 38481984

	135.	 Elise S, Urbina-Barreto I, Pinel R, Mahamadaly V, Bureau S, Penin L, et al. Assessing key ecosystem functions through soundscapes: A new 
perspective from coral reefs. Ecol Indic. 2019;107:105623. https://doi.org/10.1016/j.ecolind.2019.105623

	136.	 Azofeifa-Solano JC, Parsons MJG, Brooker R, McCauley R, Pygas D, Feeney W, et al. Soundscape analysis reveals fine ecological differences 
among coral reef habitats. Ecol Indic. 2025;171:113120. https://doi.org/10.1016/j.ecolind.2025.113120

	137.	 Watt-Pringle R, Razak TB, Jompa J, Ambo-Rappe R, Kostaman AN, Smith DJ. Coral reef restoration in Indonesia: lessons learnt from the world’s 
largest coral restoration nation. Biodivers Conserv. 2024;33(10):2675–707. https://doi.org/10.1007/s10531-024-02897-8

	138.	 Blanco-Pimentel M, Evensen NR, Cortés-Useche C, Calle-Triviño J, Barshis DJ, Galván V, et al. All-inclusive coral reef restoration: How the tour-
ism sector can boost restoration efforts in the caribbean. Front Mar Sci. 2022;9. https://doi.org/10.3389/fmars.2022.931302

https://doi.org/10.1111/jfb.14440
http://www.ncbi.nlm.nih.gov/pubmed/32564370
https://doi.org/10.1016/j.ecss.2024.108734
https://doi.org/10.1016/j.jtbi.2011.04.012
https://doi.org/10.1016/j.jtbi.2011.04.012
http://www.ncbi.nlm.nih.gov/pubmed/21515287
https://doi.org/10.1371/journal.pone.0240846
https://doi.org/10.1371/journal.pone.0240846
http://www.ncbi.nlm.nih.gov/pubmed/33108387
https://doi.org/10.3354/meps08097
https://doi.org/10.1016/j.ocecoaman.2021.105669
https://doi.org/10.1016/j.ocecoaman.2021.105669
https://doi.org/10.1016/j.scitotenv.2024.176371
http://www.ncbi.nlm.nih.gov/pubmed/39343403
https://doi.org/10.3389/fmars.2021.618303
https://doi.org/10.1002/fee.1792
https://doi.org/10.1016/j.cub.2020.10.097
https://doi.org/10.1016/j.cub.2020.10.097
http://www.ncbi.nlm.nih.gov/pubmed/33306950
https://doi.org/10.3389/fmars.2022.929355
https://doi.org/10.1111/rec.13475
https://doi.org/10.3389/fmars.2024.1329028
https://doi.org/10.1111/rec.70025
https://doi.org/10.1371/journal.pone.0142994
http://www.ncbi.nlm.nih.gov/pubmed/26599815
https://doi.org/10.3389/fmars.2021.742907
https://doi.org/10.1016/j.biocon.2019.06.028
https://doi.org/10.1038/s41467-019-13186-2
http://www.ncbi.nlm.nih.gov/pubmed/31784508
https://doi.org/10.3389/fmars.2023.1111599
https://doi.org/10.1098/rsos.231514
http://www.ncbi.nlm.nih.gov/pubmed/38481984
https://doi.org/10.1016/j.ecolind.2019.105623
https://doi.org/10.1016/j.ecolind.2025.113120
https://doi.org/10.1007/s10531-024-02897-8
https://doi.org/10.3389/fmars.2022.931302

