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1

Restoration is considered an effective strategy to accelerate the recovery of biological
communities at local scale. However, the effects of restoration actions in the marine
ecosystems are still unpredictable. We performed a global analysis of published literature
to identify the factors increasing the probability of restoration success in coastal and
marine systems. Our results confirm that the majority of active restoration initiatives are
still concentrated in the northern hemisphere and that most of information gathered from
restoration efforts derives from a relatively small subset of species. The analysis also
indicates that many studies are still experimental in nature, covering small spatial and
temporal scales. Despite the limits of assessing restoration effectiveness in absence of a
standardized definition of success, the context (degree of human impact, ecosystem
type, habitat) of where the restoration activity is undertaken is of greater relevance
to a successful outcome than how (method) the restoration is carried out. Contrary
to expectations, we found that restoration is not necessarily more successful closer
to protected areas (PA) and in areas of moderate human impact. This result can be
motivated by the limits in assessing the success of interventions and by the tendency
of selecting areas in more obvious need of restoration, where the potential of actively
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restoring a degraded site is more evident. Restoration sites prioritization considering
human uses and conservation status present in the region is of vital importance to obtain
the intended outcomes and galvanize further actions.
Keywords: active restoration, marine habitats, restoration effectiveness, restoration success and failure,
restoration site prioritization

INTRODUCTION

associated with working in the marine environment (Bayraktarov
et al., 2016), especially in remote areas (Van Dover et al.,
2014). As a result, several fundamental gaps including current
implementation methods and the supporting science still limit
the systematic use of ecological restoration in the marine realm
(e.g., Elliott et al., 2007; Suding, 2011; Duarte et al., 2015).
Recent scientific reviews have highlighted several challenges
and perspectives in marine restoration (e.g., Bayraktarov et al.,
2016; Swan et al., 2016; Jacob et al., 2018), starting from a
revision of concepts and definitions (Elliott et al., 2007; Abelson
et al., 2016). An array of approaches to restoring coastal systems
is emerging, falling under four broad categories: transplanting
fauna and flora from one site to another, removing invasive
species, creating artificial habitat to promote range expansion
and recolonization, and inducing changes in hydrological and
physical settings each with their own cost and probability of
success. However, the method used is only one part of the
puzzle: focal species/ecosystem (Montero-Serra et al., 2018),
duration of the activity (Bayraktarov et al., 2016), geographical
location (Darwiche-Criado et al., 2017), and local factors such
as pressures present and conservation level have been identified
as relevant in restoration (Keenleyside et al., 2012). Finally, the
evaluation of restoration outcomes is not an easy task (Wortley
et al., 2013). The SER (Gann et al., 2019) provides a list of key
attributes to support the identification of appropriate indicators
of restoration success, including six key ecosystem attributes to
measure progress along a trajectory of recovery. However, to date,
even due to the early developmental stage of marine restoration,
restoration success is still typically reported in terms of itembased success (Bayraktarov et al., 2016). Acknowledging limits of
assessing restoration effectiveness in absence of a standardized
definition of success (e.g., Ruiz-Jaen and Mitchell Aide, 2005),
here, we performed a global analysis of published literature aimed
to identify the factors increasing the probability of success in
restoration actions of coastal and marine systems. Understanding
their relative importance is vital for site prioritization and to aid
the development of science-based operational protocols.

Despite increasing efforts to conserve marine-coastal ecosystems,
global analyses show unprecedented rates of loss and change at
all levels of biological diversity (Butchart et al., 2010; Cardinale
et al., 2012). Natural recovery of ecosystems can be difficult in a
reasonable time frame (Dobson et al., 1997; Lotze et al., 2006).
Once a source of impact has been removed, the return to pristine
conditions can vary from decades to centuries (Lotze et al., 2011)
since based on both intrinsic (e.g., life-histories traits, ecosystemspecific features) and extrinsic (e.g., type and magnitude
of disturbance) factors (Worm et al., 2006). Thus, current
conservation initiatives aimed at mitigating human threats (i.e.,
termed as passive or unassisted restoration) can be insufficient
to halt or reverse trajectories of change (Perrow and Davy, 2002;
McCrackin et al., 2017; Jones et al., 2018; Lindegren et al., 2018).
To this end, there is a need to diversify our approaches and active
restoration (i.e., the process of actively assisting the recovery of
an ecosystem that has been degraded, damaged, or destroyed;
Society for Ecological Restoration International Science Policy
Working Group, 2004) is considered an effective strategy to
supplement current conservation and management actions when
the natural recovery of ecosystems is precluded (Perrow and
Davy, 2002; Perring et al., 2015; Jones et al., 2018). Recognizing
this, the Convention on Biological Diversity and the European
Union have dedicated restoration targets (EU, 2011; CBD, 2014),
and in 2019 the “United Nation Decade on ecosystem restoration
2021–2030” has been declared (Waltham et al., 2020). In order
to capitalize on the current political and societal will and deliver
the changes required, it is imperative that restoration actions are
efficient and evidence based.
When successful, restoration of marine-coastal systems can
provide a myriad of benefits, relating to climate, biodiversity,
economic growth, and physical and mental well-being (Aronson
and Alexander, 2013). However, the effects of restoration are still
unpredictable in the marine realm (Bayraktarov et al., 2016). As
restoration is a costly activity, it is vital that limited conservation
funds are spent effectively and the potential is realized in practice
to obtain the intended outcomes and galvanize further action.
Nevertheless, whilst there is a relatively good understanding of
what works in terrestrial systems (Wortley et al., 2013) similar
knowledge is lacking in coastal and marine systems (Blignaut
et al., 2013). Besides differences in the nature and scale of
degrading processes, which historically affect the way we manage
biotic resources on land and in the sea (Carr et al., 2003), this
discrepancy is also due to marine ecosystems being largely “outof-view,” leading to a lack of understanding of the degree of
degradation and the needs for restoration practices (Parsons
et al., 2014), as well as the intrinsic difficulties and elevated costs
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MATERIALS AND METHODS
Data Collection, Screening, and Extraction
A systematic literature review was conducted to document
active restoration practices (sensu Elliott et al., 2007) across
marine and coastal habitats. The review included strictly marine
ecosystems (including the intertidal, from shallow habitats
to deeper ones) as well as semi-terrestrial systems, such as
transitional water bodies (i.e., estuaries, wetlands) and typical
interface ecosystems (i.e., mangroves). Two databases (ISI Web
of Science and Scopus) were searched using the terms “Restor∗
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OR Rehab∗ ” combined with specific habitat and/or ecosystem
types “habitat/ecosystem 1∗ OR habitat/ecosystem 2∗ , . . . OR
habitat/ecosystem n”. Searches were undertaken within article
titles, abstracts, and keywords. The review was global in scale, and
restricted to 1985–2017. This review builds on activities carried
out during the first year of the EU MERCES project (http://
www.merces-project.eu/) (see also the associated deliverable
https://cordis.europa.eu/project/id/689518/results). A total of
4,066 publications were identified, with 498 retained for
analysis (see Supplementary Material 1 for details on search
terms and eligible criteria). From each article a range of
contextual and methodological information was extracted (see
Supplementary Material 1, Supplementary Table 1, and the
entire catalog in the Supplementary Material 2). However, it has
to be stressed that there are major biases in the information that
is presented in the literature from the lack of communication and
collaboration between practitioners, managers, and scientists,
with a large proportion of restoration efforts to date undertaken
with little or no scientific input or detailed monitoring. The
consequence is that marine restoration projects are often not
usually communicated in the scientific literature (BoströmEinarsson et al., 2020).
There is no commonly agreed definition of restoration
success. The level of failure, partial success, or success was
inferred from each study using the same rationale of Bayraktarov
et al. (2016) based on the assessment of item-based metrics
such as the survival of manipulated organisms. For instance, we
defined a highly successful ecological restoration project/study
as one where the restoration goals achieved ≥50% survival
of restored organisms for the entire intervention area. We
define restoration failure as projects with an outcome of ≤10%
survival of restored organisms. Partial success was assigned if
the outcomes of the intervention were not consistent (i.e., each
one ≥50%) across the different item-based metrics (or target
species) considered in a study. In those cases where the rationale
of Bayraktarov et al. (2016) was not applicable, restoration
outcomes were classified as reported by authors in the original
study, according to the target set by authors (e.g., Gittman et al.,
2016).
Also, the classification of success, partial success, and failure
was impracticable in case studies where the criteria to evaluate
restoration success were not based on a formal comparison
between restored and multiple controls, following the rationale
of Before After Control Impact (BACI) design (e.g., Craft et al.,
2002; Mora and Burdick, 2013; Flores-Verdugo et al., 2015) as
suggested by the SER (Gann et al., 2019). In this case, NA was
reported due to the lack in providing the temporal and/or spatial
dynamics of target systems.
Retained articles were georeferenced in order to determine
the distance between restoration action and documented forms
of protection. To do this, we downloaded the public version
of the World Database on Protected Areas (WDPA) for April
2018 as a file geodatabase from Protected Planet (http://
www.protectedplanet.net/) (IUCN UNEP-WCMC, 2018). We
considered all Protected Area (PA) types, except those with a
“proposed” or “not reported” status and sites reported as points
without an associated reported area. Protected area polygons
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were dissolved to avoid double counting. The minimum straight
distance between the centroid of the restoration action and
the boundary of the nearest protected polygon was calculated
in kilometers using ArcGIS 10.1. The same software has been
used to determine the cumulative human impact score of the
location where the study was conducted. In this case, the cell
values of the raster based on the map (https://knb.ecoinformatics.
org/view/10.5063/F12B8WBS) provided by Halpern et al. (2015)
were employed. Where location of the study had no score,
due to source raster coverage, the value in the point has been
calculated from the adjacent cells with valid values using bilinear
interpolation. In Figure 1, the density of records occurrence was
obtained by mean of the ArcGIS tool “Point Density [Spatial
Analyst] which calculates a magnitude per unit area from point
features that fall within a neighborhood around each cell. The cell
size for the output raster dataset is 0.42 decimal degrees (DD).
The shape of the area around each cell that is used to calculate
the density value is circular with the given radius 3.47 (the units
of the selected neighborhood measurements in map units). This
is default where the radius is the shortest of the width or height
of the extent of the input point features, in the output spatial
reference, divided by 30.

Statistical Analysis
Ordered multinomial logistic regressions were used to identify
the most parsimonious models that explain restoration success
and determine the relative importance of the potential correlates.
This model type was selected as the response variable is
categorical and has multiple levels (failure, partial success, and
success) and was implemented using the “multinom” function of
the R package nnet (Venables and Ripley, 2002).
As there was not a-priori hypothesis, an exhaustive modeling
approach was used and all possible interactions between potential
explanatory variables and higher order terms considered
(Supplementary Material 1, Supplementary Table 2). Often a
single “best” model is selected, based on a variety of methods
and thresholds including model fit and p-values, however, there is
often substantial uncertainty over this selection, with important
information contained in the second, third, fourth “best” models
that is dismissed. Therefore, arriving at and basing inferences
on a single model fails to account for uncertainty. Rather than
arriving at, and drawing inferences from, a single “best model,”
we used a model averaging approach to generate model estimates
that are based on a set of highly probable candidate models
and therefore account for and include parameter uncertainty in
our results.
Model comparisons were based on the small-sample-sizecorrected Akaike’s information criterion (AICc). The highestranked models according to AICc are those that explain the
most substantial proportion of variance in the data yet exclude
unnecessary parameters that cannot be justified for inference on
the basis of the data. Model competitiveness was determined
by the AICc differences (1i) between each model (i) and the
AICc-value of the top-ranked model, with models with 1i > 2
dismissed (Burnham and Anderson, 2002).
Then, for the retained set of models (i.e., 1i < 2), Akaike
weights (wi) were calculated to represent the relative likelihood
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FIGURE 1 | Distributional maps of peer-reviewed studies on active restoration (n = 498) across marine “provinces” from Spalding et al. (2007) showing (A) the total
amount of articles; (B) hotspot areas (HS) of restoration efforts in term of articles occurrence density (details provided below). In (A) the numbers indicate for each
province the realm they belong to (1. Temperate Northern Atlantic, 2. Temperate Northern Pacific, 3. Central Indo-Pacific, 4. Tropical Atlantic, 5. Western Indo-Pacific,
6. Temperate Australasia, 7. Eastern Indo-Pacific, 8. Temperate South America, 9. Tropical Eastern Pacific, 10. Temperate Southern Africa, 11.Arctic). In (B) the
relative frequency of occurrence across habitats for each hotspot area identified (i.e., HSI, HSII, HSIII) is also reported as donut plots. Habitats showing a sporadic
occurrence (i.e., <3%) across the overall database (e.g., mudflats, mussel beds, scallops) were grouped in “Other”.
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the number of studies. The majority of studies (∼60%) last 1–
2 years; 30% of saltmarsh, seagrass, and mangrove studies are
over 2 years; and 4% (saltmarsh) exceeded 16 years. The majority
(54%) cover <1,000 m2 , with a large number between 100 and
1,000 m2 , however, some (corals, seagrasses) are at a very small
scale (1–10 m2 ). Saltmarsh habitats have the highest number
of records larger than one hectare (13%) (Figures 4A,B). Most
studies use transplantation techniques in combination with the
establishment of nurseries and the use of artificial structures
(∼40%). Planting and the modification of physical/hydrological
settings (e.g., damming and channeling) are also common (20
and 25%, respectively) (Supplementary Figure 1A).
Generally, the most common response variables used to
assess the outcomes of the restoration action were itembased. The survival of transplanted organisms, followed
by growth measurements were the most commonly-used
metrics across studies (i.e., 36 and 28% of occurrence,
respectively, Supplementary Figure 1B). Ecological processes
like productivity are not measured as frequently as measures of
structure or diversity.

of each model and a 95% confidence set of models was then
constructed beginning with the model with the highest weight
and then continuously adding the model with the next highest
weight, until the cumulative sum of weights exceeded 0.95.
The potential explanatory variables were then averaged across
the 95% candidate set of models in order to derive modelaveraged results which take into account the uncertainty in
the modeled estimates. Finally, the relative importance of each
potential explanatory variables was determined by summing the
Akaike weights for all models containing the variable. Variables
with a summed wi < 0.5 were considered relatively unimportant.

RESULTS
Overview of Literature Analyzed
Since 2000, active restoration initiatives have been carried
out across all ecoregional realms, except “Southern Ocean”
(sensu Spalding et al., 2007) with the majority (58%) of
studies concentrated in the northern hemisphere (i.e., the
Temperate Northern Atlantic and Pacific: 41 and 17% of studies,
respectively) (Figure 1A). The Tropical Atlantic and the Central
Indo-Pacific also show a relevant number of restoration efforts
(16 and 14% of studies, respectively). Crucially, the majority
of studies were recorded in estuarine/wetland systems (42%),
followed by rocky reefs (30% including both intertidal and
subtidal), and soft-bottom environments (28%). In particular,
studies strictly dealing with marine environments have exceeded
those on estuarine/wetland systems since 2008, due to the
increasing number of studies carried out in the rocky subtidal
(mainly focused on coral reefs) and in soft-bottom systems
(mainly seagrass and mangrove habitats).
The global map shows that these efforts are not
homogeneously distributed across provinces in each
biogeographic realm and several hot spots of restoration
initiatives have been identified (Figure 1B). Most studies along
the coasts of USA (i.e., HS I) focused on saltmarshes (38%),
whilst, across European countries (HS II), seagrass restoration is
more represented (30%). Instead, a prevalent number of studies
regarded coral reefs (29%) and mangroves (25%) in the central
Indo-Pacific (HS III, Figure 1B). It should be noted that all
restoration case studies evaluated targeted coastal or shallow
water ecosystems with no records for open-ocean or deep-water
restoration projects.
A total of 228 species belonging to 118 genera have been
targeted by active restoration interventions, the majority being
saltmarsh plants and corals (Figure 2A). Most of information
gathered from restoration efforts derives from a relatively small
subset of species (Supplementary Material, Figures 2B,C), in
particular Zostera marina and Posidonia oceanica for seagrasses,
Spartina alterniflora and Phragmites australis for saltmarshes,
Rhizophora spp. for mangroves, Crassostrea virginica for oyster
reefs, Acropora cervicornis and Acropora palmata for coral reefs
were the most targeted species (i.e., ≥10 records in the catalog).
Across all habitats, 60% of the studies were classified as
successful and a further 15% as partially successful (Figure 3).
This pattern was consistent across habitats independently from
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Explanatory Variables to Support
Restoration Success
The probability of a restorative action being partially or fully
successful was found to be predominately influenced by the
contextual setting of the action and the habitat being restored
rather than the method used (Table 1). For example, the
likelihood of success increases in seagrass beds, saltmarsh and
macroalgal forests and in areas with higher levels of human
impact. However, the importance of methodological factors
increased in studies reporting full restoration success, with the reestablishment of habitats in locations they were previously found
and the mitigation of pressures being of importance (Figures 5,
6). Considering the wider set of variables in the 95% candidate
set, there was considerable variability and uncertainty regarding
the influence of the restoration actions, their duration and the
geographic realm.

DISCUSSION
Overall, the results from this analysis suggest that the context of
where a restoration activity is undertaken is generally of greater
relevance to a successful outcome than how the restoration is
carried out. Where methodological factors were of importance,
they related to the re-establishment of lost and the rehabilitation
of existing habitats, including the removal of stressors, rather
than the creation of novel areas.
The importance of contextual factors, such as the ecosystem
type and geographic location in determining restoration success
is in accordance with previous findings (e.g., Suding, 2011;
Bayraktarov et al., 2016) and demonstrates the vital importance
of site selection, for example, in terms of knowledge of the
pressures present within the region, its historical context, and
the wider seascape. For example, Suding (2011) found that
the recovery of a site can often be attributed to a mixture
of local and landscape constraints, including shifts in species
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FIGURE 2 | Summary of targeted organisms across studies. (A) Total number of genera and species across the main habitats identified. Rates of occurrence across
(B) genera and (C) species for each habitat category. Different colors represent the different hosting habitats. Symbols (circles) have varying dimension so that
overlapping is visible. In (B,C) genera and species showing an occurrence ≥2% (i.e., ≥10 records in the catalog) were also reported in the bar plots. Black bars =
plants; striped bars = invertebrates.
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FIGURE 3 | Partitioning (i.e., percentage representativeness) of the restoration outcomes (i.e., from success to failure) across habitats. In brackets the total number of
studies for each habitat is also reported. Habitats showing a sporadic occurrence of records (i.e., <3%) across the overall database (e.g., mudflats, mussel beds,
scallops) were grouped in “Other”.

more obvious need of restoration, where the potential of actively
restoring a degraded site is more evident. Third, most existing
MPAs are partially protected and partially PAs tend to attract
uses rather than decrease them (Dureuil et al., 2018; Zupan et al.,
2018) elevating recent concerns about growing human pressure
on PAs worldwide. Finally, these patterns are likely to be strongly
biased due to the literature reporting more successful rather than
failed restoration activities (Hobbs, 2009; Knight, 2009; Suding,
2011). To address this issue, Boström-Einarsson et al. (2020)
produced an online interactive database to act as a resource
for practitioners, managers, and scientists to learn from both
past successes and failures in coral restoration. However, these
attempts are still very limited and how this publication bias might
affect the results and their interpretation is still under evaluated.
The restoration of lost and degraded habitats is a
long-term process, however, we found no significant
influence of the duration of the action and its subsequent
monitoring and the probability of success, likely because
the outcome of restoration (success or failure) is directly
related to the period of observation, which typically lasts

distribution and legacies of past land use, whilst Bayraktarov
et al. (2016) highlighted the importance of site selection and
techniques as determinants of restoration success. We also found
that methodologies related to “protecting” the restored site, for
example through the removal of invasive species (Patten and
O’Casey, 2007) or the use of protective mesh cages (Yoon et al.,
2014), had a significant positive influence on restoration success.
Despite the evidence that the most damaged ecosystems are
the hardest to recover, since they have crossed various thresholds
or lost key processes that reinforce the impacted state (Lotze et al.,
2011; Ling et al., 2015; Guarnieri et al., 2020), we found that
restoration is not necessarily more successful closer to PAs and
in areas of moderate human impact. This is perhaps counterintuitive, however, different reasons could explain the observed
results. First, as our measure of success was not objective, and
instead based on the view of the authors of the study, it is likely
that change (and hence success) is quicker and more obvious in
areas which have previously received relatively little protection
and have been subjected to higher human impact. Secondly, it
is possible that researchers will be more likely to select areas in
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FIGURE 4 | (A) Duration and (B) area covered (i.e., extent) by each study across habitats. Habitats showing a sporadic occurrence (i.e., <3%) in the database (e.g.,
mudflats, mussel beds, scallops) were grouped in “Other”.
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large-scale restoration projects. Unfortunately, the present review
indicates that little has changed to date, and many studies
are still experimental in nature, covering small spatial and
temporal scales.
Whilst the results presented show the great importance of
considering where the restoration action takes place, perhaps
more than how it will be done, it is important to recognize
that there is no single or simple reason why restoration actions
fail or success. This will vary significantly over spatial scale, be
influenced by a wide range of processes operating at very local
to regional scales and relate to socio-economic, institutional,
and policy factors. However, while the scientific literature on
marine ecosystem restoration is rich with studies comparing
alternative restoration techniques within a single site (West
et al., 2000; Dizon et al., 2008; Busch et al., 2010; Verdura
et al., 2018), less attention has been paid to the potentially
equally important impacts of decisions about where to conduct
restoration in the first place (Lester et al., 2020). Finding suitable
areas where to plan active restoration actions is a crucial step in
this process and requires the adoption of the principles and tools
generally adopted in the framework of marine spatial planning,
conservation planning, and spatial ecology. It is not an easy
task since it requires fine-scale data about past and present
distribution of the target of restoration and of human uses
together with the knowledge of environmental variables and local
socio-economical features potentially affecting the outcomes of
restoration. In this sense, a limit of the study is that our attempts
to include the consideration of the degree of human impact was
estimated from a single snapshot in time, which may not be
temporally consistent with the start of the restoration effort given
that duration of studies compiled in the analysis range from less
than a month to >50 years (see Figures 5, 6).
In order to evaluate the success of a restoration effort, the
criteria for success must first be set. Another limitation and
a recurring theme (Ruiz-Jaen and Mitchell Aide, 2005) in the
analysis of restoration outcome across studies is the lack of a
standardized approach for defining “success” and the subjective
nature by which it is assessed. Measures of “success,” “partial
success,” and “failure” are highly heterogeneous and vaguely
reported, the majority using measures of survival or growth
without defined and measurable a priori targets, or reference
sites (e.g., Correa et al., 2006; Garrison and Ward, 2008; Balestri
and Lardicci, 2012; Irving et al., 2014; Zhang et al., 2015), a
problem that continues to persist (Suding, 2011) representing
thus a potential crucial bias in the interpretation of the results.
In addition, the lack of knowledge of pre-disturbance baselines,
which may have shifted along with climate change (Pauly, 1995;
Bekkby et al., 2020), is also a challenge. Ultimately, this hampers
a proper evaluation of the impact of anthropogenic activities,
the actual degree of degradation, and therefore the choice of the
restoration goals.
Where criteria for success were stated explicitly, they
typically referred to ecological attributes related mostly to simple
metrics such as survival, cover, and abundance (up to 50%)
of a target species, rarely considering the recovery of the
wider community, and ecosystem functions or services (up to
20%), as also documented in similar analyses (e.g., Wortley

TABLE 1 | The model averaged coefficients of the most informative variables in
the 95% confidence set of models for partial and full restoration success.
Variables

Partial restoration success

Contextual
Ecosystem type
Habitat

Coefficient estimate P-value
Soft-bottom intertidal

−1.04

0.01*

Soft-bottom subtidal

−1.38

0.01**

4

0.00***

Macroalgal forests
Other

3.04

0.00**

Saltmarshes

4.69

0.00***

Seagrasses
Degree of human impact
Methodological
Method

Transplantation

Variables

−11.64

0.08

2.08

0.01*

Full restoration success

Contextual

Coefficient estimate P-value

Ecosystem type

Soft-bottom intertidal

Habitat

Macroalgal forests

−0.79

0.03*

1.45

0.04*

Saltmarshes

2.24

0.01*

Seagrasses

2.81

0.00***

Western Indo-Pacific

25.25

0.06

0.19

0.00**

Degree of human impact
Methodological
Focus

0.00***
0.00***

Coefficient estimate P-value

Re-establishment

Realm

5.54
0.33

Coefficient estimate P-value
Mitigation

2.42

0.01*

Re-establishment

3.45

0.00***

Rehabilitation

1.32

0.01*

*p < 0.05; **p < 0.01; ***p < 0.001.

as long as the research grant (Bayraktarov et al., 2016, and
references therein).
The main reasons of failure (10% of studies) are very
heterogeneous going from inadequate site selection (Ferse, 2010;
de Paoli et al., 2015), stochastic events (Coates et al., 2014),
and methodology (Cooper et al., 2014). A substantial lack of
knowledge on the factors driving restoration success together
with the absence of protocols and best practices for supporting
the recovery of ecosystems are major issues across studies.
Typically, with the exception of wetlands and estuarine systems
(i.e., mostly saltmarshes and mangroves), our review shows that
most restoration projects are still carried out over relatively small
areas (<1 ha), failing to match the scale of human disturbance.
Whilst small-scale restoration actions can be informative in
testing a technique or theory, success should be carried out,
and evaluated at multiple spatial scales. This result indicates
that efforts should be directed at upscaling marine restoration
into the future, in space and time. Several years ago, Zimmer
(2006), reported that restoration research on coral reefs had
been focused on the development of techniques, rather than
on assessing the application of established methodologies in
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FIGURE 5 | The model averaged coefficients in the 95% confidence set of models for partial restoration success. Red dots indicate a significant effect of that variable
on the outcome.

et al., 2013). Furthermore, whilst a number of studies have
provided guidance for the use of consistent and standardized
terminology (e.g., Elliott et al., 2007; Duarte et al., 2015), they
remain inconsistent, with conflicting and sometimes overlapping
terms which further hamper attempts to provide objective
and comparative information concerning the success rates of
restoration interventions (Ruiz-Jaen and Mitchell Aide, 2005;
Elliott et al., 2007; Abelson et al., 2016).
Our analysis also highlights a bias in the species being restored
and the regions in which this is taking place. Therefore, the
generality of our findings and impact on our ability to develop
effective restoration actions in certain regions or habitats were
limited. For example, there is a bias toward studies carried out
in the USA and Europe, which generate results that are context
dependent and, thus, not extendable to other socio-ecological
contexts. The bias is likely due to the fact that coastal waters in
the USA and Europe are amongst the most globally impacted
ones (Halpern et al., 2015), and there is significant funding
available to undertake restoration; the “restoration economy”
contributes annually over $24 billion and 221,000 jobs in the
USA (BenDor et al., 2015), which is not the case in other regions
and countries.
Furthermore, there is also a substantial focus on semiterrestrial systems (predominantly saltmarshes), compared to
“strictly marine” environments (e.g., seagrasses), which poses

Frontiers in Marine Science | www.frontiersin.org

similar problems to those outlined above and hampers our ability
to make generalizations to novel regions and habitats such as
the deep sea. This bias likely stems from the higher costs of
restoration in the marine environment (Bayraktarov et al., 2016),
coupled with the intrinsic features of this system (e.g., being less
stable/manageable compared to confined environments).
Finally, restoration actions could be reliable and profitable
strategies to return ecosystems to their original state in a
reasonable time frame (Rohr et al., 2018), while representing
a smart economic objective to achieve a sustainable future
(Duarte et al., 2020). However, our knowledge of how restoration
protocols will work under different scenarios of global change
is practically nil. We could expect that the reliability and
efficacy of restoration protocols could be undermined by
increasing temperature, ocean acidification, nutrient, and oxygen
availability shifts. In this sense, we need to enhance our ability
to use restoration to foster marine ecosystem resilience to global
change (Timpane-Padgham et al., 2017).

RECOMMENDATIONS
Under the UN Decade of Ecosystem Restoration, there are several
issues and questions whose understanding is indispensable in
order to drive future research and policies of restoration, and
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FIGURE 6 | The model averaged coefficients in the 95% confidence set of models for full restoration success. Red dots indicate a significant effect of that variable on
the outcome.

of success, and identify restoration targets will be
always difficult.
• There is a need to follow the approaches taken
in conservation, and shift from single species
restoration actions, and targets to an ecosystem
level restoration, recognizing the importance of
addressing the complexity of the ecological interaction
across systems.
• Most restoration projects were carried out over
relatively small areas (<1 ha) which fails to match
the scale of human disturbance. Whilst small-scale
restoration actions can be informative in testing a
technique, success should be evaluated at multiple
spatial scales.
• In this respect, it is imperative to create opportunities for
public-private partnerships and market-based incentives
for businesses and individuals within restoration
initiatives. Scaling up will be impossible without a
concrete convergence among scientists, private sectors,
and stakeholders leading to a share vision in order to
maximize synergies and avoid trade-offs between priorities
for restoring biodiversity, mitigating threats, and adapting to
climate change.

assist funders and programme managers in allocating funds and
planning projects (Ockendon et al., 2018; Waltham et al., 2020).
The following recommendations emerge from our analysis:
• The role of contextual variables (e.g., the type and state of the
ecosystem being restored, the relative degree of human impact
in the area) rather than methodological variables (e.g., how
the restoration activity can be conducted) should be carefully
assess in determining restoration outcome. Restoration needs
fine scale knowledge of both human uses and ecosystem status
to be successful.
• A process of spatial prioritization is critical for
marine ecosystem restoration, this suggesting a
need to explore how spatial planning tools and
principles could be applied to restoration practice,
to identify the areas with the highest potential
for recovery.
• Revise and standardize concepts of restoration,
including what constitutes “success” and what the
desired target state is for restoration projects. However,
without baseline ecological information on species and
habitats combined with the knowledge about their
status and causes of degradation, providing measures
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