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Abstract

Evaluating the effectiveness and success of coastal marine
habitat restoration is often highly challenging and can
vary substantially between different habitat types. The
current article presents a state-of-the-art review of habitat-
level restoration in the coastal marine environment. It sets
out most successful techniques across habitats and sug-
gestions of better metrics to assess their success.
Improvements in restoration approach are outlined, with a
particular focus on selective breeding, using recent
advancements in genetics. Furthermore, the assessment of
ecosystem services, as a metric to determine restoration
success on a spatiotemporal scale, is addressed in this
article. As the concept of ecosystem services is more tan-
gible for a nonscientific audience, evaluating restoration
success in this manner has the potential to greatly contrib-
ute to raising awareness of environmental issues and to
implement socioeconomic policies. Moreover, habitat-
based restoration has been proven to be an effective tool
to address the issue of ecosystem service sustainability
and poverty alleviation. Appropriate conservation man-
agement, prior to the implementation of restoration activi-
ties, is crucial to create an environment in which
restoration efforts are likely to succeed.
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5.1 Introduction

Restoration ecology is an emerging branch of environmental
science which gained increased attention since the 1990s.
The Society of Ecological Restoration, founded in 1983,
states that ecological restoration is an intentional activity
which has been initiated to accelerate the recovery of an eco-
system with respect to its health, integrity, and sustainability
(SER 1998; Bullock et al. 2011). Frequently, the ecosystem
that requires restoration has been degraded, damaged, trans-
formed, or entirely destroyed as the direct or indirect result
of human activities. Restoration ecology has the aim to
restore the integrity of ecological systems, therefore restor-
ing a critical range of variability in biodiversity, ecological
processes and structures, regional and historical context, and
sustainable cultural practices (SER 1998). In the last
20 years, restoration actions have been increasingly carried
out all over the world (Swan et al. 2016; Zhang et al. 2018),
and it is anticipated to become one of the most important
fields within conservation science of the twenty-first century
(Hobbs and Harris 2001).

At present, passive conservation aims to protect coastal
marine habitats by removing or mitigating environmental
stressors (e.g., removing polluting agents, increase water
quality, and/or ban human uses at the damaged coastal site).
Although these direct and indirect anthropogenic stressors
once removed could allow for the natural recovery of these
systems, in reality this does not always occur (Perrow and
Davy 2002; Cox et al. 2017). For instance, in the case of sea-
grasses, even if there is an improvement in water quality and/
or coastal tourism is banned, there could no longer be a pop-
ulation which can produce seeds nearby the damaged site. It
impedes the natural recovery of the lost habitat (Nystrom
et al. 2012). In these conditions, restoration can help conser-
vationists to reach their goal. Active conservation or restora-
tion is the practice of rebuilding degraded, damaged, or
destroyed ecosystems and habitats by active human interven-
tion (Hobbs and Norton 1996; Palmer et al. 1997; Elliott
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et al. 2007). The implementation of appropriate conservation
management, prior to any restoration attempt, is vital to
reduce impacts making restoration feasible (Hobbs and
Norton 1996; Benayas et al. 2009; McDonald et al. 2016).

Increased interest is not the result of scientific enthusiasm
over a new research topic, but it is rather due to the urgent
need to counteract the alarming decline in the cover of
important habitats. Coastal marine ecosystems are being lost
at alarming rates, and for them, passive protection could not
be enough (Pandolfi et al. 2003; Hoekstra et al. 2005;
Abelson et al. 2015; Doxa et al. 2017). Seagrass beds, man-
groves, salt marshes, corals, and oyster reefs are important
nursery habitats for species of economic interest (Robertson
and Duke 1987; Hemminga and Duarte 2000). Active filtra-
tion in oyster reefs and sediment settlement facilitation in
salt marshes, mangroves, and seagrass beds contribute to
water purification (McLeod et al. 2011; Grabowsky et al.
2012). Moreover, salt marshes, mangroves, seagrass beds,
macroalgal forests, corals, and oyster reefs are natural barri-
ers against hydrodynamic forces and thus stabilize sediments
(Moberg and Folke 1999; Hemminga and Duarte 2000;
Lovelock et al. 2005; Gedan et al. 2011). Those habitats pre-
vent coastal erosion (Callaway et al. 1997; Herkiil and Kotta
2009). This sediment accumulation ultimately leads to the
creation of organic-rich soils, acting as a carbon storage
(blue carbon) and therefore a buffer against global warming
(Nelleman et al. 2009; McLeod et al. 2011). Furthermore,
leisure and recreational services are provided by coral reefs,
for instance, generating scuba diving tourism which pro-
duces revenues to local communities (Moberg and Folke
1999). Some of these ecosystems also act as sites of social
and cultural heritage such as sacred mangrove forests
(Ronnbick et al. 2007). The multitude of services and bene-
fits derived from these coastal marine habitats highlight the
need to restore them to have long-lasting ecosystem services
provisioning.

Since the dawn of the industrial revolution, mankind has
been inducing major changes at a global scale, being the pri-
mary cause of global warming. Humankind exploited nature
lacking the consciousness of the long-term consequences.
This unprecedented use brought to present enormous chal-
lenges to protect the environment. Ecosystem deterioration
and loss of many important coastal habitats is one of the
many repercussions of the multiple stresses that humans
have caused over the past decades (Halpern et al. 2008;
Waycott et al. 2009; Micheli et al. 2013). Cumulative
impacts, such as overfishing, oil drilling, maritime transport,
and coastal tourism, affect coastal marine habitats world-
wide, leading to strong pressures to pristine environments,
ultimately resulting in habitat loss (Airoldi and Beck 2007;
Abelson et al. 2015; Doxa et al. 2017). Human activities
have globally transformed or destroyed 30 to 50% of man-
groves (Valiela et al. 2001; Duke et al. 2007; Giri et al. 2011;

Richards and Friess 2017); 40% of global coral reefs, with a
shocking prevision of almost complete disappearance by
2050 (Pandolfi et al. 2003; Eyre et al. 2018); 29% of seagrass
beds (Waycott et al. 2009); and 85% of oyster reefs (Lotze
et al. 2006; Beck et al. 2011). A comparable loss has been
observed for macroalgal forests that, together with seagrass
loss, has been considered a real “marine deforestation”
(Airoldi and Beck 2007; Connell et al. 2008; Yu et al. 2012).
Consequently, the decline of marine forests is leading to a
reduction of structurally complex habitats, especially across
temperate marine environments (Scheffer et al. 2001;
Steneck et al. 2002; Sala 2004) with a significant reduction
in species abundance and relative distributions (Novacek and
Cleland 2001; Worm et al. 2006; Airoldi et al. 2008).

To counteract this loss, the most used mitigation action is
the establishment of marine protected areas (MPAs). While
recently O’Leary et al. (2017) stated that climate disturbance
does not affect natural recovery, sea surface temperature
(SST) increase and acidification due to climate change can
present challenges for coastal marine habitat passively con-
served (Harley et al. 2006; Hoegh-Guldberg and Bruno
2010). Furthermore, the stage of habitat degradation is often
so pervasive that habitats require assisted recovery as well as
active restoration (Young 2000; Perkol-Finkel and Airoldi
2010). Ecological restoration at the sea is, however, in its
infancy, sometimes resulting in unsuccessful restoration
attempts (Bayraktarov et al. 2016).

This paper aims to present marine restoration challenges
through a review of published peer-reviewed studies with
three main approaches: (i) habitat-based restoration tech-
niques, (ii) restoration success among habitats and the
importance of assessment metrics, and (iii) the importance of
ecosystem service valuation.

5.2  Habitat-Level Restoration

Habitat restoration is an emerging field in marine ecology. A
search on Google Scholar using the search terms “marine,”
“restoration,” and “ecology” ended up with 191,000 articles
displayed in the graph below (Fig. 5.1). Interest in marine
restoration ecology worldwide arose in the 1990s, but just in
the last 20 years, restoration actions have been increasingly
carried out all over the world (a trend clearly identified also
by Swan et al. (2016) and Zhang et al. (2018)).

Even though ecological restoration of marine ecosystems
is quite young, some guidelines and rules have been identi-
fied, for instance, the need to define the historical baseline to
which the system will be restored, prior to any restoration
attempt (Seaman 2007). This has to be in a manner that res-
toration will be carried out in areas in which the species
aimed to be restored was present before the disturbance.
Moreover, the introduction of a species, such as a habitat
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Fig. 5.1 The increase in published marine restoration articles from
1950 to the present day as results of Google Scholar search using the

former, in a coastal area to enhance, for instance, productiv-
ity or merely as an afforestation action is not considered an
ecological restoration (Elliott et al. 2007). In theory, any
action of restoration without a historical reference point can-
not be considered as such. But, in practice, only few habitats
possess robust information on their historical baselines.
Finally, to allocate financial resources effectively, restora-
tion should target areas in which its feasibility has been
assessed (e.g., through ecological modelling) and especially
where the environmental conditions are suitable for the sur-
vival of the target species. Abiotic conditions need to be
checked in advance to see if loss of habitat is irreversible or
not (Bellgrove et al. 2017). For instance, if the water condi-
tions are detrimental to the introduction and persistence of
the species, the water quality itself should be restored prior
to implementing any restoration actions. Bayraktarov et al.
(2016) stressed that low survivorship of restored corals was
mainly due to inadequate site selection (e.g., sites with high
sedimentation rates or strong currents) (Ammar et al. 2000;
Fox et al. 2005). The same occurs in restoration efforts of
seagrasses which often failed due to planting seagrass shoots
at high wave energy locations without anchoring, inappropri-
ate anchoring, or planting at sites with high levels of sedi-
ment movement and erosion (Bird et al. 1994; Ganassin and
Gibbs 2008). Restoration actions can largely differ in terms
of their applied strategies and approaches and whether they
are focused at population or habitat levels or at an even
broader landscape scale: the ecosystem level. To date, the
most explored restoration approach is the habitat level. It
focuses on one (or two) species that are known to act as habi-
tat formers (i.e., targeted species are often ecosystem engi-
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search terms “marine,” “restoration,” and “ecology” in one search. The
past 20 years experienced a near exponential increase in scientific
papers related to the topic of marine restoration

neers that then act as foundation species) (Fig. 5.2). Once
reintroduced, these species can provide fundamental ecosys-
tem functions and processes that will ultimately benefit other
associated organisms and lead to overall system recovery
(Powers and Boyer 2014).

5.2.1 Habitat-Level Restoration Techniques

Habitat-level restoration in the marine environment concerns
mainly coastal marine habitats, such as salt marshes, coral
reefs, seagrasses, oyster reefs, macroalgae, and mangroves
(Table 5.1). Attempts to restore these habitats encompass a
variety of different techniques such as transplanting different
stages of an organism life cycle, in the case of corals, sea-
grass, and macroalgae, the introduction of artificial substrata
colonized by the target species, and planting of mangroves
and salt marsh plants (Table 5.2). Restoration actions can in
some cases be combined with measures to enhance water
quality and improve the hydrodynamic conditions influenc-
ing these habitats. Based on a coarse literature review (con-
sidering even macroalgae) and information derived from
Bayraktarov et al. (2016), the most explored technique, inde-
pendently from the targeted habitat, is the transplantation
approach. Transplantation consists of the movement of the
species from a donor site where it is still present to another,
where there is the need to restore the vanished habitat. Many
of the examples reporting highly successful transplantations
in coastal marine habitats are from transplants of entire coral
colonies or fragments (branches of the coral) from donor
colonies, as well as from coral farming techniques
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Fig. 5.2 Coral farming of Acroporacervicornis and planting in Key Largo, Florida (USA), performed by the Coral Restoration Foundation (per-
mission by Coral Restoration Foundation™)

(Bowden-Kerby 2001; Rinkevich 2005; Edwards and Gomez
2007; Bayraktarov et al. 2016).

Coral farming is the process of collecting fragments of
corals from local reefs, raising them in nurseries until mature,
and then installing them at the restoration site (Fig. 5.3)
(Shaish et al. 2008; Tortolero-Langarica et al. 2014). For sea-
grasses, the most commonly used technique is the transplan-
tation of seedlings, sprigs, shoots, or rhizomes (Bastyan and
Cambridge 2008, Ganassin and Gibbs 2008; Balestri and

Lardicci 2014). In particular, van Katwijk et al. (2016)
pointed out that rhizome fragments, anchored using weights,
are the most successful way to restore seagrass beds. For
macroalgae, the most successful techniques involve the
transplantation of both adults and early life stages of the
organism (i.e., sporophytes or juveniles) which can be
sourced from natural donor sites or aquaculture facilities
(Terawaki et al. 2001, 2003; Falace et al. 2006; Yoon et al.
2014). Transplantation techniques have also been the most
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Table 5.1 Frequently used species to restore coastal marine habitats.
The first priority for a suitable species is the expectation of that species
to survive at the site that is being restored. The species are listed ran-
domly, not by proven restoration success. These species are habitat
formers which once reintroduced can benefit other species, increase
coastal productivity, and act as carbon sinks. These species have mostly

resulted in successful restoration efforts (Bayraktarov et al. 2016)

Ecosystem

Species

References

Coral reefs

Acropora spp.

Edwards and Gomez
(2007)

Pocillopora spp.

Johnson et al. (2011)

Porites spp.

Merulinascabricula

Milleporaalcicornis

Pizarro et al. (2012)

Seagrasses Cymodoceanodosa Ganassin and Gibbs
(2008)
Zostera spp. Bastyan and Cambridge
(2008)
Posidonia spp. Balestri and Lardicci
Halodule spp. (2014)
Ruppiamaritima
Mangrove Rhizophora spp. Goforth and Thomas
forests (1979)

Avicennia spp.

Ainodion et al. (2002)

Laguncularia spp.

Primavera and Esteban
(2008)

Bruguiera spp.

Laguncularia spp.

Bosire et al. (2008)

Oyster reefs

Crassostreavirginica

Powers et al. (2009)

Ostrea spp. Rossi-Snook et al. (2010)
Zarnoch and Schreibman
(2012)
Macroalgae Phyllospora spp. Falace et al. (2006)
forests Ulva spp. Lee et al. (2008)

Cystoseirabarbata

Perkol-Finkel and Airoldi
(2010)

Campbell et al. (2014)

Salt marshes

Spartina spp.

Armitage et al. (2006)

Salicornia spp.

Zedler et al. (2003)

Batismaritima

Castillo and Figueroa

(2009)

utilized approach for mangroves, with many restoration pro-
grams carried out in countries with developing economies,
where mangroves forests are located (Proffitt and Devlin
2005; Bayraktarov et al. 2016; Thorhauget al. 2017).

The fact that transplantation techniques are the most suit-
able for coastal marine habitats is also supported by the wide
use of these techniques in terrestrial habitats, where restora-
tion initiatives have been implemented for a longer time than
the marine environment to counteract deforestation.
Transplantation has also been used in the ecological restora-
tion of estuaries and salt marshes (SER 1998; Zedler et al.
2003; Castillo and Figueroa 2009), which constitute good
examples for coastal restoration activities due to the high
number of reported successful efforts. Moreover, restoration
programs, focused on these transitional water systems, often

include an important involvement of private and public
stakeholders who have funded long-lasting projects. For
instance, the USA started the first restoration program of salt
marshes as early as the 1970s (Tsihrintzis 1970).

It is often argued that restoration actions are focused on
the present state of ecosystems, not considering the chal-
lenges they will face in the future (Harris et al. 2006).
Ecological restoration needs to cope with a fast-changing
environment which could lead to complications over projects
and reduce the final success of restoration programs (Erwin
2009; Havens et al. 2015). Some solutions to this problem
have, however, been advocated and utilized in many restora-
tion initiatives. Coral reef restoration, for instance, benefits
from advances in selective breeding techniques or the manip-
ulation of the coral microbiome selective breeding (van
Oppen et al. 2017).

5.2.2 Selective Breeding to Increase
Restoration Technique Success

Climate change alters the physicochemical conditions of the
ocean (IPCC 2014), causing organisms to adapt to new con-
ditions that are different from the optimum. Since 1992, the
idea of implementing genetic approaches to cope with global
climate change has been proposed, particularly in terrestrial
environments (Ledig and Kitzmiller 1992). Initially, non-
native species that are more tolerant and, therefore, resistant
to climate have been introduced to help enhance the resil-
ience of species assemblages that are facing climate change
(Ledig and Kitzmiller 1992; Harris et al. 2006). For instance,
Ledig and Kitzmiller (1992) proposed to introduce non-
native seeds to planting programs, artificially selecting those
that are capable of surviving at higher temperatures.
Humanity has been doing this since the domestication of
plants and animals, always looking for desirable or specific
traits (Hill and Caballero 1992). In the case of tree popula-
tions, they mostly rely on phenotypic plasticity to adapt to
new conditions (Alfaro et al. 2014).

Climate change impacts in the marine environment
become particularly severe when they affect coral reefs.
Since climate change is related to ocean acidification, it
poses a direct threat to coral reef health (Hoegh-Guldberg
et al. 2007; Veron et al. 2009). Increased acidic conditions
have detrimental effects on coral calcification and growth
when the CO, concentration exceeds 560 ppm (Kleypas and
Langdon 2006). It has, however, been demonstrated that
some coral morphotypes or genera can survive extreme con-
ditions of temperature and pH (Alcala et al. 1982; Lindahl
1998; Bowden-Kerby 2001). Latest global coral bleaching
events have sharpened the focus on the use of assisted evolu-
tion (i.e., selective breeding and assisted gene flow (Aitken
and Whitlock 2013), conditioning or epigenetic program-
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Table 5.2 Most successful restoration techniques in different coastal marine habitats as summarized by Bayraktarov et al. (2016) and a coarse
literature review with a particular focus on macroalgae. Macroalgae have not been considered by Bayraktarov et al. (2016), even though along the
coasts they are an extremely important habitat formers, vital for coastal biodiversity and ecosystem functions. “Other techniques” do not always
include human-mediated reintroduction; they can be facilitation measure

Ecosystem Transplantation (adult life stages)

Planting (early life stages)

Other techniques

Coral reefs Transplanting of the whole
colony or fragmented corals;

out-planting

Sexual propagation in aquaria;
transplantation of juveniles

Coral farming facilitated by electrical field;
deployment of artificial reef structures

Seagrasses Transplanting seagrasses (cores | Collecting or aquacultured seeds, | Deployment of hessian bags to stabilize the sandy
or plugs) seedlings, or rhizomes for bottom
transplantation
Mangrove Planting mangroves (saplings or | Planting mangroves (seeds, Hydrological restoration (facilitation of a natural
forests small trees) seedlings, or propagules) recovery)

Oyster reefs | —

Hatchery rearing of native oysters

Creating a no-harvest sanctuary with natural or

artificial substrate

(and seeding)
Macroalgae | Transplantation of adults Transplanting of sporophyte,
forests seedlings, spore, germlings, or

juveniles

Cleaning the substrata from ephemeral algae or
removal of grazers (facilitation to natural recovery);
deployment of artificial substrata

Salt marshes | Planting of salt marsh plants

containing plugs

Planting salt marsh seeds,
seedlings, or sods

Construction; excavation and backfilling with clean
soil

Fig. 5.3 Coral reef restoration in Quintana Roo, Mexico. Permission by Claudia Padilla Souza, Instituto Nacional de Pesca y Acuacultura
(INAPESCA)

ming (Torda et al. 2017), the manipulation of the coral
microbiome (Bourne et al. 2016), etc.) as a mean to enhance
environmental stress tolerance of corals and increase the suc-
cess of coral reef restoration efforts over longer periods (van
Oppen et al. 2017). Genetic tolerance of host and zooxan-
thellae among heat-sensitive clones would provide enough
evidence for change as the habitat moves to higher thermal
regimes (Hoegh-Guldberg 1999). Another marine habitat
used to attempt genetic selection are mangroves. Mangroves
apparently have a better chance to adapt to quickly changing
environmental conditions, as plants appear to have higher
levels of genetic adaptation to current climate change (Rico
et al. 2013). According to Xu et al. (2017), mangrove trees
are highly adaptable organisms, although mangroves have

the least diverse genome in comparison with other usually
restored marine habitats, which may be due to the continual
habitat turnover caused by the exposure to rising and falling
sea levels in the geologically recent past. Mangroves are,
therefore, thought to have better chances to thrive throughout
the Climate Change Era. However, any optimism about their
resilience at these times might be premature (Guo et al.
2018). Nevertheless, selecting individuals with the most
appropriate genomes within the different mangrove species
would constitute the best choice to use the most suitable
organisms that could face future adverse and extreme
conditions.

In the tropics, many macroalgal species live close to their
thermal limits, and they will have to upregulate their response
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to tolerate sublethal temperature exposure. However, the
effects of elevated CO, concentrations and thermal acclima-
tion are not well-described for macroalgal forests (Koch
et al. 2012). Cole et al. (2013) demonstrated that freshwater
macroalgae of the genus Oedogonium are capable of assimi-
lating higher amounts of CO, above present-day concentra-
tions; thus, they are capable of improving their carbon
storage features with consequences for their biomass. One of
the most important ecosystem services is the sequestration
and storage of CO, by algae, plants, and coral reefs, reducing
the process of global warming (Moberg and Folke 1999;
Corlett and Wescott 2013). With this in mind, the use of
genetic tools, such as translocating genes from Oedogonium
sp. to other algae species, could present an opportunity to
modify organisms in a way to enhance their carbon uptake
capacity and, therefore, remove larger amounts of CO, from
the atmosphere and potentially smoothen the consequences
of the impacts related to climate change.

Although enhancing specific traits on certain species
using genetic technologies would sound like a good idea,
specifically to an improvement to marine restoration success,
in the end a rather philosophical question arises: Life always
finds its way. No matter how bad conditions might get, there
is always an alternative road. Thus, are we promoting/
encouraging the next step of evolution or are we stopping it
by selecting specific traits that are of interest to us? And,
thus, how should we elaborate appropriate strategies to make
restoration successful in a fast-changing world?

53 Measurements of Restoration Success

5.3.1 Survival
To date, restoration success has mainly been assessed as the
average survival of the reintroduced species. However, even
when survival of targeted species is high, assessment of
regain in ecosystem functionality is often accounted for.
Hence, it is difficult to see if the ecosystem is fully restored.
In fact, in the database of Bayraktarov et al. (2016), 61%
of all observations on marine coastal restoration provided
information on survival of restored organisms as an item-
based success indicator. While Bayraktarov et al. (2016) did
not include macroalgae records, they have been considered
in this analysis, screening all peer-reviewed articles concern-
ing attempts of macroalgae restoration. Macroalgae shall be
included in the most restored habitat formers together with
those already included in Bayraktarov et al. (2016): coral
reefs, seagrasses, mangroves, oyster reefs, and salt marshes.
Macroalgal forests (i.e., kelp forests or Cystoseira spp.,
Fucus spp., Sargassum spp., Phyllosphora spp.) are disap-
pearing worldwide, prompting many scientific groups all
over the world to implement their restore (e.g., Terawaki

et al. 2003; Falace et al. 2006; Perkol-Finkel et al. 2012).
Therefore, the dataset of Bayraktarov et al. (2016) was sup-
plied by other ten articles in which success of macroalgae
restoration was assessed. Articles regarding macroalgae res-
toration available in the literature (up to 2016) were more
than ten, but those are the only ones measuring success as
survival of target species. To be consistent with the analysis
of Bayrakratov et al. (2016), just those ten have been
considered.

The average survival per habitat after restoration are
56.3% for coral reefs, 40.4% for seagrasses, 52.2% for man-
groves, 55.1% for oyster reefs, 22.9% for macroalgae, and
57.2% for salt marshes. The number of studies in which the
success of habitat restoration was assessed by survival (the
only ones considered in this analysis) was different among
habitats, revealing the fact that some habitats have been more
explored in terms of restoration than others. This might be a
cause of different success rates (Fig. 5.4). It can be claimed
that the higher the number of restoration attempts, the more
we succeed. On one hand, this agrees with low macroalgae
restoration success (5.0% of median survival) (the least stud-
ied habitat in terms of restoration) and salt marshes and coral
reef, the most restored and the most successful (with 64.8%
and 64.5% of median survival, respectively). On the other
hand, this disagrees with seagrass restoration, which is a
well-explored habitat in terms of restoration, but that is not
so successful (38.0% of median survival). Many studies,
however, agreed on the specific challenges related to sea-
grass restoration (Ganassin and Gibbs 2008; van Katwijk
et al. 2016; Cunha et al. 2012).

5.3.2 Ecosystem Services

Evaluating the success of restoration initiatives is extremely
challenging. The use of one metric over another can result in
profoundly different outcomes which in turn has important
consequences for the management decisions and actions
taken by stakeholders and decision makers regarding restora-
tion projects. Therefore, it is of paramount importance to use
the appropriated metrics and assessment techniques.

In theory, restoration activities can only be considered
successful when ecosystem functioning and habitat resil-
ience capacity are reverted to the state preceding the degra-
dation (Peterson et al. 2003; Shackelford et al. 2013). These
outcomes are difficult to evaluate. Therefore, assessment
studies are looking for proxies. In the marine environment,
most studies focus on rudimentary performance metrics
(Ruiz-Jaen and Aide 2005). For instance, oyster reef restora-
tion monitoring in the Gulf of Mexico used three success
metrics based on sustainability of oysters: presence of verti-
cal structure above the bottom, presence of live oysters, and
evidence of recruitment (Powers et al. 2009; La Peyre et al.
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2014). The most common metric used in all marine habitats
is survival rate (Ruiz-Jaen and Aide 2005), whereas, in the
terrestrial environment, assessment techniques are predomi-
nantly based on parameters such as biodiversity, vegetation
structure, or ecological functions (Ruiz-Jaen and Aide 2005).
Restoration science in marine coastal ecosystem is still in an
early phase compared to terrestrial ecosystems (Suding
2011; Bayraktarov et al. 2016). Furthermore, monitoring
programs base their evaluation of restoration success on
short-term studies, even though previous research has repeat-
edly demonstrated that longer time scales provide better esti-
mates of restoration success, since ecosystem services need
longer time periods to recover (Bell et al. 2008; Bayraktarov
et al. 2016). Better metrics need to be adopted in the marine
environment to improve the assessment of restoration suc-
cess, incorporating ecosystem services-based parameters
(Fonseca et al. 2000; Paling et al. 2009). Ecosystem services-
based parameters could facilitate the inclusion of economic
and social interests in restoration projects while increasing
biodiversity (Benayas et al. 2009; Adame et al. 2015).

Marine restoration monitoring can provide incorrect
assessments of the outcome of restoration projects. They
typically use survival of organisms transplanted (e.g., sea-
grass, mangroves, corals), whereas reviews advise to follow
the path of terrestrial restoration monitoring that uses biodi-
versity, ecosystem structure, or ecological functions instead
(Bayraktarov et al. 2016). It has been stated that restoration
goals should focus on the provision of ecosystem services
(Benayas et al. 2009). Therefore, the use of ecosystem ser-
vices in restoration assessments might provide a better esti-
mate of project success (Fonseca et al. 2000; Bayraktarov
et al. 2016).

The use of ecosystem services-based metrics in restora-
tion projects is quite new. To obtain the scale of the area to be
restored to compensate for the habitats lost or degraded, a
habitat equivalency analysis (HEA) was created by NOAA
in 1997 (NOAA 1997). This analysis computes the interim
of loss ecosystem services during the time the ecosystem
was destroyed and the time where it reaches standards of
equivalency after restoration. If an ecosystem is destroyed
but its restoration takes place immediately after and reaches
standards of ecological functions equivalent to those present
previous to the perturbation in a short time, this interim
would be relatively low. However, if the restoration takes
place a long time after perturbation, and if the ecosystem
takes a long time to reach the standards of equivalency, this
interim would be higher. The novelty of this analysis con-
sisted in integrating specific resource-based metrics as a
proxy for the loss services. In an US federal court case,
Fisher used seagrass shoot density as a proxy to provide
compensation for the loss of sea grass within the Florida
Keys National Marine Sanctuary (Fonseca et al. 2000). This
protocol was demonstrated to be quite flexible and applica-
ble to a wide range of habitats (Fonseca et al. 2000; Cabral
et al. 2016; Grabowsky et al. 2012). Another tool to investi-
gate the ecosystem services across a landscape is the In'VEST
(Integrated Valuation of Ecosystem Services and Trade-offs),
which is based on cartographic representation of the ecologi-
cal information within an area (Tallis and Polasky 2009).
InVEST allows to estimate the change in ecosystem services
in response to different management scenarios (Guerry et al.
2012). HEA and InVEST tools are utilized prior to the onset
of restoration work, providing estimates of the required scale
needed to compensate for the lost area and identifying the



5 Challenges in Marine Restoration Ecology: How Techniques, Assessment Metrics, and Ecosystem Valuation Can Lead... 91

most appropriate location site of the restoration initiative.
They set the outcomes of a project based on ecosystem
services-based parameters, facilitating their use as metrics in
assessment studies. The combined uses of these investigative
tools have shown to provide valuable results as it delivers
relevant information for decision makers in an integrated
way using an ecosystem services framework as common cur-
rency and to be easily adapted to include more constraints
and/or other ecosystem services (Cabral et al. 2016).
However, evaluating restoration success using ecosystem
services-based metrics is an emerging field in marine ecol-
ogy, except for coastal wetlands (Zhao et al. 2016). Such
metrics already exist for this habitat, such as the rapid assess-
ment method (Galv-RAM) which uses a combination of
biotic and abiotic parameters to obtain an ecosystem index
score (Staszak and Armitage 2012). New metrics are being
investigated for other habitats, such as the determination of
food web structure through isotopic analysis for restored
macroalgae beds (Kang et al. 2008), the use of fish assem-
blages to assess seagrass restoration success (Scapin et al.
2016), or the use of fish tracking and habitat use to assess the
recovery of an estuary (Freedman et al. 2016). It is, however,
a great challenge to determine the appropriate resource-
based parameter to integrate those tools and then to estimate
the recovery rate of ecosystems (Peterson et al. 2003;
Carpenter et al. 2009). Moreover, the concept and metrics of
marine coastal ecosystem services are still in their infancy
and require further development (Liquete et al. 2013). The
chosen metrics also have to match with the rate of ecosystem
services recovery which in most case exceeds the time scale
of most evaluation studies of restoration success (often
<5 years) (Bell et al. 2008; De Groot et al. 2012; Bayraktarov
etal.2016). Recommendations to develop and use ecosystem-
based metrics were formulated almost 20 years ago (Fonseca
et al. 2000). Yet metrics used in marine restoration studies
rarely focused on the recovery of ecosystem functions or ser-
vices, and this might have led to restoration failure
(Bayraktarov et al. 2016; Hein et al. 2017). Further research
is needed to develop new ecosystem-based metrics, setting
the appropriate goals for marine restoration to outweigh ser-
vices loss after a perturbation.

5.4  Ecosystem Services as a Method
to Link Restoration to Socioeconomic

Sciences

The concept of ecosystem services plays an important role
in the cost-benefit analysis of human activities impacting
the natural capital. This concept has, therefore, been increas-
ingly used in the context of socioeconomics. Associating a
value with a service or resource is a powerful tool to high-

light the ecological and also the financial loss because of
anthropogenic impacts on habitats and ecosystems (Worm
et al. 2006; Salomon and Dahms 2018). The Millennium
Ecosystem Assessment (MEA 2005) has led to an exponen-
tial increase of scientific interest in this topic, from 2.5
papers per year during 1997-2006 to 25 papers per year
since 2007 (Liquete et al. 2013). Marine coastal ecosystems
can no longer be considered as inexhaustible, and their
value to society and the costs associated with their loss and
degradation need to be properly accounted for (Costanza
et al. 1997; Carpenter et al. 2006; De Groot et al. 2012).
Valuation of ecosystem services is nowadays considered as
exceptionally important to contribute to the conservation
and restoration of threatened and lost habitats. Economists
demonstrated that restored, healthy habitats will generate
value for both households and industry (Barbier et al. 2011).
Recent studies confirm the general paradigm stating that
ecosystem services would return through habitat restoration
(Benayas et al. 2009) for mangroves (Ronnbick et al. 2007),
seagrasses (Reynolds et al. 2016), and even a whole estua-
rine system (salt marsh, mangrove, seagrass) (Russel and
Greening 2015). New methods of ecosystem service valua-
tion suggest that the economic benefits of restoration can
outweigh their costs (Bullock et al. 2011; Grabowski et al.
2012; Speers et al. 2016; Adame et al. 2015). Cost-benefit
computation derived from ecosystem services provided by
restored habitats could incentivize managers and stakehold-
ers to increase financial investment into marine restoration
projects.

Valuation of ecosystem services has been a launch pad to
raise interest and awareness of scientists and the general
public to the socioeconomic importance of habitats and the
services they provide. It has had an enormous impact on the
perception of restoration as a way to improve human well-
being (Costanza et al. 2014). However, it is challenging to
estimate the value of many ecosystem services, as most of
them do not have a market value. To compute the benefit to
cost ratio of a restoration project, one needs to know which
ecosystem services are provided by the habitat and how
much financial value can be associated with them (Speers
et al. 2016). Reference and meta-analysis studies estimating
those parameters have been undertaken (Costanza et al.
1997, 2014; MEA 2005; Barbier et al. 2011; De Groot et al.
2012; Salomidi et al. 2012). The most commonly used esti-
mation was obtained through the global assessment of The
Economics of Ecosystems and Biodiversity (TEEB), reported
by De Groot et al. (2012). This estimate was an international
initiative undertaken by the UN Environment program. It
collected information from 320 publications and published
an overview of the value of ecosystem services provided by
ten main biomes, from fishery stock to cultural and spiritual
heritage (De Groot et al. 2012; Schroter et al. 2014). The
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estimates range from 490 international$/year' for a hectare
of open ocean to 350,000 int$/year for a hectare of coral
reefs. Seagrass and algae beds are estimated to be 28,916
int$/year per hectare and mangroves and tidal marshes up to
193,843 int$/year per hectare. These values include a mix of
market and nonmarket values, with the latter being the most
important (De Groot et al. 2012). Those nonmarket values
are mainly estimated through existing studies of households’
willingness to pay to protect the habitats (Mendelsohn and
Olmstead 2009; Barbier et al. 2011). The TEEB report was
picked up extensively by mass media and alongside the
Millennium Assessment (MA) greatly influenced the com-
munication to policy makers (Schroter et al. 2014). Costanza
et al. (2014) used the TEEB report to determine the global
economic loss for the whole marine environment in response
to land use change between 1997 and 2011, obtaining a fig-
ure up to 10.9trillion$/year, mainly driven by coral reef deg-
radation (Costanza et al. 2014). The interconnection between
habitats may also greatly influence ecosystem services on a
spatiotemporal scale (Barbier et al. 2011). A coral reef will
not provide the same ecosystem services if mangroves or
seagrass meadows are present or absent from nearby coastal
area (Moberg and Folke 1999). More studies are required to
assess the different ecosystem services delivered by “out-
sider” habitats (important but underrepresented in science)
in a broader geographical range, taking into account the con-
nectivity between habitats and spatiotemporal variability of
the ecosystems.

Restoration projects have commonly been funded by gov-
ernments, by private companies restoring a given ecosystem
as compensatory measures of previous degradation and/or
loss of habitat elsewhere, or through biobanking and biodi-
versity offset initiatives (Bullock et al. 2011). Valuation of
ecosystem services has led to another way of funding which
would address both ecological and social issues with ecosys-
tem sustainability and poverty alleviation, respectively
(Farley and Costanza 2010). Payment for ecosystem services
(PES) schemes are emerging as new market-based approaches
for restoration projects, based on the argument that people
depend on ecosystem services and the way to ensure their
continued provision is to pay for them (Redford and Adams
2009; Muradian et al. 2010). The previous statement has
been increasingly used worldwide, especially in the terres-
trial environment (Farley and Costanza 2010; Bullock et al.
2011). In the marine environment, the main market-based
ecosystem service that could be integrated into a PES is car-

The international dollar, or the Geary-Khamis dollar, is a hypothetical
unit of currency that is used to standardize monetary values across
countries by correcting to the same purchasing power that the US dollar
had in the USA at a given point in time (De Groot et al. 2012).

bon storage through the reducing emissions from deforesta-
tion and forest degradation (REDD+) set of international
policies (Bullock et al. 2011; Locatelli et al. 2014). Blue for-
ests (mangroves, seagrass, and macroalgae) are known to
store a great quantity of carbon into their biomass or soil
which works as a buffer for climate change (Nelleman et al.
2009; McLeod et al. 2011; Himes-Cornell et al. 2018).
Seagrasses cover less than 0.2% of ocean bottom; yet they
are estimated to account for 10% of the global carbon seques-
tered in marine sediment (Fourqurean et al. 2012), while
mangrove accounts for 14% (Alongi 2012). Therefore, they
are strong candidates for PES projects, especially mangroves
due to a higher knowledge on ecosystem services and their
financial valuation (Liquete et al. 2013; Locatelli et al. 2014).
As mangroves are mainly present in developing countries,
mangrove PES restoration schemes could contribute to alle-
viate poverty within the local coastal communities through
restoration of ecosystem services, employment in restoration
program, and benefit from the PES funds while tackling the
issue of climate change at a global scale (Carpenter et al.
2006; Martinez-Alier 2014; Rodriguez 2018). A small-scale
mangrove-based PES project already exists in Kenya, called
“Mikoko Pamoja” (Fig. 5.5; see www.eafpes.org), but larger-
scale projects are still difficult to implement due to the lack
of local and regional institutional frameworks that could
cope with the complexity of such schemes (Bullock et al.
2011). Even though much criticism has been voided against
PES schemes, especially on their carbon-centric approach,
neglecting other goods and services and their long-term via-
bility, it is thought to be a vital tool to address the issue of the
significance of restoration ecology to stakeholders and deci-
sion makers (Redford and Adams 2009; Bullock et al. 2011).
Its implementation could be facilitated through the develop-
ment of innovative tools such as ecosystem services mapping
exercise.

The use of spatial analyses is extremely interesting in
restoration ecology to select areas to restore with the high-
est cost-benefit ratio. A study by Adame et al. (2015) devel-
oped a novel restoration approach based on biodiversity
and ecosystem services provided by a mangrove forest. The
use of physical parameters to estimate ecosystem services
might be tricky, but they assumed it to be more accurate
than the common restoration area selection based on acces-
sibility (Adame et al. 2015). These analyses do, however,
have several limitations mainly due to a lack of knowledge
in marine ecosystem boundaries, services, and connectivity
(Liquete et al. 2013). Improvements in modelling and map-
ping technologies could, therefore, provide better informa-
tion to advice and steer future ecosystem services policies,
helping them to meet goals of sustainability of ecosystem
services delivery.
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Fig.5.5 Local woman
planting mangrove juveniles
(a) in Gazy Bay Boardwalk,
Kenya (b). Permission of
Mark Huxham (www.
aces-org.co.uk/)

5.5 Discussion

Marine restoration ecology is an emerging field which could
potentially become the main discipline in ecological science
in the next decades. To reach this goal, reviews of success
and failures are extremely important to address the main
challenges faced. It will allow future projects to find solu-
tions to these challenges and improve this field. Ecological
restoration is critical for the persistence of marine habitats
(Aronson and Van Andel 2012), and therefore this article
provides important information on the relative success of
habitat-based restoration and address the main challenges to
improve it (Hobbs 2007; Zhang et al. 2018).

Different restoration methods have been utilized to restore
habitats (Rinkevich 2005; Bastyan and Cambridge 2008;
Ganassin and Gibbs 2008; Balestri and Lardicci 2014;
Bowden-Kerby 2001; Tortolero-Langarica et al. 2014;
Bayraktarov et al. 2016; Zhao et al. 2016). Transplantation
has proven to be the most effective tool for most types of
habitats (Bayraktarov et al. 2016). Restoration success is,
however, highly dependent on the type of habitat. Highest
restoration success is found within coral reefs and salt
marshes, which are also the best studied habitats in terms of
restoration techniques. Restoration success in the marine
environment is more dependent of habitat-based research
rather than financial input to the projects (Bayraktarov et al.
2016). Habitat-based research might include studies on top-
down control of transplants by grazers and predators which
is an important factor influencing marine restoration success
(Zhang et al. 2018). Few studies on top-down interactions
were directly employed and tested in restoration (four stud-
ies, 1%), but they were consistently found to have a signifi-
cant effect on restoration success (Zhang et al. 2018). Also
more studies on intra- and interspecies facilitation processes
could lead to improved restoration success as recent research

demonstrated that salt marsh restoration yield doubled sim-
ply by planting marsh grass plugs in aggregate (thus amelio-
rating abiotic stressors via increased intraspecific facilitation)
(Silliman et al. 2015).

Global warming is an upcoming threat to marine habi-
tats. Few are known about habitats’ resilience to this threat.
Each of them will be affected differently. Coral reefs will be
highly affected by the increased seawater temperature and
acidity (Veron et al. 2009). On the contrary, other habitat
formers could benefit from an increased CO, concentration.
The photosynthetic rates of seagrasses are CO,-limited
(Beer and Koch 1996). A study performed by Palacios and
Zimmerman (2007) with the eelgrass Zostera marina, a
temperate species, demonstrated that an increased CO, con-
tent in the atmosphere and oceans would lead to an increased
area-specific productivity of seagrass meadows. A similar
study performed by Ow et al. (2015) with three tropical sea-
grass species found the same result, yet explaining that
responses were variable between species. These studies
reinforce the emerging paradigm stating that seagrass mead-
ows are likely to benefit significantly from a high-CO, world
(Zimmerman et al. 2017). Acclimation and resilience capac-
ity, alongside the genetic potential of marine habitats, need
to be properly accounted for to address their vulnerability to
global warming. While global warming might reduce the
success of marine restoration, an inverse relationship also
exists as marine habitats are known for their great capacity
of carbon storage. Their restoration could be utilized as a
strategy to buffer global warming (Ledig and Kitzmiller
1992; Harris et al. 2006). Restoring more and more degraded
habitats would result in an increased carbon storage capac-
ity of coastal marine environments (McLeod et al. 2011).
This newly achieved capacity could then be maintained
throughout future scenarios of global warming via the selec-
tion of adapted morphotypes and improved species
plasticity.
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Van Oppen et al. (2015) stressed the need for quick and
reliable answers to the rapid changes. In the particular case
of coral reefs, the authors revised the idea of assisted evolu-
tion as a good approach, agreeing, to some extent, with the
ideas expressed in this work. Due to the lack of knowledge
about how manipulation at the genetic level would interfere
with natural processes, there is still uncertainty regarding the
so-called genetically modified organisms (GMOs). Although
in recent times, there has been an advancement in the knowl-
edge regarding the evolutionary mechanisms, information is
not enough to determine whether they will be, indeed, the
best way to proceed in terms of artificial selection to increase
the reach of ecological restoration programs.

These restoration strategies do not absolutely ensure the
success of the projects, as it requires the development of reli-
able metrics. The use of parameters based on the return of
ecosystem services provision is advocated as the most viable
option (De Groot et al. 2012; Bayraktarov et al. 2016). Not
all habitats have, however, been studied with the same atten-
tion, and there is still much to discover about their ecological
functions leading to the provision of ecosystem services
(Liquete et al. 2013). The use of the tools prior to restoration
actions, such as the HEA protocol, combined with other
tools such as InVEST, would provide clear objectives to
marine restoration projects related to the provision of eco-
system services (Cabral et al. 2016). It would then be easier
to develop and implement ecosystem services-based metrics
to estimate restoration success during monitoring studies.
Such metrics already exist for salt marshes and could be
regarded as a foundation to develop other habitat-specific
metrics (Staszak and Armitage 2012). They would also pro-
vide a common base to compare restoration projects in dif-
ferent habitats, leading to a better understanding of success
and failure of marine ecosystem restoration. The need to
improve communication between stakeholders and the gen-
eral public has been repeatedly highlighted and would be
aided by the use of ecosystem service metrics (Costanza
et al. 2014; Nordlund et al. 2018). Reliable estimates of res-
toration success provided by these metrics would facilitate
the involvement of stakeholders within these projects.
Restoration has an underlying force residing within its socio-
economic aspect. Valuation of ecosystem services through
global assessments, such as the TEEB and the MEA, has
increased the awareness of the general public about the cata-
strophic consequences of habitat loss on the society as well
as economy. They have greatly influenced stakeholders’ per-
ception of restoration (Costanza et al. 2014). An increased
awareness of the ecological and financial gains obtained
from ecological restoration through better valuation of eco-
system services will help decision makers to have the right
judgment on feasibility and outcomes of restoration
projects.

Many habitats in need to be restored are located in devel-
oping countries. Therefore, awareness of local communities’
influence on ecosystem goods and services should involve
and represent locals in restoring degraded habitats.
Bottom-up management of conservation areas and restora-
tion projects give more value and ownership to the local
community which will then have an incentive to self-enforce
any necessary policies. This will provide locals with the
tools to establish sustainable living conditions and address
poverty alleviation (Redford and Adams 2009; Farley and
Costanza 2010; Locatelli et al. 2014). Moreover, if locals are
taught to monitor the recovery of ecosystem services, these
jobs can even be long-lasting. The Mikoko Pamoja project
success is linked to the inclusion of Gazi and Makongeni
communities (Fig. 5.5). They participate in the seeding of
mangroves and benefit from the PES income with which they
provide clean water and educational material to school chil-
dren, mangrove conservation, and restoration and employ a
full staff member to coordinate the project (UNEP and
CIFOR 2014). The communities benefit from other
mangrove-related income such as ecotourism with the “Gazi
Bay Boardwalk” (Fig. 5.5) (Wylie et al. 2016). This project
won the Equator Prize in 2017, rewarding outstanding com-
munity efforts to reduce poverty through the conservation
and sustainable use of biodiversity (see also www.equato-
rinitiative.org). While this small-scale project was a success,
it seems much less realistic to realize a similar one on a
larger scale due to a lack of policy frameworks (Reford and
Adams 2009; Bullock et al. 2011; Muradian and Rival 2012).
The implementation of policies fostering restoration applica-
tions, such as the REDD+, is a necessary step to enhance
projects on temporal and spatial scales.

Marine habitat restorations are win-win projects, in which
all parts benefit from it. Locals regain lost ecosystem ser-
vices and, if they are included in the management project,
also benefit from long-lasting jobs. Stakeholders will see
their investment refunded in the following years using PES
schemes. The global population also benefits from these
projects which, through the carbon storage capacity of
coastal ecosystems, buffer global warming. Bottom-up man-
agement systems are now considered as the main method to
implement long-term restoration projects. The standardiza-
tion process and methods by the private sector could repre-
sent another way to accelerate the implementation of such
projects. The inclusion of locals could guarantee a larger
spatial and temporal scale for the projects, a higher invest-
ment fostered through PES schemes and/or similar
approaches, and the implementation of protocols habitat by
habitat. For instance, industrializing the process to maintain
and keep enhanced coral stocks will benefit ecological resto-
ration, but it will also be a great opportunity for aquarists,
therefore, creating a branch of business with a potentially big
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money income and a chance to have organisms better adapted
to greater ranges to environmental conditions (Van Oppen
et al. 2015). Within this context, the mass production of
organisms capable of tolerating higher stress conditions
would be an option, but further investigation is needed.

5.6  Conclusion

In conclusion, restoration is not a better approach than pas-
sive conservation; both strategies work together to reach
common goals to protect the natural capital (Elliott et al.
2007; Hobbs 2007; Zhang et al. 2018). We emphasize the
fact that assisting natural recovery of ecosystems is no longer
an option as their unassisted recovery rate is negligible and
cannot cope with the pace of habitat loss. Restoration has to
be seen as an integral part of our future ecosystem longevity
and requires an urgent focus and implementation to address
rapid changes and loss caused by both climate change and
multiple direct human-related impacts. Marine restoration
projects are not always successful. Failures are mainly due to
a lack of habitat-based research in a broader geographical
range and of reliable success metrics. Valuation of ecosystem
services to increase public and stakeholders’ awareness is an
important step in marine habitat restoration. It would also
improve the use of payment for ecosystem services schemes
which are a useful tool to implement bottom-up management
of marine restoration projects. Marine habitat restorations
are win-win projects: they increase biodiversity, enforce
local communities, and buffer climate change. We have the
abilities to force such change; it is now time to unite our
efforts and undertake the path of ecological restoration for
the good of all.

Appendix

This article is related to the YOUMARES 9 conference ses-
sion no. 6: “The challenge of marine restoration programs:
habitats-based scientific research as a key to their success.”
The original Call for Abstracts and the abstracts of the pre-
sentations within this session can be found in the Appendix
“Conference Sessions and Abstracts”, Chapter “5 The chal-
lenge of marine restoration programs: habitats-based scien-
tific research as a key to their success”, of this book.
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