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Canopy-forming macroalgae play a crucial role in coastal primary production and
nutrient cycling, providing food, shelter, nurseries, and habitat for many vertebrate and
invertebrate species. However, macroalgal forests are in decline in various places and
natural recovery is almost impossible when populations become locally extinct. Hence,
active restoration emerges as the most promising strategy to rebuild disappeared
forests. In this regard, significant efforts have been made by several EU institutions to
research new restoration tools for shallow and mesophotic reef habitats (e.g., MERCES
EU project, AFRIMED, and ROCPOP-life) and effective techniques have subsequently
been proposed to promote self-sustaining populations. Recent research indicates that
macroalgal forest recovery requires a broad spectrum of measures, ranging from
mitigating human impacts to restoring the most degraded populations and habitats,
and that the viability of large restoration actions is compromised by ongoing human
pressures (e.g., pollution, overgrazing, and climate change). We propose a roadmap
for Mediterranean macroalgal restoration to assist researchers and stakeholders in
decision-making, considering the most effective methods in terms of cost and cost-
effectiveness, and taking background environmental conditions and potential threats
into account. Last, the challenges currently faced by the restoration of rocky coastal
ecosystems under changing climate conditions are also discussed.

Keywords: marine restoration, macroalgae, canopy forming seaweed, macroalgae culture, marine conservation,
Cystoseira, fucalean algae, Mediterranean conservation

INTRODUCTION

Macroalgal forests of canopy-forming fucoids are dominant on rocky reefs along all the
Mediterranean coasts (Feldmann, 1937; Giaccone and Bruni, 1973; Verlaque, 1987; Ballesteros,
1992; Assis et al., 2020). They are recognized as hot spots of diversity and CO2 sink, providing
food and shelter for diverse assemblages of understory species and enhancing coastal primary
productivity (Molinier, 1960; Boudouresque, 1972; Ballesteros, 1992; Ballesteros et al., 2009; Sales
et al., 2012; Cheminée et al., 2013; Thiriet et al., 2016). Macroalgal forests formed by fucalean
brown algae (i.e., Cystoseira sensu latu, including the genera Cystoseira, Ericaria and Gongolaria;
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Molinari-Novoa and Guiry, 2020) can potentially thrive from
the intertidal to the circalittoral, with different species replacing
one another along the bathymetric gradient. Community
structure (i.e., diversity and species richness) generally increases
in complexity with depth, while population and community
dynamics (i.e., productivity, turnover, and growth rates) slow
down (e.g., Ballesteros, 1989, 1990; Ballesteros et al., 1998;
Capdevila et al., 2015, 2016).

As a response to multiple stressors, including eutrophication,
overgrazing, increasing coastal sediment loads, and impacts of
urbanization, these habitats in both shallow and deep waters are
being lost at alarming rates (Gros, 1978; Munda, 1982, 1993;
Sala et al., 1998, 2011; Soltan et al., 2001; Thibaut et al., 2005;
Vergés et al., 2014), and previously widespread canopy-forming
algae have become extinct or have been reduced to remnant,
fragmented, and isolated populations (e.g., Thibaut et al., 2005,
2016; Blanfuné et al., 2016; Mariani et al., 2019). Observational
studies and manipulative experiments have demonstrated that
these systems may switch toward degraded states (i.e., sea urchin
barrens or algal turfs) if the canopy is removed or damaged
(Cormaci and Furnari, 1999; Munda, 1993; Thibaut et al., 2005;
Ling et al., 2015 and references therein). Very little evidence
of natural recovery has been reported in macroalgal forests
(Scheffer et al., 2001; Perkol-Finkel and Airoldi, 2010; Iveša et al.,
2016), even when the area switches back to conditions before
Cystoseira forest decline (Pinedo et al., 2013). Relict populations
will ultimately disappear if effective restoration strategies are not
attempted together with stressor identification, mitigation, or
elimination, which should be an integral part of any restoration
plan (Orth et al., 2006; seagrass).

Under these circumstances, and when the environmental
conditions of the area to restore have been recovered to the
levels prior to the regression or disappearance of the forest,
human-induced recovery can be of critical importance. Coastal
ecosystem restoration is still in the “innovation phase” (Waltham
et al., 2020) and, despite increasing efforts toward macroalgal
restoration (Gianni et al., 2013; Eger et al., 2020b, 2021), this
ecosystem has received scarce attention compared to other
coastal habitats (e.g., sea grasses and saltmarsh) (Goodsell
and Chapman, 2009; Wahl et al., 2015). The criteria, targets,
and methods applied until now have therefore been highly
heterogeneous, making results scarcely comparable. Different
transplantation methodologies have been implemented as part
of various macroalgal restoration projects, aimed at introducing
new individuals to the sea floor and/or a source of fertile material
to obtain new individuals (Gianni et al., 2013 and references
therein; Eger et al., 2021). In the Mediterranean Sea, the
transplantation of individuals of Cystoseira was the first proposed
methodology (Falace et al., 2006; Susini et al., 2007; Perkol-Finkel
et al., 2012; Robvieux, 2013). However, since most Cystoseira s.l.
species are considered threatened or endangered by the Barcelona
Convention (Appendix II; UNEP/MAP, 2013), any technique
that requires the harvesting of individuals from remaining
populations is undesirable, leading to the exploration of less
invasive restoration actions (see Gianni et al., 2013 for a review).

The framework is presented as several sections that support
the process of planning a restoration effort. The objective priority

is to provide researchers and managers with information that
is important to consider when restoring macroalgae in the
Mediterranean Sea. The planning process is broken down into
five steps: (1) selection of the restoration sites; (2) selection of
the target species; (3) selection of donor sites and specimens;
(4) selection of restoration techniques; and (5) complementary
actions (Figure 1). Last, we describe the cost/feasibility of
broad-scale applications of the restoration techniques as a key
element in planning activities. By developing more standardized
approaches for macroalgal restoration, synergy can be achieved
through cooperation among different stakeholders and NGOs
and cost-effective measures.

SELECTION OF RESTORATION SITES

Several conceptual models to optimize site selection have been
developed for seagrass communities (e.g., Calumpong and
Fonseca, 2001; Campbell, 2002; Short et al., 2002), proposing
that historic and literature-based information, reference data,
and in situ environmental data are essential to identify and
prioritize restoration sites. For macroalgae, site selection should
similarly adopt a priori criteria with additional insights into
habitat requirements and characteristics of eligible habitats on
a local scale. In particular, the historical presence of the target
species should be documented and considered a pre-requisite
for identifying a site for restoration as eligible. Although this
may seem obvious, the availability of scientific records to do
so is generally scarce. Analyzing the gray literature or local
ecological knowledge gathered from different approaches (e.g.,
photo and video reports, fishermen, expert opinions) may help
to fill this knowledge gap.

Restoration planning also requires the identification of the
factors that caused and maintained the loss of the target species
in a putative restoration site. Restoration actions in locations
where the stressors that have led to forest decline have not
been mitigated or abolished are likely to be unsuccessful. If
environmental conditions are not appropriate to ensure post-
settlement survival, restoration is not viable, even if the propagule
supply is increased. However, mitigation is only manageable for
local stressors and cannot be achieved for global stressors. In this
case, more resilient populations should be identified and used
(see the future trends section). Nonetheless, the management
of local stressors (i.e., their reduction or removal) may enhance
the resilience of restored macroalgae to the ongoing pressures
from global stressors (Morris et al., 2020). While we may be
stating the obvious, the causal relationships between stressors
and species loss are still often unknown across habitats and
locations (Hillebrand et al., 2020). Therefore, the effects of
anthropogenic stressors acting separately or in combination
and their impact on different life-stages of target species must
urgently be identified.

Beyond examining abiotic environmental conditions, careful
assessment of extant assemblages at the eligible restoration site
is essential to identify species that could potentially limit the
success of restoration, including fast growing species that may
outcompete canopy-forming recruits, preventing settlement and
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FIGURE 1 | Conceptual model of the crucial steps to guide the restoration of macroalgae forests. The knowledge and main factors and processes that must be
considered for an optimal selection of restoration sites, target species, donor sites, restoration techniques, and the use of complementary actions are detailed and
explained below.

post-settlement survival (Filbee-Dexter and Wernberg, 2018),
or grazers (e.g., Tamburello et al., 2019). In general, the
disappearance of habitat-forming species results in less complex
and productive assemblages dominated by stress-tolerant taxa
(Filbee-Dexter and Wernberg, 2018; Maggi et al., 2018).
The establishment of new feedback mechanisms in degraded
assemblages contributes to their self-sustainment and prevents
the natural recovery of habitats (Filbee-Dexter and Wernberg,
2018). Even when habitat-forming species are reintroduced,
ecological interactions with extant species may play a crucial
role in determining the success of restoration action. It has
recently been suggested that positive interactions of macroalgae
with other species (at the same or different trophic level) might
be just as frequent as the negative ones, thus the incorporation
of facilitative effects into restoration practices is advocated to
enhance their success (Eger et al., 2020a). Although specific
applications of this theory are very scarce for macroalgae
(Medrano et al., 2020), successful evidence has been presented
for marine plants, wetlands, and mangroves (Eger et al., 2020a;
Gagnon et al., 2020 and references therein).

Logistic considerations concerning accessibility and ease of
manipulation of the target species are also important, although
they should play a secondary role in the prioritization of
restoration interventions. In the 2019 study conducted by
Tamburello et al. (2019), abrupt variations in environmental
conditions and mechanical damage during transportation or
manipulation were possible factors that contributed to the
mortality of germlings before and during settlement in the field,
indicating that having nursery facilities close to restoration sites
can significantly contribute to the success of the intervention.
This is a critical matter considering the present and future need
for restoration actions in areas of the world where facilities are
still lacking, the impact of which could be minimized using the
in situ technique (explained below).

SELECTION OF TARGET SPECIES

The criteria for the identification of target species should be
based on their ecological relevance and status (Swan et al., 2016)
and, if possible, their previous presence in the area. In fact, a
successful restoration of habitat-forming species would provide
structurally complex and highly productive habitats, hopefully
supporting the recovery of the associated assemblages together
with the ecosystem functions and services they provide.

In-depth knowledge of the ecology and life-history traits
of target species is a key requisite for planning efficient
restoration actions (Montero-Serra et al., 2018). This should
include information on: (i) life cycle and life-history traits
(e.g., strategy and timing of reproduction, fertility, growth rate,
etc.); (ii) relevant ecological interactions with extant assemblages
(e.g., competition, grazing, predation, susceptibility to pathogens,
etc.); (iii) environmental requirements (i.e., physical-chemical
characteristics of the substratum and water column, disturbance
regimes, etc.); and (iv) vulnerability to local anthropogenic
stressors (e.g., heavy metals, organic and inorganic pollutants,
etc.). These requirements may vary at different life stages of
the target species (de Caralt et al., 2020; Verdura et al., 2021).
Since these could represent critical conditions or processes
limiting the target species survival, strategies to mitigate specific
stressors during the restoration actions can be implemented,
thus optimizing restoration success. Unfortunately, complete
information is lacking in most cases. Thus, it is important
to fill the gaps and to identify what the most critical life-
history traits, ecological interactions, environmental drivers,
and anthropogenic stressors affecting the survival of the
selected species are.

Last, if after all these considerations several species emerge as
suitable candidates to be restored, species for which documented
manipulation techniques are available should be selected first. If
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no information is available, pilot studies at a local scale are highly
recommended to test implantation techniques.

SELECTION OF DONOR SITES AND
SPECIMENS

The general criteria for the suitability of potential donor
populations are based first on having well preserved conditions to
support the extraction of individuals to foster new populations.
Also of critical importance is being as close as possible to the
area to restore to minimize manipulation of the specimens and to
optimize action cost/effectiveness. However, the removal of large
numbers of adult individuals is hardly sustainable for existing
Cystoseira beds and, due to the scarce resilience of compromised
canopies, would result in an irreversible disturbance of donor
forests (Piazzi et al., 2017; Rindi et al., 2018). It has been suggested
that the outplanting of Cystoseira germlings is more sustainable
than destructive restoration methods and has no impact on donor
populations since even a low number of scattered individuals
thriving in a degraded area can be the source of hundreds or
thousands of new recruits that can be used to re-enforce the
donor population itself, or to re-introduce a population to a new
area that displays better environmental conditions and is more
likely to be successful (Falace et al., 2018; Verdura et al., 2018).

Donor populations should also display enough genetic
variability to allow specimens selected for restoration actions
to adapt to environmental changes and avoid inbreeding
(Ingvarsson, 2001). While the importance of genetic variability of
donor populations has been investigated for seagrasses, saltmarsh
plants, and seaweeds (Procaccini and Piazzi, 2001; Oudot-
Canaff et al., 2013; Evans et al., 2018; Wood et al., 2020),
studies on Mediterranean macroalgal species are still lacking. As
Cystoseira s.l. populations tend to be genetically differentiated
at a small spatial scale (i.e., 10–100 m, Buonomo et al., 2017)
due to their very limited dispersal capacity (generally < 10
m), it cannot be ruled out that donor populations can be
locally adapted. Transplantation to other conditions can result
in a reduced adaptive capacity of the restored population.
Further investigations on this topic are advocated, preferably
following the precautionary principle of selecting multiple
donor populations.

SELECTION OF RESTORATION
TECHNIQUES

Several recruitment enhancement techniques (germlings
outplanting) and complementary actions have proved successful
to restore Cystoseira populations (e.g., Verdura et al., 2018;
De La Fuente et al., 2019; Tamburello et al., 2019; Medrano
et al., 2020; Figure 2). They consist in obtaining recruits from
fertile branches of the donor populations, which are either
placed directly in the area to be restored (in situ technique) or
cultured on aquaria facilities and then transported to the field
(ex situ technique). These techniques are especially suitable for
Cystoseira s.l. species since they present a sexual reproduction

from monoecious individuals, with male and female gametes
housed within the same conceptacle, which are grouped in
receptacles (Guern, 1962; Rodríguez-Prieto et al., 2013), thus
ensuring male and female gametes for each fertile branch.
Techniques can be selected according to different factors such as
the availability of culture facilities, dispersal capacity of the target
species, the hydrodynamic regime of the selected site to restore,
and the grazing pressure. For the ex situ technique, production
is hampered by the availability of facilities (e.g., the dimension
and number of environmentally controlled rooms, the number
of aquaria, labor; Savonitto et al., 2021) and the proximity of
the restoration site, considering that transport to the field is
a critical step for the success of the intervention (Tamburello
et al., 2019). The in situ technique and the ex situ technique
appear to be especially suitable for species with a higher and a
lower dispersal capacity, respectively (Verdura et al., 2018; De La
Fuente et al., 2019). Under low hydrodynamic conditions (e.g.,
at a depth below 10 m or inside lagoons) the in situ approach has
proved to be the most effective (Verdura et al., 2018). Contrarily,
the ex situ cultivation of zygotes should be prioritized (Verdura
et al., 2018) in areas with high hydrodynamic conditions (e.g.,
on exposed intertidal and shallow subtidal rocky reefs), where
zygotes can be swiped out to the water column. Other factors
apart from hydrodynamism, such as herbivory, may lead to
opting for the ex situ technique, thus avoiding the grazing of the
recruits (Savonitto et al., 2021).

In situ Approach
The in situ approach has been successfully tested with Ericaria
barbata and Gongolaria elegans (Verdura et al., 2018; Medrano
et al., 2020). When the receptacles are mature, fertile apical
branches are collected from donor populations using scissors
and transported to the restoration site in plastic bags without
any water and in cold and dark conditions. Approximately
ten fertile receptacles should be placed in each dispersal bag
(8 × 10 cm) made of 36% fiberglass and 64% PVC, with a mesh
size of 1.20 × 1.28 mm. Dispersal bags are tied to a pick and
fixed to the substratum using a hammer and/or epoxy putty
at a vertical distance of 25 cm from the bottom. The distance
between dispersal bags should be approximately 2–3 m (Verdura
et al., 2018). Within this area, free substratum to promote the
settlement of zygotes should be provided, especially if the area to
restore is dominated by turf algae that can outcompete the new
recruits. This can be done by placing flat stones deprived of any
organisms in the area, or by pre-empting the rocky substrate with
a metal brush. The dispersal bags can be removed after 4 days.

Ex situ Approach
The ex situ technique has been tested for Ericaria amentacea, E.
crinita, E. zosteroides, and Gongolaria barbata. Ex situ seeding
provides a large number of healthy individuals to be re-
introduced in the environment without impacting the natural
populations (Falace et al., 2006, 2018; Verdura et al., 2018).
During harvesting, up to 3 fertile apexes should be collected
from each individual to ensure a minimum degree of genetic
variability and to avoid compromising the reproductive capability
of exploited individuals. During transportation to the laboratory,
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FIGURE 2 | Image of the rocky reef before the restoration action (A) and after restoring the Cystoseira s.l. population (B). Restoration techniques: Cystoseira s.l.
adult transplantation (C), ex situ approach (D) and in situ recruitment enhancement (E). Complementary actions: providing free substrate (F), herbivory exclusion
(G), MPAs (H) and control of sea urchin populations (I). Photo credits: Xavi Calsina (@XCalsi; A,B,G), Margalida Monserrat (C), Jana Verdura (D), Simonetta
Fraschetti (E), Alba Medrano (F), Josep Pascual (H) and Jordi Boada (I).

fertile branches should be preserved in plastic bags without
water and in cold and dark conditions. Transport should be
completed within 48 h of collection. Once in the laboratory,
fertile branches are stored in fridges (4◦C) in dark conditions
for 12–24 h to promote zygote liberation. Cultivation is carried
out in aquaria with a close-water circuit of filtered natural
seawater continuously aerated by air pumps. The photoperiod
should be selected to reflect the seasonal conditions of the
donor site. Temperature and irradiance conditions are set
according to the specific requirements of the cultivated species
(Verdura et al., 2015).

The substratum used for cultivation can be natural stones
previously cleaned with a hard brush. Clay tiles can be used
if stones are not available in the environment, after carefully
considering their rugosity (Tamburello et al., 2019). Falace et al.
(2018) used two different substrata (pebbles and tiles) to test

settlement and recruitment in laboratory culture conditions,
finding a significantly higher settlement of eggs in tiles than in
pebbles, which presented more roughness, although successive
germling growth and survival were not affected by the substrata.
Fertile branches should be placed uniformly in mesh bags,
ensuring they float on the surface of the tanks while releasing
the gametes and the zygotes. Water movement inside the tanks
should be kept as low and stable as possible for the first 4 days to
facilitate zygote settlement. Adult branches can then be removed
to eliminate possible sources of contamination such as epiphytes
and particulate organic matter. The water of the aquaria must
be partially renewed once a week. Epiphytes on the stones can
eventually be eliminated by gently cleaning their surface with
a paint brush. Cultured germlings should grow for at least
3 weeks (when they became visible with the naked eye) and
up to 3 months, when early stage individuals reach 1–1.5 mm
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and can be transported to the field. The transport of germlings
from the laboratory to the field should be carried out in dark
and in situ temperature conditions. Once at the destination, the
displacement or attachment of colonized stones with epoxy putty
should take place rapidly (within a few hours) to ensure that the
germlings do not undergo thermal stress.

Phenology Knowledge: An Essential Step
In all cases, a priori knowledge of the phenology and recruitment
periods of the species to be restored is needed because the
proposed techniques are based on obtaining fertile branches and
the survival of recruits. Regarding obtaining fertile branches,
donor populations characterized by dense Cystoseira s.l. cover
should be identified and monitored monthly to detect the
reproductive time of the year when receptacles of the target
species become available. When Cystoseira s.l. fronds exhibit
mature receptacles, fertile branches need to be collected for
fertilization. Personal observations report that nearly 100 mature
branches with receptacles (from 40 individuals) are required to
generate about 400 adults, which has proved to be enough to
restore approximately 50 square meters of a rocky shore.

Since the reproductive capability of a species depends on
several environmental conditions, zygote availability can be
extremely compromised. As demonstrated by Marion and Orth
(2010), seagrass seed production in donor forests can vary
dramatically from year to year, also due to climate change
(Bevilacqua et al., 2019). Likewise, abnormal winter temperatures
and exceptional wind periods (Bevilacqua et al., 2019; Orlando-
Bonaca et al., 2021; Savonitto et al., 2021) lead to serious
biological anomalies and the loss of the reproductive potential
of Gongolaria barbata. Therefore, it is crucial to act as fast
as possible during the reproductive season of the selected
species to collect an appropriate number of mature apexes.
Their availability represents an intrinsic limit of any restoration
technique since interventions cannot be repeated until the
following reproductive period of the target species. Although
fertility and recruitment may vary geographically, here we
provide a table with the approximate fertility periods of the most
common species, using data gathered from personal observations
and published sporadic and local studies (Supplementary
Table 1). However, data scarcity on algal demography limits
the generalization of these results, so more data and in-depth
studies are needed to infer general life-history patterns and
how they are affected by climate change (Capdevila et al., 2016;
Verdura et al., 2021).

COMPLEMENTARY ACTIONS

Restoration success can also be compromised by the ecological
interactions between the canopy-forming algae and the multiple
species thriving in the area to restore. Among them, herbivory
represents one of the major threats to the survival of Cystoseira
juveniles once reintroduced at restoration sites because it can
drastically limit the survival of reintroduced individuals, with
estimated losses of up to 90% in just a few days (Hereu,
2006; Gianni et al., 2013; Agnetta et al., 2015). Another major

threat is competition with opportunistic species such as turf-
forming algae (Airoldi, 2000; Filbee-Dexter and Wernberg, 2018).
Therefore, in many areas there is a need to remove the extant algal
assemblages potentially limiting restoration success (Verdura
et al., 2018), and herbivores (Piazzi and Ceccherelli, 2019;
Tamburello et al., 2019; Medrano et al., 2020) should complement
the restoration action.

Providing Supplementary Substrate
On many coastal reefs, macroalgal forests face competition
and overgrowth by turf, whose abundance may increase due
to disturbance events such as chronic nutrient enrichment,
sediment load and climate change (Filbee-Dexter and Wernberg,
2018 and references therein). Mediterranean turf algae are
simple populations dominated by small fast-growing species
(e.g., Cladostephus hirsutus, Dasycladus vermicularis, Dictyotales,
Sphacelaria spp., Halopteris scoparia, Laurencia spp., Padina spp.;
Thibaut et al., 2017 and references therein). Turf can potentially
compromise restoration success by quickly overgrowing and
monopolizing primary substrate, limiting the availability of
the suitable hard substratum required for canopy forming
macroalgae settlement (Airoldi, 1998, 2003; Gorgula and Connell,
2004; Connell and Russell, 2010), and because of its ability to
accumulate sediment (e.g., Isaeus et al., 2004; Filbee-Dexter et al.,
2016), reducing the survival rates of canopy-forming macroalgae
recruits (Reed, 1990; Isaeus et al., 2004; Gorman and Connell,
2009). Likewise, it has been suggested that turf-forming algae
affect early life-history stages of Mediterranean canopy algae
(Gros, 1978; Benedetti-Cecchi and Cinelli, 1992; Ballesteros et al.,
2009). Therefore, active turf removal should be carried out as a
management tool to reduce this competitive effect and provide
space for new macroalgal recruitment. This action represents
a supplementary method to support recruitment enhancement
(Capdevila et al., 2015; Medrano et al., 2020). Providing available
substrate by itself does not translate into a restored macroalgal
forest if no neighboring Cystoseira s. l. populations are available,
but it does facilitate recruitment of new individuals when restored
individuals become fertile. Scraping some plots to provide a
newly available substrate for new recruits is preferably required
in areas colonized by turf or other less complex macroalgal
habitats (Verdura et al., 2018; Medrano et al., 2020), although
it is probably not needed in barren areas. Cleaning periods are
species-dependent and they should match recruitment periods
from the first year of fertility (Supplementary Table 1). They
should be maintained annually or biannually.

Herbivory Management
One of the main factors limiting the success of macroalgal
restoration is the presence of herbivores at high densities (mainly
the sea urchins Paracentrotus lividus and Arbacia lixula and,
especially in the Eastern Mediterranean, the fish Sarpa salpa
and Siganus spp.). A preliminary assessment of the density of
herbivores and grazing pressure at restoration sites should be
carried out and, where possible, intensively grazed sites should
be discarded. Alternatively, devices to prevent access by grazers
(fish and sea urchins) and herbivore removal/culling should be
considered. Notably, knowledge on the critical threshold density
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of herbivores affecting recruitment success in macroalgae is still
to be ascertained and will vary depending on environmental
conditions, including nutrient regimes (Boada et al., 2017).

Herbivory Exclusion
Devices to prevent access by grazers can be used to protect the
juveniles at least for the initial months of growth after settlement
or transplantation from the aquaria. For instance, fish deterrent
devices have shown to successfully limit the access of salema fish
(Sarpa salpa) in intertidal forests of Ericaria amentacea (Gianni
et al., 2020), while cages fixed to the substratum can protect
Cystoseira s.l. juveniles (Tamburello et al., 2019). Cage structures
made with double metal mesh and wire can be screwed to the
substratum using an underwater drill and sealed with epoxy
putty. If cages are provided with a top side, they can eventually
also protect from fish grazing. Cages should be periodically
cleaned with a metal brush to prevent shading due to epiphytes.
Cage size will depend on the hydrodynamic conditions, usually
measuring 20 × 20 cm in shallow, high hydrodynamic areas
and 50 × 50 cm in deeper areas or where hydrodynamism
is negligible. However, setting up exclusion devices requires
intense maintenance since epiphytism may strongly modify
irradiance and water exchange conditions, and hydrodynamism
can deteriorate fixed structures.

Control of Sea Urchin Population Density
Recent studies have shown a positive effect of sea urchin removal
(harvesting and culling) on the recovery of overexploited
macroalgal beds in subtidal rocky habitats (Piazzi and
Ceccherelli, 2019). To date, the practice of extensive sea
urchin culling has been applied in some areas around the world,
principally for kelp restoration (Tracey et al., 2014), and for
the first time in the Mediterranean Sea within the MERCES1

project (Guarnieri et al., 2020; Medrano et al., 2020). Culling
actions can be opportunely carried out either to complement
recruitment enhancement or to protect adult Cystoseira s.l.
individuals seriously threatened by overgrazing. In this case,
sea urchin culling can be complemented by providing free
substrate for recruitment when simple turf algae dominate the
seascape. Recent studies (Guarnieri et al., 2020; Medrano et al.,
2020) have confirmed that where top-down regulatory processes
have been seriously compromised, a single severe large-scale
action might affect grazer density over mid-long periods due to
low recolonization of sea urchins driven by a complex suite of
ecological processes, ruling out the need for maintenance over
time. However, in other areas, more frequent interventions have
been needed to obtain long-lasting results (Watanuki et al., 2010;
Wood et al., 2019).

In the Mediterranean Sea it is widely accepted that P. lividus
harvesting may be a potential effective method to mitigate
overgrazing in areas of severe overfishing (Guidetti et al., 2004;
Piazzi and Ceccherelli, 2019; Farina et al., 2020). Direct extraction
of P. lividus can result in community level effects triggering
Cystoseira s.l. recruitment and recovery (Piazzi and Ceccherelli,
2019). Hence, an integrated management of P. lividus harvesting

1www.merces-project.eu

could be considered a useful complementary tool in areas where
the density of sea urchins may compromise the viability of
restoration actions. However, it should be mentioned that sea
urchin fisheries are only focused on P. lividus, so indirect
facilitation effects of its counterpart A. lixula on algal beds cannot
be disregarded (Bulleri et al., 1999).

Synergistic Interaction Between Restoration and
Marine Protected Areas
The effectiveness of Marine Protected Areas (MPAs) and their
direct and indirect effects on populations is extremely variable
depending on multiple factors such as the level of protection, size,
history, and ecological traits of the protected species and human
activities inside and outside the MPA (Claudet et al., 2011),
among others. Furthermore, the potential effects of protection on
the effectiveness of macroalgae restoration is still controversial,
according to the available data. In this line, while examples of
macroalgae restoration can be found in both MPAs and non-
protected areas (e.g., Verdura et al., 2018; Medrano et al., 2020),
studies commonly point to herbivory as the major threat to
restoration processes (Carney et al., 2005; Campbell et al., 2014;
Tamburello et al., 2019; Savonitto et al., 2021). Some MPAs have
worked to restore kelp populations, especially where cascading
effects have facilitated grazer control and where no other stressors
are present (e.g., increases in the populations of urchin predators
such as sea otters, fish, or lobsters) (e.g., Shears and Babcock,
2003; Watson and Estes, 2011; Caselle et al., 2018; Eger and Baum,
2020). However, to successfully revegetate barren grounds, a
synergy between passive (MPAs) and active restoration strategies
(intentional activity to help macroalgae recovery) might be key,
indicating that restoration actions should be encouraged in
already protected areas to enhance and speed up the recovery of
degraded macroalgal forest (Gianni et al., 2013; Filbee-Dexter and
Scheibling, 2014; Medrano et al., 2019).

COST AND COST-EFFECTIVENESS

Ecosystem restoration is cost and labor intensive, with median
costs in marine ecosystems (Bayraktarov et al., 2016) reaching
hundreds of thousands of US dollars. Examples of restoration
projects reporting cost estimates are limited (but see Carney
et al., 2005; Campbell et al., 2014; Tracey et al., 2014; Fredriksen
et al., 2020; Layton et al., 2020), with cost-benefit analyses
even more lacking (however, see Bayraktarov et al., 2016 for
a review of factors affecting cost-effectiveness). Uncertainties
about restoration costs and feasibility can impede decisions
on whether, what, how, where, and how much to restore
(Bayraktarov et al., 2016). For macroalgae, a recent review
reported global average cost numbers of restoration activities,
finding high variation between methodologies and attempts (Eger
et al., 2021). For example, among the reviewed methods, sea
urchin control was found to be the one that requires the least
investment (quickliming and manual removal, approximately
1,300$/ha and 43,800$/ha, respectively). This method is followed
by seeding with propagules (approximately 441,300$/ha), the
direct transplant of individuals (approximately 582,100$/ha),
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and the creation of artificial reefs (approximately 593,400$/ha).
Given the few examples of Cystoseira s.l. restoration to date and
the considerable variability in costs (Table 1), it is currently
very difficult to accurately estimate the costs and cost-benefit of
macroalgae Mediterranean forest restoration. Cost will ultimately
depend on the species, its ecology, the specific characteristics of
the habitat to be restored, and the availability of infrastructures.

By way of example, the cost of restoring a shallow species of
Cystoseira s.l. in an area very close to facilities (few meters) and
with optimal environmental conditions (limited hydrodynamism
and herbivory) has been estimated at approximately 1 million
€/ha for ex situ methods and 450,000 €/ha for in situ
methods (Verdura et al., 2018). This estimate includes a 2-
person experienced team, basic equipment, and consumables.
Meanwhile, the cost of in situ revegetation techniques together
with sea urchin eradications in a nearby area with all the suitable
equipment (Medrano et al., 2020) has been estimated at 57,000
€/ha. The cost increases to almost 7 million €/ha when the
restored area is far from facilities, the ex situ method requires
laboratory culturing for 40 days, and complementary grazing
exclusion devices are needed (Tamburello et al., 2019). These data
are in line with those reported for other areas of the world. For
example, the cost of the Operation Crayweed project has been
estimated at 5.7 million $/ha (Layton et al., 2020), and an estimate
of 70,000 $/ha has been reported by Fredriksen et al. (2020) for
the green gravel method. A potential source of variation is the
reference area considered for cost estimation since costs can refer
to the initial restored area or to the final restored area, with the
first normally leading to a lower cost estimate given that the final
area is usually larger. Note that these cost exercises do not include
the science and the specific background needed to underpin
decisions such as choice of donor and restoration sites, size of the
area to be restored, taxonomic skills, and selection of the optimal
restoration method and of eventual complementary approaches
(Layton et al., 2020). In addition, cost estimates do not include
the non-consumable laboratory instrumentation needed for the
ex situ approach to assess fertility (e.g., stereomicroscope, fridge,
sensors to measure light irradiation, temperature, and salinity),
the laboratory facilities provided with running seawater, or the
diving materials. The distance among facilities and sites involved
in the restoration also strongly affects the cost and feasibility
of interventions, with transport conditions and durations also
directly related to a critical bottleneck for germling survival.
The transport must be carried out rapidly and in optimal
conditions to minimize mortality, making proximity of nursery
structures to restoration sites crucial. As a critical stage for
recruit survival, long transport distances may affect the final
cost of the restoration action, substantially increasing the cost-
effectiveness ratio. Moreover, if conducted in the subtidal, the
additional costs of sea transport, the logistic constraints of
scuba diving (e.g., limited working hours per day), and related
equipment must be added. A list of the activities and materials
required is reported in Figure 3. To help decision makers to
prioritize conservation and restoration actions, a standardization
of cost-effectiveness of interventions will help to allocate financial
resources more effectively. To this effect, a solution could be
to analyse costs based on item-based metrics (i.e., number of

surviving individuals, growth of seedlings) or the probability of
meeting specific targets (Ahtikoski et al., 2010; Grose, 2013), or
by dividing the resulting native cover post-restoration by cost
per hectare (Kimball et al., 2015). However, bearing in mind
the limited natural extension of some species due to the small
size of the remaining populations, cost-effectiveness evaluations
should also consider the increase in percentage resulting from the
restoration action per se relative to the original cover of the native
remnant population (Maron et al., 2013).

FUTURE PERSPECTIVES

The interventions aimed at the active restoration of macroalgal
forests generally cover a temporal interval of a few months
to 1 year. Very few studies cover longer time scales (however,
see Verdura et al., 2018; Eger et al., 2020b references
therein), generally due to insufficient and intermittent financial
investments derived from short-term and discontinuous projects
(Eger et al., 2020b). This impairs the assessment of the recovery
of ecosystem functioning and thus the actual outcome of
restoration in terms of success or failure. According to the
guidelines provided by the Society of Ecological Restoration,
successful restoration implies that ecosystem functioning and
habitat resilience capacity are reverted to the state preceding
the degradation (Peterson and Lipcius, 2003; Shackelford et al.,
2013). To this effect, indicators of success for macroalgal forest
restoration are mostly based on variables such as survival of
recruits (Falace et al., 2018; Tamburello et al., 2019; Fredriksen
et al., 2020) or transplants (Campbell et al., 2014), the density of
juveniles and size structure comparison with donor populations
(Verdura et al., 2018), or the percentage of algal cover (Medrano
et al., 2020). However, such indicators are far from being
capable of estimating the real recovery of the functionality of
the system. Conversely, in terrestrial environments, assessment
techniques are predominantly based on variables such as
biodiversity, vegetation structure, or ecological functions that
can provide reliable information on the functionality and
ecosystem services recovery (Ruiz-Jaen and Aide, 2005; but see
Marzinelli et al., 2016).

In other marine habitats, such as seagrass meadows, it has been
demonstrated that restoration scale and feasibility are positively
correlated (van Katwijk et al., 2016) due to mechanisms that
are likely also relevant for macroalgal forests. For example, the
settlement of more specimens would provide a critical mass
for stress amelioration by the starting founders, thus enhancing
self-sustaining feedbacks which, in turn, would further increase
population growth (Eckman et al., 1989; Steneck et al., 2002).
However, further studies are required to identify the minimum
spatial extension of intervention over which these mechanisms
may become relevant to recover macroalgal forests. Notably,
however, although increasing the restoration scale can be positive
it also has its disadvantages such as the arguably lower feasibility
of getting funding as costs increase. Similarly, further studies
are needed to assess the outcome of restoration in relation to
species diversity. Experimental studies on seagrass restoration
show that transplanting different species simultaneously may
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TABLE 1 | Available studies reporting restoration methods for Cystoseira s.l. species in the Mediterranean (using at least one method described in this study).

Species Restoration
method

Complementary
actions

Costs (€/ha)∗ Last survey time Success Study

G. barbata Ex situ approach NA NA 4 months 69 and 89% of juvenile
survival at the two plates

used

Orlando-Bonaca et al.,
2021

G. barbata Ex situ approach Herbivory exclusion
(fish)

NA 6 months Higher percentage of tiles
with juveniles in exclusion

treatments (46% in
protected vs. 29% in

unprotected). Length of
juveniles up to 6 cm in

protected treatment after
6 months

Savonitto et al., 2021

G. elegans In situ approach MPA effect and control
of sea urchin population

57,000 €/ha 1 year Increase from 0 to
approximately 15% of

G. elegans cover inside the
MPA. Individual heights

reached similar measures
to reference individuals

Medrano et al., 2020

E. amentacea Ex situ approach – NA 4 months 40% of juvenile survival in
the tiles reported on the last

survey

De La Fuente et al.,
2019

E. brachycarpa NA Control of sea urchin
population

NA 1 year In areas where total sea
urchin (both P. lividus and

A. lixula) were removed, the
total algal surface increased
by 250%. New recruits of

E. brachycarpa were found

Piazzi and Ceccherelli,
2019

E. amentacea Ex situ approach Herbivory exclusion and
adult transplantation in

the surroundings

7,000,000 €/ha 3 months Gremlins where favored by
herbivory exclusion, but not
influenced by the presence

of surrounding adults

Tamburello et al., 2019

G. barbata In situ and ex situ
approaches

– Ex situ (1,066,000
€/ha)—in situ

(436,800 €/ha)

6 years Equivalent size structure
and densities in the

restored population when
compared to the reference

ones

Verdura et al., 2018

C. foeniculacea
f. tenuiramosa,
G. barbata, E.
crinita

Transplanting of
adults

Providing
supplementary

substrate

NA 9 months Little recruitment in the
provision of free substrate
and 80% of the substrate
was lost. All transplanted
individuals disappeared

between 5 and 9 months
after restoration

Robvieux, 2013

G. barbata Transplanting of
juveniles

Adult transplantation in
the surroundings and
herbivory exclusion

NA 9 months Depending on the
treatment, with a 30% of
survival as a maximum

Perkol-Finkel et al.,
2012

G. barbata Transplanting of
juveniles

Adult transplantation in
the surroundings and

providing
supplementary

substrate to test
recruitment

NA 9 months Depending on the
treatment, with a 60% of
survival as a maximum

Perkol-Finkel and
Airoldi, 2010

E. amentacea
and
C. compressa

Transplanting of
adults

– NA 6 months 75% of adult survival
reported on the last survey

Susini et al., 2007

G. barbata and
C. compresa

Transplanting of
adults

NA NA 1 year 80% suvival of G. barbata
and 25% survival of

C. compressa

Falace et al., 2006

Note that only three studies report costs. *The cost reported includes the transportation of adults/fertile branches, personnel, equipment/material, and travel expenses.
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FIGURE 3 | Composition of restoration costs (€) for fucalean macroalgal forests, according to the restoration method and the complementary techniques. The size
of the circle represents the cost amount, and the color and size of the different sectors represent the contribution of the different concepts (e.g., personnel, material,
and facilities) to the total cost for previous knowledge acquisition, the implementation activities, and the maintenance activities to be performed after planting.
Maritime and terrestrial transport are also considered.

improve their overall survival and growth and thus the trajectory
toward successful restoration (Valdez et al., 2020). Incorporating
species diversity into restoration heralds a shift in practice from
establishing a single founder species and recognizes the widely
documented positive effects that biodiversity has on ecosystem
function and services (Williams et al., 2017). Restoration actions
should also embrace habitat variability and support adaptation
to local conditions. Therefore, to gain more habitat-specific
knowledge we need to know which environmental drivers favor
the targeted habitat, which species need to be manipulated,
and what the functional difference due to the absence of some
species will be. Among the biological and ecological features,
life-history traits, population connectivity, spatial distribution,
structural complexity, and the potential for transition from one
state to another rank as the main factors contributing to the
successful accomplishment of habitat restoration (Bekkby et al.,
2020). However, most of these aspects remain unknown for
many assemblages and species. Basic research and monitoring
programs are therefore essential to fill this gap. Long-term
data on key processes and habitat features will provide a
robust basis for upscale restoration actions that will have a
significant ecological impact at the seascape level. Moreover,
the combination of active restoration strategies, such as sea
urchin removal together with algal recruitment enhancement,
and passive conservation tools, such as MPAs enabling the
increase of sea urchin predators, could have synergistic effects
and reduce the maintenance costs of restoration activities by
means of re-establishing ecological functions (Gianni et al., 2013;
Caselle et al., 2018).

The vulnerability of canopy-forming macroalgae to climate
change (Verdura et al., 2021) should also undoubtedly be
considered to reduce the uncertainty of investing in a long-
term restoration plan (Wood et al., 2019). The viability
of ecological restoration could be strongly compromised by
accelerated environmental modifications associated with climate
change. An important limitation of most current studies is the

lack of information on how the current conservation status
of canopy-forming populations determines future responses
to climate change. To this effect, basal knowledge about
the conservation of Cystoseira populations is key to setting
a common baseline and further determining how they will
respond to future climate warming. Multiple stressors have
historically been eroding the conservation status of many
Cystoseira forests (Thibaut et al., 2005, 2015; Blanfuné et al.,
2016; Mariani et al., 2019), not only impairing important
biological and demographic population parameters but also
having unknown further consequences on population genetics,
thus constraining their resistance and resilience to future climate
stressors. A promising but as yet untapped opportunity to
counteract likely undesired effects related to climate change
is the exploitation of the natural genetic variability of key
species (Prober et al., 2015). While the capacity of plants to
adapt to environmental change through plasticity, selection, or
gene flow has been intensively explored (Prober et al., 2015),
the available knowledge for macroalgal habitats and species is
still scarce. In this regard, experiments exploring physiological
and biological responses to future climate change, considering
the actual conservation status and genetic characteristics of
different populations and species, will provide new insights into
the persistence of Cystoseira populations in the face of future
cumulative impacts scenarios.

The impacts of climate change are highly variable
geographically, so modeling approaches that consider the
intrinsic adaptation of habitats and species, together with
predictions of threats related to climate change, are essential to
properly assess the fate of species, habitats, and sites following
restoration. All this information on the conservation status of
forests, resistance to climate change, and intra-species variability
to thermal tolerance, in addition to accurate models of the future
suitability of habitats, must be considered to design restoration
strategies adapted to cope with the inevitable changing future
climate conditions.
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Although the last decade has seen a growing interest in
the restoration of macroalgal forests (Abelson et al., 2020)
there is still a lack of knowledge, which needs to be expanded
for the successful scaling up of restoration interventions. The
inherent uncertainty linked to the above-described outcomes of
the steps in active restoration and the difficulty in involving
the private sector further impair restoration efforts. We
recommend that all restoration steps must be planned carefully
before implementation. Although the protocols provided in
this study are user-friendly, volunteers and other potential
stakeholders should never launch initiatives without expert
scientific supervision.
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