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Several seaweed species are commercialized worldwide both due to high
demand for food and feed and as a raw material for the extraction of
phycocolloids such as agar, carrageenan, and alginates that are used broadly
in the food, cosmetic, and pharmaceutical industries. Chile is the world's
leading marine seaweed biomass producer when it comes to the exploitation
of natural kelp beds. This extraction pressure has persisted for decades and has
resulted in a reduction in natural stocks along the benthic ecosystems of the
Chilean coast. Over the last three decades, several strategies aimed at restoring
seaweed stocks have been implemented (i.e., sexual and asexual reproduction,
the use of spore-type propagules or fragments of thalli, and entire thallus
transplants). Success rates have varied, but the biological feasibility of such
strategies has been demonstrated for several species. However, technological
improvements must be achieved to move from small-scale, pilot experiments
to cost-effective restocking strategies that are easy to transfer to fisher
communities and another end-user, scalable to marine field conditions, and
socio-ecologically sustainable. Researchers in other geographic areas have
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explored similar pathways for developing kelp restocking strategies and have
tackled the research gaps regarding its massification. This work summarizes the
research activities carried out in recent decades in the search for sustainable
strategies to restore algal stocks in Chile.
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1 Introduction

Seaweeds are an important economic resource for coastal
communities and have historic, cultural, and gastronomic value
(Delaney et al., 2016). The Seaweed Manifesto (Giercksky and
Doumeizel, 2020) has highlighted the contribution of these
organisms to several of the Sustainable Development Goals
due to their contributions as a source of quality food for
human populations (food security) and their role in carbon
capture and the mitigation of the consequences of ocean
acidification (climate change mitigation). They are key
organisms for the maintenance of coastal marine ecosystems
and biodiversity conservation and are a relevant factor for
facilitating coastal community resilience (Wernberg et al,
2019; Morris et al., 2020; Hynes et al., 2021; Cai et al., 2021a;
Cuba et al., 2022; Earp et al., 2022).

There is a high worldwide demand for seaweeds biomass for
food and feed and as a raw material for the extraction of
phycocolloids which are used broadly in the food, cosmetic, and
pharmaceutical industries (Chopin and Tacon, 2021). The value of
this natural capital is currently estimated at over USD 13.3 billion,
and the demand for it is expected to increase by more than 10%
over the next decade, presenting an important challenge for
countries that commercialize these resources (Cai et al., 2021a;
Cai et al., 2021b; Chopin and Tacon, 2021). In 2019, the worldwide
production of seaweed was 35.8 million tons, 97.1% of which was
produced through seaweed aquaculture and only 2.9% (0.9 million
tons) of which came from wild-harvested seaweed (Cai et al., 2021a;
Cai et al, 2021b). The worldwide production of seaweeds is
concentrated in eastern and south-eastern Asia, contributing 95%
of production, whereas Europe and the Americas contribute about
1% each to global production (Cai et al, 2021a). It is precisely
outside of the main production centers where seaweed collection is
maintained as a productive practice. Chile presents an extractivist
developmental model (Marquez and Vasquez, 2020) that involves
the exploitation of natural seaweed populations and the export of
raw materials with a low level of processing. Chile leads in the
commercialization of non-cultivated seaweed biomass and has been
the main producer of this type of biomass since 2015, harvesting
over 340,000 tons annually (FAO, 2018).
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Coastal ecosystems are threatened by factors such as ocean
acidification, pollution, climatic events, and human intervention (a
result of infrastructure development in coastal areas) leading to loss
of natural habitats (e.g., Rangel-Buitrago et al, 2018; Cai et al,
2021b; Hynes et al., 2021). The consequences of the
abovementioned phenomena on seaweeds are already noticeable,
with clear evidence of a global decrease in algal populations
(Krumhansl et al., 2016). Worldwide changes in the distribution
and abundance of important species such as kelps have been
recorded in different ecosystems owing to the direct or indirect
effects of anthropogenic activities (Wernberg et al., 2019; Oyarzo-
Miranda et al., 2020; Jara-Yafiez et al., 2021; Latorre-Padilla et al.,
2021). However, the impact of these changes varies among
geographical regions, indicating that local stressors and regional
variations can modify the effects of global drivers of seaweed
populations (Wernberg et al., 2019). For example, no great
changes attributable to global drivers have been reported for kelp
forest ecosystems located off the South American coast (Peri and
Chile), probably owing to the effects of the Humboldt Current,
which has prevented water warming over recent decades (Seabra
etal, 2019; Smale, 2020). However, in this region, particularly along
the Chilean coast, threats are associated with the extraction and
potential direct overexploitation of large extensions of seaweeds
along the entire coast, mainly kelp forest species as Lessonia
trabeculata, Lessonia spicata, Lessonia berteroana and Macrocystis
pyrifera (Vasquez et al, 2012; Vasquez et al, 2014). The
consequences of this practice could be devastating for these
ecosystems, and it should thus be regulated adequately to avoid
their collapse (Marquez and Vasquez, 2020). In Chile, despite
government efforts to regulate the exploitation of several seaweed
species, there is clear evidence that species such as L. berteroana, L.
spicata and L. trabeculata have been exploited beyond recovery in
some locations (Vasquez, 2016; Westermeier et al., 2017; Bularz
et al., 2022) due to the high pressure of extraction or the complete
lack of management measures in some coastal areas. However,
effective population replacement has been achieved at some
locations and good extraction practices have been implemented.

Due to the above mentioned, one of the management measures
that has gained support and that has been encouraged by the
Chilean Undersecretariat for Fisheries and Aquaculture
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(SUBPESCA by its acronym in Spanish) is restocking. The
restocking of different seaweed species aims to diversify, maintain,
or increase the number of specimens that can be harvested, which
supports the extractive activity, offering an alternative strategy to
passive fishery management measures (e.g., limiting extraction
participants). The Chilean law that regulates fisheries and
aquaculture defines restocking as “sets of actions that have as
their objective to increase or recover the population of a given
hydrobiological species, through artificial or natural means, within
its geographical distribution range”. SUBPESCA have promoted
law No. 20.925, which involves a “Bonus for Restocking and
Farming of Seaweeds” and have aimed to encourage changes in
the productive matrix of the artisanal fishers” organizations and a
stimulus for the conservation of seaweed resources. However, this
management tool, which provides subsidies for undertaking
cultivation or repopulation actions, has remained exclusively
focused on the cultivation of the red seaweed Gracilaria chilensis
(Carcamo et al, 2021). To date, it is not clear why seaweed
restocking and/or farming actions in Chile are not being
undertaken by end users such as fisher communities despite the
incentives and evident need for them. Potential explanations for this
lack of action could be related to biological, technological,
administrative, or commercial limitations, or a combination
of them.

Over the past 20 years, several scientific and technological
pilot studies have been undertaken throughout Chile to develop
and evaluate effective methods for restocking. However, many of
these studies remain published only in the grey literature or have
not been compared among different localities or approaches. In
this study, we review scientific and project reports that have
focused on red and brown seaweed restocking in Chile with an
emphasis on the technological developments achieved, such as
the propagation strategies adopted, and the strengths and
limitations of the results obtained to date. We also compare
these technological developments with actions undertaken in
other areas of the world. This will allow us to propose strategies
to identify knowledge and technological development gaps and
to suggest possible solutions and recommendations.

2 Seaweed exploitation in Chile

The extraction of seaweed biomass for direct use or
commercialization, along with strategies to recover or
maintain the productivity of exploited algal populations, tends
to take one of three main approaches: (a) collection/harvesting
of thalli from natural populations, (b) fisheries management of
natural populations, and (c) farming. The easiest approach is to
collect stranded biomass, which are thalli that have been
detached due to wave actions and displaced by bottom
currents toward the beach, or to harvest from natural
populations. To harvest kelp in subtidal environments, divers
use crowbars to detach the holdfast from the substrate, whereas
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shore harvesters collect stranded biomass. It should be noted
that the feasibility of collecting/harvesting thalli depends on the
persistence of natural populations, biological and environmental
factors that regulate such populations, and the extractive
pressure that the fishery exerts. The systematic record of
collected/harvested seaweed populations in Chile began with a
red seaweed known as “pelillo” (G. chilensis) in 1960. However,
there is archeological evidence of the use of “luche/nori”
(Porphyra spp. and Pyropia spp.), “cochayuyo” (Durvillaea
antarctica and Durvillaea incurvata), and “huiro” (Lessonia
spp. and Macrocystis sp.) by several indigenous peoples along
the South American Pacific coast (Dillehay et al., 2008). The
collection/harvesting of thalli primarily requires basic
knowledge, involving the identification of the target species,
the local distribution of populations, the use of harvesting tools,
and the level of humidity required for the direct use or
commercialization of the biomass.

When the exploited seaweed populations are put at risk by
harvesting pressure, the creation of consensual fishery
management plans between communities and stakeholders
emerges. Currently in northern Chile, brown seaweed
management committees have been established in the
regions of Arica and Parinacota (from 17°S to 19°S),
Tarapaca (from 19°S to 21°S), Antofagasta (from 21°S to 25°
S), Atacama (from 26°S to 29°S), and Coquimbo (from 29°S to
32°S). The “Bahia Chasco kelps Management Committee” (ca.
27°S) has also been established in the Atacama Region with a
territorially delimited area of influence. These local or regional
management plans encompass different dimensions (e.g.,
biological fisheries and environmental and socioeconomic
factors) with different measures and management actions
(SUBPESCA, n. d. a). A measure that is complementary to
management plans is restocking, particularly for natural
populations that have been subjected to high harvesting
pressure. In protected marine areas, restocking can also be
part of an ecological restoration strategy, particularly for
seaweeds that function as foundational species or that are
considered ecosystem engineers.

The third approach to reduce harvesting pressure on
seaweed natural populations is seaweed farming, preferably
through systems installed on infrastructures in the ocean that
can be incorporated into management plans. However, seaweed
cultivation requires complete knowledge of the life cycle and the
physiological requirements of the species at different
developmental stages.

Approximately 13 seaweed species are commercialized in
Chile, with total landings mainly involving six brown and nine
red seaweed species (SERNAPESCA, 2022) (Figure 1). Brown
seaweed landings are represented by two “cochayuyo” species,
namely, D. antarctica and D. incurvata, and four “huiro” species,
namely, L. berteroana, L. spicata (“huiro negro” or “chascon”), L.
trabeculata (“huiro palo”), and M. pyrifera (“huiro canutillo”),
which together represent 60% of historical seaweed landings
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Annual landings (2012-2021; SERNAPESCA, 2022) of (A) brown seaweeds and (B) red seaweeds in three geopolitical areas along the coast of Chile.
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over the past decade. Conversely, red seaweed landings are more
diverse in terms of species composition: Callophyllis variegata
(“carola”), Gelidium spp. (“chasca”), Chondracanthus chamissoi
(“chicoria de mar”), Gymnogongrus furcellatus (“liquen
gomoso”), Porphyra spp. and Pyropia spp. (“luche”),
Mazzaella laminarioides (“luga cuchara”), Sarcothalia crispata
(“luga negra”), Sarcopeltis skottsbergii (formely Gigartina
skottsbergii) (“luga roja”), and G. chilensis (“pelillo”). The latter
three species are historically the most important in terms of
annual landings (Figure 1).

The species composition and landing volume of brown and
red seaweeds over the past decade has varied among the
geopolitical zones of Chile. In the northern region of the
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country, brown seaweed landings have ranged from 100,000 to
300,000 tons per year (dry weight), with a greater representation
of “huiro negro” L. berteroana/L. spicata. Red seaweed landings
have ranged from 5000 to 15,000 annual tons and have been
represented mainly by “pelillo” (G. chilensis) (Figure 1).

In the central region of Chile, brown seaweed landings have
been lower than in the northern zone in the historical series,
ranging from 10,000 to 30,000 annual tons, and include
“cochayuyo” (D. incurvata and D. antarctica). Red seaweed
landings in this region have ranged from 5000 to 20,000
annual tons, with a historical series represented mainly by
“luga negra” (S. crispata) and “luga roja” (S. skottsbergii) over
the past three years (Figure 1).
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In the southern region of the country, brown seaweed
landings have ranged from 7000 to 15,000 annual tons, with a
marked presence of “huiro canutillo” (M. pyrifera) in the
historical series. In addition, there has been a considerable
increase in red seaweed landings, which have ranged from
80,000 to 110,000 annual tons. The most abundant red
seaweed species in this area have been “luga negra”, “luga
roja”, and “pelillo” (Figure 1).

Artisanal fisheries have enormous social and economic
importance in Chile, with over 71,000 registered shore
gatherers, seaweed collectors, or free divers on the Artisanal
Fishery Register (AFR), of whom 71% are men and 29% are
women (SERNAPESCA, 2022). Another 11,000 users, mostly
men, are registered as hookah divers. To estimate the potential
capture pressure of this operating fishery force along the Chilean
coast, the fisheries authority has performed periodic direct and
indirect evaluations to estimate the total biomass of natural
seaweed populations since the end of the past century. In
addition, data on the fraction of available biomass (standing
stock) and harvestable biomass (standing crop) have been
collected to establish the exploitation state of these natural
seaweed populations.

In general, the results of direct evaluations of brown
seaweed over time indicate high harvesting pressure in northern
Chile (ca. 18 to 32°S), which is reflected in populations
characterized by a substantial fraction of juveniles and recruits
and a low representation of adult plants (ABIMAR, 2017; UCN,
2018; ECOS, 2020). This has also negatively affected the biomass
collected in natural stranding areas (Vega et al., 2014). For this
reason, exploitation has been strongly regulated, and all species
involved are under a general access regime, which has resulted in
user rights being allocated to small-scale fisheries organized by
fishery unions or syndicates (Rios and Gelcich, 2017). Based on
the region and seaweed species, other complementary measures
have been undertaken. For example, management plans in
northern Chile include regulatory measures such as quotas,
bans, extraction limits, areas of operation, and others
(SUBPESCA, n. d. a). Accordingly, in addition to actions and
management measures for the conservation of brown seaweed
resources, restocking strategies should be developed and areas fit
for restocking should be selected Vasquez et al., (2010).

No equivalent management plans have been implemented
for red seaweeds in southern Chile. However, proposed
management measures for “luga roja” (S. skottsbergii)
populations in the region of Magallanes (ca. 48°S to 56°S)
include an annual extractive ban (May-September), a
minimum capture size of 20 cm with a 10% tolerance for
specimens below the minimum size, and fishing area rotations
(IFOP, 2004). Similar management measures can also be applied
to “luga negra” (S. crispata). The management plan for the Bay
of Ancud in the region of Los Lagos (ca. 41°S) also established a
biological ban, in this case from May to December for “luga
negra” and “luga roja”, to facilitate the natural restocking of
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populations. However, the level of historical exploitation of
“luga” species in southern Chile suggests the need to
implement restocking strategies in addition to the established
management measures (Otaiza and Caceres, 2015a; Otaiza and
Caceres, 2015b).

3 Seaweed restocking in Chile

For this section, a review of the scientific and grey literature
about restocking was done according to the adaptation of the
PRISMA methodology (Moher et al., 2009). Specifically, we
performed the four steps of systematic analysis.

(1) Identification of a topic and the research question, which
was: why do we, in Chile, still have gaps in knowledge about
decreasing seaweed populations, including economic and
social problems?

(2) Screening information, which limited to texts in English
and Spanish, and searched for the following key words:
“seaweed” or “algae” combined with “restocking”,
“repopulation”, “recovery”, “rehabilitation” and “restocking
and Chile” in Scopus, Web of Science, and Springer Link, plus
the repository of the National Research and Development
Agency (known in Chile as ANID). A search on the web using
Google as a search engine, to access articles such as published
manuals and procedures, among others, was also done.

A total of 105 studies were initially identified in the
bibliographic search, which was reduced to 81 studies after
eliminating duplicate records.

(3) Eligibility was established with the following criteria:
first, studies carried out in Chile using seaweeds as biological
model, second, empirical studies of restocking, either “in vitro or
in situ”, and third, studies being written either in Spanish or
English. 55 studies were discarded, leaving only 26 for a full text
reading and information extraction.

(4) Inclusion, where the 26 studies were submitted to
qualitative analysis and ordination of information by title,
authors and year of publication, seaweed species and phylum
used as model for the restocking technique, and the region of the
country and habitat where the activities or restocking technique
were applied with the specific reproduction and propagation
strategy. This information is described and ordered in the
following text, tables and figures.

3.1 General aspects

In response to the need for seaweed biomass, efforts to
develop restocking strategies in Chile have focused on red
(Rhodophyta) and brown (Phaophyceae) seaweeds, as these
two groups are the most commercialized in the country. More
publications refer to red (54%; 14 reports) than to brown
seaweeds (46%, 12 reports), and most of this research has been
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financed through government funds. These reports suggest that
more restocking studies have been done in the northern region
(41%), followed by the central (37%) and southern (22%)
regions (Table 1).

The reproduction and propagation strategies employed for
restocking natural populations vary among and within species.
Most of the evaluated strategies use asexual propagation, except
for D. incurvata and M. pyrifera, for which the sexual production
of juveniles has been used. The juveniles of these species are
produced in laboratory conditions and then seeded in intertidal
or subtidal environments (Table 2). For species in which
restocking has been attempted through asexual propagation
(i.e., C. chamissoi and G. lingulatum), the most common
strategy has been the seeding of multicellular propagules
obtained through thallus fragmentation (Table 2). The studies
have, on occasions, used more than one propagation strategy for
the same species; for example, both the seeding of spores on
natural substrates and seeding by spore dispersion have been
used with S. skottsbergii and both transplantation and disk
fragmentation have been used for L. berteroana (Westermeier
et al,, 2016; Avila et al., 2017) (Table 2).

Between 2017 and 2019, a Chilean government initiative
implemented through SUBPESCA aimed to provide economic
support to small aquaculture farmers, fishers, and/or artisanal
fisher's organizations by funding up to 70% of the total costs for
projects linked to the restocking and cultivation of seaweeds. The
program financed 426 projects involving a total of 199
individuals or groups who applied, with an approximate value
of USD 2 million (Table 3). Regrettably, only three restocking
projects were approved, representing only 1% of this program’s
budget. The main reason for the rejection of restocking projects
was failure to comply with the monitoring program necessary to
apply for this benefit (SUBPESCA, n. d. b). The total area used

10.3389/fmars.2022.1062481

for this state-funded restocking project is uncertain. However,
numerous investigations have been carried out in pursuit of
seaweed restocking. A recent systematic study by Eger et al
(2022) analyzes the global efforts of kelp forest restoration. In the
study they gathered data from different countries, Chile among
them, with a total of 18 journal manuscripts reporting a total of
329.6 m> of kelp restocking. This number does not include
efforts made privately by fishing communities.

3.2 Red seaweed restocking
technologies

3.2.1 Restocking by spore seeding

Spores (haploid tetraspores and diploid carpospores) are the
main asexual reproductive cells of red algae. These propagules
can be produced in large quantities for some species of interest
and are the only reproduction and dispersion mechanism of
some species.

Preliminary experiments and pilot studies have been
undertaken in Chile to seed spores of commercially important
red seaweeds directly onto the seafloor. Based on the idea of a
brown seaweed “spore bag” (Ohno and Critchley, 1993), subtidal
blades of red seaweeds in an advanced maturity stage have been
suspended a short distance above the seafloor while natural
spore release occurs. Avila et al. (1994) undertook direct spore
seeding experiments using S. crispata blades intertwined with
ropes kept vertically, using a buoy and a weight as an anchor.
Galleguillos et al. (2013) used mesh “curtains” with S. crispata
and S. skottsbergii in the region of Los Lagos (from 40°S to 44°S),
whereas Otaiza and Caceres (2015a) used “curtains” with S.
crispata blades in the region of Biobio (from 36°S to 38°S). In the
latter case, the curtains were made from vertical polypropylene

TABLE 1 Restocking studies in Chile. Information obtained and adapted from Diaz (2020). The symbol “~" indicates no availability of information

on restocking studies for this species in the area.

Ochrophyta, Phaeophyceae)

Rhodophyta

Species Percentage per region (%) Total per species
North Central
Durvillaea incurvata - 3.13 - 3.13
Lessonia berteroana (ex L. nigrescens) 12.5 - - 12.5
Lessonia trabeculata 3.13 3.13 - 6.26
Macrocystis pyrifera 18.75 3.13 - 21.88
Chondracanthus chamissoi 6.25 6.25 - 12,5
Gelidium lingulatum - 15.63 - 15.63
Sarcopeltis skottsbergii - - 15.63 15.63
Mazzaella laminarioides - 3.13 - 3.13
Sarcothalia crispata - 3.13 6.25 9.38
40.63 37.53 21.88

Total per region

Frontiers in Marine Science

frontiersin.org


https://doi.org/10.3389/fmars.2022.1062481
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Oyarzo-Miranda et al.

10.3389/fmars.2022.1062481

TABLE 2 Summary of main restocking strategies used in Chile, considering species; sexual or asexual propagation; and biological, technical, or
economic advantages/disadvantages in each case.

Phylum Species Habitat  Propagation = Restocking Features of the strategy References
type strate
& - Advantages = Disadvantages
Rhodophyta Chondracanthus | Intertidal = Asexual Fragment Fast growth Low genetic Saez et al., 2008; Bulboa
chamissoi and seeding variability, et al,, 2013; Saez and
subtidal population aging Macchiavello, 2018
rocky
substrata
Gracilaria Intertidal = Asexual Direct seeding Fast growth, Low genetic Santelices and Doty, 1989;
chilensis and of fragments simple, low variability, Guillemin et al., 2008;
subtidal into soft cost, and population aging Guillemin et al., 2014
soft sediments. effective
sediments Seeding of
fragments tied
to anchor
substrata
Gelidium Intertidal Asexual Direct seeding Fast growth, Low genetic Otaiza and Caceres, 2017;
lingulatum wave- of fragments simple, low variability, Otaiza et al., 2019
exposed with devices cost, and population aging
rocky placed on effective
substrata intertidal rocky
surfaces
(Figure 3C, D)
Mazzaella Intertidal = Asexual Direct seeding Asexual Otaiza and Caceres, 2015b
laminarioides rocky of spores on the
substrata rocky surfaces Fast growth, High spore
(Figure 3A) simple and low | dispersal rate
cost
Transplant of Sexual
juveniles
incubated in Genetic Requires
land-located variability installation and
facilities trained personnel,
(Figure 3B) high predation rate
Sarcothalia Mostly Asexual Direct seeding Fast growth, High spore Avila et al,, 1994; Otaiza and
crispata subtidal of spores on the | simple and low | dispersal rate Caceres, 2015a; Candia and
rocky sea bottom cost Nuiiez, 2017
substrata (Figure 24, C).
Seeding of
fragments
wrapped to
anchor
substrata
(Figure 2D)
Sarcopeltis Subtidal Asexual Direct seeding Fast growth, High spore Romo et al., 2001;
skottsbergii rocky of spores on the | simple and low | dispersal rate Galleguillos et al., 2013
substrata sea bottom cost
Ochrophyta, Durvillaea Intertidal Sexual Seeding of Fast growth Requires Gutiérrez et al., 2016
Phaeophyceae) | incurvata wave- juveniles installation and
exposed anchored onto trained personnel
rocky the rock with
substrata an adhesion
device
Lessonia Intertidal Asexual Transplant Fast growth, High death rate in Vasquez and Tala, 1995;
berteroana (ex L. = wave- (Figure 4C, D); fast appearance the first weeks, Correa et al., 2006;
nigrescens) exposed Fixation of reproductive | requires Westermeier et al., 2016;
rocky holdfast structures installation and Avila et al,, 2017
substrata fragments trained personnel,
(Continued)
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TABLE 2 Continued
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Phylum Species Habitat  Propagation = Restocking Features of the strategy References
type strate
° - Advantages Disadvantages
(Figure 4G, H); low genetic
sowing of diversity
spores
Macrocystis Intertidal Asexual Sowing of Asexual Westermeier et al., 2012a;
pyrifera and spores Westermeier et al., 2012b;
mostly (Figure 4A, B); Westermeier, 2013; Vasquez
subtidal Transplant; et al,, 2014; Westermeier
rocky Fixation et al., 2014; Westermeier
substrata holdfast et al., 2016; Murua et al.,
fragments 2017
(Figure 5A, B)
Fast growth, Requires
fast appearance | installation and
of reproductive | trained personnel,
structures low genetic
diversity
Sexual Sowing of Sexual
juveniles
(Figure 4E, F) Genetic High death rate in
variability the first weeks,
requires
installation and
trained personnel

ropes connected transversally at the upper and lower ends, and
suspended from buoys, using weights as anchors (Figure 2A, B).
In all cases, the seeding units could be relocated along the area to
be seeded and the blades could be replaced when necessary. In
order to decrease spore dispersion and favor settlement in the
selected areas, seeding units can also be placed horizontally, a
short distance from the substrate (Figure 2C). Using a different
strategy, Avila et al. (1994) wrapped mature S. crispata fronds
over boulders on the seafloor (Figure 2D, E). In this way, spore
dispersion was minimized and settlement in groups was favored,
facilitating the coalescence of juveniles, which could reach
greater sizes in less time than individuals generated from
individual spores (Santelices and Aedo, 2006; Santelices et al.,
2011). For red seaweeds on intertidal rocks, such as Mazzaella

laminarioides, devices that keep pieces of reproductive tissue in
contact with the substrate can be installed to allow spore release
directly to the surrounding areas (Otaiza and Caceres,
2015b) (Figure 3A).

An alternative procedure to direct spore inoculation in the
natural environment is spore inoculation on natural or artificial
substrates under controlled conditions (e.g., in a laboratory or in
tanks in greenhouse or outdoor conditions) until the juveniles
are sufficiently developed to be transplanted to the natural
environment. Otaiza and Caceres (2015b) successfully
transplanted M. laminarioides juveniles incubated in the
laboratory to holes previously drilled in intertidal rocks
(Figure 3B). However, the initial inoculation and incubation of
substrata with spores requires installations on land and trained

TABLE 3 Total number of approved projects by program duration in years and cost (USD) related to seaweed cultivation and restocking in Chile
(SUBPESCA, 2017; SUBPESCA, 2018a; SUBPESCA, 2018b; SUBPESCA, 2018c; SUBPESCA, 2019).

Program Number of beneficiaries Percentage (%) Total cost (USD) Percentage
Total Farming 423 99.3 1,733,728.18 99
Restocking 3 0.7 19,034.14 1
2017 Farming 149 98.7 446,528.26 9
Restocking 2 1.3 16,387.90 4
2018 Farming 192 99.5 726,870.38 99.6
Restocking 1 05 2646.25 04
2019 Farming 82 100 560,329.53 100
Restocking 0 0 0 0
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Illustration of some techniques to increase spore release from Sarcothalia crispata into the surrounding area. “Curtains” with blades of the
seaweed are made of polypropylene ropes kept vertically between floats and weights, which are easy to move and reinstall elsewhere. The
curtains can be installed vertically (A, B) or horizontally (C). The latter brings the reproductive tissue closer to the substrate, reducing the excess
dispersion of spores. Fragments of reproductive tissue wrapped on boulders with cotton mesh (D, E) will favor the inoculation of spores.

personnel. This strategy could be an alternative for population
restoration projects for this or similar species.

3.2.2 Restocking by planting fragments

Several red seaweeds exhibit fragmentation and reattachment of
benthic thalli. This asexual reproduction via fragments, or
vegetative reproduction, is a natural mechanism for producing
new individuals. In addition, entire reproductive structures, like
papillae, can break off (e.g., cystocarps; Orostica et al., 2012) and act
as dispersing structures. Additionally, the formation of “unattached
juveniles” from spores that germinate and start to develop without
attaching to a substrate has been observed in some species, resulting
in small drifting multicellular spheres (Otaiza and Carrasco, 2002;
Barrientos and Otaiza, 2014; Tiang et al, 2017). Multicellular
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propagules that can reattach to the substrate and fragments might
be preferable alternatives to spores in restocking strategies because,
unlike spores, they are multicellular entities whose size, structure,
and organization may favor survival.

The most successful and emblematic case of red seaweed
restocking in Chile through the planting of fragments is that of
G. chilensis (Santelices and Doty, 1989). In this case, part of each
fragment was buried directly, or indirectly with the aid of a tool,
into a soft substrate. Alternatively, the thalli of G. chilensis can be
tied to different anchoring systems (e.g., plastic sleeves filled with
sand, stakes, or boulders) and laid on the sea bottom so that,
with time, new algal patches develop. This is the only species for
which a restocking technique has been applied extensively in
different regions of Chile with considerable production results.
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For other red seaweed species, fragment seeding has been
conducted at the experimental level or in pilot studies. Fragments
of C. chamissoi have been seeded by wrapping blade fragments
together with a substrate (e.g., boulders or walkway bricks, see
Figure 2D) using plastic or cotton mesh to secure the thalli (Otaiza
and Caceres, 2015c¢). In species like C. chamissoi, a blade can
produce many secondary attachment discs (Saez et al, 2008),
which persist for at least a year and produce new blades (Bulboa
et al, 2013; Otaiza, R., Fonseca, F., Barrientos, E., unpublished
data). Planting fragment of Gelidium lingulatum has been carried
out with devices that keep the fragments in close contact with the
rocky surface in the wave-exposed, lower intertidal zone
(Figure 3C, D). The application of this technique produced
small patches of G. lingulatum in a few months, which could
expand through vegetative propagation (Otaiza and Caceres,
2017; Otaiza et al., 2019).

3.2.3 Restocking through transplants of
adult thalli

An alternative to fragment planting is the removal of entire
individuals from natural substrates and relocating them to new
sites. These methods have been used in population restoration

Frontiers in Marine Science

Mechanisms to produce new individuals on the rocks. (A) Fragment of reproductive blade of Mazzaella laminarioides trapped in position with a
small fragment of abrasive sponge inside a perforation previously drilled in the substrate (intertidal rocky area), favoring the release of groups of
spores in the area surrounding the perforation. (B) Fragment of abrasive sponge that has been previously inoculated with spores of M.
laminarioides and incubated in the laboratory and after 4—6 weeks transplanted into holes previously drilled in the rocks. (C, D) Rivet and plastic
mesh “washer” used to secure vegetative fragments of Gelidium lingulatum pressed against the substratum until secondary attachment
structures are formed and the fragments regrow, generating new patches of this species.
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studies or in experimental ecological studies, almost exclusively
with subtidal brown seaweeds. Most of these studies employed
the direct transplantation of juveniles, adults, or previously
inoculated substrates with propagules and incubation under
laboratory conditions (Hernandez-Carmona et al., 2000;
Terawaki et al., 2003; Carney et al,, 2005; for a review see
Jacob et al,, 2018). We found no reports of transplants of
individuals aiming at the repopulation of commercially
important red seaweeds in Chile. These methods could be
laborious to implement, but the techniques could be used as
restoration strategies to repopulate intertidal rocky shorelines
after anthropogenic or natural disasters. In this way, patches of
spore releasing individuals could be transplanted to favor the
recruitment of new individuals around them.

3.3 Brown seaweed restocking

3.3.1 Restocking from spores

The first mention of an attempt at brown seaweed restocking
in Chile from spores can be found in a study by Vasquez and
Tala (1995), in which spores were directly seeded onto rocks.
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The authors concluded that the experiment was successful based
on an increase of five juvenile seaweeds in the seeded area in
comparison with the unseeded areas (zero juveniles) after
two months.

The second attempt using this technique was undertaken
several years later with M. pyrifera and involved attaching
reproductive fronds (with sori) to boulders using cotton mesh
(Westermeier et al., 2012a) (Figure 4A). The authors reported a
44% success rate with this technique (Figure 4B); however, there
were high mortality rates associated with substrate problems and
spore viability, which were highly variable.

3.3.2 Restocking from seeding or transplants of
juvenile sporophytes

The study by Vasquez and Tala (1995) reported
transplantation of reproductive adult L. berteroana individuals
using concrete nails and cable ties to fasten them to rocks.
Although there was 50% mortality in the first two weeks after
transplantation, in the following months 38% of individuals had
reproductive structures. Ten years later, Correa et al. (2006)
published a second study on restocking in Chile, also using the
transplant of adult individuals of L. berteroana (Figure 4C, D). A
transplantation system was designed using materials such as
mesh, cable ties, and bolts that were later anchored to the rock
using a drill. Although the results indicated that adult
individuals are effectively capable of surviving and growing
after being transplanted (with 70% survival three months after
the transplants), the authors recognized the complexity of the
anchoring system and the difficulties of utilizing this strategy on
a large scale in environments with high exposure to wave action.

Westermeier et al. (2012b) published results of experiments
using M. pyrifera that evaluated different strategies and
substrates. The techniques used for the transplant of juveniles
included planting seedlings on different substrates, such as
boulders, pottery, or mesh, and fastening them with elastic
bands (Figure 4E, F) or glue (cyanoacrylate) to later place
them in subtidal environments (Westermeier, 2013;
Westermeier et al., 2014). Vasquez et al. (2014) also used M.
pyrifera seedlings on three different substrates: pottery, tuffy
pads, and clam shells; laboratory and field experiments showed
that a greater biomass of seedlings attached to clam shells (60%
more biomass than other substrates), and they concluded that
the installation of substrate units with seaweed seedlings could
be an option for the recovery of exploited M. pyrifera subtidal
kelp forests.

The only study on the genus Durvillaea (i. e. “cochayuyo,”)
was published by Gutierrez et al. (2016), who reported
transplanting D. incurvata seedlings by anchoring them
directly onto the rock with an adhesion device similar to that
used by Correa et al. (2006).

One of the most recent publications was a study by Avila
et al. (2017), who developed a technique using 3 c¢cm L.
berteroana seedlings on a plate made with nonbiodegradable
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material. Although this anchoring device supports wave
simulation, which is positive for seaweed development, it
requires incrustation into the rock, which increases both the
logistical and replication difficulty (Figures 4G, H).

3.3.3 Restocking from holdfast fragment
planting

The attachment of holdfast fragments of M. pyrifera to
boulders with elastic bands (Figure 5A), boulders with
cyanoacrylate glue, and rock platforms with cyanoacrylate glue
was evaluated by Westermeier et al. (2016) and Murua et al.
(2017). The results showed that new thalli increased in size and
developed reproductive structures (Figure 5B), which suggest
good potential for use in restoration strategies (Murta et al.,
2017). In addition, seedling recovery and rapid holdfast growth
were observed (Westermeier et al., 2016). Additionally, it is well
known that M. pyrifera grows under specific laboratory
conditions where haploid zoospores are seeded on ropes, from
where diploid juvenile grow (Figure 5C). These ropes are
arranged in longline structures in the sea (Figure 5D). The
Final objective is that the juveniles will grow and develop
reproductive structures that will help the population recover
progressively (Figure 5E).

It should be noted that there has been considerable progress
in Chile with respect to the knowledge of the biology and
domestication of brown seaweed species. However, although
27 years have passed since the first report of an attempt to
restock, technological developments have neither improved nor
been widely applied to solve the practical difficulties of
these strategies.

3.4 Seaweed restocking experience:
Fisher communities and territorial users
rights for fisheries

In Chile, benthic fisheries management is based on
Territorial Users Rights for Fisheries (TURF). These are spatial
user rights that grant exclusive access to fishers to manage
benthic resources in a sustainable manner within a given
geographic area (Gonzalez et al., 2006; San Martin et al,
2010). This system assumes that the success or failure of
management depends on users taking care of the management
area and its resources, avoiding overexploitation.

A series of restocking experiments on benthic resources have
been undertaken within TUREF, although mostly without assessing
reliable indicators of success (Carcamo et al., 2021). The
implementation of restocking efforts in management areas over
large scales remains very low. For example, in the 803 active TURF
along the Chilean coast, 109 restocking actions in 82 TURF were
officially reported between 2010 and 2018. Of these, 41
corresponded to seaweed restocking, most frequently involving
the two red species S. crispata and G. chilensis and the brown
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seaweed L. berteroana. Seaweed-restocking efforts within TURF
respond directly to the importance that each specific organization
gives to the species in their management plan (Figure 6).

In northern Chile (i.e, Tarapaca, Atacama, and Coquimbo, see
Figure 6), activities have focused mainly on the restocking of brown
seaweeds (Lessonia spp. and M. pyrifera), which support the
constantly growing fisheries in the area, with effects that are
socially and ecologically relevant. On the other hand, in the
central and southern regions of Chile, red seaweeds are more

Frontiers in Marine Science

concrete block

Illustration representing restocking techniques used for brown seaweeds in Chile. (A, B) Boulder with cotton mesh and fertile frond of M.
pyrifera for sowing spores (Westermeier et al., 2012a; Westermeier et al,, 2012b). (C, D) Anchoring system of L. berteroana sporophytes on rocks
(Correa et al., 2006). (E, F) Seeding juvenile of M. pyrifera on boulders with elastic band and plastic grids (Westermeier et al., 2012a). (G, H) Disk-
anchoring system requiring incrustation into the rock for L. berteroana sporophytes (Avila et al.,, 2017).
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relevant in terms of exploitation due to an increase in their
biomass (Figure 6). No restocking efforts have been reported for
Patagonian ecosystems (Figure 6), which represent a relevant
research gap for kelps distributed along the southern Chile
region. It should be noted that the Magallanes benthic
management committee recently agreed to implement an
extractive ban on brown seaweeds (i.e., M. pyrifera) that focusses
on conserving the ecosystem services that kelp forests provide in
Patagonia (Vega et al,, 2021).
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(A, B) Illustration of restocking technology for adults of M. pyrifera using holdfast fragments onto boulders (Murua et al.,, 2017). (C—E) The most
common culture system for M. pyrifera based on longline structures.

Tarapaca m D

[ Y=
Atacama 1 ‘:'

fm

i,
Coquimbo ?’ O Brown seaweeds

m Lessonia berteroana
fm

1 Lessonia trabeculata

North

Central

Bio Bio ! :l r Macrocystis pyrifera
<« De los Rios ‘ l:l Red seaweeds
S 2
C?) 3 . |: éﬁ£ Gracilaria chilensis
De los Lagos f l:l ‘ Sarcothalia crispata
(W || @ sercopen
Aysén &b, l:l ! Chondracanthus chamissoi
r

FIGURE 6

Number of seaweed-restocking activities along the Territorial Users Rights for Fisheries (TURF) in Chile by region and species for the period
2010-2018.
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Restocking activities have focused mainly on seedling
transplantation using two techniques: direct seeding and the
installation of seedlings with anchoring systems. The most
common techniques, widely used with red seaweeds, are direct
seeding using net bags with boulders (Figure 7A) or the use of a
line or rope system (Figure 7B). For brown seaweeds, restocking
systems have focused on the installation of seedlings with
anchoring systems (Figure 7C) and the experimental use of
cyanoacrylate as a glue (Figure 7D). In both cases, the seedlings
are protected from herbivores such as the sea urchins Tetrapygus
niger and Tegula atra (Carcamo et al.,, 2021).

Ninety percent of these activities have been financed through
either central or local government subsidies, whereas only 10%
have been financed through competitive bidding for private
funds. Restocking activities in TURF have ranged from a few
units to a maximum of almost 50,000 seedlings (this was
reported for L. trabeculata in Torres del Inca in the region of
Atacama, ca. 26°S). However, there are exceptions, as was
reported for G. chilensis in Playa Changa (ca. 29°S) in the
region of Coquimbo (central Chile, Figure 6), where up to 90
tons of biological material were used.

10.3389/fmars.2022.1062481

These restocking efforts have focused mainly on the recovery
of areas where target species have been previously overexploited
or that have suffered from environmental/oceanographic
changes created by large-scale events such as the El Nino
Southern Oscillation (ENSO; Camus, 1994; Martinez et al.,
2003; Vega et al, 2005). It is not yet known whether these
activities have been successful, and for most, there are no long-
term evaluations to assess their efficacy in terms of
population recovery.

4 Recent proposals of restocking
techniques elsewhere

Several restocking strategies have been described worldwide,
which use similar biological principles and transplantation
strategies as those mentioned for Chile. In this section,
recently publications in other countries are described as
examples about restocking in red and brown seaweeds that

might be considered for Chile.

FIGURE 7

Photographs of algal restocking systems reported in the monitored TURF. (A) Repopulation system for Sarcothalia crispata reported in the
Bajos de Lami by Ecos Consultores (2015). (B) Gracilaria chilensis restocking system recorded in Caulin, Chiloé in August 2020. (C) Repopulation
system reported for Lessonia trabeculata in the Pajonales TURF by Bitecma Consultores (2015). (D) Experiment involving transplanting Lessonia
trabeculata seedlings to a direct substrate with cyanoacrylate glue in the TURF of Chungungo by the Instituto de Fomento Pesquero

(Henriquez-Antipa et al., 2019).
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4.1 Red seaweeds

Globally, there are still few studies on the impact on coastal
communities of the loss of economically important red seaweed
biomass due to environmental forcing or overexploitation or the
corresponding restoration efforts. Although they are smaller than
large Laminaria and Fucus species (Phaeophyceae)), they provide
similar ecosystem functions over their spatial scale, such as CO,
capture, provision of refuge areas for small invertebrates, and
substrate stabilization. Several red seaweeds are part of the
understory stratum or turf assemblages (Pessarrodona et al,
2021). There are few existing studies that have used
transplantation techniques with different devices to evaluate, for
example, ecophysiological responses to environmental variability
such as solar radiation (e.g., Quintano et al., 2019) or wave exposure
(Shaugnessy and DeWreede, 2001) or ecological relationships in
seaweed—animal interactions (Enriquez et al., 2009). The effects of
wave exposure in relation to the morphology of the red seaweeds
Mazzaella splendens and Mazzaella linearis have been evaluated
through intertidal transplantation with a device consisting of a base
of vinyl-covered metal mesh attached to a rock with screws inserted
using a pneumatic hammer drill that supports seaweeds inserted
with a polypropylene rope attached to the metal mesh with wire
cable ties (Shaughnessy and DeWreede, 2001). The interaction
between the red alga Jania pedunculata var. adhaerens (formerly
Jania adhaerens) and the sponge Haliclona caerulea was evaluated
using artificial substrates tied to heavy concrete blocks (Enriquez
et al., 2009). Individuals were induced to reattach to the artificial
substrate (10 x 10 x 0.5 cm CaCOj squares) by fastening them with
cable ties, which allowed the development of their anchoring
systems. Experimental transplantation of Gelidium corneum in
the subtidal area used several stainless-steel elements, with a
frame attached to the rock with rapid-drying concrete, a
platform, and screwed cubical containers (Quintano et al., 2019).
The devices described in these experiments could be considered
prototypes that should be evaluated in future red seaweed
repopulation/restoration studies.

4.2 Brown seaweeds

Recently Eger et al. (2022) reviewed the history about the kelp
restoration projects highlighting the increase in attempts made
around the word, using 10 different technologies and 17 kelp
genera, becoming the group of brown algae that has received the
most attention. The restoration of seaweed forests worldwide has
typically followed two general strategies: assisted recovery and active
restoration (Wood et al,, 2019; Layton et al, 2020). Techniques
range from bulk nursery-raised propagules to the cultivation of
propagules with more intensive care in individual units. In general,
propagules are maintained for several months until they reach the
juvenile stage, following which they are transplanted to the sea
(Fredriksen et al., 2020; VanderKklift et al., 2020).
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A recently described technique is called “green gravel,” in
which the general procedure involves collecting fertile
Saccharina latissima individuals to obtain spores, which are
then inoculated on rocks (2-5 cm in diameter) in a laboratory.
The rocks are kept in tanks until seedlings are visible and can be
transplanted to the sea, and the substrate is seeded directly onto
the seafloor (Figure 8A) (Fredriksen et al., 2020). Although this
technique can be effective, it is labor-intensive and requires
upstream cultivation steps for the maintenance and growth of
the seedlings. This methodology also has been evaluated in
Ecklonia radiata (Alsuwaiyan et al., 2022) under
indoor conditions.

Another evaluated method is the transplantation of adult
Ecklonia radiata individuals using concrete cobblestones
attached to a steel frame while anchoring the holdfasts with
rubber bands (Figure 8B) (Layton et al., 2021). The reattachment
of individuals to the surface occurs within 3-6 weeks, with
survival rates of 75%. According to the authors, this technology
is adequate; however, the effort required to transport large
cobblestones to the transplantation areas and the use of
individuals collected from nature for restocking are
inconvenient. It is important to note that the transplantation
is based on harvesting individuals from a source/donor
population, and thus the technique produces a decrease in the
abundance of the source population, at least over the short term.
Moreover, the success of the method would also depend on the
health of the donor population, its context, its genetic variability,
and its capacity to tolerate environmental stressors that could
occur at the new sites.

Several restocking strategies have been employed in Australia,
including deploying artificial substrates to which algae recruit
naturally, replanting sporophytes (i.e., kelp reproductive fronds),
and transplanting ropes seeded with small (5 mm) juvenile seaweed
previously cultivated in the laboratory. A repopulation strategy for
the kelp Phyllospora comosa was successful. It was based on
transport from a distant donor population to the repopulation
site to establish a population sufficiently mature and reproductive to
create juveniles. Specifically, the seaweeds were harvested carefully,
including the holdfast, which was attached to the transplantation
site using cable ties on 0.25 m’ plastic meshes (Figure 7C)
(Campbell et al, 2014). The efficacity of this approach was
demonstrated by the observation of multiple new generations of
this species spreading thousands of meters from the initial
repopulation sites. Repopulation also reduces the risks of habitat
diversity loss for the epifauna and its consumers (Marzinelli et al,,
2016). Although this strategy has been effective, it is not always
viable for all kelp due to the differences in their growth rates and
types of natural substrate. There is also a genetic risk when
translocating seaweeds from one place to another, in addition to
the risk of the transportation of their associated epibionts with a
genetic risk to the epibionts’ populations (Bonthond et al., 2020).
This strategy also uses plastic material, and thus more sustainable
technologies would be preferred. For example, biodegradable mesh
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drilled into the ocean floor is currently being used (http://www.
operationcrayweed.com).

5 Discussion
5.1 Restocking technologies
Chilean official fisheries statistics indicate that commercial

landings have involved more than ten seaweed resource species
(some of which may include two or three related biological
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species) in the last 20 years (SERNAPESCA, 2022). A few of
these species have been landed only occasionally, but for the
remaining crops the harvesting pressure on natural populations
has been persistent over time and along most of their Chilean
geographic distribution. Although farming methods for
commercially important seaweed species have been developed
at the experimental or pilot stage, only one red seaweed,
Gracilaria chilensis, is commercially cultivated in Chile. For
other red seaweed resources, attempts have only recently been
made to design techniques that can increase their abundance or
replenish areas affected by natural disasters or anthropogenic
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activities (Table 2), but more extensive and longer-term
restocking trials are needed. In the case of brown seaweeds,
experimental restocking has been carried out for few species due
to the difficulties of working over a large scale in environments
that are highly impacted by wave action.

Some basic studies have been carried out on the biological
features of most of these species, which have been successfully
cultivated in laboratory conditions at an experimental scale
(reviewed in Saavedra et al., 2019). Nonetheless, there are few
reports of attempts to apply this knowledge to install new
individuals in the field in restocking efforts. Increased
awareness of increasing seaweed harvests in Chile, together
with the recognition of the environmental services that they
provide, have motivated research aimed at exploring seeding
techniques that can be integrated into the management practices
of six Rhodophyta and three Phaeophyceae) species (Table 2).

In other parts of the world, the situation for restocking activities
is similar, although a great effort is being made to address the
impact of climate change (e.g., heat waves) on populations of kelp
forests due to their ecosystem value. For economically important
seaweeds that are constantly harvested without an adequate
management program, a lack of appropriate restocking practices
may lead to over-extraction, affecting the seaweed populations and
the products obtained from them (e.g., Callaway, 2005). Reports of
the installation of new individuals in the field mainly involve the
transplantation of individuals for experimental purposes (e.g.,
Enriquez et al, 2009; Quintano et al, 2019), and scale-up for
mass implementation would be costly and unfeasible. On the other
hand, the attributes of the seaweed resources present on other
coasts, together with technological and implementation capabilities
and the environmental conditions of those coasts, have allowed for
the cultivation of seaweed rather than restocking in some cases (e.g.,
Eucheuma). Overall, large-scale population restocking techniques
for the purpose of biomass production, conservation, and recovery
of seaweed ecosystem functions are still lacking.

Essential aspects that must be considered when scaling up
restocking techniques include the genetic diversity of the
population that is being sampled and its genetic relatedness to
the population at the site that is being repopulated. The genetic
information is relevant to evaluate the potential impact of
introducing new individuals on the genetic diversity of the
natural populations (Ottewell et al., 2016). The health of the
donor population, its context, its genetic variability, and its
capacity to tolerate several environmental stressors that could
occur at the new repopulation sites can determine the success of
restocking (Reynolds et al.,, 2012; Wernberg et al., 2018;
Gonzalez et al., 2020; Chemello et al., 2022). Depending on the
restocking strategy used, a loss of genetic diversity can lead to
situations such as those described for G. chilensis because of
domestication through clonal translation to management and
cultivation areas (Guillemin et al., 2008; Guillemin et al., 2014).

In addition, an effort should be made to ensure that devices
that are permanently deployed in the field are environmentally
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friendly, e.g., trying to replace plastic pieces with equivalent ones
made of biodegradable materials. The chemical stability of
plastic materials used in different techniques implies serious
environmental problems and human health implications (Li
et al., 2020; Gola et al,, 2021; Wu et al., 2022), which require
evaluation, especially for those practices with potential massive
use. Restocking strategies require the use of biodegradable
polymers. A possible transformation could involve the use of
biopolymers such as polylactic acid (PLA), which has provided
an important boost in biomedicine due to its properties such as
biocompatibility, water solubility, handling properties, well-
established production technologies (Casalini et al., 2019), and
3D printing possibilities (Singh et al., 2019). New techniques
exist that could facilitate the anchoring or attachment of kelps to
a rocky habitat, such as submersible hammer drills, which have
been successfully used for perforation (Wainwright et al., 2020),
or the use of organic resins that have strong underwater adhesive
capacity (Yan et al., 2022), many of which have been inspired by
the adhesion capacity of mollusks (Priemel et al., 2021) and
other marine organisms (Fan and Gong, 2022).

The economic evaluation of ecosystem services and
functions to the coastal environment of the new seaweeds
should be considered as a relevant input during the decision-
making process when considering implementing a large-scale
restocking program (Cuba et al.,, 2022). The proper
implementation of success indicators of restocking activities,
from the individual to the ecosystem level, must include local/
geographical considerations in relation to abiotic and biotic
factors, the demographics of the populations to be impacted,
and the timing for achieving changes in coastal ecosystems.

5.2 Social implications of
seaweeds restocking

The management of benthic resources takes place in a socio-
ecological system with social, political, and cultural characteristics
that must be considered (Reyers et al, 2018). To begin the
implementation of a large-scale restocking effort, it is necessary
to evaluate whether the socio-ecological system presents the
necessary enabling conditions for the implementation of such a
strategy (Carcamo et al,, 2021). This raises important challenges in
the Chilean case. First, artisanal fishers’ organizations must have
the organizational maturity and social capacities to successfully
implement technological and stocking projects (Abelson et al.,
2016; Chen et al,, 2020). In this sense, there is a lack of knowledge
in Chile that necessitates the prioritization of organizations that
have the necessary organizational maturity to implement
restocking projects. Secondly, artisanal fishing in Chile and in
particular the TURF system is highly vulnerable to illegal fishing
(Gelcich et al.,, 2017; Oyanedel et al., 2018). Recent studies have
shown that benthic resources are particularly exposed to poaching
and illegal extraction (Romero et al., 2022). Restocking projects
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may generate a greater abundance of resources, and therefore
greater incentives for illegal extraction (Carcamo et al,, 2021). The
implementation of monitoring and surveillance systems emerges
as a central element for the success of restocking projects in Chile.
These systems should consider enforcement efforts by
government agencies and the capacity for self-monitoring of
artisanal fisher's organizations that manage TURF areas. Self-
monitoring has been recognized as a central element in the
sustainability of the Chilean TURF system (Estevez and Gelcich,
2020). Thirdly, it is necessary to evaluate the willingness of fisher’s
organizations to participate in restocking initiatives that may not
represent direct economic benefits in the short term (Blount et al.,
2017). Therefore, given the number and size of the restocking
initiatives carried out by TUREF, it is necessary to consider which
management tools could encourage restocking initiatives:
possibilities of participation in organizations in the development
of projects (Garaway et al., 2006), risk perception of the viability of
the resource or the generation of other parallel financing
instruments such as blue carbon markets. Although
the willingness to participate in restocking programs has
not been evaluated in Chile, the TURF system offers an
opportunity to develop projects within the framework of a co-
management model.

In Chile, restocking activities have been developed through
management actions in an annual TURF plan or through the
application for a bonus in accordance with Law NO. 20.925. The
enactment of Law No. 20.925 “Bonus for the Repopulation and
Farming of Seaweeds” in 2016 sought to diversify and increase
the coverage of commercially important algae. This bonus is
potentially a great opportunity for the artisanal fishing and
small-scale aquaculture sector from an ecological and
economic point of view. However, an a priori analysis
indicates that the law has not achieved its objective of
diversifying and protecting resources. On the one hand,
administrative procedures and enforcement conditions by
artisanal fisher's organizations make it difficult to obtain
permits for these activities. On the other hand, this subsidy
has concentrated on the cultivation of the red algae G. chilensis
without promoting the restocking of a diversity of species
(Quiroga, 2018; Carcamo et al., 2021). Thus, the true impact
of the law on the resource, the increase in its coverage, the
organizations, and the environment is unknown.

To strengthen the system and reduce the failure of restocking
experiences, it is necessary to redesign some elements of the subsidy.
At present, incentives are assigned at the end of the activity and after
positive evidence and productive results are provided. This can be
considered a weakness in the law given that it ignores the high
variability and instability of the marine environment, in addition to
externalities such as pollution, tsunamis, and climate change, which
may affect the development of actions aimed at repopulation and/or
cultivation. Alternatively, subsidies should be associated with the
generation of early incentives that support the implementation of
these practices, with a follow-up of their effectiveness over time, as
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well as assistance regarding the commercialization and innovation
needed to create added value (Henriquez-Antipa and Carcamo,
2019). In addition, some of the additional challenges remaining are:
(1) to promote fishery diversification by incorporating other algae
into productive activities, (2) to scale up restocking efforts, (3) to
generate science-based technological entities that are in charge of
supplying seeds and seedlings for seaweed production, (4) to
develop appropriate infrastructure in the coastal areas for
developing these technologies, and (5) to garner substantial
support from the state for small-scale activities.

6 Conclusions

The information compiled on seaweed restocking in Chile
underlines a need to accelerate the processes of increasing
research on new restocking methods in a greater number of
species and scaling up those methods for the benefit of the
environment and the communities that depend on these
activities. Efforts must be participatory, and actions should be
interdisciplinary. It is important that governments and public
administration, together with private seaweed companies, actively
participate in seaweed restocking initiatives. A restocking program
will be associated with a continuous effective restoration exercise
that will allow structural/compositional replication, ecosystemic
functional success and durability while considering its
socioecosystemic and dynamic nature. Thus, restocking
interventions advance initiatives related to ecological restoration,
reclamation, and rehabilitation by impacting ecosystem structure
(e.g., species diversity and structural complexity) and ecosystem
functions (e.g, C sequestration, nutrient recycling, productivity),
moving a degraded ecosystem to an intermediate or original state.

From a biological point of view, the genetic component of the
entities to be restocked must be considered, and efforts should be
made to increase genetic diversity and/or select genotypes that are
resilient to future scenarios of change. Therefore, it would be
appropriate to explicitly include the verification of the genetic
variability of the thalli to be used in the repopulation programs to
ensure not only a greater probability of success of settlement, but
also the viability and ecosystemic health of the seaweed assemblages.
Additionally, the impact of these techniques must involve caution
regarding their effect on other species and the interaction of the
target algae with them. Furthermore, seaweed restocking efforts
must consider the technological complexity of the activity, of using
species with complex life cycles that require in most cases
infrastructure for the development of laboratory and hatchery
stages, and of the working requirements and the use of structures
that can withstand underwater conditions in areas exposed to waves
and storm surges. In this task, of course, there are technological
gaps, whose overcoming would imply a more effective approach
between scientists and the technical and professional areas of the
execution of these practices, as well as governmental entities and
regional technical-logistical support institutions, such as hatcheries
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and monitoring laboratories. The implementation of these
technologies would enable the continuous flow of the
replenishment of biomass appropriate to the nature of the
populations and ensure the permanence of a minimum
population size. Therefore, although in Chile and the world, there
are multisectoral experiences and capacities in seaweed restocking
strategies, these must be strengthened and focused with clear
environmental and social recovery objectives. See Figure 9 for
conceptual scheme summarizing the challenges and
recommendations for scaling-up restocking efforts.
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