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Abstract

Seaweed production is a globally expanding activity that supports coastal livelihoods, phycocolloid industries,
food systems, and emerging blue bioeconomy opportunities. However, its social-ecological implications differ
strongly among production models. Chile represents a distinctive case because, unlike aquaculture-dominated
systems in Asia, most national production depends on the extraction of wild seaweed populations by artisanal
fishers. This narrative review examines Chilean seaweed production along the southeast Pacific coast through

the Social-Ecological Systems Framework, integrating peer-reviewed literature, official statistics, technical reports,
and institutional information published between 1980 and 2026. We synthesize evidence across four main SES
components: Resource System, Resource Units, Governance System, and Actors, and analyze how their interactions
shape resilience, vulnerability, and sustainability outcomes. Chile is the main seaweed producer in the Americas
and one of the world's leading producers of wild-harvested seaweeds. In 2025, national production reached
426,543 metric tons, with approximately 85% derived from wild populations. Brown seaweeds, particularly species
of the Lessonia nigrescens complex and L. trabeculata, dominate production in northern Chile, whereas red
seaweeds, including Gracilaria chilensis, Sarcothalia crispata, Sarcopeltis skottsbergii, and Chondracanthus chamissoi,
are more relevant in central-southern and southern regions. These spatial patterns reflect biogeographic gradients,
environmental heterogeneity, harvesting histories, market demand, and governance arrangements. Chile’s
governance system combines Territorial Use Rights for Fisheries, Open Access Areas, bans, quotas, management
plans, and participatory seaweed roundtables. These instruments can promote stewardship and ecological
recovery, but their effectiveness is mediated by enforcement capacity, labour dynamics, market fluctuations, and
asymmetries within value chains. Our synthesis shows that Chilean seaweed production is shaped by feedbacks
among climate variability, wild population dynamics, international demand, governance responses, and local
livelihoods. Dependence on global commodity markets, particularly demand from China, can intensify extraction
pressure while concentrating economic benefits among intermediaries, processors, and exporters. At the same
time, artisanal fishers and women seaweed workers often bear disproportionate ecological and economic risks.
Future sustainability will require strengthening adaptive governance, improving equity across value chains,
diversifying production through native species aquaculture and value-added products, and developing integrated
long-term monitoring that links ecological indicators, market dynamics, governance performance, and community
wellbeing under climate change and uncertainty.
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Introduction

Seaweed harvesting, primarily for direct consump-
tion, is an activity that has been practiced worldwide by
humans since prehistoric times in coastal environments
[1-4]. The benefits provided by these ecosystems and
their resources have led to coastal areas having the high-
est human population densities and intricate social and
economic systems [5, 6]. Human coastal communities
are deeply reliant on the condition and health of these
ecosystems and their resources [7, 8] and are significant
drivers of change in coastal marine environments [9-11].
The close interdependence between seaweed resources
and coastal communities characterizes seaweed pro-
duction as a social-ecological system (SES) [12-14], in
which ecological and social dimensions interact through
dynamic feedback relationships and co-adaptive pro-
cesses [15-17].

Seaweeds are economically and socially significant
resources in coastal areas worldwide, playing a crucial
role in supporting the livelihoods and food security of
local communities [14, 18-20]. These photosynthetic
organisms function as ecosystem engineers, providing
food and habitat for a wide array of marine species [21,
22] and shaping the structure and dynamics of coastal
marine ecosystems [23-26]. Additionally, seaweeds
deliver a wide range of ecosystem services including
food provision, habitat creation, climate regulation, and
cultural and aesthetic benefits [27-32]. Seaweeds are
increasingly positioned as a strategic resource within the
emerging blue economy, attracting attention due to their
potential contributions to climate mitigation, bioecon-
omy development, food security, and coastal livelihoods.
However, the rapid expansion of seaweed industries has
also raised concerns regarding social equity, governance,
and benefit distribution [33, 34].

Unlike most major seaweed-producing countries,
where aquaculture dominates production [35, 36], Chile
represents a globally distinctive case in which seaweed
production depends primarily on the harvesting of wild
populations by artisanal fishers [37-39]. This character-
istic creates a highly dynamic SES shaped by the inter-
action between environmental variability, territorial
governance arrangements, global commodity markets,
and local livelihoods [40]. The Chilean seaweed pro-
duction sector is strongly influenced by climatic distur-
bances associated with the El Nifno-Southern Oscillation
(ENSO), fluctuating international demand for phycocol-
loid raw materials, and co-management systems such as
Territorial Use Rights for Fisheries (TURFs) [27, 41, 42].
These interacting drivers generate feedback mechanisms
that influence ecological resilience, harvesting pressure,
market vulnerability, and social wellbeing.

The aim of this study is to examine seaweed pro-
duction along the Chilean coast through the lens of
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the Social-Ecological Systems Framework proposed
by Ostrom (SESF) [43, 44]. Using a narrative review
approach, we synthesize ecological, governance, socio-
economic, and institutional dimensions of Chilean sea-
weed production to analyze interactions among resource
systems, resource units, actors, governance arrange-
ments, and global market dynamics. We further explore
how these dimensions shape the resilience and vulner-
ability of this extractive coastal system, while identifying
key challenges and research gaps for long-term sustain-
ability of seaweed production. Finally, we discuss the
distinctiveness of the Chilean seaweed extraction sec-
tor in relation to contrasting international models, such
as China’s aquaculture-dominated system and Norway’s
concession-based extractive model.

Methods and analytical framework

This study was conducted as a narrative review focused
on the social-ecological dimensions of seaweed pro-
duction in Chile. The review integrated ecological, gov-
ernance, socio-economic, and institutional literature
related to seaweed harvesting, aquaculture, artisanal fish-
eries, and coastal management through the lens of the
SESE.

Literature approach

The literature search was conducted primarily using Web
of Science and Google Scholar, covering literature pub-
lished between 1980 and early 2026, and official statistics
available through 2025. Search terms included combina-
tions of “seaweed’, “macroalgae’;, “kelp”, “Chile’, “Social-
ecological systems’, “governance’; “artisanal fishers’,
“TURFs’, “coastal management’, and “seaweed harvest-
ing” in both English and Spanish. Additional informa-
tion was obtained from governmental and institutional
sources, including statistical fisheries yearbooks, tech-
nical reports, and official databases from the National
Fisheries and Aquaculture Service (SERNAPESCA; www.
sernapesca.cl) and the Undersecretariat for Fisheries and
Aquaculture (SUBPESCA; www.subpesca.cl). The review
included peer-reviewed articles, governmental reports,
technical documents, fisheries statistics, and book chap-
ters addressing ecological processes, governance sys-
tems, artisanal fisheries, aquaculture, socio-economic
dynamics and environmental variability associated with
seaweed production in Chile and other relevant interna-
tional contexts, particularly China and Norway.

Social-ecological system framework

The selected literature was organized and synthe-
sized according to the principal categories of the SESF:
Resource System, Resource Units, Governance System,
and Actors [43]. However, rather than treating these com-
ponents as isolated categories, the review emphasizes the
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dynamic interactions among them, including feedback
mechanisms and outcomes. Many conceptual frame-
works have been developed to analyze SES, including the
Driver-Pressure-State-Impact-Response framework and
the Telecoupling framework, which emphasize different
aspects of SES dynamics [17, 45]. Among them, the SESF
is one of the most comprehensive and widely applied
approaches because it examines social and ecological
dimensions with similar analytical depth. Building upon
common pool resources theory [46], the SESF explicitly
integrates resources, users and governance within a com-
mon analytical structure, facilitating the analysis of inter-
actions, feedback mechanisms, and cross-scale processes
that influence resource sustainability [43, 47].

The SESF disaggregates ecological and social subsys-
tems into hierarchical levels that facilitate analysis of
interactions among ecological resources, governance
systems, institutions, and people involved as actors
within the system (Fig. 1). Within this framework, the
Resource System refers to the biophysical or ecological
environment that provides the goods and services used
by the Actors [43, 47]. The Resource Unit is the extracted
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component of the Resource System; Resource Units rep-
resent the tangible goods that Actors harvest, exchange,
or transform [43, 47]. The Governance System encom-
passes the norms, rules and institutions, both govern-
mental and non-governmental, that regulate access, use,
and management of Resource Units, along with monitor-
ing and sanctions. Governance Systems operate through
both formal institutions, such as laws and treaties, and
informal arrangements, including local community
norms. Governance Systems play a crucial role in moni-
toring and resolving conflicts affecting SES sustainability
[40, 43, 48]. Finally, Actors are individuals or groups who
interact with the Resource Systems and Resource Units.
Actors possess key characteristics, such as local knowl-
edge, cultural values and socio-economic conditions,
while differences in power, access, and decision-making
capacity can strongly influence resource use and manage-
ment [40, 43, 49].

The framework also defines Focal Action Situations
within the SES, where Actors interact and make decisions
regarding resource management and among themselves.
The outcomes of these interactions can differ depending
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Fig. 1 Conceptual synthesis of the Chilean seaweed production social-ecological system based on Ostrom'’s SES framework [43, 44]. Solid boxes contain
the highest-tier variables and the second-tier variables selected as relevant for Chile. The dashed-line box represents the focal action situation, where rel-
evant interactions and outcomes emerge from the use and management of seaweeds. The dotted-and-dashed line encompasses the entire focal system,
separating external and internal drivers that may influence some components in the system. Arrows represent the principal relationships and feedbacks
that link different elements of the system
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on the effectiveness of the rules, the level of coopera-
tion between Actors, and the biophysical conditions of
the resource. At this level, key aspects of the SES, such
as sustainability, potential overexploitation and resource
collapse, equity in resource use, conflicts between actors,
resilience of the SES, and erosion of governance, are
assessed [43]. These outcomes feed back into higher hier-
archical levels of the SES where decisions must be made
to improve the sustainability of the system, reflecting the
dynamic nature of complex systems.

Global seaweed production
Seaweed production is an increasingly important eco-
nomic activity at the global level, driven by rapid farm-
ing expansion especially in Asian countries including
China, Indonesia, South Korea and the Philippines [50].
Seaweed biomass is used for human consumption, phy-
cocolloid production, and as additives or ingredients in
medicinal and cosmetic products [37, 51-54], soil fertil-
ization, livestock feed, and energy generation [55-57].
Seaweed derivatives such as carrageenan, agar, and algi-
nates comprise approximately 40% of the global hydro-
colloid market in the food sector. Between the 1950s and
2023, reported seaweed production increased 67-fold,
from 0.56 to 35.8 million metric tons [36]. This growing
demand has driven the expansion of seaweed farming,
particularly in Asian countries [58, 59]. However, further
expansion of seaweed farming requires robust risk man-
agement based on scientific evidence, adequate regula-
tions, and biosecurity measures to minimize ecological
impacts, support sustainability, and enhance the eco-
nomic and social resilience of coastal communities [60,
61].

The ten leading producers of seaweed biomass, consid-
ering both farming and harvesting, are China, Indonesia,
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South Korea, the Philippines, North Korea, Chile, Japan,
Malaysia, Norway, and Tanzania, with eight of these
countries located in Asia (Fig. 2). In 2023, China alone
accounted for 56.75% of global seaweed production,
equivalent to more than 20 million tons, primarily from
farming activities [36, 62]. Chile is the leading producer
in the Americas, with an output of 426 thousand tons,
representing 1.19% of global production, mostly derived
from the extraction of wild populations.

Across most countries, including Chile, seaweed har-
vesting and farming are predominantly carried out by
artisanal fishing communities, which play a significant
role in global production [12, 63]. However, global sea-
weed production systems differ substantially in their
ecological basis, economic organization, and governance
structure. In Asian countries such as China and Indone-
sia, production is dominated by large-scale aquaculture
systems that integrate industrial processing chains and
export-oriented markets [35, 58, 64]. In contrast, coun-
tries such as Norway rely primarily on concession-based
harvesting and emerging cultivation systems supported
by strong regulatory frameworks, marine spatial plan-
ning, and technological innovation [65-68]. Chile dif-
fers from both models because seaweed production relies
predominantly on the extraction of wild populations by
artisanal fishers operating under territorial co-manage-
ment arrangements in TURFs and open access areas
(OAA).

Unsustainable seaweed exploitation, particularly in
kelp forest ecosystems, has caused ecological and societal
impacts, including biodiversity loss, habitat degradation,
and disrupted ecosystem functions and services [69—
74]. Conversely, integrated seaweed farming offers sea-
weed biomass along with ecological and socioeconomic
benefits, including increased biodiversity, enhanced
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ecosystem functions and services, improved livelihoods,
advances in gender equity, and improved access to edu-
cation [14, 59, 75, 76]. Therefore, resource management
should follow sustainability principles and promote
responsible, collaborative practices grounded in a socio-
ecological approach [77-80].

The rapid global expansion of seaweed production has
also generated important socio-ecological challenges,
including market concentration, asymmetric power rela-
tionships across value chains, unequal distribution of
economic benefits, and increasing dependence on global
commodity chains [81, 82]. In many countries, coastal
communities remain economically vulnerable because
most of the added value of seaweed is captured by indus-
trial processing and export sectors rather than by local
harvesters and small producers [35, 83].

The resource system: geographical context of
coastal Chile

Chile’s continental coastal territory, the Resource Sys-
tem, stretches along the southeast Pacific from 18° to
56°S, encompassing more than 4,200 km of north—south
oriented linear coastline and over 88,000 km of shore-
line [84]. The Chilean coast is influenced by two major
marine currents that originate as the Antarctic Circum-
polar Current interacts with the continent between 40°
and 45°S, giving rise to the Humboldt Current system to
the north and the Cape Horn Current to the south [85,
86]. The Humboldt Current system fosters environmen-
tal dynamics that drive the upwelling of cold, nutrient-
rich waters, positioning Chile’s coastal system among the
most productive globally [87].

Chile’s continental coastline is situated within two dis-
tinct biogeographical provinces: the Peruvian (18 to 30°S)
and the Magellan (42 to 56°S) provinces [85, 86]. Between
these provinces lies the Intermediate Area (30 to 42°S),
characterized by mixed environmental conditions [86,
88-91], that delineates two biogeographic breaks, to the
north at 30-33°S and to the south at 41°-42°S, consistent
with the distribution and composition of seaweed species
along the coastline (Fig. 3).

The distribution of economically significant seaweed
species, or Resource Units, exhibits a peak in species
richness in central Chile, between 39° and 40°S, where
14 species are recorded (Table 1). However, this region
also shows the lowest recorded seaweed landings (Fig. 3).
In contrast, northern Chile, between 19° and 32°S, leads
in seaweed production biomass, with kelps being the
predominant group harvested from wild populations.
Meanwhile, southern Chile (between 36° and 56°) pri-
marily harvests and cultivates red seaweeds, particularly
Gracilaria chilensis (Fig. 3).
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The governance system: national and local context
The Governance System that oversees seaweed produc-
tion in Chile operates at both formal and informal levels,
interconnected through key Actors. The structure allows
for the creation of rules and norms and grants a degree
of autonomy to fishers in resource management while
ensuring accountability to state agencies responsible for
monitoring and enforcement. The SUBPESCA regulates
aquatic production activities in Chile under the General
Fisheries and Aquaculture Law (FAL No. 18,892), which
defines access, extraction rules, and management strate-
gies such as bans and quotas, while the SERNAPESCA is
tasked with enforcement of regulations.

TURFs are one of the most innovative management
tools in this Governance System framework, which grant
exclusive harvesting rights to registered fishers’ associa-
tions over specific seabed areas [41, 42, 109]. Based on
common-pool resource theory [46], TURFs foster sus-
tainable practices by allowing fishers to exclude non-
members and manage resources collectively. In contrast,
areas not assigned as TURFs are OAAs, where resources
are vulnerable to the "tragedy of the commons" [110].
Despite this, strategies have been applied in these areas,
including regional quotas, bans, and access restrictions.

To support sustainability, "seaweed roundtables” have
been established, where stakeholders, including fish-
ers, traders, authorities, and scientists, collaboratively
define extraction limits based on available biomass. This
participatory model has led to sectoral quotas, seasonal
bans, and improved traceability from harvest to export.
An example is the determination of the annual quotas for
kelp species such as Lessonia berteroana and Lessonia
trabeculata in northern Chile (18° to 33°S).

Chile implements a range of policy instruments includ-
ing Marine Protected Areas (MPAs), TURFs, and OAAs.
These measures have proven successful for some sea-
weed species, often linked to effective enforcement. For
example, species of the genus Lessonia have higher bio-
mass inside TURFs compared to OAAs, while OAAs
that have implemented management plans, regulated
since 2017, perform similarly to TURFs [111], and kelp
recruits and juveniles are more abundant where exploi-
tation is permitted, while adult kelps are more abundant
in MPAs [112]. TURFs and MPAs thus play a key role in
conserving wild seaweed populations [111, 113] as fishers
report higher levels of compliance, success, and satisfac-
tion compared to those in regional OAA plans. Under-
standing the dynamics among these governance models
is vital for improving management and fostering syner-
gies between approaches [114, 115].

Despite the presence of management efforts, kelp sus-
tainability in northern Chile faces several challenges.
These include difficulties in accessing harvesting sites, the
extensive coastline combined with limited enforcement
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Fig. 3 Biogeography of algae production in Chile. The two biogeography provinces, the Peruvian and Magellan provinces, as well as the Intermediate
Area, are shown on the left, followed by the geographic range of distribution of brown and red seaweeds of economic importance in Chile. Heat maps
along the coast of Chile display the latitudinal gradient in species richness of brown (in orange) and red seaweed (in red). To the right of the map, the plot
shows the total landings in metric tons of brown and red seaweeds by region in 2025. The names of the Chilean administrative regions according to the
acronyms in the map are: Arica y Parinacota (AP), Tarapacé (TA), Antofagasta (AN), Atacama (AT), Coquimbo (CO), Valparaiso (VA), Region Metropolitana
(RM), Libertador General Bernardo O'Higgins (LI), Maule (ML), Nuble (NB), Biobio (BI), Araucanta (AR), Los Rios (LR), Los Lagos (LL), Aysén del General Carlos

Ibanez del Campo (Al), and Magallanes y de la Antdrtica Chilena (MA)

capacity, the reliance of migrant workers on seaweed har-
vesting as a livelihood, and socio-economic shifts linked
to fluctuations in copper prices [116, 117]. Fluctuations
in employment opportunities associated with the mining
sector can alter the number of people entering seaweed
harvesting activities, thereby modifying harvesting pres-
sure independently of ecological conditions [117]. All
these conditions illustrate the influence of cross-scale

interactions on seaweed governance, where resource
sustainability depends not only on biological productiv-
ity and governance effectiveness but also on broader eco-
nomic processes operating at regional and global scales.
Alternative governance approaches can be observed in
other seaweed-producing countries. In Norway, harvest-
ing rights are commonly granted through concessions
to private companies, and management relies heavily on
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Table 1 Seaweed species of economic importance, local common name, and their geographic distribution along the Chilean coast

Species Local common name Distribution Reference
Phaeophyceae Durvillaea incurvata Cochayuyo 30-43°S [92]
Durvillaea antarctica Cochayuyo 44-45°S [93,94]
Lessonia berteroana Huiro negro or Chascon 18-30°S [95, 96]
Lessonia spicata Huiro negro or Chascén 29-49°S [95-97]
Lessonia trabeculata Huiro palo 18-40°S [93, 98]
Macrocystis pyrifera Huiro, Huiro flotador or Canutillo 18-56°S [93,99]
Rhodophyta Callophyllis variegata Carola 18-56°S [93,99]
Chondracanthus chamissoi Chicorea de mar 18-42°S [93, 99, 100]
Gelidium rex Chasca 18-40°S [101]
Sarcopeltis skottsbergii Luga roja 39-56°S [100, 102]
Gracilaria chilensis Pelillo 30-42°S; aquaculture up to 20°S [103, 104]
Mazzaella canaliculata Liquen gomoso 18-41°S [105, 106]
Asterfilopsis disciplinalis Liquen gomoso 18-41°S [105, 106]
Mazzaella laminarioides Luga cuchara 28-56°S [93,107]
Porphyra/Pyropia complex Luche 18-56°S [108]
Sarcothalia crispata Luga negra 33-53°S [100]

spatial rotation schemes that allow kelp beds to recover
between harvesting cycles [65, 118]. Although Norway
is frequently presented as a model for the development
of sustainable seaweed industries, studies have high-
lighted persistent mismatches between national blue bio-
economy strategies and local implementation processes,
particularly regarding market development, governance
arrangements, and the challenges faced by small-scale
producers [119]. Particularly for kelp-dominated har-
vest regions, spatial rotation of harvesting areas, like
strategies implemented in Norway, could complement
existing management measures in Chilean OAA. Such
approaches may strengthen ecological recovery pro-
cesses while maintaining the central role of artisanal fish-
ers in resource stewardship, monitoring, and harvesting
activities.

The SUBPESCA has promoted seaweed farming,
almost exclusively for G. chilensis, through financial
incentives such as the 2018 Seaweed Restocking and
Cultivation Bonus (Law No. 20,925), which covers up
to 70% of the project costs for small-scale producers.
Similar strategies are found in countries such as China,
where farming dominates seaweed biomass produc-
tion (Fig. 2). The Chinese government has supported
this sector through diverse policies aimed at sustainable
economic development and climate change mitigation
[64, 120, 121]. Expanding governmental support for the
aquaculture of additional native seaweed species in Chile
could diversify production, reduce dependence on wild-
harvested resources, and stimulate domestic markets for
human consumption and added-value products. Such
diversification may also increase the resilience of the
Chilean seaweed sector by creating alternative income
sources, reducing dependence on export-oriented com-
modity chains, and allowing coastal communities to

retain a greater share of the economic value generated by
seaweed production [122, 123].

Resource units: seaweed production in Chile
In 2025, Chile’s total seaweed production reached
426,543 metric tons, with an average of 443,705 metric
tons per year over the last five years (Fig. 4), according
to the statistical fisheries yearbooks of SERNAPESCA
(www.sernapesca.cl). Official seaweed landing records
show a fluctuating but generally increasing trend, with
the highest recorded value in 2013, when landings sur-
passed 500,000 metric tons (Fig. 4). Species from the Les-
sonia nigrescens complex, including L. berteroana and L.
spicata, dominate in biomass, contributing 290,548 met-
ric tons in 2025 (68.1% of the total), while the subtidal
Lessonia trabeculata accounted for 13%. The red seaweed
G. chilensis contributed 11% of total biomass. This is the
only species with established commercial farming in
Chile, in contrast to global trends where multiple species
are cultivated. While some species, such as Durvillaea
incurvata/antarctica, Porphyra spp., and Pyropia spp.,
were originally harvested for human consumption, most
currently exploited species are processed for phycocol-
loids such as agar, carrageenan, and alginates [37, 124].
Approximately 85% of seaweed production originates
from wild populations, ranking Chile as the leading global
producer of seaweed harvested from wild sources (Fig. 2).
In response to increasing global demand and associated
ecological concerns, significant scientific and techno-
logical efforts have been made in the last two decades to
promote more sustainable practices [39]. Growing con-
cerns regarding the sustainability of wild populations,
their ecological roles, and the need to ensure a consis-
tent supply of high-quality biomass have underscored
the importance of transitioning from extraction-based
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to farming-based approaches. Although this transition
has become a key research focus, its full implementation
remains a long-term challenge [38, 125-127].

Kelps represent a large portion of Chile’s seaweed
industry and are primarily harvested from wild popula-
tions along the country’s extensive coastline. Manage-
ment measures vary among species and region according
to local ecological and socio-economic conditions. Due
to their high commercial value and sustained harvesting
pressure, kelp species have been subjected to increasingly
strict management regulations since 2004. In central-
northern Chile, between 26° and 32°S, management plans
in OAAs include periodic bans and annual catch quo-
tas. In contrast, the extreme northern regions, between
18° and 26°S, regulations apply an annual extraction ban,
while allowing the collection of stranded seaweed and
harvest from wild populations within TURFs. The main
harvesting areas are located between 18°S and 32°S,
where proximity to the Atacama Desert reduces process-
ing costs, particularly drying and grinding kelp for algi-
nate production [116]. Due to the low production costs
and minimal processing, most of this biomass is exported
as a commodity with limited added value [39, 116].

Annual variation in seaweed landings is driven by mul-
tiple environmental and socio-economic factors (Fig. 4).
One key driver is the El Nifio-Southern Oscillation
(ENSO), which strongly affects coastal ecosystems by
increasing sea-surface temperatures, causing kelp mor-
tality, and generating large amounts of detached biomass
that wash ashore and can temporarily increase landings
[116]. However, years following intense ENSO events
are often marked by sharp declines in landings, associ-
ated with population reductions and overexploitation
[128, 129] (Fig. 4). A historical example is the 1982—83
ENSO event, which caused such extensive kelp mortal-
ity that, two decades later, L. berteroana had recolonized
only 50 km of the 600 km of affected coastline [130]. Kelp
harvesting intensity in northern Chile is also shaped by
the mining sector, one of the main contributors to Chile’s
gross domestic product. Socio-economically, declines in
copper prices can increase unemployment, making kelp
harvesting a temporary livelihood strategy, including
through illegal extraction. When copper prices rebound,
harvesting pressure may decrease, allowing kelp popula-
tions to recover [27, 117]. This dynamic may help explain
the decline in brown seaweed landings in northern Chile
in 2018, a year of rising copper prices, a pattern not
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mirrored by red seaweeds (Fig. 4). Ecologically, mining
industry waste has been associated with reduced connec-
tivity in L. nigrescens complex [131], while heavy metals
from mining activities can affect abundance, morphology
and early development [132]. These impacts could reduce
or delay kelp recovery after disturbance.

Seaweed harvesting is further modulated by shifts in
the availability or demand for other marine resources,
such as benthic invertebrates [116]. When populations of
these resources decline, or when market demand drops,
fishing effort is often redirected toward seaweed harvest-
ing [133]. In such cases, extraction may involve illegal
activities carried out by unregistered fishers, outside des-
ignated areas, or outside authorized harvest seasons [117,
134].

We summarize below the main extraction trends for
economically important seaweed species in Chile. The
intertidal Lessonia nigrescens complex, currently the most
exploited group, and the subtidal L. trabeculata have
been intensively harvested since the early 2000s. His-
torically, extraction was based on naturally detached bio-
mass, an activity traditionally carried out by women [135,
136]. Since then, the relative importance of gathering
stranded biomass versus harvesting attached individuals
from wild populations has varied among fisher associa-
tions. Some fishers prefer to collect “what the wave leaves
behind’, rather than harvesting established wild popula-
tions within TURFs or OAAs. Landings of the L. nigres-
cens complex peaked in 2013 at 313,341 metric tons,
declined to 67,241 metric tons in 2018, and have subse-
quently fluctuated around an average of 220,000 metric
tons. In contrast, L. trabeculata landings, although lower
in magnitude, increased steadily from 18,107 metric tons
in 2000 to 53,887 in 2025.

Landings of the kelp Macrocystis pyrifera have
increased steadily since 1990, with marked growth after
2007, reaching a maximum of 39,705 metric tons in 2020
before declining to 23,148 in 2025. This initial rise is likely
to partly reflect the expansion of abalone aquaculture,
which created a demand for M. pyrifera as feed [116, 137,
138]. Although this use still consumes about 4,800 met-
ric tons annually, it remains as secondary demand from
the phycocolloid industry. In northern Chile, between 18°
and 26°S, harvesting of M. pyrifera is limited to stranded
biomass and regulated through specific management
plans. Farther south, between 40° and 56°S, all extraction
has been prohibited for 10 years to protect kelp-domi-
nated environments.

The other two relevant kelp species, Durvillaea incur-
vata and D. antarctica, are harvested along the central
and southern coast, from 29° to 45°S, and are tradition-
ally consumed as food. Although their contribution to
total seaweed landings is small, harvested biomass has
increased steadily from 17 metric tons in 1980 to 11,852
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in 2025. A seasonal ban between 33.9° and 34.6°S prohib-
its shore harvesting and patch removal between May and
November. Experimental farming trials for Durvillaea
species have been implemented in TURFs to promote
diversification in seaweed aquaculture. These species
are now used in a broader range of products, including
snacks, jams, and cosmetics, increasing their economic
value beyond traditional food consumption.

Economically relevant red seaweeds are more diverse
than kelps, although their total biomass is smaller
(Table 1). Red seaweed production is concentrated in
southern coastal areas, between 36° and 56°S (Fig. 3).
In 2025, landings were recorded for eight species, with
Gracilaria chilensis, Sarcothalia crispata, Sarcopeltis
skottsbergii, and Chondracanthus chamissoi accounting
for the main contributions.

The total landings of G. chilensis were 20,275 met-
ric tons in 1980, followed by a steep increase to 112,597
in 1985. Landings then declined and surged again to
120,950 metric tons in 1996, before decreasing during
the Asian financial crisis, consistent with reduced global
demand for agarophyte species [124]. Landings recov-
ered in the early 2000s but declined again, and since
2011 have fluctuated around a decadal average of 48,828
metric tons. This species has been farmed in small aqua-
culture areas since 1991, with farming practices strength-
ening over time while artisanal gathering has continued.
Low-cost techniques have increased extracted quanti-
ties, including the burial of vegetative fragments in sandy
intertidal substrates in southern regions, between 36° and
42°S, and in shallow subtidal habitats in northern regions,
between 20° and 32°S. In 2018, the government provided
funding to support farming and restocking in TURFs and
to promote the sustainable use of G. chilensis. Currently,
more than 600 farming centers are registered in Chile’s
National Aquaculture Registry.

Several carrageenophyte species are harvested in
southern of Chile (Fig. 3). Landings of Sarcothalia cris-
pata reached 20,047 metric tons in 2002 and remain high
thereafter, reaching 18,218 in 2025. This species is har-
vested from 36° to 53°S between January and April and
lacks specific management plans. Its perennial attach-
ment disc enables regrowth, allowing repeated extraction
across seasons [139]. Sarcopeltis skottsbergii averaged
40,000 metric tons between 2005 and 2008 before declin-
ing sharply due to overexploitation, reaching a low of
14,616 metric tons. In the last five years, landings have
averaged 27,147 metric tons. Despite studies and conser-
vation efforts since 2008, no specific regulations are in
place. Chondracanthus chamissoi is primarily harvested
from wild populations, although aquaculture has also
been piloted [140]. These efforts supply raw material to
local and international carrageenan producers and food
industries, mainly in Japan [141]. Landings began at 6
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metric tons in 1981, increasing to 15,169 in 1990, and
peaked at 23,778 in 2000. Subsequent overharvesting led
to declines and prompted cultivation efforts [142, 143].
Over the past two decades, landings have stabilized at an
average of 1,795 metric tons.

Although green seaweeds are not currently recognized
as economically important resources, a recent study
shows that Ulva uncialis has the potential to be a source
of nutritional and bioactive compounds for food and bio-
technology applications [144]. Consequently, Ulva spe-
cies may represent a promising candidate for resource
diversification and the development of value-added
products.

In contrast to the Chilean case, seaweed production
in China relies on the cultivation of multiple species,
including Saccharina japonica, Undaria pinnatifida, Por-
phyra yezoensis, and Gracilaria lemaneiformis, among
others, supporting a diversified portfolio of products and
markets, particularly in the domestic food sector [145—
147]. Although a wide variety of seaweed species are har-
vested and used in Chile, commercial cultivation remains
almost exclusively concentrated on G. chilensis. Norway
has also increasingly promoted kelp cultivation as part
of a broader strategy to diversify its marine production
sector [66, 68], whereas Chilean seaweed production
continues to depend largely on the extraction of wild kelp
populations. This contrast suggests that Chile may be
more exposed to fluctuations affecting a limited number
of commercially important resources, while diversifica-
tion through native species cultivation could generate
alternative products, market opportunities, and income
sources under changing environmental or economic con-
ditions. A major remaining gap is the lack of successful
technological developments to support the aquaculture
of local kelps and other native seaweeds.

Key actors

The primary Actors of Chile’s seaweed production are the
artisanal fishers, who are the direct users of the resources
by harvesting wild populations, gathering cast ashore
seaweed, and farming seaweeds. Fishers are responsible
for managing and caring for these resources, and to oper-
ate legally, each must have a fishing license and declare
the species they intend to harvest and trade. Approxi-
mately 84,000 people are engaged in seaweed-related
activities and are listed in the Chilean artisanal fishing
registry, which includes gatherers (algueros and algueras)
and divers, although not all divers are involved in sea-
weed extraction (data from SERNAPESCA).

Although artisanal fishers are the primary users of sea-
weed resources and play a central role in stewardship
and harvesting activities, in Chile and elsewhere they do
not necessarily capture the largest share of the economic
benefits generated throughout the production chain
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[134, 148-151]. International demand, particularly from
China, strongly influences harvesting intensity, prices,
and market opportunities, creating feedbacks between
distant markets and local resource use [64, 147, 152]. This
scenario affects fishers, who bear much of the ecological
and economic risk associated with environmental vari-
ability, resource depletion, and market fluctuations, while
a substantial proportion of the value generated from sea-
weed production is captured by intermediaries, process-
ing industries, and export companies that transform raw
biomass into higher-value products. These asymmetries
can increase the vulnerability of seaweed-dependent
coastal communities and illustrate broader blue justice
challenges, particularly the unequal distribution of ben-
efits, risks, and decision-making power within marine
resource value chains [83, 134, 153].

While both genders participate in seaweed production,
women represent only 29% of gatherers over the last five
years (Fig. 5a), and the magnitude of the gender gap var-
ies across different regions (Fig. 5b). However, irrespec-
tive of the specific region, the same trend is observed at
the national level (Fig. 5b) (SERNAPESCA) [39]. While
men usually dominate offshore roles, such as fishing
from boats, women primarily work onshore, gathering
seaweed, assisting in processing tasks, and innovating
by adding value through new products. This division has
historically led to exclusion of women from public initia-
tives and funding opportunities. Although steps are being
taken to formally recognize women’s contributions, dis-
parities persist due to gender-blind policies and lack of
targeted resources. Despite international commitments
to gender equity, Chile has yet to implement them effec-
tively, owing to a longstanding gap between policy design
and realities faced by fishers [135]. Nonetheless, since
the 2000s, women’s participation has increased signifi-
cantly [149, 154]. More women now engage in harvesting
and hold leadership positions in fishing organizations.
Around 1,190 women currently serve as presidents, sec-
retaries, or treasurers, gaining greater influence on deci-
sion-making [82, 149]. Women contribute significantly to
harvesting, processing, commercialization, innovation,
and value-added activities, yet many of these contribu-
tions remain insufficiently recognized in fisheries policies
and management programs [155, 156]. This underrepre-
sentation may limit the incorporation of diverse knowl-
edge systems, local experience, and social perspectives
into governance processes, reducing the capacity of
coastal communities to adapt to environmental, eco-
nomic, and social change [135, 157]. If these disparities
persist, opportunities to enhance both social equity and
the long-term resilience of seaweed-producing com-
munities may be constrained, despite recent advances
in women’s participation and leadership within artisanal
fisheries. In general, a significant proportion of fishers do
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not have access to higher education, which can hinder
their capacity to obtain information about sustainable
practices and market opportunities [158]. For instance,
Vésquez et al., [27] found that 5% of fishers from the kelp
seaweed sector in northern Chile are illiterate, and more
than 62% have not completed elementary education.
However, artisanal fishers often have extensive traditional
ecological knowledge, passed down through generations,
which is valuable for assessing resource health and can
complement scientific knowledge to improve manage-
ment strategies [159-161]. These trends are not unique
to Chile. In many countries, seaweed activities pro-
vide complementary income, improving livelihood and
expanding access to education, especially for younger
generations [14]. As educational access improves, youth
may either seek alternative careers or return to fisheries
with better skills and understanding of sustainable prac-
tices and markets [117].

Fishers are generally organized in fishing coves, with
or without associated TURFs. Over 90% of fishing coves
in Chile are characterized by underdevelopment, as evi-
denced by both qualitative and quantitative factors at the
regional level, with advancing organizational capacity for
development and support of productive projects [162].
Most fishing coves are situated on public or concessioned
land; a minority are on private land, risking eviction
due to legal challenges. In 2017, Chile enacted Law No.
21,027 officially recognizing fishing coves as a productive
and socio-economic unit. This led to the Artisanal Fish-
ing Cove Management Program, which supports infra-
structure upgrades and coastal safety improvements. In
2020, the “Closer Cove” pilot program was launched to
foster digital literacy and leadership, which was formal-
ized for nationwide implementation in 2024.

Seaweed production and transformation involve a wide
network of actors beyond fishers, including transporters,
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processors, and exporters. Globally, seaweed harvesting
and farming support millions of people in coastal areas
[35] with benefits such as poverty reduction, improved
access to education and healthcare, and increased agency
for women [12, 20]. However, seaweed prices are vola-
tile, driven primarily by global demand for phycocolloid
raw material. When demand spikes, harvesting intensi-
fies, sometimes leading to illegal extraction and market
saturation, and often followed by sharp declines in prices
[163]. Only a fraction of seaweed is processed and sold
locally immediately after harvesting. Most of its value is
added through transformation processes such as dehy-
dration, agar or carrageenan extraction, or incorpora-
tion into biostimulants, either for export or downstream
industrial use. Global price fluctuations in the phycocol-
loid market generate instability for local fisheries. China,
a dominant player in the seaweed trade, significantly
influences global prices for dried seaweed and derivatives
[164].

In Chile, more than 200 small-scale traders were reg-
istered for seaweed drying in 2023, alongside four agar-
processing plants, one for alginate derivatives, and six for
carrageenan production (SERNAPESCA). Most process-
ing facilities are in northern Chile between 19° and 32°S,
where kelp landings are highest, and climate offers ideal
conditions for sun-drying seaweed. Processing plants
vary in scale and technological sophistication depend-
ing on their target market, ranging from food and indus-
trial applications to phycocolloid extraction. A growing
number of people and businesses are adding value by
transforming seaweed into food products, agricultural or
cosmetic products, often for niche or local markets. For
example, Durvillaea incurvata is marketed as snacks,
vegan sausages, or marine salt. These innovations mir-
ror similar developments in African fishing communities
such as Zanzibar and Mozambique [165].

In southern coastal areas with higher humidity, red sea-
weeds are sold fresh for phycocolloid extraction, while
dried in central and northern coastal areas. The first
transaction often takes place between local harvesters
and brokers, who purchase fresh or partially dried bio-
mass. These intermediaries often occupy dominant posi-
tions over gatherers and artisanal fishermen, reinforcing
hierarchical trade relationships that legitimize resource
exploitation and perpetuate economic disparity [134]. In
Chile, most dried or semi-processed seaweed is exported
by companies that capture the highest profit margins.

Chilean seaweed fisheries are integrated into a global
producer-driven supply chain [134]. Most exports go to
China, followed by the Philippines and Indonesia, pri-
marily for phycocolloid production. Europe is the sec-
ond-largest market by volume and the top market by
value. Yet, stringent regulations on dried seaweed for
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human consumption hinder local producers’ access, con-
straining their capacity to move up the value chain.

Integration and perspectives
Seaweed production in Chile represents a complex social-
ecological system (SES) in which ecological resources,
governance structures, resource users, and both internal
and external drivers interact across multiple spatial and
temporal scales. The sustainability of the seaweed pro-
duction SES depends not only on the condition of sea-
weed populations but also on the capacity of institutions
and coastal communities to respond to environmental
and socioeconomic change [40, 43, 49]. Chile’s strong
dependence on wild seaweed harvesting supports the
livelihoods of thousands of artisanal fishers and generates
significant export revenues, yet it also increases expo-
sure to ecological disturbances and fluctuations in global
markets. Consequently, management measures designed
to conserve resources, such as quotas, bans, and access
restrictions, often involve trade-offs between short-term
economic opportunities and long-term ecological sus-
tainability. Despite these challenges, the resilience of
the Chilean seaweed production SES is strengthened by
strong local ecological knowledge, the participation of
artisanal fishers in co-management processes, and insti-
tutional innovations such as TURFs, which promote
stewardship and collective action [166—168].

International markets generate one of the most impor-
tant feedback mechanisms within the Chilean seaweed
SES. Demand from major importing countries, particu-
larly China, influences prices and harvesting behavior,
often increasing extraction pressure on wild populations
[82, 151]. When harvesting intensity exceeds the recov-
ery capacity of natural populations, biomass declines and
resource availability decreases, which may subsequently
trigger management responses such as quotas, harvesting
bans, or access restrictions. These interactions illustrate
how distant economic drivers can shape local ecological
conditions, governance decisions, and coastal livelihoods.
The structure of the value chain further reinforces these
dynamics, as intermediaries, processors, and export-
ers frequently determine which resources are purchased
and at what price, concentrating decision-making power
outside fishing communities [151, 169]. Consequently,
fluctuations in international demand for marine products
can alter harvesting patterns and increase the vulnerabil-
ity of coastal communities that depend on seaweed har-
vesting as a livelihood. Strengthening domestic markets,
promoting local consumption, and increasing processing
value-added in Chile could help redistribute economic
benefits more equitably while reducing dependence on
volatile international commodity markets [155].

Climate variability and long-term climate change also
generate important feedback within the Chilean seaweed
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production SES. ENSO events, marine heatwaves, and
changes in upwelling dynamics can reduce the abundance
and productivity of seaweed populations, particularly of
kelps, leading to lower harvests and reduced income for
artisanal fishers [128, 170-172]. In a system that relies
heavily on wild populations, ecological disturbances can
propagate through the social dimension, affecting liveli-
hoods, harvesting decisions, and community wellbeing.
A standing challenge is to increase adaptive capacity,
an essential feature under future climate scenarios. Col-
laborative efforts among fishers, scientists, government
agencies, and private stakeholders can facilitate adaptive
management and strengthen the resilience of both eco-
logical and social components of the system [65, 68, 173].
This adaptive process is often characterized by interactive
learning and the gradual adjustment of institutions to
local social-ecological conditions [174].

The growing interest in seaweed-based blue bioecon-
omy initiatives, including blue carbon, biomaterials, and
novel food products, creates opportunities for diversifi-
cation [175, 176]. Diversification through small-scale and
integrated multitrophic aquaculture may reduce depen-
dence on wild harvesting, alleviate pressure on natural
populations, and provide alternative income sources for
coastal communities [177-179]. However, the expansion
of seaweed aquaculture will require sustained public and
private investment, supportive regulatory frameworks,
and governance systems capable of balancing techno-
logical innovation, ecosystem conservation, social equity,
and climate resilience [180-182]. In this regard, adaptive
governance, polycentric institutions, and just-transition
principles may provide important pathways towards a
more resilient and regenerative seaweed sector [183].
The resilience of the Chilean seaweed production SES is
also shaped by social inequalities that influence access
to resources, markets, and decision-making processes.
Actors often occupy unequal positions within seaweed
value chains, limiting their capacity to capture economic
benefits and respond to environmental or market distur-
bances [155]. These patterns are consistent with broader
blue justice concerns identified in small-scale fisheries
worldwide, where unequal access to resources, decision-
making processes, and economic benefits contributes to
persistent social vulnerabilities, specially where extractiv-
ist governance models prioritize economic growth and
commodity production over subsistence needs and local
wellbeing [184, 185]. These vulnerabilities are not experi-
enced uniformly. Women play essential roles in harvest-
ing, processing, commercialization, administration, and
value addition, yet they frequently face barriers to access-
ing funding opportunities, technical training, leadership
positions, and formal recognition of their contributions.
Evidence from seaweed-producing regions worldwide
suggests that climate-related stressors can amplify these
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pre-existing inequalities and potentially reduce the adap-
tive capacity of vulnerable groups while increasing their
exposure to livelihood risks [186]. At the same time,
women often contribute substantially to innovation,
livelihood diversification, and community organization,
making them important actors in strengthening social
resilience and facilitating adaptation to environmental
change [186]. Addressing social asymmetries may there-
fore be as important as ecological management inter-
ventions for enhancing long-term sustainability. More
broadly, recognizing seaweeds not only as commercial
commodities but also as components of cultural identity,
social relations, and ecological relationships may support
more inclusive and equitable governance pathways [187].

Despite the considerable amount of information avail-
able on Chilean seaweed production, important knowl-
edge gaps remain across several components of the SESF.
In governance and actor systems, further understanding
is required on how power asymmetries among fishers,
intermediaries, exporters, and regulatory institutions
influence the design, implementation, and adaptation
of management arrangements, as well as how gender-
related barriers affect participation in governance, lead-
ership opportunities, and the equitable distribution of
benefits. Within the resource system and resource units,
the potential role of underutilized native species, such
as Ulva spp., remains poorly understood despite their
potential contribution to diversification through new
culture systems, value-added products, and alternative
markets. A cross-cutting gap is the lack of integrated,
long-term, and spatially explicit information linking sea-
weed biomass, recruitment, and recovery dynamics with
landings, prices, governance arrangements, and indica-
tors of community wellbeing. This limits the capacity to
distinguish ecological decline from market- or labour-
driven changes in landings, and to evaluate whether
current management instruments reduce vulnerability
under interacting climate and market shocks. Further-
more, a key gap concerns how social-ecological vulner-
ability differs between TURFs and OAAs under climatic
and economic disturbances, and how these differences
shape resilience outcomes for both coastal communi-
ties and seaweed resources. Collectively, these gaps limit
our understanding of the feedbacks and interactions that
determine the long-term sustainability of the Chilean
seaweed SES. Accordingly, future research should pri-
oritize the effects of climate change, marine heatwaves,
and increasing environmental variability on the liveli-
hoods, adaptive capacity, and wellbeing of artisanal fish-
ing communities that depend on wild seaweed resources.
Further research is also needed to evaluate the potential
of diversification strategies, including the cultivation of
additional native seaweed species and integrated aqua-
culture systems, to reduce social-ecological vulnerability
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without reproducing existing asymmetries in benefit cap-
ture. Finally, a better understanding of how governance
arrangements, value-chain structures, gender relations,
and other social inequalities influence the distribution of
benefits and risks would contribute to the development
of more equitable and sustainable seaweed production
systems.

Conclusions

Through the lens of the SESE, this review shows that the
sustainability of Chilean seaweed production depends on
the interactions among ecological processes, governance
institutions, artisanal fishers, and global markets. Rather
than being determined by any single component, system
outcomes emerge from the dynamic relationships and
feedbacks among these elements. The main findings of
this review are:

+ Chile's dependence on wild kelp populations creates
a distinctive social-ecological configuration that
differs fundamentally from aquaculture-dominated
production systems.

+ TURFs have become one of the most distinctive
features of the Chilean governance system,
contributing to stewardship, resource conservation,
and fisher participation, while important
management challenges persist in OAAs.

« International market demand strongly influences
harvesting intensity, prices, and management
decisions, connecting distant markets with local
ecological conditions and coastal livelihoods.

+ The seaweed value chain is characterized by an
unequal distribution of benefits, whereby fishers
often capture a relatively small proportion of the final
product value despite being the actors most directly
dependent on the resource.

«+ Climate variability and long-term climate change
represent major sources of ecological and
socioeconomic vulnerability.

+ Power asymmetries, gender equity, and fair
distribution of benefits remain important challenges
for the long-term sustainability of Chilean seaweed
production.

The findings of this review highlight the need to
strengthen adaptive governance, promote diversification
through aquaculture and value-added products, improve
equity across the seaweed value chain, and increase the
capacity of coastal communities to respond to envi-
ronmental and market-driven change. Future research
should prioritize evaluating the effects of climate change
on seaweed-dependent SES, assessing the long-term
performance of governance arrangements, and address-
ing persistent knowledge gaps related to gender equity,
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value-chain dynamics and blue justice in the Chilean
seaweed production SES. Advancing these areas will be
critical for enhancing the resilience of both coastal com-
munities and seaweed populations in an increasingly
uncertain future. The key challenge lies in strengthening
the interaction between resources, ecosystems, gover-
nance structures, and the actors involved to help secure a
future of seaweed production characterized by resilience
and shared prosperity.
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