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Abbreviations

This section includes two lists. The first list defines all the acronyms and abbreviations used in the document
to ensure clarity and ease of reference for readers. The second list defines the relevant units of measure.

Acronyms and abbreviations

ARPA-E

ASC
BAHA
BBS
BMP
CAEIH

CariCOO0S

CFR

Advanced Research Projects Agency-
Energy

Aquaculture Stewardship Council
Belize Agricultural Health Authority
Belize Bureau of Standards

Better Management Practice

Caribbean Aquaculture Education and
Innovation Hub

Caribbean Coastal Ocean Observing
System

U.S. Code of Federal Regulations

CINVESTAV Centro de Investigacio'n y de Estudios

CWA
CZMA
DW
EEZ
ESA
FAO

FR
FSMA
HACCP
[IUCN

MARINER

MBL
MMPA
MSC
NOAA

NPDES

PAR
PATON

Avanzados [Center for Research and
Advanced Studies]

U.S. Clean Water Act

U.S. Coastal Zone Management Act
dry weight

exclusive economic zone

U.S. Endangered Species Act

Food and Agriculture Organization of
the United Nations

U.S. Federal Register
U.S. Food Safety Modernization Act
Hazard Analysis Critical Control Point

International Union for the Conserva-
tion of Nature

Macroalgae Research Inspiring Novel
Energy Resources

Marine Biological Laboratory
U.S. Marine Mammal Protection Act
Marine Stewardship Council

National Oceanic and Atmospheric Ad-
ministration

National Pollution Discharge Elimina-
tion System

photosynthetic active radiation
Private Aids to Navigation

PPCSL

PR DNER

PVC
R&D
REEF

SOS Carbon

STEM

SWOT

TNC
TTSCH

UNDP
USACE
U.S.C.
USD
USFWS
WAS
WHOI
WwWw

Placencia Producers Cooperative Soci-
ety Limited

Puerto Rico Department of Natural
and Environmental Resources
polyvinyl chloride

research and development

REEF - Reef Environmental Education
Foundation

Sargassum Ocean Sequestration Car-
bon

science, technology, engineering, and
mathematics

strengths, weaknesses, opportunities,
and threats

The Nature Conservancy

Techniques for Tropical Seaweed Cul-
tivation and Harvesting

United Nations Development Program
U.S. Army Corps of Engineers

U.S. Code

U.S. dollar

U.S. Fish and Wildlife Service

World Aquaculture Society

Woods Hole Oceanographic Institution
wet weight

Units of measure

cm
ha
kg
km
b
m
mm
MT

ppm
°C
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kilogram
kilometer
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meter
millimeter
metric tonnes
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Executive summary

The Caribbean region has immense potential for de-
veloping a sustainable seaweed farming industry.
Cultivating seaweed can address various socioeco-
nomic and environmental challenges, including re-
storing marine ecosystems, creating new livelihoods,
and providing raw materials for various industries.
Unlike some forms of aquaculture, seaweed farming
requires no feed or fertilizer and minimal freshwater
or arable land, making it an attractive option for sus-
tainable development. When done right, seaweed
farming not only benefits the environment but also
supports local economies by creating jobs and pro-
moting food security.

Status of seaweed aquaculture in the
Caribbean

Despite the region’s current minimal seaweed pro-
duction, the Caribbean, with its rich biodiversity and
favorable tropical climate, presents significant po-
tential for seaweed aquaculture. Historically, indige-
nous Caribbean communities engaged in various aq-
uaculture practices, which evolved with European
colonization and modern techniquesin the 20th cen-
tury. Seaweed aquaculture, specifically, has existed
in the Caribbean on an artisanal scale since the
1970s. Methods were adopted from the Philippines
and the Indo-Pacific to grow red seaweed species
like Hypnea spp., Gracilaria spp., Kappaphycus al-
varezii, and Eucheumatopsis isiformis.

Belize and St. Lucia are pioneers in the Caribbean
seaweed sector. Supported by local and interna-
tional partners, Belize has developed cultivation
techniques and training programs, although sea-
weed production remains nascent with a focus on lo-
cal markets. St. Lucia has seen high export demand
for cultivated seaweed; government investments in
capacity building, processing facilities, and export
promotion have expanded the sector, with products
reaching markets in Dubai, the United Kingdom, and
the United States. While detailed production data for
other Caribbean locations are scarce, the success in
Belize and St. Lucia highlights the region’s potential
for expanding seaweed aquaculture.

Better Management Practices (BMPs) are used to en-
hance the efficiency and sustainability of operations
in various fields, particularly agriculture and envi-
ronmental management. They are designed to mini-
mize negative environmental impacts, maintain the
long-term productivity of resources, support compli-
ance with regulatory requirements, and promote
overall ecosystem health. This document outlines re-
gion-specific BMPs to guide the management and
further establishment of sustainable seaweed farm-
ing operations in the Caribbean. These practices will
help ensure that seaweed farming can meet ecologi-
cal, economic, and social objectives.

Production recommendations for
nearshore, small-scale seaweed farming
in the Caribbean

Selecting an appropriate site is crucial for the suc-
cess of a seaweed farm. Environmental suitability
must be considered, ensuring the site has the right
water quality, depth, and current flow to support
seaweed growth without harming the environment.
[tis also important to minimize the impact on marine
ecosystems by avoiding areas with sensitive habi-
tats, such as coral reefs, mangroves, and seagrasses.
Additionally, the farm layout should be designed to
withstand local weather conditions and reduce the
risk of seaweed loss or gear damage.

Nursery operations are foundational to the sustain-
able development of seaweed farming in the Carib-
bean, addressing the insufficient wild seaweed pop-
ulations that cannot support industrial-scale har-
vesting to produce propagules or seeds for cultiva-
tion. The most common method of seed production
is vegetative propagation. It involves subdividing
mature organisms into smaller pieces, but this can
reduce genetic diversity and increase vulnerability
to disease.

An alternative, spore-based propagation, supports
genetic diversity and strain development by induc-
ing spore release in sexually reproductive individu-
als, leading to the growth of new individuals for out-
planting. This alternative would offer a more sus-
tainable approach despite requiring advanced
nursery facilities and expertise. Nurseries should be

Better Practices for Sustainable Seaweed Cultivation in the Caribbean 1



equipped with tanks that maintain stable water tem-
peratures and should ideally be in climate-controlled
buildings to support continuous cultivation during
adverse weather conditions. The nurseries should be
managed through cooperative models or integrated
business operations, enhancing community involve-
ment and resource sharing by utilizing existing infra-
structure, such as fishing cooperatives, to foster a
collaborative approach to seaweed farming.

Sustainable farming techniques are essential for
maintaining the health and productivity of seaweed
farms. Using healthy, pest-free seedlings, minimizing
their exposure to air and adverse conditions during
planting, and regularly cleaning the farm and all gear
ensure robust growth. Following a structured plant-
ing, maintenance, and harvesting schedule allows for
continuous production while providing time for en-
vironmental recovery. Regularly inspecting and
maintaining propagules and farming gear prevent
marine plastic pollution and support long-term sus-
tainability.

Proper harvesting practices are vital to minimize
environmental impact and maintain the quality of
the seaweed. Handling seaweed carefully during har-
vesting reduces bycatch, minimizes disturbance to
the seafloor, and decreases the loss of biomass. Im-
plementing noise-reducing practices, such as turning
off boat engines while harvesting, helps minimize
disruption to local wildlife and communities.

Market opportunities and supply chain
considerations for Caribbean seaweed
sourced from small-scale farms

Maintaining high standards in postharvest pro-
cessing is critical for ensuring product quality and
safety. Harvested seaweed should be processed in
clean conditions to preserve its quality. Efficient
waste management practices should be imple-
mented to minimize environmental impact. These
steps are essential for producing high-quality sea-
weed products that meet market demands and regu-
latory standards.

Engaging local communities in decision-making
processes and providing training supports their par-
ticipation and investment in seaweed farming. En-
couraging and supporting women'’s involvement in
seaweed farming activities recognizes their contri-
butions and promotes gender equality in the

industry. These practices help build resilient and in-
clusive local economies.

Adhering to third-party sustainable sourcing
standards can add commercial value to seaweed
products and ensure compliance with global sustain-
ability criteria. These certifications enhance market-
ability and consumer confidence in seaweed prod-
ucts. Examples of notable standards are the ASC-MSC
Seaweed Standard by the Aquaculture Stewardship
Council - Marine Stewardship Council and the Tech-
nical Guidelines on Aquaculture Certification by the
Food and Agriculture Organization of the United Na-
tions. See this report’s section called “existing and
prospective seaweed farmers” for a complete listand
details.

The global demand for seaweed and seaweed-de-
rived products is increasing, driven by growing
awareness of their health benefits and environmen-
tal sustainability. Caribbean seaweed farmers and
businesses can tap into emerging markets such as
nutraceuticals, cosmeceuticals, bioplastics, biostim-
ulants, and animal feeds. The BMPs emphasize the
importance of market research and the development
of value-added products to capture these opportuni-
ties. Establishing efficient supply chains, cooperative
processing facilities, certification programs, and
partnerships with international buyers can enhance
market access and competitiveness, positioning the
Caribbean as a key player in the global seaweed in-
dustry.

Diversifying the species cultivated is crucial for
the resilience and economic potential of the seaweed
farming industry. Species such as Hypnea spp.
Gracilaria spp., E. isiformis, and other native red sea-
weeds are favored for various commercial applica-
tions, ranging from food and cosmetics to biofuels
and nutraceuticals. Cultivating multiple species can
mitigate the risk of crop failure and enhance market
opportunities, creating a more robust and sustaina-
ble industry. By focusing on species that thrive in lo-
cal conditions, the Caribbean can develop a diverse
seaweed farming sector that supports both environ-
mental and economic goals.

Opportunities to support the growth of
seaweed aquaculture in the Caribbean

Addressing key research and development (R&D)
areas is vital for the growth and sustainability of the
Caribbean seaweed industry. R&D investment,

Better Practices for Sustainable Seaweed Cultivation in the Caribbean 2



particularly in breeding programs and cultivation
techniques, can further strengthen the region’s posi-
tion in the global market. By leveraging local re-
sources and expertise, the Caribbean can innovate
and produce seaweed products that meet interna-
tional standards and consumer preferences. This
strategic focus on emerging markets can drive sus-
tainable economic growth and create new opportu-
nities for local communities. Promoting the benefits
of sustainable aquaculture practices amonglocal and
regional stakeholders can change perceptions and
encourage broader adoption. Developing clear and
transparent regulatory frameworks for seaweed
farm siting, approval, processing, and distribution is
essential for streamlined operations. Encouraging
entrepreneurship and securing investment from
both public and private sectors can drive innovation
and industry expansion.

A plethora of opportunities offer options to get in-
volved in the emerging Caribbean seaweed farming
industry (Bjerregaard etal. 2016; World Bank 2023).
For investors, focusing investments on operations
using BMPs and structuring transactions to mitigate
risks is essential. Seaweed companies should use
flexible business models and financing strategies to
adapt to market conditions. Nonprofit organizations
can play a crucial role by advocating for fair wages,
providing education on farmer safety, and promot-
ing the development and adoption of BMPs. Collabo-
ration among these stakeholders is key to the suc-
cess of the industry.

Large-scale seaweed farming potential
and considerations

Large-scale seaweed farms require significant finan-
cial investment, logistical support, and labor. Thus,

they exceed the capabilities of small teams and cur-
rently do not exist in the Caribbean, though interest
in seaweed biomass across various industries neces-
sitates evaluating their feasibility in the region. This
evaluation must consider potential environmental
impacts and production challenges, learning from
Asia’s experiences while recognizing the Caribbean’s
unique conditions, requiring a precautionary ap-
proach and extensive exploratory research. Key
R&D components for large-scale farming include
site suitability analysis, specialized equipment, eco-
logical studies, and production cost estimates to in-
dicate economic competitiveness for seaweed bio-
mass grown in specific locations within the Carib-
bean. Of note is the importance of designing, siting,
and managing large-scale farms to protect marine bi-
odiversity and minimize conflicts with other water
users.

Outlook

The adoption and implementation of BMPs in the
Caribbean seaweed farming industry will require
collaboration among farmers, researchers, policy-
makers, and industry stakeholders. By following
these guidelines, stakeholders can contribute to a
thriving seaweed aquaculture industry that benefits
both people and the planet. With the right support
and investment, the Caribbean can harness the
power of seaweed farming to drive sustainable de-
velopment and create a brighter future for its com-
munities and ecosystems. This document serves as a
foundational resource for guiding the growth of the
seaweed aquaculture sector in the Caribbean, ensur-
ing that it is both economically viable and environ-
mentally sustainable.

Better Practices for Sustainable Seaweed Cultivation in the Caribbean 3



Introduction

The Nature Conservancy (TNC) is dedicated to fos-
tering a world where both humanity and nature
flourish. With a vision to propel the world toward
sustainability by 2050, we draw upon our extensive
65-year legacy of safeguarding vital natural land-
scapes across the globe. Our key global strategies en-
compass combatting climate change; preserving
ocean, land, and water resources; and ensuring sus-
tainable provisioning of food and water for a bur-
geoning population. A pivotal aspect of our strategy
involves collaborating with farmers to establish sus-
tainable and restorative food sources for future gen-
erations. Specifically, our aquaculture conservation
work aims to advance innovative solutions that not
only mitigate potential adverse effects associated
with food production but go beyond sustainable to
achieve nature-positive results. We actively engage
with farmers to optimize the environmental benefits
of aquaculture while advocating for intelligent and
sustainable economic development. By employing
market-driven approaches in conjunction with inno-
vative farming practices and policies, we believe that
aquaculture, when farmed in the right locations and
the right ways, can be the leading global regenerative
food system.

TNC has been working with local partners and co-
leading conservation and sustainability initiatives in
the Caribbean for more than 40 years. We have pro-
grams in 17 Caribbean countries and territories, and
our work across the region includes:

e encouraging sustainable seafood via education
on keystone reef fish species like parrotfish,

e leading mangrove and coral restoration,
supporting hurricane recovery,

e Dbuilding resiliency to the impacts of climate
change, and

e working with governments on debt-for-nature
swaps designed to allow highly indebted coun-
tries to redirect resources to conservation initi-
atives.

A relatively new area of work for TNC in the Carib-
bean region is engaging in seaweed aquaculture re-
search and conservation to benefit both people and
nature.

When done well, seaweed aquaculture presents a sig-
nificant opportunity to coastal communities world-

wide as an eco-friendly income source. Effectively
managed seaweed farming enhances water quality,
acts as a buffer against local acidification, and even
fosters habitats for various marine species. The prac-
tice requires no feed inputs and only minimal quan-
tities of freshwater or arable land, with the latter two
used for some nursery operations and/or for rinsing
and drying harvested seaweed. In contrast, unsus-
tainable farming practices can lead to competition
for space in nearshore environments, resulting in
detrimental effects on corals, mangroves, and
seagrasses. Thus, any attempts to either introduce
seaweed farming into new regions or expand exist-
ing operations must involve smart siting for farms as
well as education and collaboration in Better Man-
agement Practices (BMPs) to ensure seaweed farm-
ing is mutually beneficial for both coastal communi-
ties and the environment. BMPs are used to enhance
the efficiency and sustainability of operations in var-
ious fields, particularly agriculture and environmen-
tal management. They are designed to minimize neg-
ative impacts on the environment, maintain the long-
term productivity of resources, support compliance
with regulatory requirements, and promote overall
ecosystem health.

We also recognize a prevalent trend within the
global seaweed industry wherein women comprise a
substantial portion of the seaweed aquaculture
workforce. In some instances where farming condi-
tions and culture allow, women lead all aspects of
seaweed farming. In others, they are more involved
in gear preparation, postharvest processing, and
sales (Periyasamy et al. 2013; Msuya and Hurtado
2017; Ramirez et al. 2020). Regardless of their spe-
cific activities, in areas where women actively en-
gage in seaweed farming, they often note a positive
impact on their income and social standing, making
seaweed farming an important livelihood for women
globally (Msuya 2011; Msuya and Hurtado
2017). The guide presented here is intended to serve
as a foundation that key players within the seaweed
industry, regulators, scientists, and community lead-
ers can use when planning for and developing sea-
weed aquaculture in the Caribbean region. We build
on the knowledge and recommendations shared in
several other resources, with the goal of providing
high-level guidance applicable throughout the Carib-
bean.

Better Practices for Sustainable Seaweed Cultivation in the Caribbean 4



However, we also must emphasize that the infor-
mation presented here is not exhaustive. The ecol-
ogy, environmental regulations, or socioeconomic
conditions in a specific location or nation may differ
from the broad overview provided in this guide. So,
it is important that the user always check for loca-
tion-specific guidance at these levels to build on the
general approaches presented in this guide; this ap-
plies especially to environmental regulations and
marine spatial planning. Furthermore, in cases such
as Belize, where a country-specific guide for sea-
weed aquaculture exists, we advise the reader to de-
fer to the local guidance there. Lastly, we

acknowledge that the development, recognition, and
adoption of better practices is an iterative process.
As such, this guide is a living document. We welcome
additional information and guidance that further en-
richens or complements the information presented
here, and the document will be revised accordingly.

credit: Jennifer Adler, Jennifer Adler Photography.

Figure 1. Fish, including Bermuda chubs and sergeant majors, swarm a dive boat off Lighthouse Reef Atoll, Belize. Photo

(For contact information, please refer to this docu-
ment’s inside cover, where the corresponding au-
thors are listed.)

In Section I, we provide a brief overview of historical
and current seaweed farming in the Caribbean. Sec-
tion II introduces the most relevant production-re-
lated considerations for small-scale tropical sea-
weed farming and synthesizes recommendations for
better practices related to each. Section Il describes
market opportunities and supply chain considera-
tions for Caribbean seaweed sourced from small-
scale farms. In Section IV, we highlight opportunities
for individuals, organizations, and governments to
support the growth of seaweed aquaculture in the
Caribbean. Lastly, Section V summarizes recent re-
search and development (R&D) focused on the po-
tential for large-scale seaweed farming in the region.

Better Practices for Sustainable Seaweed Cultivation in the Caribbean 5



Section I.
Status of
seaweed
aquaculture in
the Caribbean

Overview

The Caribbean is a geographically diverse and eco-
logically rich region nestled within the western
North Atlantic Ocean and bounded by the islands of
the Greater and Lesser Antilles (Figure 2). Its warm
tropical waters, extensive coral reefs, and intricate
network of oceanic currents have positioned the
Caribbean as a global hotspot for marine biodiver-
sity. The region also has a delicate interplay between
environmental conservation and economic develop-
ment. The Caribbean encompasses a range of politi-
cal systems, from independent states to overseas
territories, each with its own maritime jurisdiction
and interests. Thus, the governance of marine re-
sources, such as fisheries and exclusive economic
zones (EEZs), often forms a crucial component of the
Caribbean’s political and socioeconomic dynamics,
as these resources play a significant role in the re-
gion’s food security and economic stability. Tourism,
a major driver of the Caribbean’s economies, relies
on the allure of pristine beaches, coral reefs, and ma-
rine activities such as snorkeling and scuba diving.
However, pollution, habitat loss, and fishing pres-
sure impact coastal zones in many parts of the re-
gion, and with climate change, the region faces rising
sea levels and more frequent and severe hurricanes
(Diez etal. 2019; Clegg et al. 2020).
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Figure 2. Countries and territories with coastlines on the Caribbean Sea. Image credit: Jim Kopp, Kopp lllustration, Inc.

Aquaculture has a long and diverse history in the
Caribbean region. Indigenous Peoples in the Carib-
bean practiced various forms of aquaculture, includ-
ing the construction of fishponds and the cultivation
of mollusks, providing sustenance and economic
benefits for their communities. With the arrival of
European colonizers, aquaculture practices under-
went significant changes, incorporating new species
and techniques. In the 20th century, modern aqua-
culture methods were introduced, leading to the
emergence of commercial aquaculture operations
throughout the Caribbean. However, despite the re-
gion’s vast ocean resources, production in the Carib-
bean is minimal. In 2018, less than 9000 metric
tonnes (MT) of aquaculture products were gener-
ated, which is less than 0.5% of global aquaculture

production (Ruff et al. 2019; FAO [Food and Agricul-
ture Organization of the United Nations] 2020).

Since the 1970s, seaweed aquaculture has intermit-
tently occurred at artisanal scales in the Caribbean
(Smith et al. 1986; Smith 1997; FAO 2020). These ef-
forts have built upon methods developed in the Phil-
ippines and Indo-Pacific, using spore recruitment or
vegetative propagation on lines or solid substrates.
While no large commercial-scale operations cur-
rently exist, the Caribbean’s warm waters, abundant
sunlight, and nutrient-rich coastal areas are believed
to create favorable conditions for seaweed farming.
These conditions — combined with the popularity of
puddings and a blended drink made from dried red
seaweed (Hypnea musciformis, Kappaphycus al-
varezii, Eucheumatopsis isiformis, or Gracilaria spp.),
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spices, and milk — have encouraged artisanal sea-
weed farming on multiple islands (Smith et al. 1986;
Hayashi et al. 2017). These seaweed preparations
exist primarily in the English-speaking islands but
also in a few Central American locations, including
Honduras and Panama, where migrants from the
Caribbean introduced the preparations (Rosado-Es-
pinosa et al. 2020). More recently, seaweed has be-
gun to be used regionally as an input for various
“natural” facial and hair products (as further de-
scribed in the subsection “existing markets and pro-
cessing for Caribbean-grown seaweed”). In some lo-
cations, wild seaweed harvesting has occurred for
some time, and seaweed aquaculture industries have
developed in response to depleted natural stocks or
in recognition of the demand for products growing
beyond what can be met by wild harvesting alone.

Seaweed species commonly grown
and harvested in the Caribbean

Seaweeds are macrophytic algae thatlack true roots,
stems, and leaves. They are classified as green algae
(Chlorophyta), brown algae (Heterokontophyta),
and red algae (Rhodophyta), so named based on the
dominant pigment produced in each phylum. Species
in each of these phyla have commercial value, but
commercial production in tropical waters is almost
entirely focused on the red algae. Red seaweeds are
the largest group of marine macroalgae, consisting of
between 4000 and 6000 species. They can be found
attached to rocks or other hard substrata in coastal
areas (Kiling et al. 2013). The species diversity is
higher in tropical and subtropical waters, such as the
Caribbean, Indonesia, the Philippines, China, and
other countries with similar climates (Khan and Sa-
tam 2003). Per 2019 findings, over half of recent
global seaweed production by weight were red sea-
weeds (Cai et al. 2021). The majority of tropical red
seaweed production at a global scale goes into carra-
geenan and agar production. Only a small portion of
the total tropical red seaweed harvested goes to
food, body products, or other uses. However, existing
seaweed harvests in the Caribbean are almost exclu-
sively for these purposes.

In the upcoming subsections, we briefly describe
perennial red seaweed genera that have existing
commercial value in the local and global markets.
These seaweeds are either native to the Caribbean
(e.g., Eucheuma, Gracilaria) or naturalized (e.g., Kap-
paphycus). A discussion about other genera with

qualities potentially of commercial interest but
needing additional development (e.g., Hypnea, So-
lieria) is presented in the subsection “additional can-

didate species.”

Box 1: A note about common names

The common name “seamoss” is used to refer to
at least 10 different species of seaweeds in the
Caribbean. In some places, like Jamaica, the term
“Irish moss” is also used. Therefore, to avoid con-
fusion, we have used the species’ scientific names
whenever possible. When the species name is not
provided, we have, instead, used the terms “sea-
weed” or “macroalgae.”

Eucheuma

Eucheumatopsis isiformis (syn.: Eucheuma isiforme)
is a species of red algae in the family Solieriaceae
(Guiry and Guiry 2019; Nunez-Resendiz et al. 2019).
It is closely related to Eucheuma denticulatum (pre-
viously E. spinosum), which is widely cultivated in
Asia and Africa as raw feedstock for carrageenan
production. However, E. isiformis is a native species
endemic to the tropical and subtropical western At-
lantic Ocean. It is found throughout the Caribbean
but is nowhere locally abundant. E. isiformis exhibits
rapid growth in the spring, ceases to grow in the
summer, develops tetraspores in the fall, and then
goes through sporulation, followed by the disinte-
gration of mature plants in the winter. Its spores ger-
minate the next spring (Dawes et al. 1974). Eu-
cheumatoid species naturally produce high amounts
of carrageenan, a compound commonly used in the
food, cosmetic, and pharmaceutical industries. E. isi-
formis produces iota-carrageenan, which has been
shown to typically be 40%-60% of the organism'’s
salt-free, dry weight (DW; Guist et al. 1985; Caamal-
Fuentes et al. 2017).

Historically, wild populations of E. isiformis have
been collected for traditional foods and exported be-
yond the Caribbean in small amounts (Smith and
Fort 1997; Smith and Renard 2002; Hayashi et al.
2017). E. isiformis is grown and harvested commer-
cially in Belize, where approximately 800 kg (air-dry
weight) were exported annually to the United States
for use in health-food applications during the 1990s.
In recent years, the export of seaweed has been
much less than this, but harvesting continues for this
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purpose and for local consumption. The establish-
ment of marine protected areas that include harvest-
ing sites on the Belize barrier reef has led to renewed
interestin cultivation to provide alternative sources.
On average, E. isiformis cultivated in Belize reaches
24-30 cm after 90 days (TNC 2017). The growth of
vegetative E. isiformis propagules in Florida and Be-
lize averages 2%-2.4% per day (Dawes 1974; Dubon
et al. 2021), and a typical cultivation cycle for E. isi-
formis in Belize is 10-12 weeks (Dubon et al. 2021).

Kappaphycus

A%

Figure 3. Kappaphycus alvarezii. Photo credit: Juli-Anne
Russo, CAEIH.

K. alvarezii (Rhodophyta, Gigartinales), also known
commercially as Eucheuma 2 cottonii or simply cot-
tonii, is a red alga native to the Indo-Pacific (Fig-
ure 3). K. alvarezii has been introduced throughout
the warm tropics for commercial cultivation because
it grows quickly, ® and it produces high yields (up to
35% DW; Pong-Masak and Sarira 2020) of kappa-
carrageenan, which has an established commercial
value in global markets. K. alvarezii was introduced
to the Caribbean Sea in the 1970s. Within the Carib-
bean, K. alvarezii is either currently grown or has his-
torically been grown in Belize, St. Lucia, Mexico, Pan-
ama, Jamaica, Cuba, Venezuela, and Brazil (Cabrera et
al. 2019). Caribbean seaweed farmers seem to have

developed a preference for growing K. alvarezii over
E. isiformis or Gracilaria spp.; however, it is often dif-
ficult to confirm the taxonomy of specific cultivars
farmers use without molecular analysis. In many
countries where it has been introduced, K. alvarezii
remains confined to seaweed farming areas. In other
parts of the world, like India and Hawaii in the
United States, it has become an invasive species
(Rodgers and Cox 1999; Conklin et al. 2009; Arasam-
uthu et al. 2023).A more in-depth review of Kap-
paphycus farming and the potential trade-offs of
farming it in the Caribbean Sea is presented in Ap-

pendix A.

Gracilaria

The Gracilaria genus contains over 100 species.
Gracilaria spp. are cultivated throughout the world,
but China and Indonesia produce the overwhelming
majority. In 2016, these two countries were respon-
sible for 98% of the global production of farmed
Gracilaria (FAO 2016; Kim et al. 2017). Gracilaria
spp- naturally produce large quantities of agar; up to
25% of an individual’s DW may be attributed to agar
(Yudiati et al. 2021). As such, the Gracilaria genus is
currently the principal source of agar worldwide
(Freile-Pelegrin and Murano 2005).

Numerous Gracilaria spp. are both native to the
Caribbean and strong candidates for commercial
aquaculture production, including G. armata, G.
cervicornis, G. cornea, G. crassissima, G. debilis, G.
mammillaris, G. edulis, and G. domingensis (Figure 4;
Zertuche-Gonzalez 1993, 1996, 1998; Zertuche-
Gonzalez et al. 1999; Smith 1997; Bhushan et al.
2023). These species are widespread throughout the
Caribbean Sea but seldom abundant in any one
location. Gracilaria spp. are notoriously hard to
identify to the species level, and not all are readily
distinguishable by their morphology. In some cases,
the location of the wild population can provide a clue
for speciesidentification. For example, in St. Lucia, G.
crassissima is found in calm areas, and G. debilis in
areas with moderate to severe wave action, typically
on rock or coral rubble (Smith et al. 1984).

The fast growth rates and relative robustness of
Gracilaria spp., in addition to their high agar yields,
make them good candidates for seaweed farming.

aUntil 1996, K. alvarezii was named Eucheuma alvarezii or Eucheuma cottonii, but molecular studies of the species’ gen-

otype led to its renaming (Guiry and Guiry 2022).

bUnder ideal conditions, K. alvarezii can double in size in 15 to 30 days (Azanza-Corrales et al. 1992; Trono et al. 1992).
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Gracilaria grown in the Caribbean typically require
at least 8 weeks to reach harvest size (Smith 1997).
During this growout period, daily growth rates of
4%-7% have been observed for G. cervicornis, G.
crassissima, G. debilis, G. armata, and G. mammillaris
(Hayashi et al. 2017; Roberson et al. 2022). Yields of
up to 2.4 kg WW per meter have been reported from
farms near St. Lucia (Smith 1997).c Many Gracilaria
species can also tolerate salinity levels ranging from
20 to 35, so they are particularly good candidates for
sites located near estuaries or areas with high runoff.

Figure 4. Gracilaria species for cultivation in the Carib-
bean: (A) G. cervicornis, (B) G. cornea, (C) G. mammillaris,
and (D) G. domingensis. Photo credit: Mayra A. Sanchez
Garcia and Loretta Roberson, Marine Biological Labora-
tory (MBL).

Country-specific histories of
seaweed farming

Within the Caribbean, two countries, Belize and St.
Lucia, have pioneered seaweed farming techniques
and led production. The following subsections sum-
marize seaweed farming in each country.

Belize — a brief production overview,
excerpted from TNC’s Seaweed Situation
Analysis for Belize (TNC 2024b)

Harvesting wild edible seaweeds in Belize has been
ongoing for over 40 years. As recent as the 1990s,

individuals from the Placencia Producers Coopera-
tive Society Limited (PPCSL) were also harvesting
wild seaweed and exporting hundreds of kilograms
of dried Eucheuma to the United States for use in the
food industry. However, it is believed that over the
years, the wild stocks decreased to very low levels,
no longer supporting export activities. Fishers who
traditionally harvested the seaweed realized this
and, with the help of local partners and nongovern-
mental organizations, sought out aquaculture as an
alternative livelihood and a solution that would al-
low them to continue selling seaweed without fully
depleting the wild stocks.

Seaweed farming in Belize has grown slowly for
more than a decade, mainly led by small-scale pro-
ducers such as the PPCSL, the Belize Women’s Sea-
weed Farmers Association, and several philan-
thropic organizations. Funding for the Dangriga De-
velopment Initiative in 2002 resulted in the
development of test plots off the shore of Twin Cayes
in South Water Caye Marine Reserve. The World
Wildlife Fund and the Belize Fishermen Cooperative
Association sponsored and hosted a seaweed culti-
vation training workshop in 2005, which covered the
cultivation methods for both E. isiformis and
Gracilaria spp. The training was facilitated by the
late Allan Smith of St. Lucia. Funding for farm devel-
opment and expansion was provided to the coopera-
tive through the Community Management of Pro-
tected Areas for Conservation Programme in 2010
and through the Global Environment Facility - Small
Grants Programme in 2013. TNC-Belize also pro-
vided financial support to the cooperative in 2014 to
improve management capacity. With the balance of
its funding from the 2013 grant, the cooperative de-
veloped a seaweed cultivation training manual in
2016. To expand the scale of the training, TNC fi-
nanced and co-developed a full seaweed cultivation
training program in 2016 in collaboration with the
PPCSL and Coral Caye. The training program consists
of a manual, video, curriculum, and both theoretical
and practical sessions. In 2018, The Belize Fisheries
Department, TNC, and partners conducted extensive
ecological and growth rate monitoring on E. isi-
formis. Additionally, Belize’s first National Maricul-
ture Policy was accepted by the government in
March 2022. TNC'’s support of the project was and

¢ A typical wet weight to dry weight (WW:DW) ratio for Gracilaria is 8:1.
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continues to be based on the three-tiered benefits
the farms provide: social, economic, and ecological.

The Belize seaweed farming industry is in its infancy;
production, governance, institutions, and markets
are still being developed. On average, the local mar-
ket purchased approximately 2000 1b annually of
dried seaweed product (10,000 kg WW) over the
last 5 years. Almost all production in the country is a

part of the economy of urban and coastal popula-
tions, including the two main pilot production areas
of Placencia and Turneffe Atoll (Figure 5). Seaweed
is sold in the local market, which includes house-
holders, small and midsize retailers, restaurants, and
hotels. A small but unknown quantity is also believed
to be shipped overseas to the diaspora market in the
United States.

Figure 5. Map of Belize depicting regions with the highest concentrations of seaweed farms. Image credit: Jim Kopp,

Kopp lllustration, Inc.

St. Lucia — a brief production overview

In 1981, a research project was started in the De-
partment of Fisheries in St. Lucia, with support from
the International Development Research Centre of
Canada, to develop low-cost cultivation methods for
seaweed species used for local consumption (Smith
et al. 1986; Smith 1997). The first small commercial
plots were established in 1985 on the island’s south-
east coast, following the methods used in the Philip-
pines. Initially, seaweed farming in Saint Lucia used

a Gracilaria species. Then, in the mid-1990s, a pro-
gram in St. Lucia sought to identify species suitable
for the seaweed market that would be less suscepti-
ble to the seasonal appearance of epiphytes that ei-
ther reduced the quality of the Gracilaria crop in
many areas or made cultivation impossible. K. al-
varezii was introduced in 2013 as part of the Depart-
ment of Fisheries initiative to improve the yield ob-
tained from the plant. This, in turn, led to higher-
quality drinks, foods, and cosmetic products. Over
the years, farmers’ preference for K. alvarezii seems
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to have increased. Still, it is difficult to determine the
species many farmers use since there has been lim-
ited genetic testing within the region. E. isiformis had
been cultivated by a few farmers in the past; how-
ever, it was not as popular because it broke off from
the lines easily, and K. alvarezii grew larger.

Presently, the four main farm areas are Gros Islet,
Eau Piquant/Savannes Bay, Praslin, and Laborie
Bays, with two main seaweed cooperatives estab-
lished in Eau Piquant and Praslin (Figure 7; Makeba
Felix, Department of Fisheries, pers. comm.). In
2023, St. Lucia had almost 400 registered seaweed
farmers; approximately 40% were women. While
not all of St. Lucia’s seaweed farmers are registered,
the 2023 tallies represent a significantincrease from
2019, when approximately 215 seaweed farmers
were registered (roughly 25% of these were
women). Over the last year, the number of individu-
als planting seaweed has dramatically increased.
This increase can be attributed to the high demand,
especially in the export market, and the consequen-
tial high price being offered. Moreover, unemploy-
ment due to the COVID-19 pandemic also caused
many individuals to transition to seaweed farming
since it is a quick and easy way to generate income.

Most of the development efforts within St. Lucia’s
seaweed farming sector center on increasing value-
added projects since the profits from selling the raw
products were not encouraging the sector’s growth
nationally. As a result, significant investments have
been made in processing facilities in areas such as
Praslin. Additionally, Export Saint Lucia, which is the
national agency responsible for trade export and
promotion in Saint Lucia, has contributed signifi-
cantly to the sector’s expansion. This additional in-
vestment by the Government of Saint Lucia has led
to farmers accessing markets in Dubai, the United
Kingdom, and the United States. Export Saint Lucia
also assisted in creating an export development plan,
which was developed and executed in late 2018 to
help the industry meet international requirements.
The plan incorporated export promotion in the
United States and the United Kingdom and posi-
tioned the product as one of the world’s best. The De-
partment of Fisheries has also begun work on a na-
tional seaweed management plan to help alleviate
some of the current issues the sector faces, including
user conflicts because of a lack of marine zoning/

demarcation, praedial larceny, and other issues re-
lated to climate change.

Production details for other Caribbean
locations

Information on production practices and statistics
for other Caribbean locations is not widely available.

~ \ I %

Figure 6. A fishing village in Saint Lucia. Photo credit: Juli-
Anne Russo, CAEIH.

Figure 7. The island of St. Lucia. Image credit: Mayra A.
Sénchez Garcia, MBL.
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Section .
Production
recommendations
for nearshore, small-
scale seaweed
farming in the
Caribbean

This section introduces the most relevant production-related
considerations for small-scale tropical seaweed farming and
synthesizes recommendations for better practices related to
each. We consider seaweed farms using less than or equal to
2 ha of ocean area to be small-scale farms.

Site selection

Careful site selection is of utmost importance for prospective
seaweed farmers. Existing floral and faunal assemblages, abi-
otic environmental conditions (e.g., temperature, nutrients),
other water users, proximity to supporting infrastructure, and
engineering constraints must all be considered. The best sites
for farming in the Caribbean minimize the potential for im-
pacts to marine organisms and other water users while meet-
ing the environmental conditions optimal for seaweed growth.

Ecological considerations for site selection

Protecting sensitive nearshore habitat: The Caribbean Sea
has a high abundance of ecologically important microcosms,
such as seagrass beds, coral reefs, seamounts, reef flats, and
mangroves. To prevent possible damage to these sensitive
habitats, farmers should avoid siting seaweed farms over
these features. Furthermore, a buffer between these sensitive
habitats and seaweed farms should be established to prevent
damage to them during normal farm operations or in the event
of equipment failure due to storms. A 50-ft buffer has been
deemed adequate in several instances (Hurley and O’Connell
2021).



Box 2: Ecological importance of seagrasses

Seagrass beds (e.g., Figure 8) are some of the most biologically productive ecosystems on the planet (Duarte et
al. 2005). As keystone species, they play a critical role in supporting a diverse array of animal and plant species
and are crucial components in conserving marine biodiversity. Seagrass beds provide important nursery areas for
juvenile fish and foraging areas for herbivorous fish, such as parrotfish (Scaridae family) and surgeonfish (Acan-
thuridae family). Six turtle species inhabit the Wider Caribbean Region: green turtles, loggerhead turtles, hawksbill
turtles, leatherback turtles, Kemp’s ridley turtles, and olive ridleys (Eckert et al. 2020). Two of these species, the green
and hawksbill turtles, travel through seagrass beds to their nesting sites on sandy beaches (Kim et al. 2017).

In addition to their provisioning services, as they supply habitat and food, seagrasses provide the ecosystem with reg-
ulating services. As they photosynthesize, seagrasses take up carbon dioxide and release oxygen. Seagrasses assimilate
excess nutrients that could otherwise trigger nuisance algal blooms and help stabilize and retain sediment along the
shoreline, which mitigates beach erosion. Seagrasses, coral reefs, and mangroves are connected by the species that
move between them. Some species move between these habitats daily, while others may actively relocate from
one system to another only once in their life cycle or only as planktonic larvae. Multiple anthropogenic and envi-
ronmental stressors impact these communities, like climate change, sedimentation, and nutrient pollution.

Figure 8. An anemone stirs in the seagrass off the coast of Belize. Photo credit: Jennifer Adler, Jennifer Adler
Photography.

Reducing grazers: In addition to being an environ-
mentally responsible better practice, siting farms
away from seagrass beds, coral reefs, seamounts,
and mangroves has production benefits for the farms
because it reduces grazer recruitment. Grazers are
organisms that feed on plant and algal matter, like

sea urchins, turtles, sea cucumbers, parrotfishes
(Scaridae family), moonyfishes (Monodactylus spp.),
and blennies (Pteroscirtes spp.), as well as surgeon-
fishes, tangs, and unicornfishes (Acanthuridae fam-
ily). Many of these grazing organisms reside or feed
in seagrass beds, corals, or mangroves. So, siting
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seaweed farms a distance away from these areas can
help minimize the presence and impactd of these
grazers on the crop. Similarly, siting farms in deeper
water (22 m during low tide) can help prevent
grazer damage because benthic, or bottom-dwelling
organisms, will not be able to easily reach the crop.
Grazer impact can also be addressed by preemp-
tively increasing the seaweed density at the time of
outplanting. Including an estimate of grazer impact
in the outplanting serves as a buffer, increasing the
likelihood of a reasonable final harvest quantity.

Minimizing epiphytes: Potential impacts from epi-
phytes can be minimized with seaweed farms’ in-
formed and strategic siting. Epiphytes are organisms
that use the surface of another organism for habitat
and nutrients. Epiphytic organisms commonly found
on farmed Caribbean seaweeds include other algae, ¢
worms, tunicates, and bryozoans. The likelihood and
degree of epiphytes that might colonize farmed sea-
weed can be reduced by siting farms in areas where
epiphytes are naturally low and by selecting areas
with suitable currents. Regular farm maintenance
and the cleaning of lines and seaweed can also keep
epiphyte loads to a minimum.

Reducing marine mammal interactions: Siting de-
cisions should also include considerations of the ma-
rine mammal abundance and behavior in the area.
Marine mammals may interact with or be impacted
by aquaculture gear in various ways. For example, ce-
taceans may be attracted to aquaculture arrays due to
large aggregations of fish, which provide high-quality
prey. Entanglement from farm gear and vessel strikes

from farm operations may pose risks. Marine mam-
mal interactions with seaweed farming activities
have been shown to vary between culture methods
and cetacean species (Diaz Lopez and Methion 2017;
TNC 2021). While there have been no known reports
of entanglements with seaweed farms globally, siting
farms away from areas with frequent sightings of
marine mammals will help ensure that this remains
the case. Additional better practices, such as keeping
farm lines taught and minimizing the number of ver-
tical lines used in the farm design, will also help min-
imize the perceived or actual risks of having sea-
weed arrays in the water. Lastly, a Marine Wildlife
Observer Training and Response Protocol is essen-
tial to avoid endangering marine mammals, sea tur-
tles, and species protected under the Endangered
Species Act (ESA) and Marine Mammal Protection
Act (MMPA) during farm operations. Appendix B
provides an example protocol, including details for
initial deployment procedures, responses to entan-
glement, vessel strike avoidance, and visual monitor-
ing.

Environmental considerations for site
selection

The environmental conditions at a prospective sea-
weed farming site will critically affect the growth
and health of the cultivated seaweed. At a minimum,
prospective sites should be evaluated for water tem-
perature, salinity, turbidity, current, and nutrients
across seasons. Table 1 lists a general range of toler-
able and optimal values for tropical seaweeds.

Table 1. General site conditions conducive to tropical seaweed farming.

Parameter Tolerable Optimal
Bottom type Silt Sand
Water temperature 22-33°C 22.5-28°C
Salinity > 20 (Gracilaria) 30-35

Photosynthetic active

radiation (PAR)

Turbidity Low
Current < 0.2 m per second
Nutrients Nitrate: 1-3 ppm

Phosphate: 0.01-0.02 ppm

125 pmol photons/m?2/s

> 29 to 35 (Eucheuma)

1000 pmol photons/m2/s

Low
0.2-0.5 m per second

Nitrate: > 3 ppm
Phosphate: 0.2 ppm

d A high abundance of grazers at a farm site can slow seaweed growth and ultimately result in a lower hydrocolloid yield.
e The most prolific epiphytic algae in the region are Ulva spp., Cladophora spp., Ceramium spp., Centroceras spp., Hypnea
spp., and Padina spp.
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Sites where the water temperature is less than 30 °C
are best. In many areas of the Caribbean, establishing
seaweed farms in deeper coastal waters (= 12 m) is
preferable. Deeper water is likely to be cooler than
shallow water and more consistently within the sea-
weed species’ optimal temperature range (22-
30 °C). Deeper water is also commonly located fur-
ther from shore, thus reducing the likelihood of con-
flict with other water users (i.e,, beachgoers, kayak-
ers, swimmers, etc.) and critical habitats (i.e,
seagrass beds). However, decisions to locate farms in
deeper waters have social and economic implica-
tions. Many of the existing seaweed farmers cannot
swim, and there have been reports of near-drowning
incidents while accessing or working on their farms.
So, siting farms in deeper waters may limit access to
those who are comfortablein deeper waters and able
to use and own boats. Should a community or coun-
try wish to guarantee access for all, there is a need to
ensure that some of the nearshore areas remain
available for farming and that farms are not confined
to more distant and less accessible zones.

Sites with stable, higher-salinity water are prefera-
ble, and sites where fluctuations in salinity may rou-
tinely occur should be avoided, as variable salinity
can exert stress on some seaweed species. For exam-
ple, Gracilaria spp. can tolerate salinity levels as low
as 20, but Eucheumatopsis isiformis grows best in sa-
linity levels between 29 and 35. Highly variable sa-
linity can also lead to algal stress and disease.

Turbidity (or water clarity) and salinity at a site may
fluctuate seasonally, following weather events, or
due to an anthropogenic disturbance. High turbidity
for short periods may result in increased sedimenta-
tion on the crop and cultivation array. Also, high tur-
bidity may be associated with other changes in the
water at the site (such as low salinity, a change in the
predominant current direction, etc.), which can be
associated with biofouling or disease outbreaks. If
the water is highly turbid at a specific site for long
periods, it may not be suitable for seaweed cultiva-
tion because turbidity can prevent sufficient light
from reaching the crop. However, some species, like
Gracilaria, are highly tolerant, so site selection must
be species-dependent.

Water motion is important for growth because diffu-
sion makes materials move in and out of these sea-
weeds, bringing nutrients to the seaweed crop. Wa-
ter exchange helps keep the crop cool, too. Stagnant
and shallow water should be avoided.

In the Caribbean’s typically oligotrophic coastal wa-
ters, sites with consistent background nitrate levels
of 1 to 3 ppm and phosphate levels of 0.01 to 0.021
ppm are optimal from a nutrient perspective. Areas
close to runoff or sewage outfalls should be avoided
because of the potential for salinity fluctuations and
because untreated or minimally treated wastewater
can harbor bacteria and other pathogens that in-
crease infection risk in the cultivated seaweeds.

Social considerations for site selection

Anthropogenic impacts and other water users

Before establishing a farm site, it is important to as-
sess if and how other people might already use it. If
marine tourism operators (e.g., dive shops, kayak
outfitters, etc.) are in the area, a visit to these estab-
lishments to ask about whether they take clients to
the desired site will help eliminate potential con-
flicts. Similarly, if local fishing cooperatives or recre-
ational fishers are in the region, having conversa-
tions with them to ensure that the desired site is not
in a heavily fished area is critical. When conversing

we NS

Figure 9. Dense seaweed farming activity close to the
beach in St. Lucia. Photo credit: Juli-Anne Russo, CAEIH.
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Figure 10. An example of AquaMapper’s information. The aqua shading indicates a particularly sensitive sea area. Fuchsia
indicates an area to be avoided. Image credit: NOAA AquaMapper.

with these important stakeholders about the pro-
spect of a new seaweed farm in the area, a prospec-
tive farmer could highlight the shared interests be-
tween seaweed farming, tourism, and fisheries: they
all require well-managed and healthy marine ecosys-
tems. And thus, when these sectors are well-man-
aged, benefits can be transferred between them.

In addition to these key conversations with other
water users, spending some time at the site observ-
ing boat traffic at different times of the day will pro-
vide insight into whether the proposed farm is well-
situated for minimizing potential collisions with ves-
sels traveling through the area en route to another.
Minimizing the potential for collision is necessary
because if a boat collides with the farm, it could harm
the passengers on board, the boat, the cultivation ar-
ray, or the crop. In St. Lucia, there have been in-
stances when boat operators are not able to get their
boats to shore due to the high concentration of sea-
weed farms close to the beach (Figure 9).

In areas with many competing uses of the nearshore
marine area (e.g., underwater cables, protected ar-
eas, shipping lanes), a spatial mapping and planning
approach could be used to reduce user conflicts and
identify the most suitable sites for aquaculture

development. TNC’s Aquaculture Site Selection Check-
list (n.d.) is an example of an aquaculture site selec-
tion checklist that includes not only environmental
factors but also social and economic factors. In U.S.
waters, the Ocean Reports and the National Marine
AquaMapper Tool (Figure 10) developed by the U.S.
National Oceanic and Atmospheric Administration
(NOAA) are useful resources to aid in successful site
selection, including providing material such as maps
and user conflicts that are required for permitting.

Site marking

Clearly marking the farm site is usually advanta-
geous to the farmer and is dictated by an aquaculture
permit. A well-marked farm can help with farm op-
erations and prevent damage to the crop or gear
from nonfarm vessels (Figure 11). Typically, ob-
structions in the water must also be marked for the
safety of other water users. The most common
boundary markers are buoys or stakes. If the farm is
large, markers may be required along the perimeter
rather than at just the corners.

In some cases, the type of marker, its color, and its
location will be specified by the relevant coast
guard f or the agency granting the aquaculture per-
mit. Lights or radar reflectors may be required, and

fIn some regions, lease boundaries may also be noted on nautical charts and chart plotters.
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Figure 11. A well-marked seaweed farm in Belize. Photo
credit: Maximiliano Caal, Belize Women’s Seaweed Farm-
ers Association.

if not, reflective buoy tape is advisable so that buoys
can be more easily spotted during nighttime water
travel. If the marker color is not mandated, then the
farmer may weigh the costs and benefits of various
colors according to their site location and character-
istics. Generally, brightly colored buoys make it eas-
ier for other boaters to see the farm, which is advan-
tageous in high-traffic areas. However, darker-col-
ored buoys are usually preferable for minimizing the
farm’s visual impact from shore. If markers are lost
or stolen, it is important for the safety of other water
users that they are replaced in a timely fashion.

Security and vandalism

Some locations in the Caribbean have experienced
thefts of seaweed or farming equipment (e.g., buoys).
Siting a farm near an establishment where someone
can watch over it can help deter unwanted visitors to
the farm. Equipment theft can also be minimized by
using metal instead of rope for those connections
that are accessible from the surface.

Supporting infrastructure

The proximity of onshore facilities is also a consider-
ation when choosing a farm location, and the im-
portance of this criterion likely increases propor-
tionally with the size of the planned operation. Pro-
spective farmers may want to consider access to a
dock and hoist for lifting seaweed and equipment,

fresh water for rinsing seaweed and equipment, re-
frigeration, or drying facilities (depending on the tar-
get market). Farmers may also want to consider
whether the landing pointis accessible, and on or ad-
jacent to a main thoroughfare. Furthermore, sharing
a dock with fishers bringing in their catch can result
in conflicts over space and timing (Figure 12) and
could be unhygienic. If access and funding can be ac-
quired, establishing a separate dock for seaweed
farmers could reduce potential conflicts and im-
prove quality control for the harvested seaweed.

Seed sourcing, nurseries, and

breeding programs

The Caribbean’s wild seaweed populations of eco-
nomic importance are unable to support industrial
exploitation. Even harvesting wild seaweeds for tra-
ditional use within the region has led to a decline in
these seaweed populations. The species described
and recommended previously in this report were se-
lected because their wild populations are likely
found in concentrations sufficient to provide an ini-
tial source of broodstocks or propagules for nurse-
ries, yet their wild populations alone cannot support
commercial harvesting. Further development of sea-
weed farming and/or value-added processing in the
Caribbean must therefore be supported by both
nursery systems and better management of the wild
stocks.

Figure 12. Dock in St. Lucia shared by fishers and seaweed
farmers. Photo credit: Juli-Anne Russo, CAEIH.
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Figure 13. The triphasic life history of red seaweeds. Illustrator: Jim Kopp, Kopp Illustration, Inc.

Most tropical red seaweed farming worldwide, and
specifically in the Caribbean, relies on vegetative
propagation techniques. This involves subdividing a
mature, larger organism into several smaller pieces,
or propagules. Then, each propagule is grown to full
size.

Spore-based propagation in red seaweeds is much
rarer. It involves either placing suitable substrates
within or nearby wild populations that have repro-
ductive individuals or obtaining reproductive indi-
viduals from the wild or a broodstock collection.
Then, spore release can be triggered in these individ-
uals. After release, the spores settle and germinate,
either giving rise to male and female gametophytes
or tetrasporophytes (Figure 13). However, this has
only been studied and characterized in a few species
of red seaweeds (i.e., Porphyra or Pyropia), so the
timings and triggers of spore release and the suc-
cessful propagation in the other life history stages
are unknown for most tropical species.

There are trade-offs between vegetative and spore-
based propagation, namely with regard to cost/ef-
fort and the crop’s genetic diversity. Vegetative
propagation is sometimes referred to as clonal prop-
agation because when it is the exclusive propagation
method used, the crop’s genetic diversity is never re-
plenished. Hence, large portions of the crop may
originate from a few clones. This can be problematic
because species survival, adaptation potential, and
resistance to biotic and abiotic stressors are enabled
by intra-specific genetic diversity. A lack of genetic
diversity within the farmed crop can translate to de-
creased resilience to disease and other stressors
(Tano etal. 2015).

In contrast, the techniques involved in spore-based
propagation result in a refreshed gene pool of off-
spring (i.e., juveniles for outplanting). Also, they sup-
port robust strain development in which desirable
traits can be identified and selected for over genera-
tions, meaning that individuals with the best expres-
sion of the target trait(s) can be used as parents for
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the next generation of offspring. However, to use
spore-based propagation techniques, the nursery
must be able to successfully maintain stocks through
each life stage and effectively induce transitions be-
tween specific ones (i.e., spore release). This exper-
tise has not yet been developed for many red sea-
weed species, as the triphasic life cycle is more com-
plicated than the life cycles of many commonly
cultivated brown and green seaweed species. Addi-
tionally, even if the techniques are known, spore-
based propagation requires a nursery facility, which
comes with additional requirements for land, infra-
structure, staff, and funding (Pereira et al. 2024).

Farmers using seeds produced vegetatively benefit
from the support of a simple land-based nursery for
maintaining vegetative material during the rainy and
hurricane seasons (Roberson et al. 2024). This
nursery could consist of large concrete, plastic, or fi-
berglass tanks equipped with flowing seawater. Ide-
ally, these tanks would be sunk into the ground (Fig-
ure 14) or enclosed in a climate-controlled building

to maintain stable water temperatures throughout
diurnal and seasonal changes. These tanks should
hold a supply of each cultivated seaweed species that
can then be used to support the development of
unique cultivars and reseed farms if a catastrophic
loss occurs. A nursery of this design could potentially
be communal or multipurpose. It could either sup-
port other aquaculture operations, additional land
uses (e.g., solar park), or high-value products
(nutraceuticals and pharmaceuticals). The nursery
operations could be supported by a cooperative
model, an independent business, or as part of a ver-
tically integrated company that maintains both a
nursery and a growout operation. Existing examples
of Caribbean fishing cooperatives already have com-
munal facilities that could be retrofitted with tanks
for a seaweed nursery. For example, in southeastern
Puerto Rico, the Commercial Fishing Association -
Villa Pesquera de Naguabo has teamed up with re-
searchers from Florida Atlantic University and the lo-
cal nonprofit organization Conservaciéon ConCiencia

Figure 14. Three photos of the sunken seaweed holding tanks at the CINVESTAV field facility near Merida, Mexico. CIN-
VESTAV stands for Centro de Investigacidn y de Estudios Avanzados [Center for Research and Advanced Studies].

Photo credit: Mayra A. Sanchez Garcia, MBL.
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to design and build the Naguabo Aquaculture Center
within the Fishing Association’s headquarters. Davis
et al. (2023) explained that “the Center’s infrastruc-
ture includes a saltwater system with two 2000-gal-
lon reservoir tanks on chillers, filtration and ultravi-
olet sterilization (200 ft2); a temperature-controlled
hatchery and microalgae culture area (144 {t2); a re-
circulating nursery system for conch; and an aqua-
ponic area for sea vegetables and other species
(500 ft2).” In addition to studying these examples in
the Caribbean, there have also been several guides
on setting up nurseries for red alga species devel-
oped by researchers from outside the region (Yarish
and Edwards 1982; Yarish et al. 2012; Redmond et
al. 2014).

More complex nurseries will be required for spore-
based propagation techniques, including the mainte-
nance of a broodstock and the potential establish-
ment of breeding programs. Starting and maintain-
ing contamination-free broodstocks will require spe-
cial aseptic capabilities and facilities. For security
and convenience, multiple breeding trials are likely
to be initiated in small-scale controlled environ-
ments (e.g., dozens to hundreds of flasks in illumi-
nated incubators) that mimic farm environments.
Once considerable biomass of putatively superior
strains is built up, this will warrant outplanting and
testing on commercial farms.

In Asia, the seaweed industry has long used selective
breeding for macroalgal strains with specific physi-
cal or composition qualities. Now that interest in

A B

seaweed farming has expanded beyond the histori-
cal epicenters and into new areas, the value of selec-
tive breeding practices for cultivated seaweeds is
also receiving more recognition. From a producer’s
standpoint, breeding programs that include strain
barcoding allow for the selection of more productive
seedstocks that have specific physical or composi-
tional qualities. From a resource manager’s perspec-
tive, breeding programs can significantly reduce
pressure on wild seaweed stocks because considera-
bly fewer wild reproductive individuals are needed
to produce seed (most nurseries with breeding pro-
grams still require some collection from wild popu-
lations).

Potential risks remain when developing, scaling, and
commercializing algal strains. There could be genetic
impacts on wild seaweed populations, both from the
targeted harvesting of reproductive individuals for
broodstocks and from the possible interbreeding be-
tween a wild individual and commercialized strain if
farms are near wild populations of the same species.
Modern genomic screening methods may be used to
search for mutations in parents that will only pro-
duce nonreproductive offspring, thus eliminating
possible interactions (Vissers et al. 2023). There is
also a risk that the selection efforts do not actually
achieve the desired physical or compositional quali-
ties, or that the high performance of strains in the
nursery does not translate to high performance at
the farm site. Lastly, as the maintenance of cultures
in a lab or tanks can require intensive efforts, there

Figure 15. (A) Traditional peg and line design for a seaweed farm, using made loops. (B) Off-bottom design for a sea-
weed farm, using double made loops. lllustrator: Colin Hayes, Colin Hayes Illustrator, Inc.
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could be a scenario where breeding programs can-
not be established or carried forward due to species-
specific sensitivities and/or a lack of financial or per-
sonnel support.

Regardless of whether vegetative or spore-based
propagation is used, developing a tank-based stock
of seaweed to reseed seaweed farms can help ensure
the longevity of the wild seaweed stock as long as
wild harvesting of seedstock is done responsibly. To
avoid unintended impacts on wild seaweed popula-
tions, seeds or spores for cultivation should be
sourced from the same bioregion as the farm site,
and a diverse selection of parental material should
be collected. A wild population should never be com-
pletely harvested. A good rule of thumb is that no
more than 75% of the standing stock should be re-
moved, but this guideline should be adjusted based
on the species in question and the site. For example,
Gracilaria debilis regenerates well from coalesced
holdfasts, suggesting that the over-recruitment of
sporelings may be more important for this species
(Smith et al. 1986). Also, when harvesting, entire
plants should not be removed. Instead, only a por-
tion of the plant should be removed, leaving the
holdfast and some fronds still attached to the bot-
tom.

In many places, harvesting seaweed from the wild
requires a collection permit from the fisheries de-
partment. Even if this requirement is not enforced,
obtaining a permit is a better practice because it
serves as a record of interest and effort that the fish-
eries department can track over time and geography.
Resource managers working in areas that do not re-
quire permits for seaweed harvesting may consider
establishing such a system. Managers could also
evaluate opportunities to help maintain diversity in
wild seaweed populations by establishing conserva-
tion zones with specific restrictions on the fre-
quency, seasonality, or eligibility of seaweed har-
vesting.

Cultivation systems

Avariety of farming array designs are currently used
in the Caribbean. They include peg and line, off-bot-
tom, floating rafts, longline, and multi-line systems.
Table 2 provides an overview of the ideal water
depth and anchoring system for each one. Additional
details on each system follow.

Table 2. Farming arrays used in the Caribbean, their ideal
water depths, and common anchoring systems.

Ideal water depth

Array type atmeanlowtide Anchoring system

I?eg and 05-1m Wooden stakes or

line rebar

Off- Wooden stakes or

bottom 0.5-1m rebar, cement

anchors

Floating 3m Cement anchors

raft

Multi-line Drag-embedment
>3m

anchors

Historically, the peg and line approach has been the
most widely used for tropical seaweed production in
other parts of the world. Peg and line systems have
parallel rows of stakes with polypropylene, polyeth-
ylene, or nylon rope tied between them (Figure 15A).
The seaweed seeds are manually tied to the rope us-
ing smaller-diameter lines called made loops or tie-
tie (Figure 16). Because they require little capital in-
vestment and no significant equipment, the peg and
line and off-bottom styles of cultivation array work
well if seaweed farming activities are permitted in
shallow intertidal or subtidal areas or in sheltered
bays (Hayashi et al. 2017). However, the peg and line
system is especially labor intensive because each peg
and line mustbe inserted and maintained separately.
Early in the development of seaweed farming in the
Caribbean, some farmers experimented with the peg
and line method by using mangrove stakes (Pereira
et al. 2024), but for the aforementioned reasons,
combined with increased protection of mangroves,
this method is no longer favored in the region.

Off-bottom systems build on the peg and line ap-
proach. Instead of using a stake at the end of every
growline, these systems use growlines tied to a fram-
ing line that runs perpendicular to them (Fig-
ure 15B). This design reduces the required anchor
points, which, in turn, allows for a cement anchor re-
inforced with rebar to be used in place of stakes. The
standardized off-bottom system also helps reduce
the risk of seaweed loss because the farm is more re-
silient during storms. Off-bottom designs require
less time to maintain lines because the lines are a
uniform length and can be easily swapped out.
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Figure 16. The made loop method. (A) The seaweed is positioned on a circular tie. (B) The tie is wrapped around the sea-
weed. (C) A loop is made by passing the tie through itself. (D) The tie is pulled taut. Photo credit: Rachell Hester, WHOI.
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Box 3: The benefits of the double made loop

More recently, some industry members have
been encouraging seaweed farmers who use
made loops to change to a double made
loop, which allows two propagules to be at-
tached to the same point on the growline
(Figure 17). This method requires additional
effort to prepare the seedline, but it enables
more biomass to be cultivated in the same
amount of ocean area and with the same
amount of growline. Pilot studies in Tanzania
indicated that transitioning from a simple
made loop to a double made loop could re-
sult in a threefold increase in production.

Figure 17. Double made loop. Photo credit: Roshni Lodhia.

In Belize and St. Lucia, floating rafts have been one
of the most widely used cultivation arrays (Smith et
al. 1986). ¢ The floating raft structure is comprised of
the same thin (= 3/8 in; = 4.8 mm) plastic growlines
strung between bamboo or polyvinyl chloride (PV(C)
floats (= 3in; =76 mm; Figure 18 & Figure 19).
While bamboo was originally used in most places, in
Belize, its use was discontinued and is no longer rec-
ommended. This is because, with prolonged expo-
sure to sunlight, the bamboo cracks; eventually, wa-
ter seeps into it, causing the structure to sink. Hence,
more recently, floating raft structures have been
made with PVC pipes. Rafia (a fiber made from palm)
or polypropylene line is used to attach the seaweed
to the growline using the made loop method. Some : - : s

species can also be directly inserted between the Figure 18. Seaweed attached to the growlines of a float-
weave of the growline (e.g., G. debilis; Hayashi et al. ing bamboo raft. Photo credit: Wilbur Dubon, TNC-Belize.
2017). The floating array is anchored to the seafloor

using anchors made from cement, steel rebar, sand

or gravel, construction mesh, and PVC. No additional

floatation is needed if the growline length is kept be-

tween 3-5 m because bamboo and PVC are positively

buoyant.

g Some farmers have also experimented with covering a rock in 10-mm mesh nylon netting and then using the netting to
hold their target seaweed (G. debilis) in place (Hayashi et al. 2017). The propagules were observed to readily proliferate
through the netting. This method has been recommended in areas with high wave action where peg and line or floating
raft systems may otherwise be dislodged by the water motion. However, due to the relative effort required to establish
this system and the limitations on scaling it, we do not recommend rock covering as a best practice.
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Figure 19. Plan and side view of a floating raft in Belize. Note: The term “cultivation line” in this figure is synonymous with

“growline.” From Dubon (2018).

Multi-line systems have the same general structure
as the floating rafts, except that rather than floating
on the surface, the line with the seaweed is held at
the desired location and depth in the water column
by a combination of buoys (or plastic bottles) and an-
chors (Pereira and Yarish 2008). Longline arrays for
tropical seaweed farming commonly use short

Fy

¢ 42m (140’) >

« 145m (475')

61m (200’)

lengths of line spanning 10-15 m, but in the last few
years, arrays with longer lines (60 m) have also been
developed and tested in the region (Figure 20 and
Figure 21). The seaweed can then be attached to the
growline(s) via the traditional made loops or tubular
nets. This method has proved to be more resilient to
wave action than the raft system.

3m (10')
6m (20)

-
_\ l.\\
Small-mesh i 2
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embedment anchor 13mm (}4") Hydropro
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Figure 20. Plan view of a five-line array deployed and tested at several locations in the Caribbean from 2021 - 2022. Design

and image credit: TendOcean, LLC.
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Figure 21. An example of a multi-line array developed for kelp cultivation and adapted by Roberson et al. for tropical sea-
weed cultivation. See Roberson et al. (2024) for more plans involving multi-line arrays. Design and image credit: C.A.

Goudey & Associates.

Although made loops or tie-tie attachment methods
are currently standard industry practice, several
studies have shown the advantages of using tubular
nets (Figure 22) over made loops (Zertuche-Gonza-
lez et al. 2001; de Gées and Reis 2011; Pereira et al.
2024). Outplanting new seaweed in tube nets is
faster than the made loop method, and it can be done
either manually using a PVC pipe or mechanically. A
study conducted in Brazil found that this increased
efficiency lowered farming costs by 50% (Reis et al.
2015). Tube nets can also improve crop retention be-
cause if the seaweed thallus breaks in the tube net,
there is a greater chance that the material will be re-
tained within the net (rather than being lost to the
environment if made loops were used; Pereira et al.
2024). The study also compared the cultivation of
Kappaphycus alvarezii in tubular nets and made
loops, and it found no significant differences be-
tween the carrageenan yield of the seaweed grown
using either method. Furthermore, the researchers
observed that the seaweed in the tubular nets had

higher and more uniform daily growth rates (2.90%
+4.60% day-!in tubular nets vs.-2.14% + 8.50% day-
1 using tie-tie or made loops).

In trials conducted in southwestern Puerto Rico, re-
searchers found that some seaweed species may be
better suited for tube net cultivation than others.
Gracilaria spp. appeared to thrive in tube nets and
exhibited high growth rates (= 6% day!), but E. isi-
formis in tube nets quickly developed decaying tis-
sue and grew very slowly, if at all (Freile-Pelegrin
and Murano 2005). The material used to make the
tube net and the mesh size also impacted the degree
of fouling observed on the tube net, which subse-
quently impeded water movement in and out of the
net. A thin net with a medium mesh size is recom-
mended (Freile-Pelegrin and Murano 2005).

Above all else, the willingness to experiment and
keep a crop log is the most important approach for
finding gear and a site that works best for the farmer.
When first sourcing components for an array, farmers
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should consider trying a few different types of gear to
see how each style performs (if the lease/permit al-
lows). Then, they can add additional gear as they
learn more about the site and their operating needs.

Figure 22. Tube net with Gracilaria sp. ready to harvest.
Photo credit: Aaron Welch, Two Docks Shellfish.

Cutting of Seedlings

Slant Position Flat Position

Not this This

Not this This

Figure 23. How to cut a red seaweed thallus. lllustrator:
Jim Kopp, Kopp lllustration, Inc.

Outplanting and harvesting

Seedlings selected for outplanting should show no
signs of disease or pests. In general, they should
weigh 50-100 g each, but this varies somewhat by
species (e.g., Eucheuma is denser than Gracilaria, so
an appropriate target starting weight for Eucheuma
clumps may be closer to 100 g, but the same-sized
Gracilaria clump will weigh much less). A clean,
sharp razor blade should be used to divide any
clumps that exceed the target starting size by cutting
the central thallus in a horizontal direction (Fig-
ure 23). When preparing seedlings, take care to min-
imize the time that they are exposed to sun, air, wind,
or cool temperatures. If possible, the seedlings
should be attached to the growline while submersed
in water. When transporting seeds from the nursery
to the farm, keeping them covered from the wind,
shaded, and moist with salt water will also prevent
stress or mortality. Seedlings that show signs of de-
cay or significant fouling should be avoided and dis-
posed of on land. Table 3 explains when outplanting
occurs within the annual planting and harvesting
calendar.

Table 3. Annual planting and harvesting calendar.

Months Activity
Jan-Jun  Continual outplanting and harvest
e Crop and array cleaning every
~1-3 days
e Harvesting every ~6-12 weeks
(species and site dependent)
Jul Last harvest of the season
Aug - Oct Rainy/hurricane season; pause farming
operations
Nov Outplant new propagules
Dec First harvest of the season

Several better practices for harvesting from seaweed
farms can reduce potential impacts on nearby peo-
ple, animals, and the surrounding environment.
While harvesting, the crew should make efforts to
minimize the quantities of seaweed biomass lost to
the depths and seafloor. They should also keep a
careful eye out for organisms caught in the seaweed
or on the lines (e.g., crabs, juvenile fish) and, to the
degree possible, remove them from the seaweed
gear so that they do not become bycatch. One of the
most common complaints received from nearby
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Figure 24. Using plastic bottles as floats for seaweed
growlines. Photo credit: Juli-Anne Russo, CAEIH.

landowners is that aquaculture operations produce
a lot of noise, so tying up to the array and turning off
the motor while harvesting can help prevent these
complaints; it will also reduce operating costs and
reduce worker exposure to noise and motor exhaust,
which is better for long-term health.

Lastly, there is a need to reduce or eliminate prac-
tices that could result in marine plastic pollution.
Some initial actions to take toward this goal include
limiting the use and transportation of single-use
plastic to the farm site, replacing growlines before
they splinter or break, and reducing the use of plastic
bottles for buoys (Figure 24) and, instead, opting for
high-quality plastic buoys that do not degrade as
quickly. In service of the latter, when harvesting, the
crew can dedicate additional time to inspecting lines
for signs of degradation so that they can be promptly
removed when signs of wear appear. Land-based
harvesting operations and BMPs are described in
Section I1I: Market Opportunities and Supply Chain
Considerations.

Maintenance and biosecurity

Daily to weekly maintenance

The Caribbean’s warm coastal waters contain bi-
valve larvae (e.g., oysters, scallops), barnacles, am-
phipods, drift macroalgae (e.g., Chaetomorpha, Sar-

gassum), hydroids, tunicates, bryozoans, and fila-
mentous algae that will readily settle on the seaweed
crop and farming structure (Hayashi etal. 2017). Ad-
ditionally, sediments settling on seaweed propa-
gules have hampered farming efforts in some Carib-
bean locations (Figure 25; Smith et al. 1986). Thus,
tropical seaweed farmers should expect to spend at
least 10 days per month conducting farm mainte-
nance (Arasamuthu et al. 2023). Frequent cleaning
of the crop helps to promote algal health and high
growth rates by enabling maximum sunlight, nutri-
ents, and fresh water to reach the organism. It also
minimizes the incidence of epiphytes colonizing the
cultivated seaweed by keeping their populations
low. If possible, epiphytes should be removed from
the seaweed by hand. Any seaweed with an un-
healthy appearance should be removed and dis-
posed of on land. Seaweed lost from the made loops
or tube net can be replaced with new seedlings. If silt
has settled on the seaweed, it should be dislodged by
shaking the growline and fanning the water sur-
rounding the seaweed. In addition to manually
cleaning, at least one study has observed that cultur-
ing more flexuous species results in reduced levels of
sedimentation, and co-culturing species can create a
situation where one species is “swept clean” by an-
other more flexuous species (e.g., Gracilaria
domingensis sweeping clean G. debilis tied nearby;
Smith et al. 1986).

A minimum of weekly cleaning of the cultivation ar-
ray is also advisable. Frequent cleaning will prevent
the accumulation of fouling organisms that can
weigh down the array, and it is much easier to re-
move encrusting species while they are small. Before

Figure 25. Sediment being dislodged from Eucheumatopsis
isiformis. Photo credit: Luis R Rodriguez Matos, CariCOOS.
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tensioning any ropes, farmers should make sure that
no animals or large debris are entangled in the farm.
Then, smaller debris (e.g., driftwood) and nuisance
seaweed (e.g., Sargassum sp. or Ulva sp.) can be col-
lected and removed.

Weekly to quarterly maintenance

Routine structural inspections of the cultivation ar-
ray should be conducted at least quarterly to ensure
that all connection points are sound. Over time, the
polypropylene structural lines can chafe at the con-
nection points, so farmers should pay close attention
to signs of abrasion and preemptively apply protec-
tion or replace the lines to prevent a larger structural
failure. The polypropylene or nylon growlines
should also be inspected after each harvest. The con-
stant exposure to ultraviolet radiation eventually
causes the plastic to become brittle, so these lines
should be removed and replaced before they begin
to shed plastic particles into the water. Inspecting
buoys, anchors, chains, and connections for rust is
also important to prevent gear failure.

Disease identification, prevention, and
management

Biosecurity protocols play an important role in safe-
guarding cultivated crops from harmful biological
agents that may cause diseases or damage the sea-
weed. Disease outbreaks can have detrimental ef-
fects on seaweed farm yield and farmer income.
Worldwide, the most prevalent diseases and crop is-
sues observed on tropical seaweeds are ice-ice dis-
ease, tip discoloration and darkening, epiphytic fila-
mentous algae, grazers and pests, epiphytic sponges
and barnacles, sediment, and biofilms. To date, the
incidence of these diseases on Caribbean seaweed
farms has not been quantified or reported. There
have been observations of suspected ice-ice disease
in St. Lucia, but these were not documented or vali-
dated by a pathologist (Brian Walker, farmer, pers.
comm.).

As seaweed farming activities expand in the Carib-
bean, the likelihood that diseases will appear on
these farms also increases. Establishing strong bi-
osecurity protocols, including the measures de-
scribed below, will help prevent the spread of dis-
ease when it does appear. These protocols may also
delay or prevent its onset. Educating all workers and
visitors in biosecurity protocols is important to en-
sure consistency in their implementation. Routinely

cleaning the farming array and crop in the water will
also help minimize biofouling and sediment deposi-
tion that can create conditions conducive to disease
outbreaks. (Refer to the previous two subsections
under “maintenance and biosecurity” for more rec-
ommendations on routine cleaning).

Practicing good hygiene (including wearing proper
clothing) and equipment sanitation are important
first steps to minimize the transfer of microbes be-
tween old and new propagules (Matoju et al. 2021).
This includes washing hands before handling seeds
and equipment and, if feasible, using sanitized
gloves. Additionally, all farm equipment and materi-
als (ropes, fids, made loops, buoys, knives, etc.)
should be thoroughly washed with sterilized or fil-
tered seawater or freshwater. If available, a natural
disinfectant can be applied, but it is essential to en-
sure that the equipment has been washed and is
completely dry before returning it to the farm site.

During seed preparation, farmers should meticu-
lously remove physical debris and inspect the algae
for epiphytes, bleaching, or spots. If any of these
signs are detected and additional seeds are available,
itis advisable to refrain from using the compromised
seeds. If they must be utilized, any dead or degrading
tissue should be removed using a sharp and sani-
tized razor blade. Subsequently, seeds should be
washed using sterilized seawater (if available) or
seawater filtered through a cloth. Finally, selected
seeds can be disinfected by a quick dip (30 sec) in
freshwater or by using a natural disinfectant like
lime water or diluted iodine.

Alongside preventing potential outbreaks, meticu-
lous biosecurity measures are essential for quaran-
tining and disposing of unhealthy or infested sea-
weeds to prevent the spread of disease. In case of
suspected outbreaks or infestations, prompt action
is required to remove and isolate affected seeds. The
disposal of problematic seaweeds should be on land,
avoiding release into the ocean. If the disease or in-
festation is challenging to identify, capturing a photo
and documenting environmental conditions and sea-
weed tissue characteristics leading up to the out-
break is recommended. Then, this information can
be shared with the seaweed industry association (if
one exists for the region) and/or with a phycologist
familiar with seaweed pathogens.

Genetically diverse and ecologically managed sea-
weed farms are more resilient to disease (Cottier-
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Cook et al. 2016). Thus, farmers should strive to re-
fresh propagules through nursery techniques for
sexual reproduction, if possible. Individual farms can
be designed and managed to support the co-cultiva-
tion of several species, and farms near one another
could grow different species.

For additional recommendations on seaweed farm-
ing biosecurity protocols, we point the reader to:

e Standard Operating Procedure of Eucheumatoid
Cultivation Using Biosecurity-Based Approach by
Cicilia S. B. Kambey et al. (see Kambey et al.
2021)

e “Biosecurity Policy and Legislation for the
Global Seaweed Aquaculture Industry” by Iona
Campbell et al. and published in the Journal of
Applied Phycology (see Campbell et al. 2020).

Monitoring and maximizing
ecosystem benefits

Well-managed seaweed farms have the potential to
provide both regulating and provisioning ecosystem
services. Due to their normal biological processes,
seaweeds remove nutrients, minerals, and carbon
dioxide from the surrounding water. The resulting
benefit for the greater ecosystem — maintenance of
good water quality — is called a regulating ecosys-
tem service. Most primary producers contribute to
regulating ecosystem services, but mangroves, wet-
lands, seagrass beds, and seaweeds (wild and
farmed) are especially good at it. Seaweed farms
have been shown to compete with harmful algal
blooms and opportunistic macroalgae like Ulva spp.
for nutrients in the surrounding water (Valiela et al.
1997; Chopin et al. 2001; Neori et al. 2004). Addi-
tionally, by taking up carbon dioxide from the water,
these seaweed farms can help alleviate the impacts
of ocean acidification at a local scale.

Seaweed farms also provide refuge or food for fish
and other marine organisms (Theuerkauf et al.
2022). This class of ecosystem services is referred to
as provisioning. In most cases, tropical seaweed
farms have a higher biodiversity and abundance of
fish and invertebrates than sandy-bottom areas
without seaweed farms or three-dimensional struc-
tures. On a seaweed farm located approximately
3 km off the southeastern shore of Puerto Rico, re-
searchers observed a rich community comprised of
pearl oysters, pen shells, tunicates, seaweeds,

juvenile spiny lobsters (Figure 26), crabs, and fishes
on the submerged structural lines associated with
the farm (TNC 2024b). Some of the organisms using
a seaweed farm for food or shelter may live out their
whole lives on the array, whereas others, like the
spiny lobster larvae, may use the array as a habitat
just until they grow larger and relocate to rocky out-
croppings or nearby seagrass beds. Aquaculture
farms, more broadly, can also serve as fish aggregat-
ing devices (Gibbs 2004; Dempster et al. 2009; Akyol
and Ertosluk 2010). This interaction may have both
positive and negative connotations for the farmer,
fishery, and wild fish populations (Clavelle et al.
2019). The floral and faunal assemblages may pro-
vide an additional source of food or refuge, but the
predators attracted to the aggregating fish could
cause damage to the crop or the array (Campbell et
al. 2020). A higher catch per unit effort may be ob-
tained by fishing these aggregations, but it also in-
creases the risk that a wild population could be over-
exploited (Campbell et al. 2020). However, further
studies are needed to determine whether these
fishes were attracted to the farm site from other lo-
cations or if they were recruited as juveniles and
thus represent a net positive for the overall popula-
tion.

There is more to learn about how seaweed farms in-
teract with ecosystems in the Caribbean Sea. Beyond
a general understanding of the scale and type of eco-
system service provided by seaweed farms, perfor-
mance levels likely vary with farm site, season, den-
sity of cultivation, etc. For more guidance on how to
conduct monitoring and evaluation of ecosystem
services of aquaculture farms, please consult TNC’s
report A Global Monitoring, Evaluation, and Learning
Framework for Regenerative and Restorative Aqua-
culture (TNC 2024a), which provides suggestions for
indicators, metrics, and methods to promote compa-
rable data across geographies.

Recordkeeping

Detailed recordkeeping is essential to allow growers
to review and predict changes or challenges on the
farm. Waterproof notebooks can be used on the wa-
ter for rudimentary recordkeeping. However, if opt-
ing to use a physical ledger, it is advisable that a two-
ledger system is used: one for the field and one in the
office or at home so that a back-up version is availa-
ble. Oceanfarmr and ArcGIS Survey offer paid sub-
scription programs for digital farm management that
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Figure 26. Juvenile spiny lobsters on a seaweed farm near Puerto Rico. Photo credit: Loretta Roberson, MBL.

allow for more sophisticated recordkeeping and
analysis.

Each trip to the farm can be seen as an opportunity
to learn more about the site and the conditions the
crop is experiencing. Turbidity, salinity, and water
temperature can all be measured with inexpensive
instruments. A Secchi disk measures the turbidity,
and a handheld refractometer determines the salin-
ity. Electronic loggers that measure salinity and tur-
bidity are available but are relatively expensive;
therefore, we recommend spot measurements for
farmers with limited means. Water temperature can
be measured with a waterproof thermometer, butin-
expensive (< USD 50), submersible electronic data

loggers are available. They obtain a continuous rec-
ord of the site’s water temperature. A minimum of
two loggers per site should be deployed to account
for intra-site variability and provide redundancy if
one logger is lost, stops logging, or experiences tech-
nical failure. Downloading the data routinely (i.e.,
monthly) will help ensure that only minimal gaps in
the temperature record result if one of these events
does occur. Additionally, more and more climate and
oceanographic data are available online. In Puerto
Rico, for example, the Caribbean Coastal Ocean Ob-
serving System (www.CariCOOS.org) provides real-
time data as well as both prognostications and his-
torical data on sea surface temperature, wind,
waves, currents, and relative abundance of floating
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Sargassum. Rainfall and hours of sunlight/cloud
cover can be obtained from the National Weather
Service (www.weather.gov/sju). The National Data
Buoy Center (www.ndbc.noaa.gov) not only pro-
vides data from U.S. assets but also links to a global
network of weather buoys. Other sites like weath-
erspark.com provide average monthly weather, in-
cluding water temperature and currents, and can as-
sist in determining the cultivation season at sites
where remote monitoring is unavailable.

Understanding the nutrients present in the water at
a particular location can be helpful both for site pro-
specting and as metadata informing observed
growth rates. The surrounding geology typically in-
fluences the level of phosphate at a site, so sampling
just enough to determine a baseline concentration
level is likely sufficient for most farming operations.
Nitrogen levels are much more likely to vary with
changes in precipitation, anthropogenic activities
nearby, and the scales of seaweed cultivation and the
site. Therefore, collecting routine water samples for
nitrogen analysis during the first few years of work-
ing at a new site, or before and after any substantial
changes in growth rates, could prove useful. When
collecting samples, itis advisable to do so at the same
depth as the seaweed because substantial variation
in the distribution of nitrogen can exist throughout
the water column. Once the water sample is col-
lected, it should be kept cool and delivered to an an-
alytical lab for quantification. As the methodology
used to analyze nitrogen can vary from lab to lab, it
is important to contact a lab for instructions on sam-
ple collection before beginning this effort. While
there are commercially available instruments for
continuously measuring nitrogen underwater, they
are relatively expensive and require semi-regular
maintenance. Most small farms will be better served
by collecting the “spot” or “grab” samples described
here. If spot sampling is not feasible at a specific site,
it is worth the time to look for any other monitoring
efforts being conducted in the region to see if they
might make their data available.

Making notes about anomalies and qualitative obser-
vations is equally important. The timing and dura-
tion of environmental anomalies (e.g., heat waves,
big weather events, swings in salinity) can be useful,
especially when paired with observations of other

environmental conditions during the event. Noting
the appearance of blooms (plankton or other) and
biofouling organisms, watercolor, herbivory, and re-
cent rainfall h will help with interpreting any quanti-
tative measurements made. Written records of vari-
ations in seed source or starting seed condition and
health, planting densities, and equipment failures
can lend to the early detection of potential problems
and facilitate quicker pivots in techniques, materials,
sites, and sources.

In addition to recording observations and collecting
data, farmers must dedicate time to analyzing the in-
formation and using it to inform changes to their op-
erations. Keeping an eye out for relationships, like
which environmental conditions are present when
the highest growth rates are observed, can help a
farmer reevaluate the suitability of a given site and
structure the timing of seeding and harvesting to co-
incide with the identified optimal environment. Sim-
ilarly, a farmer may be able to determine when to
harvest or let the site fallow by reviewing the rec-
ords to identify seasonal patterns concerning bio-
fouling, crop mortality, and/or the timing of heat
waves, major storms, etc. If done effectively, this may
very well lead to increased production and lower op-
erating costs, ultimately improving profitability.

For additional guidance on better monitoring prac-
tices, we direct the reader to A Global Monitoring,
Evaluation, and Learning Framework for Regenera-
tive and Restorative Aquaculture (TNC 2024a).

Forecasted costs

The capital costs of starting and operating a small-
scale seaweed farm in the Caribbean vary with mul-
tiple factors, including the type of cultivation array
used, the environmental conditions at the farm site,
and the availability of existing equipment (e.g., boats,
storage) that can be shared with or reallocated to the
farming activities (Kite-Powell et al. 2022). The costs
of operating said farm are heavily influenced by the
cost of the seedlings, as well as the cost of living in
the host country and, thus, wages paid to workers
(Matoju et al. 2021). In Box 4, we present the results
of a production cost analysis exploring the estimated
contribution of each factor toward the cost of small-
scale seaweed farming production in Puerto Rico.

h Cumulative rainfall may be retrieved from a local weather station’s data or measured on-site using a simple rainfall
gauge mounted on top of a buoy or other structure above the water.
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Box 4: Production costs for a hypothetical small-scale seaweed farm in Puerto Rico

Kite-Powell et al. (2023) developed an economic model that estimates the production costs for a hypothetical
small-scale seaweed farm in nearshore Puerto Rican waters. This model uses a multi-line system located ona1.7 ha
site. Five full-time workers operate the farm 8 months out of the year. They outplant seaweed seeds at 0.5 kg/m
and harvest the biomass 30 days later at 1.5 kg/m using a boat with a 1000 kg payload. The estimated production
costs at this scale range from roughly USD 1000 to USD 3000 per dry commercial ton. They are highly dependent
on the anticipated daily growth rate of the seaweed crop and, thus, the possible harvest per meter of the growline
(Figure 27A). This model estimates that wages paid to workers account for the largest share of production costs
(44%), the workboat and farming gear account for approximately a quarter of the costs (12% and 17%, respectively),
and expenses associated with land-based activities (e.g., onshore nursery tanks and line maintenance) account for
the remainder (27%; Figure 27B). The model does not include the cost of building or operating a nursery to provide
the seaweed seedstock. Rather, it assumes that a small-scale farm would obtain seaweed seedstock from a sepa-

rate entity that supplies several farms.
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Figure 27. (A) Estimated production costs for a small-scale tropical seaweed farm as a function of the seaweed
growth rate. (B) Division of production costs by category. Image credit: Kite-Powell et al. 2023.

Permitting

The process for obtaining permits to farm seaweed
is different for each country and territory in the Car-
ibbean. In some locations, no established formal pro-
cess exists as of yet. In other locations, at least one, if
not several, government agencies must be consulted.
Often, the relevant fisheries and/or natural re-
sources department will be the lead authority that
must be consulted to obtain a lease for the use of the
seabed. These leases are usually for a defined period,
with the option for renewal. There is typically a fee
for the lease. The cultivation array and algal species
may need to be approved through a separate pro-
cess. Due to the broad scope of this guide, we have

refrained from providing specific permitting guid-
ance for each country or territory. Rather, we offer a
case study: a deep dive into the lease application pro-
cess in Puerto Rico (Appendix C).

To expedite the permitting process, growers should
prepare by researching the site and completing the
necessary documentation before applying. Demon-
strating a solid understanding of the social and eco-
logical characteristics of the desired farming site is
important because the managing agency will need to
consider the potential impact that the proposed sea-
weed farming activities will have on the surrounding
environment and other water users. Conducting a
site survey before applying for the permit can be help-
ful, if not mandatory. The survey should document the
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type of sediment at the site, if any corals or benthic
vegetation are present, pelagic species observed, and
other water uses. If possible, this survey should have
accompanying video and photos. The managing
agency may also request detailed drawings and de-
scriptions of the cultivation array that will be de-
ployed at the site. The drawings should be prepared
to scale and include both a side view and a bird’s-eye
view.

Occupational health and safety

The health and safety of all workers involved with
the seaweed farming operation is of utmost im-
portance. Careful planning and training, along with
good communication, will prevent accidents and po-
tential injuries. Weather forecasts should be checked
when planning work at the farming site and again in
the morning before leaving the shore. Farmers
should avoid working during inclement weather
conditions (see more on storm preparedness in the
next section). The work vessel should be equipped
with a first aid kit, sun protection, gloves, a marine
radio or cell phone, flares, and life vests. Before start-
ing work, prepare necessary equipment, including
closed-toed shoes and a knife, for swift action in case
of entanglement. Farmers working in water deeper
than 1 m should know how to swim. Additionally, if
scuba diving, all team members should know where
the closest oxygen kit is located and how to use it.

Employees should undergo comprehensive training
sessions to familiarize themselves with potential
risks and appropriate safety protocols, including
BMPs. Cardiopulmonary resuscitation and first aid
training should be provided to all workers, and they
should be involved in developing a plan for medical
or scuba-diving emergencies (e.g., address and tele-
phone number for the nearest hospital and/or hy-
perbaric chamber, transportation options to this fa-
cility). Ensuring fair remuneration for employees
and prohibiting the involvement of underage indi-
viduals are also important for a safe and ethically
sound working environment.

Storm preparedness, recovery, and
disaster assistance

Severe storms and hurricanes frequently occur in
the Caribbean. The hurricane season typically runs
from June through November, with most storms

forming in August, September, and October. Several
options exist for managing seaweed farms during
this season. One possibility is to cease farming activ-
ities during the hurricane season and completely re-
move the cultivation array and workboat from the
water. This eliminates the risk of damage to the crop,
array, vessel, and surrounding ecosystem.

A second option is to pause farming activities but
leave the array (or a portion of it) in the water. Some
or all of the crop can be removed and either sunk in
deep water or brought to a safe, covered location on
land. If the array is left in the water, farmers should
conduct a thorough inspection of the array well in
advance of the storm. All connection points should
be checked to make sure they are securely tied, and
the anchors’ positioning should be examined to en-
sure they are firmly embedded. Once the storm has
passed, the farmer should return to the site as soon
as safely possible to assess the damage. Loose lines
or rafts should be removed from the water immedi-
ately to prevent entanglement of marine life, vessels,
or people. If necessary, additional assistance might
be available from the managing marine agencies.

A third choice is to leave the array and crop deployed
as in normal operations. There are several variables
that may help farmers make a decision about
whether to do this, including whether they have seen
the farming array survive other storms of similar in-
tensity, the total biomass (and therefore drag) on the
array, the species being grown and its propensity for
breakage, and the logistics and support available and
required if the array were to suffer damages or fail-
ure.

A fourth possibility involves sinking the farming ar-
ray and/or crop to avoid the strongest waves and
storm surges. The possibility of using this strategy
will depend on the cultivation system used, the
depth of the site, the benthic composition at the site
(i.e.,, Would corals, grasses, or other marine organ-
isms nearby be impacted?), and resources required
for raising the array after the storm has passed. Out-
fitting the work vessel with a davit and motorized
winch will facilitate the recovery of the array.

Farmers should develop a written document that de-
scribes the steps to take depending on the forecasted
intensity of the storm so that all team members are
aware of the thresholds for each decision and the
subsequent chain of actions. This plan should list
pre-storm tasks and relevant emergency numbers.
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Having replacement lines ready to deploy (i.e., cut to
the appropriate length, spliced if necessary) is also
advisable. The use of quick-release C-links, when
possible, will make replacing lines easier.

Developing a regular inspection schedule to evaluate
lines for chafe and anchors for rust can help reduce
the likelihood of gear failure during a storm when re-
covery may be much harder or impossible. Regular
inspection is important because there may be other
priorities right before a storm, like hauling boats,
personal preparations, etc. Conducting an inspection
after the storm is equally important to ensure all an-
chors have stayed put, connections remain intact,
and no debris has worked its way onto the farm.

Even with the best precautions in place, there is a
high likelihood that a seaweed farm will suffer some
degree of weather-related crop loss over the course
of many years of operation. Depending on the loca-
tion of the farming operation, agricultural programs
may offer financial assistance following weather-re-
lated disasters (e.g., extreme heat or a hurricane). If
such a program is available, ample documentation of
pre-disaster inventory is very important. This may
include starting biomass records, biomass estimates
before the event, and normal mortality rates on the
farm.

Figure 28. Seaweed
drying on arackin
St. Lucia. Photo
credit: Juli-Anne
Russo, CAEIH.

Better Practices for Sustainable Seaweed Cultivation in the Caribbean 35



Section lll. Market
opportunities and
supply chain
considerations for
Caribbean
seaweed sourced
from small-scale
farms

Global production and the use of

warm water seaweeds

Per an FAO report (2022b), global seaweed production,
both wild and cultured, was 34.6 million MT in 2021,
valued at USD 15.5 billion. This production repre-
sented a 13% increase over the previous 5 years, con-
tinuing an exponential trajectory of between 1.0%
and 2.5%, and it has increased annually since the
1970s. The same FAO report (2022b) stated that the
trend in the global export of seaweed and seaweed
products has followed a similar upward path since the
1970s and was valued at USD 1.2 billion in 2021.
World seaweed production continues to be domi-
nated by Asia, where the top five producers are China,
with 57% of worldwide production; Indonesia, with
28% of worldwide production, and lesser, but still sig-
nificant, quantities from the Republic of Korea; the
Philippines; and the Democratic People’s Republic of
Korea (also known as North Korea). These countries
account for over 97% of global production. By com-
parison, the top producers in the Americas, Europe,
Africa, and Oceania together account for less than 2%
of global production (FAO 2022b).
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The increases in global seaweed production and
value reflect the growing worldwide demand for sea-
weed due to its numerous food and nonfood uses.
Over the years, consumers, especially in Asia, have
become more affluent and have demanded more of
what most consider a very healthy and nutritious
food source rich in omega-3 and omega-6 fatty acids,
vitamins (A, C, E, and B12), and other essential nutri-
ents (Reis et al. 2015). Countries are looking to sea-
weed in the context of food and livelihood security
for growing populations, restorative aquaculture,
and carbon sequestration as a climate change miti-
gation strategy (FAO 2018). More industries are also
demanding the bioactive compounds found in sea-
weed, such as carrageenan, agar, alkaloids, fatty ac-
ids, and polysaccharides, which have uses in the
food, agriculture, chemical, medical, pharmaceutical,
and construction industries (Zhang et al. 2022).

Most tropical seaweed production around the world
is comprised of red seaweeds. In 2021, red seaweed
production globally was 14.6 million MT, valued at
USD 1.2 billion (Redmond et al. 2014). This produc-
tion accounted for 42% of all seaweed production,
the majority of which came from the genera
Gracilaria spp. (14.8%), Eucheuma spp. (23%), and
Kappaphycus spp. (4.6%; Redmond et al. 2014).
These tropical red seaweeds are currently cultivated
at commercial levels in Indonesia, the Philippines,
Malaysia, Tanzania, and, to a much lesser degree,
Morocco, South Africa, Madagascar, Egypt, Namibia,
Timor-Leste, Kenya, Sri Lanka, Ecuador, and Tunisia
(FAO 2022a). Seaweed production from Indonesia
far exceeds that of any of the other countries. In
2019, almost 12 million MT (WW) of Kappaphy-
cus/Eucheuma were produced, and Indonesia alone
was responsible for approximately 10 million MT
(Kambey et al. 2021). In the Americas, red seaweed’s
total production in 2021 was 21,937 MT, with a cor-
responding value of USD 203 million. Chile and Ven-
ezuela accounted for 91% of the volume from the
Americas, with 15,571 MT and 4500 MT of Kap-
paphycus spp., respectively (Redmond et al. 2014).

The price of red seaweed products is known to fluc-
tuate and depends on market factors such as the
product origin, season, type of processing, and in-
tended usage (Matoju et al. 2021). The average nom-
inal price (without value-added) based on quantity
produced and value of live weight (wet) red seaweed
since 1984 is 0.0002 USD/kg live WW (Redmond et
al. 2014). Dried Eucheuma and Kappaphycus prices

have been reported as low as 0.2 USD/kg and 0.4
USD/kg, respectively, in Zanzibar (Brugere et al
2020). Kappaphycus spp. often have a higher price
than that of Gracilaria spp. and Eucheuma spp.

Hydrocolloids

On a global scale, almost all tropical seaweed bio-
mass is used to produce hydrocolloids, which are hy-
drophilic substances that form gels in the presence
of water. Hydrocolloids are commonly used as tex-
turizers, thickeners, or binders in cosmetics, pro-
cessed foods, animal feeds, and pharmaceuticals. Al-
ginate, agar, and carrageenan are all commercially
valuable hydrocolloids produced from seaweeds.
Agar is typically the most expensive, followed by al-
ginate and carrageenan. Temperate brown seaweeds
are the primary sources used for commercial algi-
nate production, and given the scope of this guide, no
further details on alginate will be provided. How-
ever, both carrageenan and agar are routinely pro-
duced from tropical red seaweeds. More details on
both hydrocolloids are presented in the following
subsections.

Carrageenan

Commercial-grade carrageenan is primarily derived
from the red seaweeds Kappaphycus, Eucheuma,
Chondrus, and Gigartina. These species can have up

Figure 29. Dried seaweed packaged and ready for export.
Photo credit: Juli-Anne Russo, CAEIH.
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to three different degrees of sulfation of the carra-
geenan, | which ultimately results in carrageenan
with different material properties. However, carra-
geenan processors are looking for seaweed with a
consistent, specific carrageenan composition and
high carrageenan-to-weight ratio. Typically, manu-
facturers purchasing carrageenan for inclusion in a
product will specify what type of carrageenan they
want. Additionally, the carrageenan-to-weight ratio
can range between 40% and 70% depending on the
seaweed species, season, and cultivation conditions.
Carrageenan processors typically prefer seaweeds
with a higher carrageenan-to-weight ratio because
less work is required to obtain more carrageenan.

Eucheumatopsis isiformis is mostly a producer of
iota-carrageenan, but its carrageenan is a hybrid
structure of kappa-iota-nu with unique properties
(Freile-Pelegrin and Robledo 2008). Iota-carragee-
nan, the phycocolloid most abundant in E. isiformis,
has a niche as a carrageenan used to make clear, soft,
and flexible gels with minimal syneresisi properties.
lota-carrageenan content in E. isiformis collected
from Nicaragua and the Gulf of Mexico has been
shown to have sufficient quality and purity to substi-
tute for Eucheuma denticulatum in carrageenan pro-
cessing (Freile-Pelegrin et al. 2006). However, the bi-
ochemical composition and the carrageenan content
and properties of E. isiformis can fluctuate depending
on the seaweed’s origin; for example, the properties
of E. isiformis carrageenan from Yucatan, Mexico, can
be different than the material collected from Florida,
potentially due to the higher salinity levels of Yuca-
tan’s water, or possibly differences in a closely re-
lated species: Eucheumatopsis sanibelensis (Valiela
et al. 1997; about E. sanibelensis: Guiry and Guiry
2020). This regional variation in carrageenan com-
position emphasizes the importance of environmen-
tal monitoring at cultivation sites, subsequent com-
positional profiling, and a better taxonomical under-
standing of Eucheumatopsis species.

The carrageenan market is highly commoditized and
publicly available cost data is scarce. Furthermore,
the price of raw, dried seaweed used to make carra-
geenan fluctuates from country to country with sup-
ply, quality, distance from source to processing
plant, and end use of the seaweed. k For example,

cosmetics and health food stores need higher-quality
semi-refined or refined carrageenan (1 to
> 10 USD/Ib; Dubon 2016). For these reasons, we
currently hypothesize that the processors’ willing-
ness to pay for E. isiformis is likely captured by the
U.S. dollars per ton (USD/ton) reported in the litera-
ture and through personal communication for a
closely related species, E. denticulatum. In 2015, one
dry MT of E. denticulatum ("spinosum”) reportedly
sold for USD 690 (Porse and Rudolph 2017). Assum-
ing a WW:DW ratio of 10:1, this finding would equal
USD 69 per WW MT.

Agar

Commercial-grade agars are primarily derived from
red seaweeds, with Gelidium spp. and Gracilaria/
Gracilariopsis spp. serving as key sources. Agar ex-
tracted from wild Gelidium spp. exhibits a height-
ened gel strength owing to its lower sulfate content,
making substitution a formidable task. Widely em-
ployed in bacteriological and pharmaceutical do-
mains, producers using these agars face a challenge
due to a notable decline in wild Gelidium populations
(Theuerkauf et al. 2022). Conversely, agar sourced
from Gracilaria/Gracilariopsis spp. tends to possess
weaker gelling properties due to its elevated sulfate
content, rendering it more suitable for various food
applications. Even when originating from the same
seaweed species, agar yield, synthesis, and chemical
composition can exhibit significant variations due to
diverse factors such as environmental conditions, al-
gal growth stages, seasonal fluctuations, and nutri-
ent availability. Manipulating extraction parameters
like time, temperature, and solvent-to-seaweed ratio
offers the potential for enhancing the gelling ability
(Arvizu-Higuera et al. 2008; Sousa et al. 2010). Nota-
bly, while the price of raw Gracilaria has decreased
significantly in the last decade, the final cost of food-
grade agar has remained relatively stable. This sta-
bility amid fluctuating raw-material costs highlights
the complexity of the agar market (Theuerkauf et al.
2022).

In the Caribbean, Gracilaria spp. have received the
most focus in assessments of commercial potential,
but the taxonomy of many species remains problem-
atic. The yield and quality of agar extracts have been

i Kappa-carrageenan has one sulfate group per disaccharide, iota-carrageenan has two, and lambda-carrageenan has

three sulfate groups.

J In chemistry, syneresis is the contraction of a gel accompanied by the expulsion of liquid from the gel.
k The biggest importers of hydrocolloids are the United States and Germany.
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Suppliers: Individuals or businesses that provide seaweed seed and array equipment/designs

* The seaweed seed suppliers could be veteran farmers or dedicated nurseries
* The array equipment designers and sourcers find farmers through word of mouth

replanting, and sell the rest

Farmers: Individuals or cooperatives that have an approved lease to cultivate seaweed

* They initially purchase array equipment/designs and small seaweed propagules

* They outplant and tend to the seaweed during the cultivation cycle

* They harvest the seaweed when it reaches the desired characteristics, reserve some for

processors

Buyer: Individuals or companies that buy and aggregate raw or dried seaweed to sell to seaweed

* They value consistency of supply and high-quality raw seaweed

semi-refined, or raw carrageenan

target ratio of M to G blocks

Processors

Processor: Companies that buy raw or dried seaweed from buyers and process it into refined,

* They value seaweed with a high carrageenan to weight ratio and species that produce their

goods

Manufacturer: Companies that buy carrageenan to incorporate into their manufacturing process
* They are generally companies producing processed foods, feeds, cosmetics, or other household

Consumers: Individuals that buy products that include carrageenan
* They likely do not know the product contains carrageenan, or seek out this characteristic

Figure 30. Key players and their characteristics in the global raw algae markets for global hydrocolloids. Image credit:

Gretchen Grebe, Diadromous, LLC.

determined for many of the Caribbean Gracilaria-
ceae. Most have extracts of poor gelling ability, buta
few are of commercial quality. Lahaye et al. (1988)
reported that alkali-treated extracts from Gracilaria
mammillaris from St. Lucia contained high-quality
agarose suitable for industrial and biotechnological
applications. A study of five species from Barbados
showed that only Hydropuntia cornea (as Gracilaria
debilis) was able to form a firm gel without treatment
with alkali, comparable to the weaker gels required
by the food industry (Duckworth etal. 1971). Similar
gel strengths were reported for this species in

Venezuela (Rincones 1990). Alkali-treated extracts
from Gracilariopsis sp. from Venezuela showed gel
strengths around 1000 g per cm?, which was consid-
ered to be the highest for a Caribbean gracilarioid
(Racca et al. 1993). Murano et al. (1996) evaluated
extracts from two Venezuelan species and reported
that G. mammillaris agar was of poor quality, while
Gelidiella acerosa was a potential source of high-
quality agar. In Cuba, a number of agarophytes were
identified as having commercial potential. In partic-
ular, Bryothamnion triquetrum was evaluated as a
potential source of industrial agar. The extract yield
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and quality were reported to be suitable for biomed-
ical applications (Areces 1990). A preliminary inven-
tory of species of economicimportance in the Guajira
Peninsula of Colombia included five Gracilaria spp.,
but their agar content and quality were reported to
be low (Gallo and Rincones 2003).

Growth and innovation in the
hydrocolloid industry

Figure 30 depicts key players in the global hydrocol-
loid supply chain, along with some of their most no-
table characteristics.

In the near future, the hydrocolloid industry is ex-
pected to grow primarily via improved engineering
systems at the well-established large-scale produc-
tion and processing plants in Southeast Asia
(Theuerkaufetal. 2022). However, several emerging
food applications for hydrocolloids may result in
heightened demand for them. These novel applica-
tions include the use of hydrocolloids in fast food as

POWDERED STAM
Purple

a fat replacer, as an edible film-forming or coating
agent, and in prebiotics (Li and Nie 2016). Depend-
ing on the location of the users for these new appli-
cations and their desired hydrocolloid characteris-
tics, small amounts of growth in hydrocolloid pro-
duction may emerge outside of Asia in the years
ahead.

Existing markets and processing for

Caribbean-grown seaweed

Presently, none of the seaweed grown in the Carib-
bean is used for hydrocolloid production. This is be-
cause hydrocolloid producers require significant
amounts of raw biomass to ensure cost-effective
transportation of dry seaweed from its origin to pro-
cessing plants; however, the current scale of sea-
weed production in the Caribbean falls short of
meeting these manufacturers’ minimum quantity
demands. The insufficient volume impedes the

Figure 31. Value-added seaweed products sold in St. Lucia: (A) Seamoss Ranch, (B) Dry Seamoss, (C) Powdered Sea-moss,
Purple, (D) Superfood Daily Boost Capsule, and (E) Seamoss, Eucheuma Cottonii. Photo credit: Juli-Anne Russo, CAEIH.
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equipment/designs

Suppliers: Individuals or businesses that provide seaweed seed and array

* The seaweed seed suppliers could be veteran farmers or dedicated nurseries
* The array equipment designers and sourcers find farmers through word of mouth

replanting, and sell the rest

Farmers: Individuals or cooperatives that have an approved lease to cultivate seaweed

* They initially purchase array equipment/designs and small seaweed propagules

* They outplant and tend to the seaweed during the cultivation cycle

* They harvest the seaweed when it reaches the desired characteristics, reserve some for

their products

beverage
purveyors

Food or beverage purveyor & artisans: Individuals that buy raw seaweed to use in

* They extract value from the seaweed in one or both of the following ways:

Food or * Seaweed adds characteristics to their product that are desired by the
consumer (i.e., smooth texture)

* Using seaweed brings other value to the product (i.e., eco-friendly,
regional, healthy)

Consumers: Individuals that either seek out products containing seaweed, or seek

out product characteristics that can be obtained from using seaweed

* They affirm the value chain with their willingness to pay for products with these
specific characteristics

Figure 32. Key players and their characteristics in the Caribbean raw algae markets for food, beverage, and fibrous ma-
terial. Image credit: Gretchen Grebe, Diadromous, LLC.

feasibility of using Caribbean seaweed for hydrocol-
loid production.

Thus, most of the seaweed currently produced in the
Caribbean is used locally or regionally. As previously
mentioned, the most ubiquitous use of these sea-
weeds is in fruit-flavored shakes/smoothies and in
salads sold locally at shops, village pharmacies, and
fairs. | Some entrepreneurs sell dry seaweeds,
sauces, artisanal soaps, shampoos, or facial masks
that integrate seaweeds (Figure 31).

See Box 5 for a list of seaweed products produced or
trialed in the region. Additionally, some Caribbean-
grown seaweed is dried and exported outside the re-
gion, then sold as such or further processed into sea-
weed gels or nutritional supplements. The key mem-
bers of the existing Caribbean raw algae markets for
food, beverage, and fibrous material are presented in
Figure 32.

If seaweed is harvested for local sale, it should be
rinsed in clean, fresh water after being removed
from the farm. All debris and fouling organisms

' For example, the Seaweed Fair held during St. Lucia’s World Food Day in October 2022 (St. Lucia Ministry of Agriculture

2022).
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Box 5: Seaweed products commonly produced
and sold regionally within the Caribbean

e Dried raw seaweed
e Drinks
o Jelly

Experimental/trial products that have also been

sold include the following:

e Skin care products, including facial masks,
soap, and others, such as those used to treat
eczema (Rodgers and Cox 1999)

e Ice cream (Rodgers and Cox 1999)

o Oil

e  Gummy bears
e Salt

e Agar

should be removed, and then it can be soaked in
fresh water for 6-8 hours to soften the seaweed and
facilitate faster drying and bleaching (Hayashi et al.
2017). For some international markets like the hy-
drocolloid markets, the freshwater rinse and soak
should be skipped, and the seaweed can go straight
from harvest to drying. This is because rinsing with
fresh water can result in a premature exudation of
the target polysaccharides (i.e., agar or carragee-
nan).

Conventional drying methods are to spread the sea-
weed out on a tarp or drying rack to allow the sun
and warm air to dry it (Figure 33). If possible, the
seaweed should be dried in the shade because solar
radiation can degrade sensitive biocompounds like
antioxidants. Turning the seaweed over every
3-4 hours will help it to dry thoroughly, as will cov-
ering it at night and during rainstorms.m Using this
method, it typically takes 3-5 days in good weather
for the seaweed to be sufficiently dry. However, sub-
stantial gains are possible by improving upon the
conventional drying method using a drying house or
greenhouse. A shortened drying time (2-3 days) and
improved quality of the raw, dried seaweed have
been observed (Borlongan et al. 2011).n

Regardless of the drying technique used, once the
seaweed reaches the appropriate moisture content,
it should be stored in a cool, dry location to prevent
rehydration and spoilage. The target moisture con-
tent can vary substantially depending on the market.
For example, the hydrocolloid industry standard for
properly dried seaweed is 35% moisture content.
Seaweeds destined for fresh food products or cos-
meceuticals (e.g., Figure 34) may not need to be
dried at all.

Expanding and emerging markets
for Caribbean-grown seaweed

The largest obstacles preventing Caribbean-grown
seaweed from being used in the global hydrocolloid
industry are (1) the limited volume, consistency, and
quality of supply and (2) pricing and regulatory bar-
riers. To gain access to the larger global hydrocolloid
markets, producers in the region will have to demon-
strate production of a minimum viable amount of
seaweed biomass. The production cost of this bio-
mass will need to be close to or lower than that of
existing biomass from other regions and species. It
must also have distinguishable characteristics that
make it attractive enough to encourage substitution

W e b RN ;
Figure 33. Eucheuma seaweed dries in a backyard in
Placencia, Belize. Photo credit: Jennifer Adler, Jennifer
Adler Photography.

m Preventing rehydration of the drying seaweed during a rainstorm will prevent gelling (the premature exudation of agar

or carrageenan).

1 In 2020, the Liamuiga Seaweed Group in St. Kitt and Nevis built a custom drying house for seaweed (Caribbean Natural

Resources Institute 2020).
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Figure 34. Cosmetics sold in Jamaica made from wild-harvested seaweeds. Photo credit: Juli-Anne Russo, CAEIH.

or increased consumption while still being suffi-
ciently like existing products.

In the meantime, the Caribbean seaweed farming in-
dustry can target other markets that will accept
smaller minimum harvests, like the food and bever-
age market and the fiber market. In these markets,
seaweed producers do not need to displace demand
for existing products. Rather, the manufacturers and
retailers of seaweed-centric products in novel mar-
kets can focus on drawing in new consumers.

Raw seaweed could be processed in a variety of ways
for incorporation into food and beverage markets. It
could be air dried, as is the existing practice in the
region, but it could also be consumed raw, fer-
mented, powdered, or processed into a liquid con-
centrate. Processors of temperate seaweeds from
the Western Hemisphere have been experimenting
with these nontraditional preparations over the last
decade, and they have been well-received by pre-
pared food manufacturers and consumers because
these processing methods make it easier to incorpo-
rate seaweed into foods consumers recognize. In a
few places in the Caribbean, cooks have incorpo-
rated seaweed into existing recipes for ice cream,
granola bars, cake, fudge, ice pops, and Ponche Kuba
(TNC 2024a).

These applications suggest that there may be some
potential to further integrate seaweed from the re-
gion into regional food markets. However, it may
take some time for these preparations to be sought
after, as studies suggest that in low- to middle-in-
come countries where marine-based foods are con-
sumed infrequently or in modest amounts, dramati-

cally increasing the consumption of seaweeds as a
novel food may be overly optimistic (Cai et al. 2021;
Webb et al. 2023). The taste, texture, and smell of the
seaweed and the final product containing it are espe-
cially important characteristics when it is destined
for human consumption (Dfaz Lépez and Methion
2017). Some research suggests that highlighting the
health properties of seaweed may improve the like-
lihood of interest and use, especially among health-
conscious, high-income consumers (Kite-Powell et
al. 2022).

Beyond the established hydrocolloids and food sec-
tors, Caribbean seaweed may have value in other rel-
atively new and emerging applications. For example,
some algae are now being cultivated for the color-
ants that can be extracted from them; R-phyco-
erythrin and R-phycocyanin are currently the main
targets (Baghel et al. 2014). Other entrepreneurs are
interested in processing seaweed biomass using
other techniques to produce plant biostimulants, fer-
tilizer and biochar (Roberts et al. 2015), livestock
feed (including methane-reducing additives; Mirera
etal. 2020; Rothman et al. 2020), and pet food. In the
short term, these may be the most promising new
markets; globally, they are projected to reach
USD 4.4 billion by 2030 (World Bank 2023). Aqua-
rists that build and maintain saltwater tanks often
use live tropical seaweeds, so some genera, like
Caulerpa or Halymenia, could be grown for this pur-
pose as well (Stuthmann et al. 2023). But one word
of caution: Caulerpa taxifolia is a highly invasive spe-
cies that can be misidentified as one of the native,
noninvasive Caulerpa spp., so to prevent the spread

Better Practices for Sustainable Seaweed Cultivation in the Caribbean 43



of C. taxifolia all propagules should be obtained from
areputable source.

Medium-term opportunities, including nutritional
supplements, alternative proteins, and bioplastics
and fabrics, could reach USD 6 billion by 2030
(Freile-Pelegrin and Robledo 2008). A recent analy-
sis by TNC and Bain & Company determined that bi-
ostimulants and bioplastics were the two most
promising markets for growing seaweed farming in
the near term in novel geographies due both to
proven use cases on the market and the ability to
support growth (TNC and Bain & Co 2024). Seaweed
has added benefits in these markets: providing an al-
ternative to products that use higher levels of natu-
ral resources and potentially avoiding significant
carbon emissions. However, farmed seaweed cur-
rently faces challenges within these markets due to
higher costs compared to wild seaweed and/or alter-
native feedstocks. Pharmaceuticals and construction
materials are estimated to reach USD 1.4 billion by
2030, but because they face significant regulatory
challenges and require significant investments in
product development, they have been recommended
as long-term term emerging markets for the sea-
weed industry (Freile-Pelegrin and Robledo 2008).

Payment for ecosystem services

In addition to the direct sale of seaweed biomass and
derivatives, seaweed farmers may also be able to ex-
tract additional value from their activities for con-
servation gain (Rawson et al. 2002). For example,
cultivating seaweeds for the protection of coral reefs
may have potential in a payments-for-environmen-
tal-services scheme. However, for an arrangement of
this category to be exacted, several hurdles must
first be overcome. The service/action must be quan-
tifiable and verifiable, meaning that it must be shown
that the specific seaweed farms can intercept sedi-
ment and nutrient runoff from the coast that would
otherwise be detrimental to coral health. Then,
mechanisms must be put in place to monetize the
ecosystem services. These could potentially be tax-
payer-funded payments, tradeable credits, subsi-
dies, production cost-sharing schemes, or increased
value to consumers that results in more sales and/or
a higher sale price (Van den Burg et al. 2022). Also,

o Species that produce carrageenan.

once the funding mechanism has been established,
the producers (seaweed farmers) must be able to ac-
cess and participate in the trading system. Another
well-known example of payment for ecosystem ser-
vices that has been discussed in relation to seaweed
farming is the well-established voluntary carbon
crediting schemes. TNC and Bain & Company’s re-
cent analysis concluded that while seaweed farms do
sequester some carbon in many cases, the level of se-
questration and price of carbon credits is currently
too low to incentivize growth in seaweed farming,
particularly when considering issues like discounts
for uncertainty and the need to show additionality
(i.e., that seaweed farming was taking place due to
the carbon financing, rather than occurring regard-
less; Layahe et al. 1988).

Additional candidate species

Despite the richness of the Caribbean seaweed flora
and its proximity to processing facilities in North
America and Europe, there has been little explora-
tion of the region’s seaweed resources. One study
noted almost 70 species of potential commercial in-
terest, including six genera of green algae useful for
nutritional flours, 20 species of brown algae useful
for alginates, and 28 red seaweed species useful as
sources of agar or carrageenan (Diaz-Piferrer 1969).
Of those identified, several species listed below are
particularly promising due to their production of ei-
ther a compound of existing interest (carrageenan or
bromoform) or other characteristics already proven
desirable.

Carrageenophytes °

o Hypnea musciformis: a widely distributed red
alga known to produce large amounts of kappa-
carrageenan (Arman and Qader 2012).

o Solieria filiformis: a red alga found in the Medi-
terranean Sea and the Caribbean. This species
produces iota-carrageenan: approximately one-
quarter to one-half of the DW yields obtained
from E. isiformis (Caamal-Fuentes et al. 2017).
High specific growth rates have been observed
when tank-culturing this species in Yucatan,
Mexico, using vegetative techniques (D. Robledo,
pers. comm., 2022).
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Box 6: Sargassum in the Caribbean: Turning a “nuisance” into an opportunity

Intentionally cultivated seaweeds can be beneficial for the environment and coastal communities. However, un-
controlled growth of macroalgae, like the wild Sargassum blooms that have washed ashore on many Caribbean
beaches over the last decade (Figure 35), can be a major detriment to coastal residents, fauna, and tourism (Ox-
enford et al. 2021). Several startups in the Caribbean are working on technologies that would enable and valorize
the large-scale harvest of this Sargassum. While not an exhaustive list, some of these groups include the following:

e Sargassum Ocean Sequestration Carbon (SOS Carbon) is creating solutions for Sargassum collection, dis-
posal, and processing. The team has developed a device termed the Littoral Collection Module that can be
attached to artisanal fishing vessels to collect Sargassum. SOS Carbon also has a patent-pending technology
to pump the collected Sargassum to depth, thereby avoiding landfills and potentially sequestering a portion
of its carbon.

e Carbonwave is addressing the issue of Sargassum waste through the development of various seaweed prod-
ucts, including fertilizers, fabrics and textiles, and emulsifiers for cosmetics. The group implements a biore-
finery approach to maximize seaweed utilization, and their products may contribute to emissions avoided
through the replacement of petroleum-based products.

e Thalasso Ocean has developed an automated Sargassum harvesting device, as well as innovative micro-bio-
refineries that make extracting seaweed components more accessible to coastal communities and seaweed
farmers.

e BlueGreen has developed a construction material derived from Sargassum seaweed and inspired by adobe
bricks. The “Sargablocks” are made from 40% Sargassum and 60% other organic material (UNDP [United Na-
tions Development Program] 2020).

The development of applications for wild Sargassum may prove beneficial for seaweed farmers, as well. For ex-
ample, preliminary attempts to extract biostimulants from other bloom-forming Sargassum species show im-
proved growth of the red seaweed Neopyropia yezoensis under high-temperature stress (Han et al. 2022). Addi-
tionally, supporting infrastructure developed for processing Sargassum could also be applicable for farmed spe-
cies. For example, the seaweed biorefinery concept, implemented by Carbonwave and Thalasso Ocean,
maximizes the use of seaweed biomass through the extraction of valuable seaweed components that can be
used in a variety of products.
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Figure 35 Sargassum washed up on the beachin Playa del Carmen Mexnco Photo credlt TNC |Stock Ilcense
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o Agardhiella ramosissima: a red alga endemic to
the tropical and subtropical western Atlantic
Ocean. In addition to carrageenan, this species
has been shown to possess anti-inflammatory
compounds of potential pharmacological im-
portance.

e Halymenia spp.: widely distributed red algae
that produce a highly sulfated lambda-carragee-
nan (Freile-Pelegrin et al. 2011). Wild Halymenia
spp. are currently collected for use in the aquar-
ium trade.

e Meristiella spp.: red algae that produce iota-car-
rageenan with promising antiviral properties (De
Sf-Tischer et al. 2006).

Species with other desirable characteristics

¢ Botryocladia spp.: red algae with branches
bearing vesicles that resemble clusters of grapes.
Atleast 10 species of Botryocladia exist in the
western Atlantic Ocean (Ballantine and Aponte
2002; Gavio and Fredericq 2003). These species
may be used in food or the aquarium trade.

e Laurencia spp.: red algae that produce bromo-
form (Gribble 2000), which has recently been
shown to have the potential to create methane-
reduction properties in animal feed (Kinley et al.
2020).

e Caulerpa racemosa: a green alga native to the
Caribbean region that is pantropical and wide-
spread in warm seas. It is commonly referred to
as sea grapes because it has branches bearing ed-
ible vesicles r that resemble clusters of grapes.
Caulerpa spp. have also been marketed as “vegan
caviar.” Other species of Caulerpa are commonly
eaten in Samoa, Kiribati, and Vietnam (Butcher
etal. 2020).

e Ulva spp.: edible green algae widely distributed
around the world. Ulva sp. is currently being
grown in at least one land-based tank system in
the Caribbean for use as cultivated sea urchin
feed. a Recently, Ulva spp. have been incorpo-
rated into snack items like chips, and the species
may prove useful as biomaterial feedstock.

P A vesicle is a small, fluid-filled cyst.

Supply chain strengths and
challenges

Industry associations

The establishment of farmer and industry associa-
tions is a strong first step in pooling resources to at-
tract buyers, leverage knowledge, and advocate for
shared needs. At the time of publication, we are
aware of farmer or industry associations in St. Kitts,
Jamaica, Barbados, St. Vincent and the Grenadines,
and Belize. In St. Kitts, the Liamuiga Seaweed Group
was formed after several wild harvesters (agro-pro-
cessors and fishers) recognized that local demand
for seaweed products could not be met by wild har-
vesting alone. Since 2017, the group has been culti-
vating a small amount of seaweed near Conaree Vil-
lage on St. Kitts. They use the seaweed to produce
seaweed drinks and other products. They sell these
products at local markets and per request. In St. Vin-
cent and the Grenadines, Kappaphycus alvarezii, E.
isiformis, and Gracilaria spp. are being grown for the
domestic market for human consumption and for
some international exports, primarily to Barbados
and the United States. Regulations and formal em-
ployment are lacking, and there are an estimated
22-35 seaweed farmers (Yacov et al. 2021).

In Barbados, the Barbados Seafood Industry Associ-
ation has actively promoted the cultivation of red
and green (i.e., Ulva spp.) seaweeds. The association
provides training and technical assistance to local
farmers, helping them establish seaweed farms and
access markets for their products. In 2022, the Ex-
port Barbados Seaweed Pilot Project commenced to
demonstrate the potential economic value of sea-
weed cultivation. The project explores the cultiva-
tion of seaweed and the creation of value-added
products, such as cosmetics, food, and beverages for
export (Cox 2023).

In addition to the industry associations specific to a
country or territory, several regional aquaculture
and marine industry associations exist. The Carib-
bean Regional Fisheries Mechanism supports the ex-
change of information, capacity building, and policy
development to support fisheries and aquaculture
operations in the Caribbean. This mechanism has

9]ISER Caribe (Institute for Socio-Ecological Research); Ulva fasciata and Ulva ohnoi.
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been instrumental in promoting sustainable aqua-
culture practices in the region, and the organization
has become increasingly interested in including sea-
weed farming in its agenda. The World Aquaculture
Society (WAS) is a global organization that promotes
aquaculture’s science, technology, business, and so-
cial aspects. Within WAS, there is a Latin American
and Caribbean chapter that meets annually to share
research updates.

Involvement of women

On a global level, women are highly involved in trop-
ical seaweed aquaculture; they make up 70% per-
cent of the seaweed farming workforce in East Africa
or the East Pacific. In the Caribbean, women’s partic-
ipation in seaweed aquaculture has been mixed. In
Belize, one of the largest Caribbean producers of
farmed seaweed, the practice was introduced as a
sustainable alternative livelihood for commercial
fishers, which is a role almost exclusively controlled
by men. Although fishermen-turned-farmers have
trained many women, men continue to be involved
at a higher rate than women. The exception to this
finding may be the Belize Women’s Seaweed Farm-
ing Association, which operates out of La Placencia,
Belize. In St. Kitts, membership in the Liamuiga sea-
weed group was over 50% women (23 people total)
in 2020. Ultimately, the extent to which women par-
ticipate in seaweed farming in the Caribbean likely

hinges on existing time and resource commitments
and available livelihood opportunities for women in
the region, as suggested by research in other regions
(Khan and Satam 2003; Kite-Powell et al. 2022).

Infrastructure

Currently, the Caribbean does not have seaweed sup-
ply chains that can compete in international seaweed
markets. If the goal is to reach this level of produc-
tion, then significant investments are required
throughout the value chain, far beyond simply ex-
panding the level of production. Drying, processing,
and packaging facilities will be needed (Kite-Powell
et al. 2022), and ideally, these services will be clus-
tered together to prevent the need to transport bio-
mass or intermediary products.

Beyond the physical facilities, market infrastructure
and legislation supporting quality assurance, insura-
bility, and contractual stability will also be crucial.
More information about the processing costs and re-
quired infrastructure for each existing and prospec-
tive market is needed for businesses to glean insight
into how they might be able to differentiate their
products and avoid competition with the existing
low-cost, well-established suppliers of tropical sea-
weeds and their derivatives.

TRACK and TRACE
SEAWEED PRODUCT-MAKING
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Figure 36. The key steps in establishing transparency and traceability of a seaweed product. Image credit: Juli-Anne

Russo, CAEIH.
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Transparency, traceability, and food
safety

Building transparency and traceability (Figure 36)
into the Caribbean seaweed industry from the onset
will benefit both producers and consumers. Trans-
parency in product authenticity, safety, and sustain-
ability is important to consumers. It helps overcome
risk barriers associated with trying new products,
and then later, it helps build and maintain consumer
trust in these products. Therefore, offering the op-
tion for producers, buyers, and consumers to track
batch numbers or barcodes of sold products can
make seaweed-based products more acceptable to a
wider range of buyers. Farmers could use a spread-
sheet-based tracking system to record:

o The genus and species of seaweed used in the
product

e  Where the seaweed was grown and when it was
harvested

e What processing was undertaken

e Any testing of raw materials and/or finished
products that was conducted

Then, this information could be included on the label
applied to the product for retail and maintained in a
secure location by all entities in the supply chain.

Establishing traceability measures means the
measures can also be used as a tool to help seaweed
farmers and processors evaluate and revise their bi-
osecurity measures because products can be traced
back to a specific farm site, harvesting date, and pro-
duction batch (e.g., Box 7). If farmed seaweed is des-
tined for the food market, it needs to be safe for hu-
man consumption. Seaweed processors and users
should routinely test the seaweed they receive for
bacteria, yeast, molds, and heavy metals. If the na-
tional agency overseeing food safety provides sea-
weed-specific testing guidelines, then these should
be used. However, such guidelines are currently very
rare in the region. When possible, conducting nutri-
tional testing on food products containing seaweed
will benefit both product marketing and the consum-
ers of these products.

Box 7: Labeling requirements for packaged seaweed products in Belize

In Belize, a wide variety of seaweed products are sold locally, including dried seaweed in 100 g packages, ground
and dried seaweed powders, seaweed gels, and seaweed as an ingredient in skincare products and drinks.

The Belize Bureau of Standards (BBS) provides regulations and requirements for labeling all prepackaged food
products, and thus, their recommendations are applicable to prepackaged seaweed products, as well (BBS 1998;
U.S. International Trade Administration 2024). The Ministry of Health sets the standards for cosmetics. The Belize
Agricultural Health Authority (BAHA) Food Safety Department is responsible for ensuring that food production
premises meet cleanliness and hygiene criteria (BAHA n.d.). Maximum residue limits for heavy metals have been
established by the Codex Alimentarius Commission (Codex Alimentarius International Food Standards n.d.).

The BBS requires that all processed food products be labeled in both English and Spanish. The label must include
the product name, description, location of farmed seaweed, manufacturer’s name and address, country of origin,
storage instructions, net weight/volume, quantity, list of contents, nutritional information, date of production,
expiration date, and identification lot. Additionally, the BBS requires that food should have a label that does not
provide false or misleading information, labels should be applied in a manner that they will not become separated
from the product container, and statements are required to appear on the label in clear, prominent text that is
easily read and understood by the consumer. The BBS requirements are not applicable to food sold in an open
package, deposited into a package in the presence of the purchases, or packaged in bulk for resale. In addition to
the BBS requirements, the BAHA recommends the following specifications for prepackaged seaweed-based
foods: serving size, recommended frequency of use, the location of the seaweed harvest, and maximum measured
heavy metal and iodine levels in the product. Including heavy metal and iodine information on the label ensures
that the food item does not exceed the appropriate minimum level for pregnant women, children, and individuals

with thyroid dysfunction.
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Business and operations planning

Creating a basic business plan before starting any
seaweed farming activities is highly advisable. A
business plan is a tool for the prospective farmer to
map out their expected costs, revenue, and timelines
for each. The document may also be requested by
prospective lenders or investors. At a minimum, the
business plan should include the:

e executive summary,
e description of the company,
e products and services,

market analysis,

strategy and implementation,
management team, and
financial plan and projections.

In addition to a business plan, farmers may want to
develop an operations plan for their own or their
team’s use. An operations plan can help ensure that
seaweed farming activities are efficient. It can in-
clude the frequency of planning, maintenance, har-
vesting, and processing and the human and other re-
sources needed to support these activities.
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Section IV.
Opportunities to
support the
growth of
seaweed
aquaculture in
the Caribbean

The expansion of seaweed aquaculture in the Car-
ibbean will require deliberate and committed ac-
tion from investors, nonprofit organizations, na-
tional governments, local municipalities, research-
ers, entrepreneurs, aggregators, and prospective
farmers. In this section, we suggest initial focus ar-
eas that may be best spearheaded by each group of
actors while acknowledging that advancements in
many of these areas will require collaboration
across groups. See the subsection titled “summary
of priority R&D areas by sector,” found later in Sec-
tion IV, for a list of these recommendations.

Investors

Building the capacity for seaweed farming, pro-
cessing, and trading in the Caribbean will require
significant public and private investment. Private
banks, angel investors, and philanthropic organiza-
tions can play a pivotal role in supporting the de-
velopment of this industry and driving sustainable
aquaculture by directing investments toward oper-
ations using BMPs (O’Shea et al. 2019). For more
specific guidance on evaluating investment oppor-
tunities in aquaculture, we refer the reader to TNC'’s
complementary publication, Towards a Blue Revo-
lution: Catalyzing Private Investment in Sustainable
Aquaculture Production Systems (0’Shea et al.
2019).
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This comprehensive publication acknowledges that
investors are especially hesitant to invest in capital-
intensive aquaculture operations, especially for un-
proven technologies or first-time businesses. To ad-
dress this concern, Towards a Blue Revolution
(O’Shea et al. 2019) provides a framework for evalu-
ating such investments and recommends structuring
transactions to optimize capital structures and miti-
gate operational risks. Furthermore, it outlines three
enabling conditions for increased sustainable aqua-
culture investment: defining and aligning govern-
ment policies, supporting sustainable innovation,
and establishing principles for responsible invest-
ment. For companies seeking financing, the guide
suggests funding core capital expenditures through
debt-financed real asset models, offering equity in-
vestment opportunities in operating companies to
investors, and maintaining flexibility in business
models, products, and financing strategies to adapt
to changing circumstances.

Nonprofit organizations

Numerous opportunities exist for nonprofit organi-
zations to support the development of the Caribbean
seaweed farming industry. Socially oriented organi-
zations can promote equitable and inclusive prac-
tices, such as advocating for fair wages throughout
the supply chain and providing farmer safety educa-
tion materials and training (e.g., swim lessons). En-
vironmentally oriented organizations can further
develop and teach BMPs for ecologically sound farm-
ing practices to simultaneously protect nearshore
environments and provide technical assistance to
farmers. Creative approaches to incentivize better
practices may be especially effective, such as a “con-
servation Kiosk” approach that provides discounted
gear for farmers adhering to these standards. Non-
profit organizations can also offer small grants for
new entrants into the industry, provide business
model coaching, and boost the social license for ag-
uaculture in a region by delivering opportunities for
the public to learn about new or prospective aqua-
culture activities.

In 2023, the Caribbean Aquaculture Education and
Innovation Hub (CAEIH) was established to facilitate
the launch and growth of a Caribbean-centered aq-
uaculture network. Its primary objectives are to:

1. support Caribbean aquaculture scientists, grad-
uate students, and agriculture students involved

or interested in aquaculture and mariculture re-
search to enhance the sector’s productivity,

2. conduct workshops and training sessions with
guest speakers,

3. advocate for aquaculture integration into the
STEM curriculum (for science, technology, engi-
neering, and mathematics), and

4. support women in the aquaculture sector.

In addition to the direct outcomes of each of these
individual activities, a unifying organization for ag-
uaculture activities throughout the Caribbean is very
valuable. As CAEIH continues to grow, it could help
facilitate the exchange of beneficial information be-
tween industry members and resource managers
across the region.

National governments and local
municipalities

In the Caribbean, there is a significantassociation be-
tween aquaculture production and the level of mari-
culture governance administered by the country or
territory (FAO 2020). Decentralized governance
frameworks may hinder mariculture development,
whereas strong governance frameworks can encour-

age nascent industry development and support re-
covery during or after industry shocks (FAO 2020).

Governance supporting sustainable aquaculture de-
velopment in the tropical United States and the Car-
ibbean is not currently strong enough to meet the
enormous potential of seaweed aquaculture in the
area. Additional government engagement is needed
immediately at national, regional, and local levels to
create and enforce better practices related to farm
siting and permitting, food safety, and biosecurity
measures. Establishing legal frameworks to guide
and support aquaculture development will offer se-
curity for investors and processors considering in-
vestments in the Caribbean region.

Caribbean governments need to develop a stream-
lined and transparent process for lease applications
and reviews. In most of the Caribbean, waters (ma-
rine and brackish) and submerged land belong to the
relevant national government and cannot be pri-
vately owned. The provisions for exclusive use of this
water, as would be preferable for a seaweed farm in-
stallation, are usually vague or nonexistent.® Pres-
ently, most artisanal seaweed farmers are not regis-
tered; there is minimal documentation of their
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practices and any production, environmental, or so-
cial issues they might be confronting. This lack of
documented information presents an additional hur-
dle for engaging these farmers in innovative and re-
sponsible practices. Furthermore, the permit pro-
cess and leasing should be financially manageable
for applicants, which will include individuals from
low-income families.

There are, of course, several exceptions to this gen-
eral trend. For example, in Barbados, a proposed
new framework for mariculture incorporates poli-
cies and regulations specific to seaweed farming,
such as cultivation systems, licenses, biosecurity
plans, and R&D priorities (Gallo and Rincones 2003).
In St. Vincent and the Grenadines, TNC is working
with local governments to develop a licensing sys-
tem for seaweed farmers to stimulate and formalize
a national seaweed industry. This work has included
a spatial analysis to identify suitable seaweed farm-
ing locations that incorporate environmental, natu-
ral resource, social, and cultural parameters. The
proposed licensing system also outlines a training
program that focuses on water quality requirements,
product quality standards, and strategies for avoid-
ing impacts on critical habitats.

In Belize, the national government has already en-
acted a Mariculture Policy (developed with funding
from TNC-Belize). Mariculture specialists, seaweed
farming cooperatives, and other promoters of sea-
weed farming in Belize are now working with the
government to draft national regulations and launch
a socialization campaign on these regulations. The
engagement and diligence of the Belizean govern-
ment, environmental organizations, and seaweed
farmers to encourage the development and regula-
tion of seaweed farming in Belize should serve as an
example of what is possible and necessary across the
region.

TNC-Belize’s sustainability initiatives for seaweed
exemplify the potential benefits for both producers
and buyers through the collaborative efforts of gov-
ernment and industry. In this context, TNC is actively
collaborating with the BBS, the national entity
tasked with defining product standards across the
country, to formulate precise regulations for the sea-
weed aquaculture sector. By involving the BBS in this
initiative, TNC is fostering an inclusive environment
that allows all industry stakeholders to contribute
their insights, thereby influencing the formulation of
these regulations.

Governments should also anticipate that some farm-
ers may be interested in selling their seaweed for hu-
man consumption, and thus, food safety regulations
specific to seaweed are necessary to protect pro-
spective seaweed consumers and the seaweed farm-
ing industry itself. These regulations should be de-
veloped using the best available knowledge related
to potential contamination sources in the region in
combination with BMPs established at a global in-
dustry level. In addition to specific guidance about
what can be sold, how, and when, these regulations
should also establish a monitoring plan and report-
ing systems to facilitate adaptive management.

Governments could also provide substantial support
to a new seaweed farming effort by promoting social
licenses to operate. At a high level, this approach in-
volves including seaweed farming in food and agri-
culture policy agendas (Kite-Powell et al. 2022) and
earmarking funds for programmatic support, such as
infrastructure investments, seaweed-related re-
search at national institutions (FAO 2022b), farmer
capacity-building and education, and disaster assis-
tance. Throughout the Caribbean, there is a general
lack of the infrastructure needed to supportaquacul-
ture activities. Identifying and allocating public
funds toward key infrastructure, like nursery, pro-
cessing, and research facilities, will help jump-start
and sustain the industry. If funds are limited, govern-
ments can also facilitate partnerships with other sec-
tors (terrestrial agriculture, pharmaceutical, food
service, etc.) while encouraging facility-sharing be-
tween the sectors (possibly alternating seasonal or
hourly needs) and/or the diversion of by-products
from processing. Market hubs and commercial pro-
cessing facilities are essential pieces involved in es-
tablishing reliable supply chains for international ex-
port.

As interest and participation in seaweed farming
grow, it is important that the appropriate govern-
ment agencies also collect and publish data on in-
country demand for seaweeds and seaweed prod-
ucts, along with these products’ export potential.
More data quality, quantity, and comparability are
critical to support governments and businesses in
decision-making on seaweed production, trade, and
consumption (Kite-Powell et al. 2022).

Moreover, many regulatory actions might primarily
originate from other motivations but still have sec-
ondary benefits for the seaweed farming industry.
For example, the establishment of marine conserva-
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tion zones or marine protected areas may not fall in
the category of direct legislation for the seaweed or
aquaculture industries, but it benefits them because
it works to conserve wild seaweed populations, sup-
porting genetic diversity in the wild stocks both in
and outside of the conservation zone. Similarly, leg-
islation that maintains and improves coastal water
quality indirectly supports seaweed farming. Thus, a
government in support of a nascent seaweed farm-
ing industry should consider seaweed farmers as key
stakeholders in environmental and marine manage-
ment and legislation.

Researchers

Phycologists can support the development of a Car-
ibbean seaweed aquaculture industry by continuing
to add to the existing knowledge base on seaweeds
native to the Caribbean. More studies to quantify
wild seaweed populations and their seasonal fluctu-
ations constitute the first step to ensuring that these
seaweeds avoid overharvesting. The basic life histo-
ries of many local species and their physiological tol-
erance for environmental variables are still un-
known. This information will support the develop-
ment of potential cultivation strategies for these
seaweeds. More biological research is also needed to
better understand how to improve resilience to dis-
ease and pests among cultivated seaweed strains,
and for the sexual propagation of high-performing
strains.

Information on the nutritional content of seaweed
species endemic to the Caribbean is also limited. Ad-
ditional studies exploring how their chemical com-
position, mineral content, and raw nutritional value
vary across sites, seasons, and species would be val-
uable contributions to the existing body of phycolog-
ical work in the region. Such studies would also pro-
vide a much-needed baseline for farmers and entre-
preneurs keen on growing and selling seaweed for
new market opportunities. Nutritional studies com-
paring the raw seaweed’s material composition to
the processed products currently on the market
would be beneficial.

Engineers also have an important role to play in de-
signing technology that enables efficient seaweed
farming, harvesting, and processing. Tropical sea-
weed aquaculture in countries like China, Indonesia,
the Philippines, and Tanzania relies on significant
amounts of underpaid manual labor.72 Achieving

economies of scale by mechanizing repetitive tasks
like planting, cleaning, harvesting, washing, and dry-
ing will be required to achieve a competitive produc-
tion price and just compensation for the workers in-
volved (Kite-Powell et al. 2022).

Entrepreneurs, aggregators, and
processors

There is still much work to be done in developing
uses for Caribbean seaweed that are near where it
was farmed. Sustainability-minded entrepreneurs
have much to offer in this realm. They can support
the industry’s growth by launching new, local, or re-
gional startups that source tropical seaweed bio-
mass and by generating increased demand for sea-
weed products. Minimizing the distance between the
site of seaweed production and the site of consump-
tion or processing will keep costs low and quality
high.

The hydrocolloid market sources just shy of 90,000
MT of dry, raw seaweed annually (Campbell et al.
2020). The buyers of raw materials for this industry
require that the seaweed is reliably available and
that the composition of the material is relatively con-
sistent. Herein lies an opportunity for an entity to
serve as the aggregator of seaweed produced from
several regions within the Caribbean, as it is unlikely
that any single region will produce seaweed in sulffi-
cient biomass to attract buyers independently. A
good rule of thumb is that given the current market
conditions, a minimum of 1000 dry tons of seaweed
would need to be available to attract a buyer in the
global hydrocolloid market.

However, given the emerging and expanding uses of
seaweeds, smaller quantities of biomass may attract
buyers from outside the region. Alternatively, there
may be a tipping point where enough seaweed is
produced regionally to warrant establishing a re-
gional processing facility. Little information is avail-
able to suggest what the required quantity of bio-
mass would be to attract this level of investment, but
itwould likely be less if existing local resources could
be leveraged (e.g., the ability to lease a processing
space inside an existing facility). Additionally, infra-
structure decisions will hinge on considerations like
whether high-quality raw algal material can be con-
sistently produced and whether reliable transporta-
tion of the product can be arranged.
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Existing and prospective seaweed
farmers

Section II details a plethora of actions that existing
and prospective seaweed farmers can take to ensure
that their operations mirror BMPs for seaweed farm-
ing in the Caribbean. Pursuing a third-party sustain-
able sourcing standard for their products is one way
of extracting additional commercial value from these
practices. The most prevalent third-party standards
today are the following:

o ASC-MSC Seaweed Standard (ASC-MSC n.d.)

o Seaweed Farm Standard by the Global Seafood
Alliance Best Aquaculture Practices (Global Sea-
food Alliance n.d.)

e Technical Guidelines on Aquaculture Certification
by FAO (FAO 2011)

e Guidance for Using the IUCN Global Standard for
Nature-Based Solutions: First Edition by the In-
ternational Union for the Conservation of Na-
ture (IUCN; see IUCN 2020)

e (Certification Criteria Checklist for Seaweed Prod-
ucts: Seaweed Harvesting and Farming by the
Friend of the Sea (Friend of the Sea 2014)

We point the reader to the hyperlinked web ad-
dresses above for more information on each stand-
ard. While the specific criteria used to evaluate farms
can vary from one standard to another, they all typi-
cally ensure that legal and transparent practices are
used, including making sure the harvest is legal and
the farming methods used will not quickly deplete
the wild population.

Some seaweed processors, like Cargill, have devel-
oped their own seaweed aquaculture sustainability
standards and commitments (see Cargill’s Red Sea-
weed Promise [Cargill 2021]). Also, retailers like
Walmart, Whole Foods, Ikea, and McDonald’s have
more broadly committed to sourcing sustainably
certified seafood (Baghel et al. 2014). While the scale
of production in the Caribbean must greatly expand
to serve these processors and retailers, their com-
mitments to sourcing sustainable products have a
significant influence on the growth of the certified
seafood market (Duckworth et al. 1971).

Summary of the most-needed R&D

As highlighted in the sections above, there are a
plethora of ways to support the Caribbean seaweed

industry’s development. While these sections group
our recommendations by some of the most common
actors, this formatting decision is not intended to
suggest that these are the only roles that should par-
ticipate in Caribbean seaweed initiatives. So many
needs exist simultaneously that any interested indi-
vidual, regardless of background or skill set, will
likely find an opportunity to get involved.

In this spirit, the following list summarizes the pre-
viously mentioned R&D recommendations. Contri-
butions toward any of these R&D needs would be
beneficial. However, three needs rise above all oth-
ers. First, there is an exigent need to change the per-
ception of aquaculture practices locally and region-
ally so that sustainable and regenerative aquaculture
practices are seen and understood to be beneficial
for producers, consumers, and ecosystems. Second,
itis crucial that transparent regulatory processes are
developed for seaweed farm siting and approval, as
well as for seaweed processing and distribution.
Third, more entrepreneurship and investment in in-
novation from both private and public sources is
needed to kickstart the growth of the Caribbean sea-
weed farming industry.

Summary of priority R&D areas by sector

Investors

e Direct investments toward operations using
BMPs.

e Structure transactions to optimize capital struc-
tures and mitigate operational risks.

Seaweed companies

e Seek to fund core capital expenditures through
debt-financed real asset models.

o Offer equity investment opportunities.

e Maintain flexibility in business models, prod-
ucts, and financing strategies.

Nonprofit organizations

e Advocate for fair wages throughout the sea-
weed supply chain.

e Provide farmer safety education.

e Develop and teach BMPs.

e Offer small grants for new entrants to the indus-
try.

e Provide business-model coaching.

e Offer aquaculture programming to the public.
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Facilitate information exchange between indus-
try members and resource managers.

Government

Develop and enforce regulations that include
better practices for seaweed farm siting and
permitting.

Establish a streamlined and transparent process
for aquaculture lease applications and reviews.
Develop and enforce regulations for seaweed
food safety and biosecurity.

Include seaweed farming in food and agricul-
ture policy agendas.

Allocate funds for infrastructure supporting and
subsidizing seaweed farming and research.
Offer seaweed farmer capacity building, educa-
tion, and disaster relief.

Collect and publish data on demand for sea-
weeds and seaweed products (domestic and ex-
port markets).

e Take regulatory action to ensure the conserva-
tion and health of coastal waters and resources.

Researchers

e (Carry out additional studies on Caribbean sea-
weeds (location of wild populations, seasonal
fluctuations, basic life histories, physiology, re-
siliency to disease and pests, nutritional value).

e Continue to improve technologies for efficient
seaweed farming, harvesting, and processing.

Entrepreneurs

e Launch new startups that use tropical sea-
weeds.
e Aggregate seaweeds grown across the region.

Existing and prospective seaweed farmers

e Employ BMPs at seaweed farms.
e Consider pursuing third-party sustainability
certification.
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Figure 38. Seaweed drying on racks in St. Lucia. Photo credit: Juli-Anne Russo, CAEIH.
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Section V.
Large-scale
seaweed
farming
potential and
considerations

For the purposes of this document, we define
large-scale seaweed farms as installations that
require more financial investment, logistical
support, and labor than what can reasonably be
provided by a group of two to five people work-
ing full-time. Operations of this size do not cur-
rently exist in the Caribbean, and at the time of
publication, arguably, only a few large-scale
farming operations exist outside Asia. However,
given the recent interest in using seaweed bio-
mass across the various industries described in
Section 1V, we recommend that Caribbean sea-
weed producers, users, and regulators carefully
assess and evaluate the possibility of large-scale
seaweed farming in the region.

Careful planning and evaluation are necessary
because seaweed farming’s potential environ-
mental impacts and production challenges can
be accentuated with large-scale farming. Fur-
thermore, while large-scale operations in Asia
can provide some insight, a lot remains un-
known about what the potential impacts and
challenges might be in the Caribbean. Thus, a
precautionary approach is needed, combined
with more exploratory research, to help all ac-
tors in the seaweed aquaculture space anticipate
what the region-specific potential impacts and
challenges might be.




It is important to the success of all marine aquacul-
ture activities in the Caribbean that any large-scale
seaweed farms are designed, sited, and managed in a
way that protects the surrounding marine biodiver-
sity and minimizes potential conflicts with other wa-
ter users. We point the reader to the Seaweed Com-
mons 2022 position paper A Precautionary Approach
to Seaweed Aquaculture in North America (Swinimer
etal. 2022) for a detailed list of the primary research
needed to assess the potential impacts of large-scale
seaweed aquaculture (temperate and tropical) and
the potential regulations that could be regionally de-
termined using this insight.

From 2017 to 2025, a group of researchers from over
15 institutions came together to conduct one such
research effort. The project Techniques for Tropical
Seaweed Cultivation and Harvesting (TTSCH) pro-
posed to investigate and develop cost-effective op-
portunities to produce seaweed biomass in tropical
areas of the U.S. EEZ. The research conducted fo-
cused on six areas critical to developing and evaluat-
ing large-scale seaweed farming:

1. Optimization of farming practices

2. Development of a farming platform with mecha-
nized cultivation and the harvesting of climate-
resistant macroalgae

3. Characterization of nutrient and hydrodynamic
loads at the farm scale

4. Chemical and growth characteristics of the trop-
ical macroalgal biomass

5. Identification of the social and environmental
impacts of macroalgal farms in the Caribbean
and Gulf of Mexico

6. Economic modeling and life-cycle assessment of
tropical macroalgal biomass production, incor-
porating technological, social, and environmen-
tal factors

The approach involved scientific investigations
across laboratories, in silico, and at nearshore re-
search sites in southern Belize, western Florida, and
southwestern Puerto Rico. This work was funded by
the U.S. Department of Energy’s Advanced Research
Projects Agency-Energy (ARPA-E), specifically the

Macroalgae Research Inspiring Novel Energy Re-
sources (MARINER) program.

In the remainder of this section, we highlight the
components of the TTSCH project that are most rel-
evant to those interested in potentially farming sea-
weed at a large scale in the Caribbean. They are
grouped by the following categories: site suitability
analysis, dedicated equipment, ecological studies,
and estimated production costs.

Site suitability analysis

Identifying a suitable site for a large-scale seaweed
farm is incredibly important because site location
has a significant effect on operational costs; distance
from shore becomes increasingly important when
working with larger vessels and crews (Matoju et al.
2021). The oceanographic characteristics of a site,
such as mean and anticipated range of current veloc-
ity and wave height, also strongly influence capital
costs due to the increased level of engineering and
type of materials required for exposed sites.

Identifying locations where an array would cause
zero or minimal interference with the activities of
other ocean users (both human and animal) is just as
important as with small farms, but it may actually be
harder due to the size of the array and the need to
optimize for distance from shore and minimum ex-
posure. With the Caribbean’s many atolls and barrier
islands, simply siting a seaweed farm at a great dis-
tance from the main coastline may not mean that it
is far from shipping lanes, communities, etc. While it
is beyond this guide’s scope to provide specific siting
recommendations for large-scale arrays, Appendix D
briefly summarizes a suitability analysis for large-
scale seaweed farming arrays that was conducted for
the TTSCH project by the NOAA Coastal Aquaculture
Siting and Sustainability program.

Dedicated equipment

The harvesting process conventionally used for trop-
ical seaweed farming is labor intensive. The mature
propagules are cut or torn from their support, or the
crop is completely removed from the water along

r The participating institutions included the Marine Biological Laboratory (MBL), the University of Puerto Rico, Woods
Hole Oceanographic Institution, the University of Connecticut, C.A. Goudey & Associates, Two Docks Shellfish, The Nature
Conservancy (TNC), the University of California Santa Barbara, Rutgers, CINVESTAYV, the University of California Irvine,
Makai Ocean Engineering, the Pacific Northwest National Laboratory, CariCOOS, Sea Grant Puerto Rico, and the University

of Washington.

Better Practices for Sustainable Seaweed Cultivation in the Caribbean 57


https://seaweedcommons.org/wp-content/uploads/Seaweed-Commons-Position-Paper-on-Kelp-11.pdf
https://seaweedcommons.org/wp-content/uploads/Seaweed-Commons-Position-Paper-on-Kelp-11.pdf

with the farm structure (Doty 1987). Efficiency in the
harvesting of farmed tropical seaweeds may be
achieved by leaving the growline in place after har-
vesting the algal biomass and, potentially, by utiliz-
ing partial harvesting methods (i.e., cutting the prop-
agules from the line approximately 50 mm above the
point of attachment so that the bases can regenerate
material for subsequent harvests). Accomplishing
both seeding and harvesting underwater, resulting
in minimal disruption to the growline and the asso-
ciated farm system, may be more efficient and mini-
mize crop loss that can occur when large propagules
are removed from the water and break under their
own weight.

Marine vessels specially designed to help with sea-
weed farm maintenance and harvesting will also
play a critical role in the expansion of seaweed farm-
ing in the Caribbean. The Damisela is a purpose-built
seaweed farming boat built for the TTSCH project
(Figure 39). The vessel is used for transporting and
moving the farm array, attaching new seaweed for
cultivation, harvesting mature seaweed, and per-
forming routine maintenance of the farm structure.
The Damisela has performed well during all these
tasks, so a similar design would likely be of great use
for both small- and large-scale farms.

Figure 39. The seaweed farm service vessel Damisela. The
Damisela was designed to fit in a shipping container for
easy transport and is therefore less than 6 m long. Photo
credit: Loretta Roberson, MBL.

To achieve economies of scale with large farming op-
erations located offshore, the labor and fuel costs as-
sociated with delivering the seaweed biomass from
the farm site to the buyer or processor must be min-
imal. An uncrewed, autonomous vessel may facilitate
this (see the upcoming Table 4 for details on the es-
timated cost of a drone tug, as prototyped by C.A.
Goudey & Associates). Alternatively, options for pro-
cessing the seaweed biomass at the farming site can
also be pursued, although we note that the availabil-
ity of a renewable power supply will be important
for this arrangement.

Ecological studies

The TTSCH project has contributed several notable
insights to our understanding of how marine flora
and fauna may interact with large-scale seaweed
farms in the region (see Roberson et al. 2024 for a
description and discussion of these). Nonetheless,
much more research is still needed. We recommend
employing the precautionary principle and keeping
seaweed farms in the Caribbean at decentralized,
small scales until more of these knowledge gaps are
filled. Then, this information can be used to develop
a cohesive national regulatory framework for per-
mitting large-scale seaweed farms in each nation’s
waters.

Estimated production costs for
large-scale tropical seaweed

farming

In 2022, Kite-Powell et al. published a study that
used a techno-economic model to estimate the pro-
duction costs of seaweed farms using at least
1000 ha of ocean area. The study considered the pro-
duction of both the cold-water species Saccharina la-
tissima and the tropical alga Eucheumatopsis isi-
formis. Their results suggest that farm-gate produc-
tion costs are likely to be between USD 200 and
USD 300 per dry ton of seaweed if the farm site is
within 200 km of the coast. The modeling also sug-
gests that production costs below USD 100 per dry
ton could be achieved in some locations, and at this
price, these cultivated seaweeds would be economi-
cally competitive with land-based biofuel feedstocks.

The baseline input values for the model are shown in
Table 4:
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Table 4. Baseline input values from the Kite-Powell et al. 2022 study.

Parameter Units Temperate Tropical
Grow rope/net $ per meter 0.20 0.30
Grow rope/net life # of harvest cycles 10 24
Spacing of grow ropes meters 0.75 1.0
Module dimensions meters x meters 180 x 90 300x 50
Farm boat capital cost $ 5,000,000%* 1,000,000
Farm boat crew size # of crew members 4 8
Boat crew labor rate $ per hour 17 17
Boat capacity - planting # growlines x m s-1 5x0.5 10x0.5
Boat capacity - harvesting # growlines x m s-1 5x0.5 10x0.5
Drone tug capital cost $ n/a 100,000
Weather days (no farm ops) days per year 20 30
Nursery cost $ per m grow rope 0.05 0.01
Harvest cycle weeks 25 9
Net yield (wet weight) kg m-1 per harvest 15.0 5.0
Water content of harvest % of wet weight 85% 86%

Note. $ = USD. Access the Kite-Powell et al. study at https://doi.org/10.1080/26388081.2022.2111271.

* Portion of full cost allocated to kelp farm; boat is used for fishing during summer.

Although they provide a helpful baseline for
planning and policy conversations, these cost
estimates should be treated as preliminary. The
assumptions used by the research team need to
be further verified with data from large-scale
farms and over multiple seasons. The research-
ers also highlight how additional practical expe-
rience with the deployment, operation, and
maintenance of large-scale seaweed farms in
the open sea will help corroborate these esti-
mated production costs.

Loretta Roberson, MBL.
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Conclusion

The introduction and advancement of seaweed aq-
uaculture in the Caribbean region present a signifi-
cant opportunity for both economic development
and environmental sustainability. Throughout this
document, we have explored the multifaceted bene-
fits of seaweed farming and its potential to enhance
water quality, buffer against local acidification, and
provide habitats for marine species. We have also
delved into the socioeconomic benefits, including the
substantial role of women in this industry and the
positive impact on their livelihoods and social stand-
ing. The importance of smart siting for seaweed
farms, coupled with education and collaboration in
BMPs, cannot be overstated. This approach ensures
that seaweed farming does not adversely affect other
critical marine ecosystems such as coral reefs, man-
groves, and seagrasses. Instead, it promotes a symbi-
otic relationship where aquaculture supports envi-
ronmental health and community well-being.

Key points

Environmental Benefits: Seaweed farming, when
properly managed, significantly enhances water
quality by absorbing excess nutrients from the wa-
ter, thus mitigating eutrophication. It also acts as a
natural buffer against ocean acidification, which is
crucial for the health of coral reefs and other marine
life. The farming process itself creates habitats that
foster marine biodiversity, offering shelter and food
for various marine organisms. This contributes to
the overall resilience of marine ecosystems.

Economic Opportunities: Seaweed farming pro-
vides a sustainable and eco-friendly source of in-
come for coastal communities. It requires minimal
inputs, making it an accessible venture for small-
scale farmers and local entrepreneurs. The indus-
try’s growth can spur the development of related
sectors such as processing, marketing, and export,
creating a broad spectrum of job opportunities.

Social Impact: The involvement of women in sea-
weed farming has shown to improve household in-
comes and elevate social status. Encouraging and
supporting women’s participation in this industry
can lead to more equitable economic development.
Community engagementand education are critical to
the successful implementation of seaweed farming

projects. By involving local stakeholders in decision-
making processes, the industry can ensure that prac-
tices are culturally appropriate and widely accepted.

Challenges and considerations

While the potential benefits of seaweed farming are
substantial, several challenges need to be addressed
to realize its full potential:

Regulatory Frameworks: Establishing clear, sci-
ence-based regulations is essential to ensure that
seaweed farming is conducted sustainably. These
regulations should cover aspects such as farm siting,
species selection, and environmental monitoring.

R&D: Continued research is needed to optimize
farming techniques, improve yield, and develop new
products. Collaboration between researchers, farm-
ers, and industry stakeholders can drive innovation
and enhance the overall productivity of the sector.

Market Development: Building robust markets for
seaweed and seaweed-based products is crucial
This includes creating value chains that connect
farmers to consumers, both locally and internation-
ally. Marketing efforts should highlight the nutri-
tional and environmental benefits of seaweed prod-
ucts to increase demand.

Takeaways

As we look to the future, the integration of seaweed
aquaculture into the Caribbean’s economic and envi-
ronmental landscape holds immense promise. By
adopting sustainable practices and fostering collab-
oration among stakeholders, we can ensure that sea-
weed farming becomes a cornerstone of the region’s
blue economy. This journey not only offers a path-
way to economic resilience for coastal communities
but also contributes to the health and vitality of our
marine ecosystems. As we move forward, let us re-
main committed to principles of sustainability, inno-
vation, and inclusivity, ensuring that the growth of
this industry is beneficial for all stakeholders in-
volved.
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Appendix A. A SWOT analysis for Kappaphycus alvarezii cultivation in the

Caribbean Sea
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Figure A1. Kappaphycus alvarezii. Photo credit: Juli-Anne
Russo, CAEIH.

Introduction

Kappaphycus alvareziis is a commercially important
red seaweed widely cultivated around the world to
obtain feedstock for carrageenan production (Fig-
ure Al; Buschmann and Camus 2019).1n 2020, K. al-
varezii was ranked fifth among the world’s most cul-
tivated macroalgae (Rudke et al. 2020). K. alvarezii is
native to the Philippines, but it has been introduced
to approximately 30 other countries for either re-
search or the development of a commercial seaweed
farming industry (Ask et al. 2020). Within the Carib-
bean, our region of focus, K. alvarezii is either cur-
rently grown or has historically been grown in Be-
lize, St. Lucia, Mexico, Panama, Venezuela, and Brazil.
In Caribbean countries and territories where K. al-
varezii is grown, it is typically the most cultivated
seaweed species. A specimen of K. alvarezii was also
recently documented in Costa Rica, where the spe-
cies is not currently cultivated (Cabrera et al. 2019).

The purpose of this document is to assess and report
on the strengths, weaknesses, opportunities, and

threats (SWOT) associated with K. alvarezii cultiva-
tion in the Caribbean as we currently understand
them in 2024. To do this, we first provide a brief in-
troduction to K. alvarezii biology and farming prac-
tices and the tendency of naturalized K. alvarezii to
become invasive in some of the locations where it has
been introduced. Then, we dive deeper into which
characteristics of K. alvarezii have led it to become an
invasive species in some geographies where it has
been introduced and what the resulting impacts have
been. We consider three management options for ad-
dressing the potential invasiveness of K. alvarezii in
the Caribbean, providing recommendations for ac-
tions that both aquaculturists and marine resource
managers can take and acknowledging that there are
some potential risks associated with these actions.
Lastly, we group and present the information
gleaned from the SWOT analysis so that it can serve
as a go-to reference for further discussions and deci-
sion-making.

Biology of K. alvarezii and the
socioeconomic benefits associated with
its cultivation

K. alvarezii Doty (Solieriaceae, Rhodophyta) is a spe-
cies of red marine macroalgae that is both cultivated
and found in reef ecosystems around the world. It
typically has thick, spiny branches (up to 2 cm in di-
ameter) that occur in irregular (multiaxial) patterns
and narrow to acute tips. These branches are densely
covered with branchlets, typically ranging from 1-
8 mm long. The coloring of K. alvarezii individuals
can range between green, yellow-orange, red, or
brown depending on the alga’s strain, nutrient con-
tent, and recent light exposure. In its native habitat,
K. alvarezii is typically found in high-flow areas with
limestone-rich rocky substrates or shallow reefs
(Trono et al. 1992), although it has been found as
deep as 48 m below the water’s surface (Weber-van
Bosse 1913). K. alvarezii exhibits the triphasic life
history common for red algae (Doty 1987); however,
it can also reproduce through fragmentation (Fig-
ure A2).

s Kappaphycus alvarezii is commonly referred to as “cotoni” or “cotonii” within the industry (Neish et al. 2017). Some
phycologists consider Kappaphycus striatum and K. alvarezii to be the same species (Semesi 1996).
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Figure A2. Kappaphycus alvarezii life cycle. lllustrator: Jim Kopp, Kopp Illustration, Inc.

To date, commercial farming of K. alvarezii com-
pletely depends on reproduction via fragmentation.
A mature, vegetative bunch is cut into smaller pieces.
Then, these pieces are raised to harvest size. This
practice of using the same algal material for new out-
planting is known as vegetative propagation or
clonal propagation. Vegetative propagation means
that the crop’s genetic diversity is never replenished;
large portions of K. alvarezii crops likely originate
from just a few clones. Over time, this can be prob-
lematic because species survival, adaptation poten-
tial, and resistance to biotic and abiotic stressors are
enabled by intra-specific genetic diversity.

As previously stated, K. alvarezii is an essential
source of carrageenan and, more specifically, kappa-
carrageenan, which is most often used as a food ad-
ditive to create firm, brittle gels, especially from
dairy-based liquids. Across the world, over 1.6 mil-
lion wet weight (WW) metric tonnes (MT) of K. al-
varezii are produced each year for carrageenan

production (FAO 2022). Despite this large volume,
the carrageenan market is still strong, and supply is
limited. Ask et al. (2020) argued that the farming of
eucheumatoid seaweeds, a group that includes and
is largely dominated by K. alvarezii, is one of only a
few successful aquaculture opportunities for coastal
villagers. They estimate that 40,000-50,000 families
worldwide participate in the practice (Ask et al.
2020).

Currently, Caribbean-cultivated K. alvarezii is pri-
marily either grown and sold for regional use or ex-
ported for uses excluding commercial carrageenan
production. The most ubiquitous regional uses of K.
alvarezii are in fruit-flavored shakes/smoothies and
in salads, which are sold locally at shops, village
pharmacies, and fairs (Diez et al. 2019). Some entre-
preneurs also make artisanal soaps, shampoos, or fa-
cial masks that integrate seaweeds. The K. alvarezii
thatis dried and exported outside the region is either
sold as is or further processed into seaweed gels or
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nutritional supplements. Although Caribbean K. al-
varezii production is extremely small in the global
context, it does have the potential to provide supple-
mental or alternative livelihoods for both seaweed
farmers and value-added processors.

Observed invasiveness of naturalized K.
alvarezii, mechanisms, and potential
impacts

In some locations where K. alvarezii has been intro-
duced, it is considered simply an exotic species,
meaning it has been moved from its original habitat
range to a new one, but it is not yet reproducing in
the new range. In other geographies, K. alvarezii is
considered naturalized; enough individuals over
time have been established to be able to begin repro-
ducing in the new range. This is the case in Tanza-
nian waters, where K. alvarezii has been considered
a naturalized species for some time, but signs of in-
vasiveness have not been observed. Similarly, after
10 years of K. alvarezii cultivation in coastal waters
off the state of Rio de Janeiro, Brazil, no signs of an
invasion process have been observed (Castelar et al.
2009), perhaps due to specific environmental condi-
tions that limit the development of propagules or vi-
able spores (Cabrera etal. 2019). In regions where K.
alvarezii has been naturalized, it is most often found
on patch reefs in shallow waters or inhabiting sand-
covered grooves in the reef or the reef flats and
edges (Rodgers and Cox 1999). Along other coast-
lines, like those of Hawaiit and India, K. alvarezii has
been designated an invasive species because it is
causing ecological or economic harm to this non-na-
tive environment (Rodgers and Cox 1999; Conklin
and Smith 2005; Arasamuthu et al. 2023). Addition-
ally, in Panama, K. alvarezii from abandoned farms
has spread to the adjacent coral reef, seagrass, and
mangrove ecosystems, forming benthic mats of
70+ m2 (Sellers et al. 2015). However, an official in-
vasive species designation has not been issued yet.

Several characteristics of K. alvarezii make it a suc-
cessful invader. To begin with, it can spread by frag-
mentation, whereby pieces of seaweed float to new
locations and reestablish themselves. The recruit
may remain vegetative, but it can also develop repro-
ductive tissue. K. alvarezii has a high growth rate; un-
der ideal conditions, it can double in size in 15-30
days (Azanza-Corrales et al. 1992; Trono et al. 1992).
This growth rate is much faster than the rates of cor-
als and many native seaweed species. K. alvarezii
also exhibits phenotypic plasticity in functional
traits, which enables it to survive in a wide range of
environmental conditions. For example, some spe-
cific strains of K. alvarezii can tolerate water temper-
atures ranging from 17 °C to 32 °C (Borlongan et al.
2017).

If K. alvarezii invades an area, it can impact the func-
tioning of nearby coral reefs and the marine organ-
isms and people that rely on them. Because it grows
faster than corals, K. alvarezii mats can overgrow
and kill corals by shading them from sunlight
(Arasamuthu et al. 2023). In Southeast India, K. al-
varezii was observed to be overgrowing live
Acropora corals, and in this region, the Acropora
branching morphotype was found to be more com-
monly affected than other corals (Arasamuthu et al.
2023). In Panama, K. alvarezii has been observed
smothering or overgrowing Porites sp. and Millepora
alcicornis« (Sellers et al. 2015). When corals are
overgrown and die, the habitat shifts from a diverse
coral reef to a seaweed-dominated, low-diversity
reef. Substantial recruitment of K. alvarezii or an-
other seaweed species can also change the bottom
structure of the reef because the seaweed estab-
lishes itself in crevices and holes, which reduces the
access of other marine organisms to this habitat.
Over time, these shifts in habitat availability and
composition may impact commercial and recrea-
tional fisheries and the attractiveness of dive sites
used by operators bringing tourists to the area.

tSeveral additional dynamics may have led to the success of the invasion of K. alvarezii in Hawaii. The K. alvarezii intro-
duced in Hawaii is genetically distinct from all other cultivars (Zuccarello et al. 2006; Sellers et al. 2015). Also, there has
been intense ecosystem change in the region and a lack of economic incentives (i.e., commercial production) that would
otherwise possibly encourage the collection of K. alvarezii from reef systems (Ask et al. 2020).

uAlong with seagrass (Thalassia testudinum) and several species of sponges (Clathria sp., lotrochota sp., Ircinia sp.; Sellers

etal. 2015).
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While the scientific community does not completely
understand why naturalized K. alvarezii becomes in-
vasive in some geographies and not others, the field
of invasion biology has identified some general fac-
tors in host habitats that more commonly lead to the
successful invasions of aquatic primary producers.
Disturbed systems are generally more susceptible to
invasion, as are systems that have lower biotic re-
sistance provided by native macrophytes (Levine et
al. 2004; MacDougall and Turkington 2005; Capers
et al. 2007). These and other local habitat features
interact with the biophysical traits of an alien species
to determine whether excessive growth will occur
(Alpert et al. 2000). As several factors must com-
monly co-occur in time and space to trigger invasive-
ness, time lags between the introduction of non-na-
tive species and the start of invasive behavior are
common (Kowarik 1995; Crooks 2005). The fact that
K. alvareziiis already considered invasive in other lo-
cations suggests that there is a high possibility of the
aforementioned factors combining to result in suc-
cessful invasions of K. alvarezii elsewhere.

Fortunately, to our knowledge, the locations in the
Caribbean Sea where K. alvarezii has been intro-
duced have not experienced an invasion. However,
because there is potential for an invasion to occur
and because the resulting impacts can be grave, we
recommend that the precautionary principle be
adopted by both individuals and organizations cur-
rently working with K. alvarezii, as well as resource
managers responsible for overseeing the health and
longevity of coastal areas. In the following subsec-
tion, we introduce four management decisions to ad-
dress the threat of a potential K. alvarezii invasion.

Management options and considerations
for K. alvarezii in the Caribbean

In the Caribbean locations where K. alvarezii is al-
ready naturalized, the most effective and least-costly
management options for potentially invasive spe-
cies — introduction prevention, early detection, and
rapid response (Hussner et al. 2017) — are not ap-
plicable. However, at least three other management
options remain: (1) status quo and increased moni-
toring, (2) increased containment, and (3) reduction,
nuisance control, and potential eradication (Hussner
etal. 2017). These options are presented in order of
the effort required, and likely the investment needed.
In the following paragraphs, we provide a descrip-
tion of actions that would support each management

option, as well as a discussion of the trade-offs asso-
ciated with each.

1. Status quo and increased monitoring

The first option when applying the precautionary
principle to K. alvarezii cultivation in the Caribbean
is to continue the status quo, which includes small-
scale K. alvarezii cultivation, while increasing moni-
toring of the farms and nearby coral reefs for K. al-
varezii recruits. This decision might be partially jus-
tified, given the ecosystem services that small-scale
seaweed farms provide, including those growing K.
alvarezii. Well-managed seaweed farms have the po-
tential to provide both provisioning and regulating
ecosystem services. Seaweeds remove nutrients,
minerals, and carbon dioxide from the surrounding
water, which works to maintain good water quality.
Seaweed farms have been shown to compete with
harmful algal blooms and opportunistic macroalgae
like Ulva spp. for nutrients in the surrounding water
(Valiela et al. 1997; Chopin et al. 2001; Neori et al.
2004). Additionally, by taking up carbon dioxide
from the water, these seaweed farms can help allevi-
ate the impacts of ocean acidification at a local scale.
Seaweed farms also provide refuge or food for fish
and other marine organisms; in most cases, tropical
seaweed farms have higher biodiversity and abun-
dances of fish and invertebrates than sandy-bottom
areas without seaweed farms or three-dimensional
structures (Theuerkauf et al. 2022).

If farming K. alvarezii in the Caribbean is going to
proceed as is, we recommend that it be combined
with region-specific monitoring and invasiveness as-
sessment efforts led by the government agencies re-
sponsible for managing coastal resources. One of the
first steps would be to confirm the algal species that
are being grown on each farm. In some cases, K. al-
varezii can be impossible to distinguish from the na-
tive seaweed Eucheumatopsis isiformis, which is also
purportedly grown throughout the Caribbean in
small amounts. However, molecular techniques have
been developed (Conklin et al. 2009) that would al-
low for samples from seaweed farms to be confirmed
to the species level. Along with confirming the extent
and location of K. alvarezii farming, additional moni-
toring on these farms could include careful docu-
mentation and reporting of reproductive material
and suspected diseases.

K. alvarezii may be a sleeper naturalized species that
could become invasive if other ecosystem dynamics
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shift, so it could be added to a watch list for potential
invasive species and monitored. Reef monitoring
could be conducted by both citizen scientists and
specialized researchers. Recreational divers and
dive operators could be encouraged to submit sus-
pected sightings of K. alvarezii to an online exotic
species sitings program like the invasive species pro-
gram of the Reef Environmental Education Founda-
tion (REEF). Specialized researchers could be asked
to conduct more thorough studies to assess the inva-
siveness potential of K. alvarezii in specific areas. For
example, a study in Brazil assessed the invasiveness
potential of K. alvarezii at three sites in the Rio de
Janeiro region by quantifying how much biomass
was lost during farming activities, how much of this
biomass reestablished, and whether reproductive
materials (spores) were present on the reestab-
lished biomass (Castelar et al. 2009).

The decision to maintain the status quo and increase
monitoring is appealing because it is the easiest op-
tion to implement, and it requires the least invest-
ment. Itis akin to a “waitand see” approach, carefully
weighing the decision against the risk of a costly im-
pact in the future. The above-mentioned monitoring
could help detect a tipping point between K. alvarezii
being naturalized versus an invader, but marine in-
vasions are sometimes hard to identify until the in-
vasion is substantial and their impacts start to be-
come widespread (Locke and Hanson 2009).

2. Increased containment

Adopting a containment and maintenance strategy
for K. alvarezii would involve acknowledging that
there are sites where K. alvarezii is currently culti-
vated or established in the surrounding ecosystem.
Then, a goal could be set to prevent the spread of K.
alvarezii from these locations to new ones. The vec-
tors and pathways for K. alvarezii dispersal must be
disrupted in order to achieve effective containment
of the alga. In the Caribbean, this primarily requires
modifying existing seaweed farming practices or es-
tablishing new ones.

To prevent new fragments of K. alvarezii from reach-
ing and becoming established on coral reefs, farmers
can use seeding, harvesting, and management tech-
niques that minimize the breakage of the seaweed
propagules. Breakage is more likely to occur with
larger individuals (> 100 g) and when hauling heav-
ier lines out of the water. Thus, working with smaller

seed and harvest sizes may reduce the loss of K. al-
varezii to the environment. Another option is to con-
sider harvesting in water using snorkel or scuba gear
rather than bringing the entire growline onto the
boat or to shore because the apparent weight of the
propagules is much less in the water, making them
less likely to break. Farmers can also make an extra
effort to look for and collect any K. alvarezii frag-
ments in the water and off the seafloor surrounding
their farms (Sellers et al. 2015).

The waves and strong currents associated with trop-
ical storms can cause increased breakage, so pre-
and post-storm activities may help retain and re-
cover material. When strong storms are forecasted,
farmers could consider harvesting their crops before
the storm. Following the storm, they could survey
the seafloor under and around their farms to recover
any propagules that may have been dislodged. Ulti-
mately, reducing breakage and loss of K. alvarezii is
beneficial to farmers because the more biomass they
can bring to shore, the more they have available for
sale (Ask et al. 2020).

In addition to minimizing breakage and collecting
lost fragments, seaweed farmers could also consider
heightened interception measures. Traditional line
and raft methods used for cultivating seaweeds in
the Caribbean allow for the free movement and loss
of the seaweed propagules in the water column. Dur-
ing harvest and reseeding, when breakage is more
likely to occur, farmers could experiment with de-
ploying a temporary protective net to catch material
that would otherwise be lost to the surrounding en-
vironment. At sites less than 3 or 4 m deep, turbidity
curtains that were originally developed to control
silt and sediment during marine construction and
dredging could work as a sleek seaweed interception
technology.

More permanent modifications to the standard de-
sign for an off-bottom farm array may also be war-
ranted. Using tube nets instead of made loops with a
growline may result in less breakage and/or lost
fragments. If tube nets prove expensive or difficult to
source, perforated polyethylene bags (like those
used to package fruits and vegetables) could also be
tried. Installing a secondary, permanent contain-
ment system around the entire farming array could
also help intercept large pieces of K. alvarezii that
break off. For example, Castelar et al. (2009) used a
nylon net (60-mm mesh) to intercept material that
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fell off their floating rafts. One trade-off with this ap-
proach is that additional, large nets can provide en-
tanglement hazards for marine animals like turtles,
fish, and seabirds. Furthermore, if the nets are not
replaced regularly or if they are damaged, they can
become a source of marine plastic pollution. Also, ac-
quiring the netting is an additional cost to the
farmer. In some locations, like the tropical United
States where aquaculture gear restrictions are strin-
gent, using a secondary net may not be approved.

Vessels and farming gear can also be vectors that
carry K. alvarezii from one location to another.
Therefore, after working at a site where K. alvarezii
is grown, farmers should check their boat(s) and
equipment for fragments of K. alvarezii. Then, the
boat(s) and gear should be rinsed in fresh water and,
when possible, left in the sun to air dry before being
used at another location (Bruckerhoff et al. 2015).

Resource managers deciding on a containment and
maintenance strategy could also apply permitting
tools to support containment and maintenance
goals. They could issue permits that allow existing
seaweed farmers cultivating K. alvarezii to continue
their practices. Then, the issuing agency could apply
a cap to the total number of farms or farmers allowed
to work with K. alvarezii and/or restrict the approval
of permits for K. alvarezii to specific bays, islands,
etc. It is worth noting, however, that to be effective,
this capped permitting strategy requires an estab-
lished and enforced permitting system. Conse-
quently, the issuing agency must make financial and
labor investments. Lastly, as there is concern that the
potential of K. alvarezii spread could be amplified if
existing farms are abandoned (Sellers et al. 2015), it
would be prudent for resource managers to require
thatall K. alvarezii be removed from a cultivation site
when farming operations are paused seasonally
and/or ceased entirely.

A decision to pursue a containment management
strategy may be justified for K. alvarezii in the Carib-
bean if managers believe that the ecosystem and so-
cietal benefits of K. alvarezii farms outweigh the po-
tential impacts. The decision may also be justified if
managers determine that the tools available to them
will be ineffective in reducing or eradicating K.

alvarezii from the region (Hussner et al. 2017). A
containment strategy could also be combined with
other strategies (e.g., increased monitoring, contain-
ment, and reduction) as part of a larger management
program (Hussner et al. 2017).

3. Reduction, nuisance control, and potential
eradication

Reducing K. alvarezii populations and, thus, the
threat of an invasion in Caribbean waters may be
possible because no large infestations have oc-
curred. However, reducing K. alvarezii populations
will require a coordinated effort between seaweed
farmers, resource managers, and likely other sup-
porting agencies.

For reduction strategies to be effective, farmers
would have to buy into them. They would need to
cease farming K. alvarezii since the practice is a vec-
tor for its dispersal. An education campaign explain-
ing the threats posed by its continued cultivation and
proliferation would be necessary. In addition to fo-
cusing on the ecological threats, the campaign could
provide more information about the increased inci-
dences of disease, extensive herbivory, and die-offs
that have occurred on K. alvarezii farms in locations
outside the Caribbean over the past 15 years.v The
campaign could then encourage these producers to
transition to growing native seaweed species. Some
candidate native Caribbean species include E. isi-
formis, Hypnea musciformis, Solieria filiformis,
Agardhiella ramosissima, or Meristiella spp. Each of
these species produces carrageenan like that of K. al-
varezii, so they may be acceptable substitutes for the
existing regional seaweed applications, like shakes
and cosmetics. They may not be acceptable substi-
tutes in the global carrageenan market, but ac-
ceptance would need to be determined through ad-
ditional characterization of the carrageenan pro-
duced by the cultivars and in a variety of environ-
mental conditions.

Of all the candidate alternative species, E. isiformis is
the most closely related species to K. alvarezii; in
fact, until 1996, K. alvarezii was named Eucheuma al-
varezii or Eucheuma cottonii, but molecular studies
of the species’ genotype led to its renaming (Guiry

v These issues are associated with the loss of vigor due to clonal propagation, in combination with physiochemical stress
resulting from higher water temperatures and greater variations in salinity associated with climate change (Msuya 2011;

Tano et al. 2015; Largo et al. 2020; Rusekwa et al. 2020).
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and Guiry 2022). Some farms in the Caribbean are al-
ready growing E. isiformis, and there is a small
amount of peer-reviewed and extension literature
providing guidance on cultivation strategies for this
species (Smith and Gustave 2001; Roberson et al.
2024). So, transitioning K. alvarezii farms to E. isi-
formis farms may be the most logical first step.

The trade-off in doing so is that E. isiformis does not
grow as fast as K. alvarezii. Typically, growth rates of
E. isiformis hover around 2% per day, although
growth of 4%-6% per day has been observed
(Dawes 1974; Roberson et al. 2022). In contrast, K.
alvarezii strains have been selected for maximal
growth rates; they are commonly 5%-9% per day,
but they have been observed to be as high as 15%
during the alga’s period of fastest growth w
(Montafar-Romero et al. 2023). Thus, transitioning
from farming K. alvarezii to E. isiformis may not im-
mediately appeal to farmers, as their yields for the
same unit area and time will be reduced. More ocean
area may be required to produce the same seaweed
biomass. Given these limitations, the transition to
cultivating native species could be greatly facilitated
if government agencies or the industry can offer ca-
pacity building like government breeding programs
to improve growth rates, training in cultivation prac-
tices, free or inexpensive sources of seed, and poten-
tially other subsidies. The verification of a clear and
reliable market for these new species would also de-
risk the transition to new species for farmers.

Reducing or eradicating K. alvarezii from Caribbean
waters will require a coordinated, wide-scale cam-
paign. Before launching such an effort, evidence-
based assessments of both risks and benefits should
be completed by research groups independent from
those proposing the eradication effort (Kopf et al.
2017). These assessments should consider the per-
ceived risks and benefits of all stakeholders, include
expert estimates that quantify the potential benefits
and likelihood and severity of risks, and be con-
ducted in a transparent fashion (Kopf et al. 2017).

The importance of a thorough assessment before im-
plementing control measures cannot be overstated.
Removing or eradicating naturalized species can

w Approximately 20-35 days after outplanting.

have unintended ecological impacts that may need
secondary mitigation, and sometimes these impacts
may be unanticipated because, during control, it be-
comes evident that the established population per-
forms functional roles in food webs or provides hab-
itat or other ecological roles to native species (Kopf
etal. 2017). Perverse food web outcomes have been
observed following the control of other species
(Zavaleta et al. 2001; Ballari et al. 2016). In the case
of K. alvarezii, its removal may result in increased
herbivory of other native algae. In some locations,
removal may mean that algal biomass is not availa-
ble to herbivores at the quantities that it was before
control, which may impact their survival. Biophysi-
cal changes — like habitatloss, habitat alteration, re-
duced sediment stability, or reduced nutrient trans-
fer — have also been observed following invasive
macrophyte removal (Schlaepfer et al. 2011; Lam-
pert et al. 2014). For these reasons, when experts
were asked to rank x possible management actions
for controlling marine invasive species, they highly
prioritized raising public awareness and discourag-
ing the commercial use of invasive species over bio-
logical control actions (Giakoumi et al. 2019).

If the results of the risk-benefit analysis for a region
suggest that reduction and attempted eradication of
K. alvarezii is the best path forward, resource man-
agers have a suite of tools to choose from. As de-
scribed above, they could begin by communicating
with existing users of K. alvarezii to explain the
threats posed by its continued cultivation and prolif-
eration, prohibit K. alvarezii farming, and provide al-
ternative species and support in a transition away
from K. alvarezii farming. Then, they could launch
hand-weeding efforts on reefs where K. alvarezii has
become established (this would likely require scuba
divers anywhere where the water is deeper than
1 m). To facilitate and motivate removal, they could
legalize the unlimited harvest of K. alvarezii from the
wild. In areas with larger established populations of
invasive aquatic macrophytes, a combination of
hand-harvesting and targeted vacuuming has been
shown to be the best combination for effective re-
moval with the fewest impacts on nearby species
(Hussner et al. 2017). Remotely operated underwa-
ter drones could also potentially be used to help

x According to effectiveness, feasibility, acceptability, impacts on native communities, and cost.

Better Practices for Sustainable Seaweed Cultivation in the Caribbean 76



identify and remove K. alvarezii individuals from
reefs (Simberloff 2021). Beyond the ongoing labor
expenses, the trade-off with manual removal is that
it misses the microscopic K. alvarezii life stages that
can create the equivalent of a persistent local seed
bank.

There are also several more experimental ap-
proaches, like the release of intentional biocontrols
or gene silencing, which have been used in other
cases of aquatic species’ invasions (Simberloff
2021). In Panama and Hawaii, native sea urchins
have been proposed as an effective biocontrol agent
for K. alvarezii (Conklin and Smith 2005; Sellers et al.
2015). Gene-silencing using CRISPR-Cas9 technol-
ogy has been used effectively for the population con-
trol of other nuisance species (e.g., mosquitos; Na-
tional Academies of Sciences 2016), and it could also
be considered as a tool for a longer-term, combined
control and reduction strategy for K. alvarezii popu-
lations in the Caribbean.

Gene drives permit engineered genes to be spread
throughout populations, even when a trait confers
negative fitness or reproductive success. A sterile
cultivar of K. alvarezii could be developed and
farmed using similar techniques. It would reduce the
risks that farming would lead to the recruitment of
individuals on coral reefs. Sterilization has been rec-
ommended by phycologists as a tool for both pre-
venting the invasiveness of non-native species and
for preventing potential introgression of crop ge-
netic material into wild populations when cultivat-
ing native species (Louriero et al. 2015). Applied
chemical controls, although commonly applied to
small, fresh waterbodies, are not recommended for
large-scale marine applications. However, initiatives
to reduce anthropogenic nutrient inputs to coastal

waters could have a trickle-down effect on natural-
ized K. alvarezii populations. If the algae become nu-
trient-limited, their growth rate will drop, and their
spread and recruitment may, too. Reduced nutrient
inputs to the coast would also benefit other coastal
marine species.

Due to their experimental nature, associated costs,
and the risks of unintended consequences, we fur-
ther emphasize the necessity for a thorough ecologi-
cal risk assessment before implementing any exper-
imental approaches. It must also be noted that re-
duction and potential eradication efforts require a
long-term commitment. Innumerable projects have
substantially lowered populations of target species
initially, only to lose the progress made because the
costs were unsustainable, or management interest
waned (Hussner et al. 2017).

Also, the timing of the introduction of K. alvarezii in
the region must be considered. The more time the
non-native species has been present in the ecosys-
tem, the harder it will be to eradicate. Many locations
throughout the Caribbean have K. alvarezii popula-
tions that have persisted at low levels (i.e., noninva-
sive levels).

Summary of SWOT Analysis

In summary, cultivating and managing naturalized K.
alvarezii in the Caribbean is a complex topic requir-
ing additional and timely attention and discussion.
Currently, no single policy and management ap-
proach is clearly superior to the rest. Rather, there
are strengths, weaknesses, opportunities, and
threats associated with K. alvarezii cultivation in the
Caribbean (Figure A3).
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e K alvarezii is already a naturalized/established
species in some parts of the Caribbean Sea (Belize,
Venezuela, Costa Rica, Panama, St. Lucia, etc.).

e Kappa-carrageenan, produced by K. alvarezii, is
highly desirable in the global hydrocolloid market.

e K alvareziiis used locally and regionally in recipes
for shakes and smoothies, as well as in formulations
for body care products.

e K alvarezii, like all seaweeds, removes excess
nutrients and carbon dioxide from ambient ocean
water, which works to maintain good water quality
near the farms.

e K alvarezii grows quickly. More biomass potentially
yields higher revenue for farmers, more habitat for
associated marine fauna, and a greater contribution
to ecosystem services.

e K alvarezii is shown to be more susceptible to high
water temperatures than other red seaweeds, which
may restrict the extent of its establishment beyond
seaweed farms that either operate seasonally and/or
are sited in cooler waters.

Weaknesses

Strains of K. alvarezii are invasive in some locations
where it is farmed, while invasiveness is considered
minimal in other geographies.

Currently, no standard nursery process uses sexual
offspring to produce new seeds. — The absence of
such a process results in reduced genetic diversity of
the crop over time.

e K alvarezii has a ready export market. = Estimates
are that if a particular Caribbean region could
produce 1000 dry tons of K. alvarezii annually, it
would be able to participate in the global
carrageenan trade.

e Governments, researchers, industries, nonprofits,
and other stakeholders have many opportunities to
support and shape Caribbean farming practices and
seaweed markets, including the following:

o Conduct a farm-level molecular characterization
of seaweeds currently in cultivation.

o Work with agency partners to develop an early
detection and containment program for K.
alvarezii and other potentially invasive algal
species.

o Conduct evidence-based assessments of the
economic costs of potential control or
eradication measures.

o Train farmers in better practices for biosecurity
to minimize material loss from their farms and
prevent the possible spread of K. alvarezii to new
parts of the coastline.

o Provide a seed source and training for farmers to
support a transition to farming with native
seaweed. — Note that more ocean area may be
required to produce the same quantity of
seaweed biomass.

Figure A3. SWOT summary for the cultivation of K. alvarezii

Strain fatigue can arise from cultivation, meaning
there would be a potential loss of vigor due to clonal
propagation and a slow deviation away from
desirable characteristics.

Water temperatures may exceed the tolerance range
of K. alvarezii for part of the year. It is likely that this
period of unsuitably warm water will lengthen.

K. alvarezii has the potential to overgrow and
smother coral reefs, which would result in seaweed-
dominated, low-diversity reefs and changes to the
bottom structure of the reef. Potential trickle-down
impacts could affect other reef-dwelling organisms
and dive tourism.

The absence of policies or regulatory guidance
around the cultivation of non-native algal species in
the Caribbean could limit the feasibility and efficacy
of management strategies.
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Appendix B: An example of the Marine Wildlife Observer Training and

Response Protocol

Adapted from the Techniques for Tropical Seaweed Cultivation and Harvesting (TTSCH) project (Prin-
cipal Investigator Loretta Roberson, Marine Biological Laboratory)

We will adopt established NOAA Fisheries mitigation
and monitoring measures to avoid harassment of
marine mammals, sea turtles, and species protected
under the Endangered Species Act (ESA) and Marine
Mammal Protection Act (MMPA) during farm opera-
tions. As all lines on the farm will be maintained un-
der tension by the use of catenaries and buoys, we do
not expect any adverse interactions between the
farm and marine mammals or sea turtles or any en-
tanglement issues, as per Bath et al. (2023). Specific
procedures, protocols, and training for marine mam-
mal and sea turtle mitigation and monitoring that
will be utilized include initial deployment proce-
dures, responses to entanglement, vessel strike
avoidance, and visual monitoring:

. Initial deployment procedures

During the initial deployment of the algae farm, we
will utilize several measures to both minimize ad-
verse interactions with protected species and re-
spond quickly to any entanglement risks. We have
partnered with the Manatee Conservation Center to
aid in observation, training for farm operators, and
use of the manatee rescue vessel on site. First, the
Manatee Conservation Center will mobilize their res-
cue vessel and personnel to the farm site during the
first 30 days of farm deployment. Center personnel
will train the farm operators on protected species
observation, data collection, and avoidance of ad-
verse interactions with the farm system, the farm
vessel, and during routine farm operations. Second,
we will deploy the farm in stages to allow time to ob-
serve how species interact with the farm system. For
the mini array (60 m x 3 m), we will first install the
outer lines (spaced 3 m apart) and observe interac-
tions over several days. Then, we will add an addi-
tional line so that the spacing is 1.5 m, then 0.5 m,
and finally 0.25 m. The Manatee Conservation Center
recommended the 0.25-m spacing so that manatees
would not be able to pass through the farm system.
The U.S. Fish and Wildlife Service (USFWS) recom-
mends the staged deployment of lines. Third, farm
operators and observers will visit the farm site daily
during at least the first 15 days of deployment,

weather permitting, to monitor the farm gear and
how it performs and to monitor how marine species
interact with the farm. Once we have sufficient data
on the farm system and species interactions that in-
dicate safe operations, we will reduce site visits to
every 2 weeks for normal farm operations.

Il. Entanglement response

Any animals seen entangled in farm gear will be re-
ported to the appropriate authorities, and protective
measures will be initiated immediately. This may in-
clude cutting farm lines or raising and lowering the
entire array. During the first 30 days of deployment,
we will have a manatee rescue vessel on site, as well
as personnel from the Manatee Conservation Center,
to aid in observing and training farm operators and
performing a rescue if necessary, weather permit-
ting.

Any incidence will be reported immediately to:

Puerto Rico Department of Natural and Environ-
mental Resources (PR DNER)

Phone: 787-724-5700 or 787-645-5593 or 787-538-
4684

U.S. Fish and Wildlife Service (USFWS)

José A. Cruz-Burgos, Fish and Wildlife Biologist, En-
dangered Species Program Coordinator

Phone: 787-851-7297 ext. 218

Email: jose cruz-burgos@fws.gov

Manatee Conservation Center (http://manat-
ipr.org/)

Dr. Antonio A. Mignucci-Giannoni, VT PhD (Director)
Carla I. Rivera-Pérez, MS (Subdirectora)

Phone: 787-400-2782

NOAA Fisheries - Sea Turtle Stranding and Sal-
vage Network Coordinators

SOUTHEAST

Wendy Teas, Sea Turtle Stranding and Salvage Net-
work Coordinator

Southeast Fisheries Science Center

Phone: 305-361-4595

Email: wendy.teas@noaa.gov
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[1l. Vessel Strike Avoidance

Based on the best available information on marine
mammal sightings in and around the farm site, there
is not a high occurrence of marine mammals. How-
ever, if marine mammals are encountered, precau-
tionary measures will be taken to avoid a vessel
strike or hit to the animal. The U.S. National Marine
Fisheries Service (NMFS) has developed standard
measures to be followed by vessels in order to avoid
collisions and reduce the risk of strikes with marine
mammals and other protected species, and they are
as follows:

1. Vessel operators and crews should maintain a
vigilant watch for marine mammals and sea tur-
tles to avoid striking sighted protected species.

2. When whales are sighted, maintain a distance of
100 yards or greater between the whale and the
vessel.

3. When sea turtles or small cetaceans are sighted,
attempt to maintain a distance of 50 yards or
greater between the animal and the vessel
whenever possible.

4. When small cetaceans are sighted while a vessel
is underway (e.g., bow-riding), attempt to re-
main parallel to the animal’s course. Avoid ex-
cessive speed or abrupt changes in direction un-
til the cetacean has left the area.

5. Reduce vessel speed to 10 knots or less when
mother/calf pairs, groups, or large assemblages
of cetaceans are observed near an underway
vessel, when safety permits. A single cetacean at
the surface may indicate the presence of sub-
merged animals in the vicinity; therefore, pru-
dent precautionary measures should always be
exercised. The vessel should attempt to route
around the animals, maintaining a minimum
distance of 100 yards whenever possible.

6. Whales may surface in unpredictable locations
or approach slowly moving vessels. When an
animal is sighted in the vessel’s path or in close
proximity to a moving vessel and when safety

Appendix B reference

permits, reduce speed and shift the engine to
neutral. Do not engage the engines until the ani-
mals are clear of the area.

In order to avoid the potential for vessel impacts and
strikes to marine mammals in the project area, ves-
sel operators and crew members will follow NMFS
protocol. Vessel operators and crews will use pre-
cautionary measures to avoid marine mammals and
be aware of cetaceans’ expected occurrence due to
seasonality and potential foraging and breeding
grounds.

IV. Visual Monitoring Program

All individuals aboard work vessels responsible for
navigation duties and any other personnel who
could be assigned to monitor for marine mammals
and sea turtles shall receive training on marine
mammal and turtle sighting/reporting and vessel
strike avoidance measures.

Animal data to be collected include number, species,
position, distance, behavior, direction of movement,
and apparent reaction to construction activity. All
data will be entered at the time of observation. Notes
of activities will be kept, and a daily report will be
prepared, including but not limited to the following
information:

Dates and locations of operations;

Weather and sea-state conditions;

Time of observation;

Approximate location (latitude and longitude)

at the time of the sighting;

e Details of sighting (species, numbers, behavior,
photography log);

e (General direction of animal’s travel and distance
of sighting from the vessel (distance should be
recorded in meters);

e Activity of the vessels at the time of sighting;
and

e Action taken by the Protected Species Observer.

These data will be shared with the USFWS, the
PR DNER, and the Manatee Conservation Center.

Bath, G.E,, Price, C.A, Riley, K.L., Morris, ].A. Jr. (2023). A global review of protected species interactions with
marine aquaculture. Reviews in Aquaculture, 15(4): 1686-1719. https://doi.org/10.1111/raq.12811
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Appendix C. Mariculture policies and regulations in Puerto Rico, January 2024

Introduction

Marine aquaculture in Puerto Rico is at a small ex-
perimental stage, but the industry has the potential
to offer alternative or supplemental livelihoods and
positive environmental impacts if a restorative aqua-
culture approach is implemented. Currently, two re-
search projects in Puerto Rico have gone through the
mariculture permitting process for in-water farms.
First, in La Parguera, the Marine Biological Labora-
tory was awarded U.S. Department of Energy fund-
ing for a seaweed aquaculture project: Techniques
for Tropical Seaweed Cultivation and Harvesting
(TTSCH). The project uses an offshore array design
with an innovative storm avoidance system to culti-
vate Gracilaria and Eucheuma species. Beyond the
growout phase, the team is running a techno-eco-
nomic assessment model to determine the economic
viability of seaweed farming in Puerto Rico. The

second project is in Culebra. The local organization
Mujeres de Islas, in collaboration with Asociacién
Pesquera de Culebra, was recently awarded funding
from the U.S. National Oceanic and Atmospheric Ad-
ministration (NOAA) for a community-based native
oyster aquaculture project. It will have several com-
ponents across the supply chain that assess the via-
bility of a native oyster aquaculture industry in
Puerto Rico.

Current mariculture permitting process in
Puerto Rico

Mariculture farms in Puerto Rico require several
permits that cover the siting of farms, leasing of the
seabed, specific infrastructure or farm gear used,
farm inputs like the use of feed and nutrients, and the
capture, importation, and exportation of marine or-
ganisms (Table B1).

Table B1: Permits and regulatory requirements of federal and local agencies for commercial and research-based aquacul-

ture in Puerto Rico.

Permits and
authorizations

U.S. agency

Facilities and/or activities
requiring coverage

U.S. statutes and
authorities

Department of the
Army. General or
individual permit.
Applied through the
Puerto Rico Department
of Natural and
Environmental
Resources (PR DNER)
Joint Permit Application
process.

Endangered Species Act
(ESA) consultation.
Conducted by the lead
federal agency (e.g.,
USACE during the
permit application
review process).

National Historic
Preservation Act
Consultation.
Conducted by the lead
federal agency (e.g.,
USACE during the
permit application
review process).

Issued by the U.S. Army
Corps of Engineers
(USACE)

U.S. Fish and Wildlife
Service (USFWS) and
NOAA Fisheries

Puerto Rico State
Historic Preservation
Office

Aquaculture activities affecting
navigable waters and/or
resulting in discharges of

dredged or fill material into U.S.

waters

Direct or indirect impacts
associated with proposed
aquaculture activity on all
federally listed threatened or
endangered species and their
critical habitat

Required for any federal funding,

license, or permit that has the
potential to affect historic
properties
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Permits and
authorizations

U.S. agency

Facilities and/or activities
requiring coverage

U.S. statutes and
authorities

Private Aids to
Navigation (PATON).

National Pollution
Discharge Elimination

System (NPDES) permit.

Water Quality
Certificate (will receive
a copy of the Joint
Permit Application).

Coastal Zone
Management Act
(CZMA) Federal
Consistency
Certification (will
receive a copy of the
Joint Permit
Application).

Authorization of a
concession

Special fishing permits:
(1) Scientific Permit or
(2) Mariculture/
Aquaculture Permit

Development, Land Use,
and Business Operation
Permit

U.S. Coast Guard

U.S. Environmental
Protection Agency

PR DNER, Point Sources
Permits Division

Puerto Rico Planning
Board

PR DNER

PR DNER (including
approval from the
Department of
Agriculture if
mariculture/
aquaculture permit)

Puerto Rico Department
of Economic
Development and
Commerce, Permit
Management Office

Lighted structures, day beacons,
and lighted and unlighted buoys
for marking structures in
navigable waters;
noncommercial buoys normally
do not require a permit

Required for the discharge of
pollutants to waters of the

United States, which includes the

addition of feed, nutrients,
pharmaceuticals, or other
substances

Certification or waiver required
for any federal license or permit
that authorizes any activity that

may result in any discharge from

a point source into waters of the
United States

Requires that federal actions
within and outside the coastal
zone — that have reasonably
foreseeable effects on any
coastal use (land or water) or
natural resource of the coastal
zone — be consistent with the
enforceable policies of a state’s
federally approved coastal
management program

Leasing of submerged lands for
“water-dependent uses,”
including aquaculture

Capture, importation,
exportation, and tenure of
aquatic organisms for

(1) scientific or (2) commercial
purposes

Commercial aquaculture
businesses

PATON (33 CFR 66)

CWA Sections 402 and 403

CWA Section 401, Water
Quality Certification
Improvement (Rule: 88 FR
66558)

CZMA

Regulation for the Use,
Surveillance, Conservation
and Management of the
Territorial Waters,
Submerged Lands
Thereunder and the
Maritime Zone
(Reglamento 4860)

Law Number 278 of
November 29, 1998, as
amended (known as Puerto
Rico Fisheries

Law); Regulation 7949

Law Number 416
Environmental Public
Policy Act; Joint Regulation
9233
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Policy and regulatory considerations

Overall, a comprehensive regulatory framework for
mariculture development is lacking in Puerto Rico,
as are enabling policies. The following measures are
recommended to grow the mariculture industry in a
sustainable and equitable way within Puerto Rico.

1. Clear, transparent, and streamlined
permitting process

Currently, there is no central location for infor-
mation on the permitting process. Puerto Rico needs
comprehensive regulatory guidance for prospective
farmers to navigate these requirements. Resources
could include a checklist or flowchart of permitting
steps, a web page with links to all permit applica-
tions, and a list of identifiable contacts at all relevant
agencies.

Having dedicated staff for mariculture activities is
important. It may be helpful for prospective farmers
to have one agency contact who fully coordinates
among all agencies for permits, beyond just the
USACE-DNER joint permit, and helps convene agen-
cies for any pre-consultation.

A lead agency for aquaculture is desirable. Its focus
would be to coordinate, plan, establish, and integrate
regulatory requirements for the industry (i.e., aqua-
culture policy). If a lead agency does not exist, then
the establishment of a lead agency should be a prior-

ity.

The development of siting tools, preapproved areas,
or zoning could also streamline the permitting pro-
cess. An example is The Nature Conservancy’s
(TNC’s) Palau Aquaculture Suitability tool (n.d.),
which assists with site suitability analysis and prints
areport for the selected site that can be used in per-
mit applications. Currently, in Puerto Rico, prospec-
tive farmers must hire a consultant to do benthic sur-
veys and site suitability analysis, which can be a sig-
nificant regulatory and economic burden,
particularly for small-scale producers. In August
2023, a U.S. Caribbean Marine Spatial Planning
Workshop was hosted in San Juan to identify spatial
data to inform and build capacity for marine plan-
ning in the region, which could be applicable for aqg-
uaculture siting or an Aquaculture Opportunity Area.
This workshop may be the first step toward the sit-
ing assistance that is needed.

2. Leasing of submerged lands

It would be beneficial to have a separate leasing
structure specific to aquaculture activities. The cur-
rent leasing structure or authorization of a conces-
sion treats aquaculture the same as other marine in-
dustries (i.e., marina construction, dredging for nav-
igational channels, power lines, etc.), and the annual
fee is based on the appraisal value, which may con-
sider all marine uses. The filing fee plus the annual
fee may not be affordable for small-scale aquaculture
producers. It would be beneficial to have filing fees
and annual fees scalable to the size and type of activ-
ity. Other U.S. states have separate leasing structures
specific to aquaculture, with filing fees and annual
fees varying though generally lower than those re-
quired in Puerto Rico (Beck et al. 2004).

For the authorization of a concession, there is also a
requirement to publish a public notice, with all doc-
uments open to public scrutiny. This requirement
does not have a distinction for the scale or type of
aquaculture. It would be preferable to only have this
requirement when activities pose greater concerns
for environmental impact (e.g., new farm gear test-
ing, fed aquaculture). Restorative aquaculture prac-
tices may not need this type of requirement, and
opening all aquaculture activities for public scrutiny
may impede development, considering issues with
NIMBYism and the negative public perception of aq-
uaculture that can be based on misunderstandings
and lack of knowledge (Froehlich et al. 2017).

3. Environmental considerations and
biosecurity concerns

Regulations that also address environmental con-
cerns — such as biosecurity threats, impacts on wild
stocks, and loss of genetic diversity — are vital for
the sustainable development of aquaculture indus-
tries (Davies et al. 2019).

The approved species list for importation in Puerto
Rico could be reconsidered or updated, as it cur-
rently does not approve or prohibit any algal species
and allows for the farming of some non-native spe-
cies. For example, Kappaphycus alvarezii is a com-
mon tropical seaweed species widely introduced and
cultivated due to its high growth rates and source of
carrageenan; however, it has become an invader in
several locations, causing impacts on coral reefs and
other ecosystems (Conklin and Smith 2005; Sellers
etal. 2015). The consideration of farming non-native
species is important, and if farming is allowed, a
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quarantine period should be established to deter-
mine potential impacts.

Other seaweed aquaculture regulations addressing
environmental concerns may include setting a maxi-
mum annual harvest of parental plants, sanitary re-
quirements for nursery operations to limit the
spread of pests and disease, developing bioregional
seedstock guidelines where parental plants are ob-
tained from the same bioregion as growout loca-
tions, setting a required minimum distance of farms
from sensitive habitats, and recommending farm
equipment designed to reduce potential marine
mammal entanglements (Yarish etal. 2017). The for-
mal adoption of mariculture Better Management
Practices (BMPs) by the local government may assist
with addressing these environmental concerns.
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Appendix D. Summary of a siting analysis conducted for the Techniques for
Tropical Seaweed Cultivation and Harvesting (TTSCH) project

In 2019, a small team of analysts from the Coastal Aquaculture Siting and Sustainability program of the U.S.
National Oceanic and Atmospheric Administration (NOAA) conducted a seaweed farming scalability analysis
for the U.S. Caribbean (i.e., Puerto Rico). Its purpose was to identify negotiable area for the farming of macroal-
gae (Jossartetal.,, 2019a). An exclusionary analysis was performed using a variety of siting and environmental
constraints (Table C1). Then, a relative suitability analysis was performed using additional criteria (Table C2).

Table C1. Parameters used in the exclusionary analysis. From Jossart et al. (2019a).

Parameter

Response

Spatial extent (N/S/E/W boundaries) of
region of interest

Approximate farm size (e.g., 5 km?)
Preferred port(s)

Maximum distance from port for farm
location (e.g., 8-10 nm)

Macroalgae species to be farmed
Gear type to be used

Acceptable depth range for farm
(e.g, 30-100 m)

Sea water temperature range
(e.g., 10-25°C)

Current velocity range (e.g., 0.1-0.6 m/s)

Maximum wave energy allowable or
wave energy range (if applicable)

Ocean uses not allowed to overlap with a
1 ha grid cell

Within the 20-30 °C isotherm, roughly S of 30 N

10 km? (multiple 2 km? arrays or two 5 km? arrays)
None

None (within the exclusive economic zone [EEZ])

Eucheumatopsis isiformis
Multi-line arrays
10-100 m

18-30°C

<1.5m/s

<3m

Submarine cables, pipelines, ocean disposal sites, hard bottom
(colonized and uncolonized), coastal maintained channels, pilot
boarding areas, and areas where vessel traffic is > 500 vessels
recorded passing through the grid cell annually

Rather than excluding some areas completely, they were ranked according to their relative suitability, with

1 = suitable and 0 = not suitable (Table C2).

Table C2. Areas ranked per their relative suitability. From Jossart et al. (2019a).

Layer

Ranking (0-1)

Danger and restricted zones
Unexploded ordnance
Submerged vegetation
Anchorage areas
Shipwreck
Obstruction

Deep sea coral
Protected areas

Aids to navigation
Artificial reefs

Buoy locations

0.1
0.1
0.1
0.1
0.2
0.2
0.3
0.3
0.5
0.5
0.8
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The results of the analysis identified over 500,000 ha of potentially suitable ocean area around Puerto Rico.
Maps showing the geographic distribution of these potentially suitable areas and their relative suitability fol-

low (Figures C1-C4).
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Figure C1. U.S. Caribbean 10-100 m depths, with 640,768 grid cells (1 grid cell = 1 ha). From Jossart et al. (2019b).

As shown in Figure C1, overall, 640,768 ha were examined, of which 106,331 ha were deemed unsuitable be-
cause of benthic habitat, vessel traffic, or industry conflict. This leaves about 534,437 ha of area considered
negotiable. Note that the northern swells can be severe, and siting on the northern side of Puerto Rico, Culebra,
or St. Thomas should be done with extreme caution.
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Figure C2. On the southern side of Puerto Rico, between 10 to 100-m depth. From Jossart et al. (2019b).

An area of 73,118 ha was examined on the southern side of Puerto Rico (Figure C2). Largely due to colonized
and uncolonized hard bottom, 15,516 ha were deemed unsuitable, leaving 57,602 ha of negotiable space for
siting.
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Figure C3. On the eastern side of Puerto Rico, between 10 to 100-m depth. From Jossart et al. (2019b).

On Puerto Rico’s eastern side, an area of 110,027 ha was examined (Figure C3). Largely due to colonized and
uncolonized hard bottom, submarine cable and pipeline areas, and high vessel traffic, 21,429 ha were deemed
unsuitable, leaving 88,598 ha of negotiable space for siting. Note that areas around Vieques and Culebra have
a high potential for unexploded ordnance and military-regulated areas, which will require discussions with
the military.
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Figure C4. On the western side of Puerto Rico, between 10 to 100-m depth. From Jossart et al. (2019b).

On Puerto Rico’s western side, an area of 86,097 ha was examined (Figure C4). Largely due to colonized and
uncolonized hard bottom, 25,381 ha were excluded, leaving 60,716 ha of negotiable area.
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