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Abstract: The ecosystem services can be divided using two major classification systems, the Mil-
lennium Ecosystem Assessment (MEA) and the Common International Classification of Ecosystem
Services (CICES). In the MEA system, the ecosystem services are divided into four major service
clusters: supporting, provisioning, regulating, and cultural. On the other hand, the CICES system
regards the “MEA supporting services” as organism natural function (and not an ecosystem service).
Thus, this function is the basis for all the three CICES ecosystem services (provisioning, regulating,
and cultural) provided by one organism. These ecosystem services can be analyzed for the type of
habitat, fauna or flora. Seaweeds, or marine macroalgae, are one of the key organisms in estuarine and
seawater habitats ecosystems, which currently is of extreme importance due to the climate changes
and the blue–green economy. Seaweeds and humankind have been interlinked from the beginning,
mainly as a food source, fibers, biochemicals, natural medicine, ornamental resources, art inspiration,
and esthetic values in several coastal communities. Moreover, currently they are being studied as
green carbon, carbon sequestration, and as a possible source for the biomedical and pharmaceutical
areas. This review is a concise review of all ecological services provided by seaweeds and their impact
in the human life and maintenance of the ecosystem status quo. The future of seaweeds use is also
approached, regarding the promotion of seaweed ecological services and its dangers in the future.
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1. Introduction

Seaweeds or seaweed are macroscopic algae that can grow several meters long (some
seaweeds can measure up to 65 m in length). Because seaweed are primary producers, they
are at the bottom of the marine food chain [1,2]. Seaweeds are found in aquatic systems with
some salinity levels (above 3 PSU) and with sunlight for photosynthesis to take place; these
are the two environmental conditions that govern their ecology [1,2]. A solid attachment
point is crucial, thus seaweeds prefer to live in the coastal zone (waters near the shore) on
stony surfaces, although they can also float. Furthermore, seaweeds play an ecological role
in aquatic environments, contributing to oxygen generation, providing a nursery habitat
for a variety of marine species, and supplying food for a variety of herbivores [1,2]. They
also sustain herbivorous animal communities (invertebrates, such as certain sea urchins
and/or gastropods, and vertebrates, such as herbivorous fish) and provide shelter from
carnivorous predators. They are a key in the aquatic complex trophic web [3,4].

Seaweeds are the key for the development of submerged vegetation habitats in deep-
sea, coastal, and estuarine environments, where the only restriction to the growth and
establishment of this communities are light and nutrients [2,5–7]. Thus, it was verified
at the Bahamas that there are seaweeds communities at depths of 295 m, although most
communities of seaweed are found depths above the 100 m [8]. These environments are
considered the most productive habitats on the Earth, providing critical ecosystem for the
surviving and subsistence of a large range of animals, including commercial organisms [2,5,6].
Seaweed provide essential coastal protection, uptake of nutrients, and carbon storage [2,5,6].
Furthermore, seaweeds are important for various human activities, as seaweeds are a food
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source for several human communities, feed for animals, and fertilizer in agriculture [9–11].
Furthermore, several seaweed compounds are already commercially exploited in human
products, such drugs, orthopedics, processed food, and dentistry [7,12,13].

Despite of these above cited seaweed roles and impact on the ecosystem, the seaweed-
based ecosystems face major threats by various problems, mostly from anthropogenic
factors: human industrial and commercial activities, coastal development, pollution of the
aquatic habitats and environments, climate changes, sea level rise, decrease in water quality,
and occurrence of invasive of species [2,14–16]. Thus, these non-natural disturbances affect
seaweed forests, mostly the canopy-forming seaweeds, commonly known as kelps (large
brown seaweeds), promoting appearance of opportunistic and invasive organisms [14,16],
consequently affecting ecosystem services that seaweeds provide, generally mostly the
coastal protection and as a nursery for commercial species [17]. Due to the development
today of seaweed habitats dynamics, there is a need to understand all valuable ecosystem
services provided by seaweed to make possible a full analysis of all the value provided
by them, especially their economic (food, feed, and compounds raw source) and non-
economic values (carbon sequestration, oxygen producer, coastal protection, fish nursery,
and water quality) [2,17]. Thus, this review focuses on the wild seaweeds ecosystem
services and the problematics from the ecosystem and anthropogenic development. Because
they can be a keystone for the sustainable development, we need to understand all the
impacts of seaweeds and their implications in a general overview. There are very good
and comprehensive revisions on seaweed aquaculture ecosystem services such as those by
Kim et al. [18], Hasselström et al. [19], van den Burg et al. [20], Chopin and Tacon [21], and
Duarte et al. [22].

Data were collected from online databases, mainly Web of Science, Google Scholar,
Science Direct, and Scopus, considering research articles, books, chapters, news, websites,
and reviews. The selected topics included the following combinations: seaweed, macroal-
gae, ecosystem, and ecosystem services: supporting, provisioning, regulating, and cultural.
Moreover, other keywords may specific, such as seaweed oxygen production estimation,
and seaweed environmental impact. We attempted to obtain the maximum data with
scientific support to be analyzed

2. A General Overview of Ecosystem Services Provided by Seaweeds

Ecosystem services are “the human gains obtained from ecosystems” according to the
Millennium Ecosystem Assessment (MEA). They are divided into four categories: support-
ing, provisioning, regulating, and cultural services [23,24]. Where Common International
Classification of Ecosystem Services (CICES) have the supporting services changed for
organism functions, and the services are divided into three categories: provisioning, regu-
lating, and cultural services [25,26]. Although MEA and CICES are two different ecosystem
services classification systems, they are similar on their bases, where the MEA is divided in
four categories and CICES is divided in three categories.

Supporting services/function are “those required for the development of all other
ecosystem services” (Table 1), thus organism natural function due to be basis of all the
services and it is all interlinked at the basis. These organism function/services constitute
the foundation for all others, and their benefits to people are indirect or occur over time (per
example, primary production and photosynthesis). Furthermore, without these organism
functions, all the other ecosystem services do not happen [25].

The advantages derived through the management of ecological processes, such as the
regulation of climate, water, and some human illnesses are referred to as regulating services.
Provisioning services are “products obtained from ecosystems, such as genetic resources,
food and fiber, and fresh water,” whereas cultural services are “the non-material benefits
people obtain from ecosystems, such as cognitive development, reflection, recreation, and
esthetic experience” [27].

Although seaweeds demonstrate activity in various ecological services (Tables 1 and 2;
Figure 1), some of them are indirect and others affect the local community strictly, thus they
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are local ecological services. Few studies have assessed the economic worth of seaweed
ecosystem services [28]; however, kelp forests are expected to provide roughly USD 1 million
per kilometer of shoreline [16]. If indirect and non-use values are fully examined, the real
value is expected to be orders of magnitude larger [28,29].

Table 1. Seaweeds functions (CICES)/supporting services (MEA) (according to Reid [23] and CI-
CES [25,26]), and examples of benefits for humans.

Ecosystem Service
Category

Ecosystem Services Provided
by Seaweeds Examples of Benefits for Humans

Functions (CICES)/
Supporting services (MEA)

Soil formation (sediment formation) Increase environment quality for aquatic plants,
increase in Seaweed primary productivity

Photosynthesis Production of oxygen and biomass

Primary production Biomass for higher trophic levels

Production of oxygen Providing of suitable habitat for fish and other
organisms used by humans

Nutrient cycling Preservation of ecosystem functioning; indirect
benefits to food webs and water purification

Water cycling Influence seawater balance

Provisioning of habitat Conservation of biodiversity and biomass
production of higher trophic levels (e.g., fish)

Table 2. Ecosystem services categories and ecosystem services provided by seaweeds (according to
Reid [23] and CICES [25,26]), and examples of benefits for humans.

Ecosystem Service
Category Ecosystem Services Provided by Seaweeds Examples of Benefits for Humans

Regulating services

Climate regulation Ameliorate the global climatic change

Erosion regulation Coastal and shore protection and improvement of water quality

Water purification and waste treatment—both
in nature as well as in treatment plants

Enhancement of water quality by reducing nutrients and
pollutants

Genetic resources Conveyance of varieties that help aquaculture

Disease Improvement of water quality by decreasing pathogens

Environmental monitoring Indication of water quality, pollution and community integrity

Production of atmospheric oxygen Seaweeds captures the CO2 (dissolved in water) to produce
carbon-based molecules and atmospheric O2

Provisioning services

Fiber Conveyance of a number of types of products

Food Delivery of sea crops and wild plant products
Biochemicals, natural medicines, and

pharmaceuticals Conveyance of important compounds for human welfare

Cultural services

Educational value Benefits human development and critical thinking

Esthetic values Aids human introspective development

Recreation and ecotourism Economic and other benefits for society and for
local populations

Cultural heritage values Aids human introspective development

Inspiration Aids human introspective development

Local knowledge system Benefits social welfare

Spiritual and religious services Nonphysical benefits
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Figure 1. Schematic presentation of some of seaweed ecological services: (A) sediment forma-
tion (supporting services/function); (B) biomass production (provisioning services); (C) photo-
synthesis and production of oxygen (regulating services); (D) provisioning of habitat (supporting
services/function); (E) erosion regulation (supporting services/function); (F) nutrient cycling (sup-
porting services/function).

Although seaweeds have a wide range of ecosystem services, there is scarce literature
about the economic values of these ecosystem services, where the kelp forests are the
most researched seaweed community. In addition, there are scientific reports measuring
their economic impact as demonstrated in Table 3. Most of the economic importance is on
provisioning services, such as human food and also in biochemical, natural medicines, and
pharmaceutical areas [9]. Thus, seaweed cultivation is gaining interest currently, evidenced
by the studies of Kim et al. [18], Hasselström et al. [19], van den Burg et al. [20], Chopin and
Tacon [21], and Duarte et al. [22], reviews and studies on seaweed cultivation economic
and ecosystem impacts. On the other hand, there is general lack of value placed on wild
seaweed and its economic impact and its impact on the ecosystem.

Table 3. Economic analysis of kelp forests ecosystem services.

Region Ecosystem Service Economic Value (US Dollars
per Kilometer per Year) Reference

Pacific Provisioning services: 91%;
Others ecosystem services: 9% 811,000 Vásquez et al. [30]

Great Southern Reef Cultural services: 90 %;
Provisioning services: 10% 914,000 Bennett et al. [28]

South Atlantic Ocean
Provisioning services: 45%;

Cultural services: 30 %; Others
ecosystem services: 25%

520,000 Blamey and Bolton [31]
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3. Seaweed Ecosystem Services

The ecological services importance of seaweeds is mainly linked to the fact that these
organisms are inherently potent bioaccumulators of heavy metals, noxious chemicals (such
as dibenzodioxins and other poisons), and even microplastics [32,33]. Seaweeds contribute
to systematic marine bioremediation and carbon sequestration, as well as reducing ocean
acidification [34]. Furthermore, seaweeds sustain complex food webs in marine ecosys-
tems and lessen wave pressures on beaches, lowering the danger of coastal disasters.
Furthermore, seaweeds can even mitigate algal blooms by regulating nitrate and phos-
phate balances [35]. All these features combine to make seaweed a multivalent and highly
adaptable organism to its surroundings [9].

Similarly, macroalgal forests provide a variety of ecological services, including direct
support for commercial, recreational, and subsistence fisheries and aquaculture [28,30,31,36].
Erosion management and temperature change are examples of indirect ecological services.
Cultural and religious importance, biodiversity, and scientific worth are all examples of
intrinsic ecological services. Few studies have assessed the economic worth of macroalgal
ecosystem services [28]; however, kelp forests are expected to provide roughly USD 1 million
per km of shoreline [16]. If indirect and non-use values are fully examined, the real value is
likely to be orders of magnitude larger [28,29].

3.1. Seaweed Functions/Supporting Services

There is significant evidence that seaweeds play critical roles in supplying all cate-
gories of supporting services (Table 1). Sediment formation is influenced by seaweeds,
mostly seaweed forests. Sediments are formed of particles of both allochthonous and
autochthonous origin, with seaweed detritus playing a prominent role in the latter. Sea-
weeds are the principal source of biological materials in coastal areas. Kelps (large brown
seaweeds) limit water velocity, which aids in the trapping of mud and sand in beaches. For
these reasons, seaweeds aid in sediment retention and deposition [37–40]. The correlation
between wind and storms indicates that climate change will most likely has a significant
influence on wave height and other wave characteristics [41]. Floods and coastal erosion
are severe threats to coastal communities, with occurrences that require the implementation
of long-term solutions to the problem [42]. By providing coastal protection, vegetated
coastal habitats may assist to alleviate the effects of sea-level rise and the concomitant
increase in wave activity [43]. Furthermore, vegetated coastal habitats have a high capacity
for producing carbonates and other materials that aid in sediment accumulation, beach
nutrition, and the formation of dunes on land [44,45], preventing coastal erosion.

Photosynthesis and primary production by seaweeds provide wide indirect advan-
tages to humans. Photosynthesis and primary production of seaweeds, for example,
feed aquatic food webs in a variety of environments. Seaweeds environments are very
productive, producing 1.5 and 1.05 g C m–2 h–1 (median values) by photosynthesis, respec-
tively [46]. On a worldwide scale, seaweeds habitats (such as kelp forests and seaweed
beds) are the most widespread and productive coastal ecosystems, and are one of the
principal photosynthesis organisms in planet Earth [47–49]. Much of this carbon is used
to support the food web in coastal habitats, with grazers consuming on average 34% of
seaweed production [46]. Seaweeds, on the other hand, are more nutritious (compared with
other seaweeds) and hence vulnerable to more grazing, particularly in temperate climates,
while their tropical counterparts tend to contain more anti-herbivory chemicals [50]. The
detrital cycle absorbs around 38% of the carbon generated, as seen in [46]. Once the residual
seaweed biomass enters the detrital cycle, bacteria and fauna break down or re-mineralize
seaweed carbon into CO2, which is then converted or absorbed into new biomass. Sea-
weeds, in addition to providing organic matter for detritivorous species, also offer food
for aquatic and terrestrial herbivores [51,52]. Thus, seaweeds play an essential role in the
food webs of saltwater ecosystems through photosynthesis and primary production, which
translates into a rise in the production of fish, abalone, sea urchins, and other animals
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consumed by humans (provisioning services). Seaweeds are the feed in the growth of
herbivores and permit the food chain maintain its status quo.

Photosynthesis also contributes to another important supporting service: production
of atmospheric oxygen. Seaweeds belong to the aquatic photosynthetic group (this group
is composed of seaweeds, marine plants, and phytoplankton) responsible for 50–80% of
the oxygen production on Earth. In comparison, only 28% of the oxygen production
on Earth is from rainforests. However, the numbers are continually fluctuating, and
calculating the precise proportion of oxygen generated in the water is challenging [53]. By
comparing the quantity of organic carbon created per square meter on an annual basis,
we may compare seaweeds oxygen production to that of terrestrial plants. Seaweeds can
produce 2 to 14 kg of biomass, but terrestrial plants, such as trees and grasses in temperate
regions, and microalgae can only produce approximately 1 kg [54]. Furthermore, seaweeds
are estimated capture around 175 million tons of carbon, accounting for 10% of global
automobile emissions [55].

Oxygen is required for decomposing microbes to metabolize toxins and organic pol-
lutants [56,57], and it is a critical component in nitrogen, phosphorus, sulfur, and iron
cycling [58]. Thus, seaweed photosynthesis helps in effective nutrient cycling. Production
of oxygen by seaweed is also vital for fish, particularly those more sensitive species [59],
and so seaweeds may have an indirect impact on human usage of this resource.

The influence on nutrient cycling and on aquatic life survival are only two of the
many indirect advantages supplied by oxygen generation. Seaweeds have a significant
impact on nutrient cycling through a variety of physical, chemical, and metabolic processes,
as well as interactions with other species [38,60,61]. Kelps (large brown seaweeds), for
example act as physical barriers against sea currents (and wave disturbance), reducing
sediment re-suspension, and also reduce water velocity, increasing particle and phosphorus
sedimentation [38,60–62]. These physical factors contribute to the reduction in nutrients
in the water column. Seaweeds, together with sediment, are the primary component in
which nitrogen and phosphorus are stored in a variety of water bodies [62,63], As a result,
alterations in this population have an impact on the metabolism of the entire aquatic
environment. Seaweeds also have an impact on nutrient cycling because they absorb
nutrients and after death, they liberate the nutrient to the water column through biomass
decomposition. Thus, by interfering with nutrient cycling, seaweeds have a direct impact
on phytoplankton and periphyton primary production, as well as water quality [64].

Seaweeds participate in the water cycle as a result of two mechanisms. Seaweeds
can be exposed by different tides and if there is a low tide, they can be emerged from the
aquatic habitat and being exposed to air, provoking water losses. The opposite occurs when
seaweed are submerged, when they reduce water losses to the environment. The magnitude
of these processes interferes with the water cycle and may have a crucial influence in water
balance in specific ecosystems.

The provisioning of habitat can be considered one of the most important ESs provided
by seaweeds because a variety of other ecological services depend on this service. Seaweeds
are vital for maintaining the food chain’s equilibrium and for ecological functions such
as nursery, recruitment, and protection regions for many aquatic species [19,65]. Natural
macroalgal niches perform an important ecological function in marine environments [19,65]
(Figure 2), and as a result, are a significant component in economic exploration and envi-
ronmental conservation of the oceans and seas. As a result, preserving indigenous seaweed
in their natural environments is critical, as is avoiding the introduction of foreign species,
which can jeopardize ecological stability. However, to facilitate the use of marine resources,
eco-sustainable seaweed production may be used to ensure that this exploitation does not
impose strain on marine environments. The growth of native seaweed techniques has the
potential to provide immediate assistance for the many fish, crustaceans, cephalopods, and
echinoderm species that have been discovered [19,65]. Thus, seaweeds provide aquatic
animal habitats which are explored by the fisheries (for human food, mainly, this also is
well-demonstrated by offshore seaweed farm in which fish catch is growing). The example
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of seaweed traditional farming in Indonesia is a perfect example of this seaweed ecosystem
service benefit [9,66].

Hydrobiology 2023, 2, FOR PEER REVIEW 7 
 

 

impact on phytoplankton and periphyton primary production, as well as water quality 

[64]. 

Seaweeds participate in the water cycle as a result of two mechanisms. Seaweeds can 

be exposed by different tides and if there is a low tide, they can be emerged from the 

aquatic habitat and being exposed to air, provoking water losses. The opposite occurs 

when seaweed are submerged, when they reduce water losses to the environment. The 

magnitude of these processes interferes with the water cycle and may have a crucial in-

fluence in water balance in specific ecosystems. 

The provisioning of habitat can be considered one of the most important ESs pro-

vided by seaweeds because a variety of other ecological services depend on this service. 

Seaweeds are vital for maintaining the food chain’s equilibrium and for ecological func-

tions such as nursery, recruitment, and protection regions for many aquatic species 

[19,65]. Natural macroalgal niches perform an important ecological function in marine 

environments [19,65] (Figure 2), and as a result, are a significant component in economic 

exploration and environmental conservation of the oceans and seas. As a result, preserv-

ing indigenous seaweed in their natural environments is critical, as is avoiding the intro-

duction of foreign species, which can jeopardize ecological stability. However, to facilitate 

the use of marine resources, eco-sustainable seaweed production may be used to ensure 

that this exploitation does not impose strain on marine environments. The growth of na-

tive seaweed techniques has the potential to provide immediate assistance for the many 

fish, crustaceans, cephalopods, and echinoderm species that have been discovered [19,65]. 

Thus, seaweeds provide aquatic animal habitats which are explored by the fisheries (for 

human food, mainly, this also is well-demonstrated by offshore seaweed farm in which 

fish catch is growing). The example of seaweed traditional farming in Indonesia is a per-

fect example of this seaweed ecosystem service benefit [9,66]. 

 

Figure 2. Ecological niche with seaweeds and other marine organisms. 

3.2. Regulating Services 

Unlike supporting services, regulating services provide advantages that are more di-

rectly tied to human benefits; however, they are not always clearly recognized such as the 

climate regulation provided by seaweeds. The climate problem worsens while the inter-

national community is attempting to make the commitment required to reverse it, for ex-

ample the promotion of the Sustainable Development Goals by ONU [2]. The climate 

problem worsens while the international community refuses to make the entire 

Figure 2. Ecological niche with seaweeds and other marine organisms.

3.2. Regulating Services

Unlike supporting services, regulating services provide advantages that are more
directly tied to human benefits; however, they are not always clearly recognized such as
the climate regulation provided by seaweeds. The climate problem worsens while the
international community is attempting to make the commitment required to reverse it, for
example the promotion of the Sustainable Development Goals by ONU [2]. The climate
problem worsens while the international community refuses to make the entire commitment
required to reverse it. The year 2019 was the second warmest year on record, as well as the
conclusion of the warmest decade (2010–2019), resulting in catastrophic wildfires, storms,
droughts, floods, and other weather disasters all over the world. Temperatures throughout
the world are expected to climb by 3.2 ◦C by the end of the century. To attain the Paris
Agreement’s highest objective of 1.5 ◦C, or even 2 ◦C, greenhouse gas emissions must begin
to decline by 7.6% per year beginning in 2020 [2].

Highly prolific seaweed species may contribute significantly to the yearly biological
reduction in CO2 and the global carbon cycle [67]. However, in order to comprehend
the scope of this decrease, researchers must first estimate the amount and rate at which
fixed carbon is recycled [68]. Even though marine seaweed communities comprise a very
tiny portion of the coastal region (approximately 33%, 3,5 mill km2), these habitats are an
important component of climatic change adaptation and mitigation strategy [69]. Thus,
seaweed are responsible for the uptake of 173 million tons of carbon per year, making
seaweed a vital player in the global carbon cycle [48]. Seaweed are carried to the deep
ocean by drifting and sinking after being pulled away from the substrate [48]. Fresh
Sargassum were discovered in the intestines of abyssal isopods (a kind of marine crustacean)
residing on the bottom at 6.475 m depth, indicating the transfer of seaweed to the deep
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waters. Organic material is considered gone from the carbon cycle when it falls below
1.000 m [48]. Seaweed also mitigates acidification, deoxygenation, and other marine effects
of global warming, which endanger sea biodiversity and the source of food and livelihood
for hundreds of millions of people [70]. Thus, the promotion of sustainable seaweed
cultivation can promote this service even more. Seaweed cultivation can assist to prevent
ocean acidification and deoxygenation [71]. Deoxygenation has arisen as a concern for
ocean warming and its impact on ecosystems, posing a challenge to the mitigation strategy
for climate change [72]. Hypoxic conditions are especially dangerous in eutrophic marine
settings, endangering the life of local flora and fauna. These locations can profit from
seaweed farming since they are autotrophic ecosystems that produce oxygen through
photosynthesis. Furthermore, seaweed farming has the ability to improve the pH balance
of ocean water and provide oxygen, assisting marine life in adapting to warmer waters [71].

Erosion regulation is also linked to seaweed colonization. Seaweeds prevent erosion
and sediment trapping, aiding in the maintenance of saltwater environments’ shorelines
(Figure 3). Shore erosion is reduced because seaweeds act as physical barriers that minimize
wave energy [39,73].This is also observed in estuarine seaweeds that trap sediment in the
river margins [39]. Beach-cast seaweeds may provide indirect coastal protection by releasing
nutrients to dune ecosystems, which in turn stabilize local sediments and contribute to
coastal protection [74]. There is little scientific evidence to imply that drift deposits on
beaches actually provide coastal protection. However, if present on a big enough scale,
they may be able to diffuse wave energy, shielding sediments from wave scour on a
small scale [39].
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sedimentation and reducing coastal erosion.

Access to drinkable and high-quality water is critical for protecting human health
and ecosystems. Seaweeds communities are already phytoremediators in their native
settings, thus being water purification systems [10]. As a result, seaweeds may be used to
treat polluted waters or wastewaters from various sources with varying salinities, such
as estuarine and marine settings [75]. As a result, seaweeds can play an important role in
improving water quality and reducing pollution. In sectors such as aquaculture, seaweeds
are already employed to boost water efficiency. Seaweeds, on the other hand, serve as
a biofilter in the ecosystem. Metal-contaminated aquatic environments are becoming a
life-threatening hazard in various locations as a result of rapid urbanization and economic
expansion (anthropogenic activities). As a result, transportation can raise that pressure
even higher, to the point where the environment suffers the most harm as a result of this
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contamination [75]. During their development period, seaweed may deposit or bio-adsorb
metals in their cell walls and sequester these toxic compounds from the surrounding
environment, detoxifying the aquatic system and allowing the ecosystem to retain its usual
status quo [75].

Because of their high metal accumulation capabilities, wild seaweeds are regarded as
natural metals biosorbents. For example, brown seaweed are known to take Lead, Cad-
mium, Copper, Zinc, Chromium, and Cobalt from industrial effluents or wastewaters [76].
However, metal absorption in seaweed is generally accomplished by the interaction of
metal ions with algal cell walls; therefore, metal removal is not metabolically regulated [76].

Changes in ecosystems can alter pathogen abundance, which is connected to dis-
ease regulation. Seaweeds (together with its associated microbiome) act as a filter for
allochthonous materials, which helps to reduce infections. Pathogen reduction strategies
include adsorption with other particles, adsorption, predation by bacteria in the biofilm,
and exposure to seaweeds and other microorganism exudates, such phenolic compounds
and sulphated polysaccharides [50,77,78].

3.3. Provisioning Services

The most immediately recognized services are the direct usage of seaweeds products
as food, textiles, medications, and decorations (provisioning services). These provisioning
services are provided by four distinct sources. Seaweed aquaculture in the supply chain is
used more in the provisioning service (Figure 4). The second supply source is related with
seaweeds taken directly from nature, the biomass of which is used for a variety of uses by
local populations [9]. A third source is the biomass of seaweed, which grows abundantly
in nature, and in this instance, harvesting and using their biomass represents a solution to
a problem (which occurs with invasive species, for example) [14].
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Edible seaweeds have been consumed by coastal cultures all over the world since
prehistoric times. Currently, seaweed are a common food source in the diet in many Asian
nations, and their popularity is expanding in Western cultures, owing to both the inflow
of Asian cuisine and the well-known health advantages connected with their use [79].
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Seaweeds are mostly grown for human use, with over 20 thousand tons produced in
2016, primarily Saccharina japonica (formerly Laminaria japonica), Undaria pinnatifida (brown
seaweeds), and Porphyra sp. (red seaweed). They are mostly consumed in Japan, China,
and Korea [9].

Seaweed are consumed as a food supplement due to their nutritional profile, which
is rich in dietary fibers, proteins, and minerals necessary for the proper functioning of
human cell mechanisms [80]; however, due to mineral limitations, the recommended daily
intake is only 5 g of dried biomass per day [81]. Epidemiological data show that consuming
seaweed on a regular basis may protect against a range of contemporary illnesses such
as cancer incidence and cardiovascular disease [80,81]. In acute feeding experiments in
humans, the addition of seaweed to diets previously demonstrated the ability to promote
satiety and lower postprandial glucose and fat absorption rates [79]. Regular eating of
seaweed can provide a nutrient-dense boost to the diet (carbohydrates, proteins, and vita-
mins). However, nutritionists may be concerned if micronutrient consumption exceeds the
Reference Nutrient Intake (RNI), especially if bioavailability is high [79]. Beyond its basic
macronutrient content, seaweed is now a significant industry research and development
idea as a nutraceutical or functional food with dietary benefits [7].

Since ancient times, seaweed has been used as animal food in coastal areas. Seaweeds
are blended with animal feed since they might be harmful to animals if taken alone.
Seaweed biomass is an important alternative feed element for cattle. The nutritional value
of seaweed, combined with their non-animal nature, makes them particularly suitable for
use in animal feed as nutraceuticals, a term derived from the combination of nutritional and
pharmaceutical, used to identify food components that provide health benefits including
disease prevention [82,83].

In vitro studies and certain animal studies have supported the health advantages
of seaweed beyond the supply of vital nutrients; however, many of these studies have
used inadequate biomarkers to validate a claim and did not move to appropriately design
trials to test effectiveness. Some seaweed components are appealing as functional food
ingredients based on the limited evidence available, but more animal nutritional studies
evidence (including mechanistic evidence) is required to evaluate both the nutritional
benefit conferred and the efficacy of purported bioactivities, as well as any potential
adverse effects [11,84,85].

Seaweeds are on the verge of becoming popular due to their appropriateness as
possible feedstock production as well as dietary supplements. Seaweeds can meet the
growing demand for renewable and sustainable energy sources without compromising
food and land resources because they are fast growing, high biomass yielding, and elevated
and free of charge productivity compared with other conventional biomass feedstock, such
as corn or soybean. However, seaweeds demonstrate the potential to be further investigated
as an animal feed additive/supplement and cannot be used as a complete replacement for
traditional animal feed. Seaweed’s beneficial benefits are normally limited to less than 10%
of the overall content in animal feed; above that, it has been shown to have detrimental
effects, and animals have refused to consume the offered feed [11].

The use of fibers (or biomass) of seaweed also has several applications by humans.
The seaweed biomass produced can be exploited for different exploitations, such as fertiliz-
ers [86], soil conditioner [87], plastics [88], bricks [89], houses, metal accumulator (dried
biomass to perform bioremediation) [10], and antiflame materials (used in textile and
others human-related consumables) [12]. Another potential use of seaweed fibers is the
production of biofuel. This can be accomplished, for example, by employing seaweed
biomass as a biofuel that directly replaces fossil fuels [90,91]. Furthermore, “blue” biofuels
derived from seaweed do not compete for resources with agriculture because they do not
require arable land, freshwater, or chemical applications (fertilizer, herbicide, or pesticide),
and are thus more environmentally friendly in many ways than current biofuels derived
from land crops [42].
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Genetic resources are an new ecological service produced by seaweeds. Because of the
rapid growth of the worldwide seaweed aquaculture business, there is a growing interest
in translocating seedlings developed from wild-type brood stock. Such translocations,
however, must be used with caution since imported cultivars might impair the genetic
structure and variety of wild populations. To inform decision-making about aquaculture
translocation initiatives, an understanding of the genetic structure and connectivity of
target species is essential [92]. As a result, scientific study on seaweed development is
very timely: the capacity of the sector to produce seaweeds with changed morphological
traits (e.g., thicker blades), greater growth rates, or delayed (or even no) fertility determines
the sector’s potential for expansion [93]. Because the architecture of seaweeds (or marine
seaweed) is significantly simpler than that of land plants, and because seaweeds belong to
three separate eukaryotic groups, the processes governing their morphogenesis are critical
to understanding their development [93].

In general, the development of seaweed genetic resources, strain selection, and selec-
tive breeding software is in its early stages. Focused in the morphological variations in
commercially significant seaweeds and investigate the genetic basis for these morphological
alterations [93].

Another major provisioning function offered by seaweeds is the extraction of bio-
chemicals, natural medicines, and pharmaceuticals. In folk medicine, seaweeds have been
used for generations as a standard medication for a variety of health problems [94]. This
attribute was considered as early as 300 BC in Asian cultures, and Celtic, British, and
Roman populations living near the sea used them for 1000 years for healing wounds, as a
vermifuge, or as an anthelmintic, so modern research in pharmaceutical and biomedical
areas is evolving and progressing [95,96]. Many studies have shown that seaweeds have
nutraceutical, pharmacological, and cosmeceutical benefit. They have anti-cancer, antivi-
ral, antifungal, antidiabetic, antihypertensive, immuno-modulatory, cytotoxic antibiotic,
anticoagulant, anti-inflammatory, anti-parasitic, antioxidant, UV-protective, and neuro-
protective effects [96–101]. It has also been established that several species of seaweed
contain powerful antioxidant compounds such as phlorotannins, carotenoids, and sterols,
making seaweed a source of compounds with potential neuroprotective effects, which
can be useful in the treatment of neurodegenerative diseases such as Parkinson’s and
Alzheimer’s [102,103]. Sulfated polysaccharides from seaweed demonstrated significant
potential pharmaceutical applications, such as anti-ulcer actions by reducing the adherence
of Helicobacter pylori infection [104]. Actually, various seaweeds compounds are used in
various industries, and also in pharmaceutical and biomedical applications to treat human
health problems and diseases [12,13,81,105,106].

The ornamental resources by seaweeds are based mostly in aquariums and aquatic
gardens and parks [107,108]. However, this type of service can be harmful due to the lack
of biosecurity, and the possibility of non-native species [107].

Finally, seaweed have been widely employed in biomonitoring. Although the MEA
does not consider biomonitoring to be an Ecological Service by Millennium Ecological
Assessment, biomonitoring methods based on seaweeds are being included in the European
Water Directive Framework. Furthermore, the presence or absence of seaweed in coastal
regions is a helpful tool for evaluating water quality, ecological status and is already
being utilized in several nations in this capacity [109–111]. In Portugal, for example, the
PMarMAT tool is used to analyze the water quality along rocky coasts under the European
Water Framework Directive, and it allows for an examination of algal populations to
characterize the water in coastal locations [109].

3.4. Cultural Services

Seaweeds are also present in various cultural services. They are present in various
traditions, per example, Asian countries, the Celts, and the Romans used seaweed as
food, feed, and fertilizer [87,112]. Mattress fillings, roof construction, wall insulation,
knife handles, musical instruments, contraceptive devices, infant teethers, hygrometers,
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firecrackers, fishing lines, baskets, dolls, jugs, jewelry, and buttons are some more unusual
traditional seaweed applications [113]. As a result, it is demonstrated as inevitable that
seaweeds and humans have had a plethora of intertwined connections on evolutionary
timelines as well as in recent millennia and centuries all the way into the Anthropocene.
It is no surprise that seaweeds have invaded and acted as a savior for humanity all over
the world in various times of dire need and crisis. Indeed, they have been used as a last
option in times of hunger, wars, disease outbreaks, nuclear catastrophes, or as components
of preserving the fabric of societal stability. In certain regions of the world, the tradition of
utilizing seaweeds as a valued food has survived to the current day [114–116].

Whilst in others, this use was seemingly forgotten, and seaweeds have mostly served
as various raw materials for a variety of practical uses and extracts, often in remote ways
where most people would not know that a specific application was actually based on a
specific type of seaweed, such as a food ingredient, a hydrogel, a medicinal aid, or a fire
repellent [112]. Demonstrating that in various human communities seaweed has had high
cultural heritage value (Figure 5) since ancient times, there is a seaweed-related cultural
heritage notorious in Shandong province (China). In this province there are the so-called
“seaweed bungalows” (seaweed are used to cover the rooftop) which is dated from the Qin
Dynasty (221–206 BC) and continues today and it is a listed provincial intangible cultural
heritage in Shandong [112,117]. Other cultural heritage is gastronomy related, for example
in Azores Islands (Portugal) and in Ireland there are recipes with seaweeds (mostly with
Porphyra sp.) which have been maintained for centuries [118].
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Portugal), which “moliço” consist in the harvest of seaweeds and aquatic plants to fertilize the
agricultural soil, seaweed tradition, and regional cultural heritage.

There are religions which have spiritual and religious values related with ecosystems
or their components [23] and spiritual and religious services are also provided by seaweeds.
They were highly regarded, even venerated, in the Eastern culture, and were included
in daily dinners and were a method of paying taxes to the Japanese Emperor’s court or
as a gift for guests [54]. Sze Teu, a Chinese scholar, stated around 600 BCE that “certain
seaweeds are a delicacy for the most honorable visitors, even the king himself.” Seaweeds
were so revered that they were one of the Twelve Symbols of Sovereignty, which were
painted or embroidered on the official robes used by the Chinese emperors, symbolizing
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brightness and purity [115]. In contrast, seaweeds did not have the same exalted position
in the majority of the Western world (i.e., Europe and North America) [113]. The Greek
deity Nereus, father of the Nereids (beautiful sea-nymphs), was a wise old man who lived
in a magnificent grotto in the depths of the Aegean Sea. He had the power of divination
and could transform himself into any form. He is seen with seaweed hair and a scepter or
trident [119]. Poseidon’s son, Triton, had a fishtail coated in fine scales and green seaweed
all over his body. He was a merman who ruled the seas, blowing his shell trumpet to
terrify giants during battles or to raise or reduce the waves [119]. Thalassa, the primeval
Greek goddess of the sea and the genesis of fishes and other sea animals, is shown in
Greco-Roman mosaics as a matron half-submerged in the sea, wearing seaweeds, wearing
crab-claw horns, and holding a boat’s oar [113]. There were also gods/goddesses and
mythology associated with various seaweeds in ancient Celtic culture. In contrast to the
Greco-Latin culture, most of these tales contained a wide range of animals (both good and
bad), and those traditions were utilized to terrify people, particularly youngsters. Because
of its spectacular beauty, Nereocystis luetkeana (bullwhip kelp) (brown seaweed) plays a
vital part in the Northwest Coast people’s traditions and folklore. In Haida tradition, a
double-headed bullwhip kelp signaled the entrance to the undersea home of a supernatural
chief, and anybody who could follow it down to the seabed and meet the supernatural
people there was bound to gain power, respect, and good luck when they returned to their
hometown [120].

This history of seaweed and humankind demonstrates that seaweed provided a rich
source of inspiration for art, folklore, national symbols, and architecture (not only houses
but other equipment). This is demonstrated by the strong ties between seaweeds and
humans as may be seen in culture, mythology, folklore, and poetry [113,115]. In the current
context, humankind and human societies have repeatedly turned to seaweeds in times
of crisis to take advantage of what this diverse and ancient, polyphyletic assemblage
of marine, photosynthetic organisms can offer in order to meet basic sustenance needs,
alleviate disease suffering, and secure health, well-being, and survival at critical stages of
human history. With the terrible extent of global challenges that people and civilizations are
currently confronted with, such as pandemics, climate change, and the need for sustainable
food sources and supplies, we may turn our collective and concentrated attention to
seaweeds once more. Seaweeds, with their numerous extraordinary and unique material
characteristics and chemical components, have unsurprisingly come to the aid of soldiers
throughout times of conflict. An example from history explains how Muslim scientists
and naval commanders in the early eight century discovered a means to utilize seaweed
to protect their ships from the catastrophic so-called Greek Fire used by the Byzantine
navy to set enemy boats on fire [112]. Abd al-Rahmn, an Alexandrian, discovered how to
extract “algin” from the brown alga Gongolaria barbata (formerly Cystoseira barbata) (brown
seaweed), which he subsequently used to fireproof fabric. He used this material to shelter
the ships from Greek fire [121].

Esthetic values of seaweeds explain why certain civilizations encourage seaweed farm-
ing, seaweed-based buildings, “scenic dives in kelp forests,” and why many individuals
choose residence near these coastal areas or in house surrounded by seaweeds [9,122–124].
Per example, is the Shandong cultural heritage, where seaweeds are used in esthetic on the
houses. Furthermore, this happens in others communities, for example in Læsø (Norway),
where seaweed are used in house esthetic value [125]. The esthetic values are related to
other ecosystem services, recreation and ecotourism, which evolves into an eco-friendly and
sustainable mindset. Thus, there is ecotourism developing around seaweeds, for example,
restaurants that provide local, seasonal, and sustainable food to entrepreneurs that offer
“pick your own seaweed” excursions [126]. There are companies that organize a variety
of activities that use seaweeds, such as seaweed paddling. Participants on a kayak day
excursion may snorkel and pick natural seaweed in a sustainable manner, as well as learn
how to prepare it. How may seaweed become a significant element in the development
of a resort through marine experiences? Seaweed and kelp forests are vital to local econ-



Hydrobiology 2023, 2 88

omy and tourist activities including animal viewing, fishing, kayaking, snorkeling, and
scuba diving. Divers, for example, enjoy the beautiful underwater beauty provided by
kelp forests around the beaches and their richness [127,128]. Furthermore, marine eco-
tourism is a relatively new and increasing phenomena, with the environmental educational
component as well as the minimal environmental effect of these recreational activities at
the forefront [129]. Furthermore, in Indonesia, the Philippines, and Malaysia there is the
development of seaweed traditional aquaculture service based on tourist recreation of the
ancient cultivation techniques [124,130–132]. One of the seaweed cultivation tourism cases,
in Olango islands (Philippines), is capable benefit near 10,000 families in direct income.
Moreover, it also affects indirect income due to seaweeds being the key for the already
exploit tourism objectives, such as diving, snorkeling, and watching migratory birds [131].

There also educational values associated with seaweed. Students may have their first
encounter with seaweeds during formal schooling during biology lectures, when they go on
field trips to the beaches. Beach field tours on rocky coasts with seaweeds and other aquatic
organisms are also used to educate children on the fundamentals of ecology and food webs.
Seaweeds are easily seen and hence contribute to the transfer of important ecological ideas
and principles. Currently, there is an increase in education-related scientific projects (in
Europe Union, specifically) which transmits educational values about the sea ecosystem
importance, thus seaweed importance in ecological values. For example, the “Roteiro-entre-
Marés” (Figure 6) try to enhance the natural and cultural resources linked to the Portuguese
coast, specifically the intertidal zone (inclusively seaweed), using as an example two distinct
coastal ecosystems [133]. However, this type of educational value are being promoted by
interactive learning and using information technologies to promote and spread ecosystem
services for a broader target to promote ecological sense and knowledge [134]. In the
USA, there are associations also promoting seaweed educational value, increasing their
importance for the humankind, and transmitting ecological values [135].
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Humans inhabiting places near ecosystems where seaweed dominate, such as coastal
areas, may develop local knowledge systems. Central Europe is the second example of a
local knowledge system. According to historical records, certain seaweeds in that region
have been exploited for grazing by cattle and pigs, trampling, and uprooting for around
300 years [136]. The combination of approaches used in all these activities can be regarded
as a component of the local population’s knowledge system. This traditional knowledge
related with local activities, according to Biro et al. (2019), aids in the creation of creative
strategies for environmental protection. Similarly, to this local knowledge system, for
a long time on the European Atlantic Coast, seaweeds have been utilized to improve
barren agricultural soils or soils along the coastline. The Romans, or the Celtic tribes of
Gaul, Brittany, and the British Isles left the oldest written documents in Europe where the
information was gathered in a local knowledge system, which is well-documented until
the twentieth century. However, this knowledge is being lost due to the death of elder
villagers without passing the information to young villagers [87]. However, there is an
attempt by the educational values to retrieve the local knowledge system about seaweeds
and their ancient/old uses and applications, sometimes using folklores or performing
scientific methods to rediscover ancient knowledge, mostly in agriculture and animal
feed [11,87,137,138].

Thus, this demonstrates that seaweed have been an inspiration since ancient times, and
with a change in mindset, seaweeds can be further developed into the cultural valorization
around the globe, although there are some dangers involved. Moreover, it may be difficult
to the progress and achievements accomplished in the seaweed world.

4. Future of Seaweed Ecological Services

However, these ecological services are in jeopardy owing to the advent of non-native
species with invasive behavior in new environments. As a result of the invading species’
complete dystrophy, the general ecosystem will be altered to a perilous state. The underly-
ing issue in this situation is not seaweeds species, but anthropogenic actions and activities
associated with climate change and eutrophication of aquatic ecosystems. Changes in
seaweed distribution, abundance, and community structure caused by climate change
will have an impact on ecosystem function. The extinction of canopy-forming species
is expected to diminish the availability of a biogenic habitat and the biodiversity it sup-
ports, with consequences for food web structure and function [139]. Changes in seaweed
standing stocks or biomass, as well as changes in species composition, have an impact on
biogeochemical cycling, including inorganic carbon and nitrogen uptake, organic carbon
generation, and oxygen evolution [1]. Many of these tasks are difficult to replace, especially
when functional redundancy within seaweed communities reduces as seaweed biodiversity
declines [140].

These ecological dangers and impacts create a slew of ecological and economic quan-
daries for the afflicted countries. This is happening in a number of Caribbean nations with
Sargassum muticum, together with other species of this genus (brown seaweeds) [141]. To
offset this detrimental impact, ways to profit from invading macroalgal species must be
developed. Though biogas and fertilizer production are examples of ecological services
that might benefit from the lowering of the biomass of ecologically harmful species and
ensure a sustainable future in these nations [141].

Furthermore, for global food and feed, seaweed production can be a low-cost alter-
native to minimize ecological pressure [142]. Because of the minimal capital investment,
short crop/harvest cycle, and ease of cultivation, seaweed can be utilized as an alternative
source of sustenance by coastal human groups in coastal nations, causing a multifunc-
tional primary product [75]. In conclusion, wild seaweed harvesting without an ecological
study can pose significant environmental hazards, particularly when performed only for
economic profit, as it depletes primary producers, unbalances the food chain, and takes a
long time to recover [143]. As a result, by studying natural seaweed species, macroalgal
farming can offset the detrimental impact, manage eutrophication problems in ecosystems,
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as well as be particularly effective at removing nutrients from water, therefore controlling
algal blooms [144,145]. There are nations that have considerable harvesting of seaweed
species; however, due to the economic consequences of unregulated harvesting in the
past, natural harvesting is mostly conducted in sustainable methods [146]. As a result,
seaweed production might be regarded as an ecological service. with economic exploration,
if performed correctly [145].

The seaweed ecosystem services value in terms of functions is similar to the freshwater
macrophytes and seagrass, and all the marine flora ecosystem appears to be similar between
the different types of flora. Seaweed are keystones for the ecosystem maintenance and
status quo where they are found. Their economic impact depends on the habitat area,
and in the provisioning and regulating services [27,147–149]. In terms of economic values,
there are many marine flora impacted by each provider: plankton, coral reefs, seagrass
and seaweeds.

5. Conclusions

As demonstrated by this review, we observe that seaweeds are a key element to
maintain a high number of ecosystems working naturally, supporting the humankind with
several ecological services. Thus, the maintenance the status quo in estuarine and coastal
areas are needed to protect not only ecosystem but also the human existence. Furthermore,
the rehabilitation of estuarine and coastal zones in damaged ecosystems employing various
plant native seaweeds provides significant advantages to humans. When ecosystems are
subjected to human effects (for example, eutrophication, damming, and species invasions),
seaweeds lose their ability to supply ecological services and, in certain cases, can even
provide “dis-services” to the humans. Finally, protection of seaweeds biodiversity should
be addressed since there is evidence that most of the ecological services that can be outlined
are more efficient in areas with richer and more functionally varied ecosystems. In an era
where various stresses threaten ecosystems and human life, the conservation of seaweed
variety and their usage as suppliers of benefits to people is both a problem and a necessity.
Thus, in the future seaweed cultivation must be integrated into damaged zones to recover
the ecosystem and make the appearance of invasive species and pathogens difficult.
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terrestrial ecosystem services: A review. Sci. Total Environ. 2021, 781, 146716. [CrossRef]
26. Haines-Young, R.; Potschin-Young, M. Revision of the Common International Classification for Ecosystem Services (CICES V5.1):

A Policy Brief. One Ecosyst. 2018, 3, e27108. [CrossRef]
27. Thomaz, S.M. Ecosystem services provided by freshwater macrophytes. Hydrobiologia 2021, 1–21. [CrossRef]
28. Bennett, S.; Wernberg, T.; Connell, S.D.; Hobday, A.J.; Johnson, C.R.; Poloczanska, E.S. The ‘Great Southern Reef’: Social, ecological

and economic value of Australia’s neglected kelp forests. Mar. Freshw. Res. 2016, 67, 47. [CrossRef]
29. Duffy, J.E.; Benedetti-Cecchi, L.; Trinanes, J.; Muller-Karger, F.E.; Ambo-Rappe, R.; Boström, C.; Buschmann, A.H.; Byrnes, J.;

Coles, R.G.; Creed, J.; et al. Toward a Coordinated Global Observing System for Seagrasses and Marine Macroalgae. Front. Mar.
Sci. 2019, 6, 317. [CrossRef]

30. Vásquez, J.A.; Zuñiga, S.; Tala, F.; Piaget, N.; Rodríguez, D.C.; Vega, J.M.A. Economic valuation of kelp forests in northern Chile:
Values of goods and services of the ecosystem. J. Appl. Phycol. 2014, 26, 1081–1088. [CrossRef]

31. Blamey, L.K.; Bolton, J.J. The economic value of South African kelp forests and temperate reefs: Past, present and future. J. Mar.
Syst. 2018, 188, 172–181. [CrossRef]

http://doi.org/10.1016/j.jembe.2019.151309
http://doi.org/10.3354/meps253123
http://doi.org/10.1111/conl.12645
https://oceanexplorer.noaa.gov/explorations/03mex/background/seaweeds/seaweeds.html#:~{}:text=Because%20seaweeds%20are%20photosynthetic%20organisms,1)
https://oceanexplorer.noaa.gov/explorations/03mex/background/seaweeds/seaweeds.html#:~{}:text=Because%20seaweeds%20are%20photosynthetic%20organisms,1)
http://doi.org/10.3390/ijerph17186528
http://doi.org/10.3390/jmse8080559
http://doi.org/10.3390/md18080384
http://doi.org/10.3390/md18110560
http://doi.org/10.1126/science.1159196
http://www.ncbi.nlm.nih.gov/pubmed/18653892
http://doi.org/10.1093/biosci/bix147
http://doi.org/10.1111/faf.12259
http://doi.org/10.4490/algae.2017.32.3.3
http://doi.org/10.1016/j.marpolbul.2018.05.005
http://doi.org/10.1016/j.ecoser.2022.101407
http://doi.org/10.1080/23308249.2020.1810626
http://doi.org/10.1038/s41893-021-00773-9
http://doi.org/10.1126/science.1131946
http://doi.org/10.1016/j.scitotenv.2021.146716
http://doi.org/10.3897/oneeco.3.e27108
http://doi.org/10.1007/s10750-021-04739-y
http://doi.org/10.1071/MF15232
http://doi.org/10.3389/fmars.2019.00317
http://doi.org/10.1007/s10811-013-0173-6
http://doi.org/10.1016/j.jmarsys.2017.06.003


Hydrobiology 2023, 2 92

32. Henriques, B.; Rocha, L.S.; Lopes, C.B.; Figueira, P.; Monteiro, R.J.; Duarte, A.; Pardal, M.; Pereira, E. Study on bioaccumulation
and biosorption of mercury by living marine macroalgae: Prospecting for a new remediation biotechnology applied to saline
waters. Chem. Eng. J. 2015, 281, 759–770. [CrossRef]

33. Senthilkumar, R.; Prasad, D.M.R.; Govindarajan, L.; Saravanakumar, K.; Prasad, B.S.N. Green alga-mediated treatment process
for removal of zinc from synthetic solution and industrial effluent. Environ. Technol. 2019, 40, 1262–1270. [CrossRef]

34. Gao, K.; Beardall, J.; Häder, D.-P.; Hall-Spencer, J.M.; Gao, G.; Hutchins, D.A. Effects of Ocean Acidification on Marine
Photosynthetic Organisms Under the Concurrent Influences of Warming, UV Radiation, and Deoxygenation. Front. Mar. Sci.
2019, 6, 00322. [CrossRef]

35. Trowbridge, L. (Ed.) A Better World: Volume 3; Gomer Press Ltd.: Ceredigion, UK, 2014; Volume 168, ISBN 9780995648739.
36. Macreadie, P.I.; Trevathan-Tackett, S.; Skilbeck, G.; Sanderman, J.; Curlevski, N.; Jacobsen, G.; Seymour, J. Losses and recovery of

organic carbon from a seagrass ecosystem following disturbance. Proc. R. Soc. B Boil. Sci. 2015, 282, 20151537. [CrossRef]
37. Garden, C.J.; Smith, A.M. Voyages of seaweeds: The role of macroalgae in sediment transport. Sediment. Geol. 2015, 318, 1–9. [CrossRef]
38. Morris, R.L.; Graham, T.D.J.; Kelvin, J.; Ghisalberti, M.; Swearer, S. Kelp beds as coastal protection: Wave attenuation of Ecklonia

radiata in a shallow coastal bay. Ann. Bot. 2019, 125, 235–246. [CrossRef] [PubMed]
39. Smith, S. Climatic Factors—Wild seaweed harvesting: Strategic environmental assessment—Environmental report—Gov.scot. In

Wild Seaweed Harvesting: Strategic Environmental Assessment—Environmental Report; Scottish Government: Edinburgh, UK, 2016;
ISBN 9781786526229.

40. Airoldi, L.; Ballesteros, E.; Buonuomo, R.; van Belzen, J.; Bouma, T.; Cebrian, E.; de Clerk, O.; Engelen, A.; Ferrario, F.; Fraschetti,
S.; et al. Marine forests at risk: Solutions to halt the loss and promote the recovery of Mediterranean canopy-forming seaweeds.
In Proceedings of the 5th Mediterranean Symposium on Marine Vegetation, Portorož, Slovenia, 27–28 October 2014; Labgar, H.,
Bouafif, C., Ouerghi, A., Eds.; United Nations Environment Programme, Mediterranean Action Plan, Regional Activity Center for
Specially Protected Areas: Portoroz, Slovenia, 2014; pp. 27–28.

41. Field, C.B.; Barros, V.; Stocker, T.F.; Dahe, Q.; Jon Dokken, D.; Ebi, K.L.; Mastrandrea, M.D.; Mach, K.J.; Plattner, G.K.; Allen,
S.K.; et al. Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation; Cambridge University Press:
Cambridge, UK, 2012; ISBN 9781139177245.

42. Duarte, C.M.; Losada, I.J.; Hendriks, I.E.; Mazarrasa, I.; Marbà, N. The role of coastal plant communities for climate change
mitigation and adaptation. Nat. Clim. Chang. 2013, 3, 961–968. [CrossRef]

43. Barbier, E.B.; Hacker, S.D.; Kennedy, C.; Koch, E.W.; Stier, A.C.; Silliman, B.R. The value of estuarine and coastal ecosystem
services. Ecol. Monogr. 2011, 81, 169–193. [CrossRef]

44. Hemminga, M.A.; Duarte, C.M. Seagrass Ecology; Cambridge University Press: Cambridge, UK, 2000.
45. Temmerman, S.; Govers, G.; Wartel, S.; Meire, P. Modelling estuarine variations in tidal marsh sedimentation: Response to

changing sea level and suspended sediment concentrations. Mar. Geol. 2004, 212, 1–19. [CrossRef]
46. Duarte, C.M.; Chiscano, C.L. Seagrass biomass and production: A reassessment. Aquat. Bot. 1999, 65, 159–174. [CrossRef]
47. Smale, D.A.; Pessarrodona, A.; King, N.; Burrows, M.T.; Yunnie, A.; Vance, T.; Moore, P. Environmental factors influencing

primary productivity of the forest-forming kelp Laminaria hyperborea in the northeast Atlantic. Sci. Rep. 2020, 10, 1–12. [CrossRef]
48. Krause-Jensen, D.; Duarte, C.M. Substantial role of macroalgae in marine carbon sequestration. Nat. Geosci. 2016, 9, 737–742. [CrossRef]
49. Duarte, C.M. Reviews and syntheses: Hidden forests, the role of vegetated coastal habitats in the ocean carbon budget. Biogeo-

sciences 2017, 14, 301–310. [CrossRef]
50. Lomartire, S.; Cotas, J.; Pacheco, D.; Marques, J.; Pereira, L.; Gonçalves, A. Environmental Impact on Seaweed Phenolic Production

and Activity: An Important Step for Compound Exploitation. Mar. Drugs 2021, 19, 245. [CrossRef]
51. Menaa, F.; Wijesinghe, P.A.U.I.; Thiripuranathar, G.; Uzair, B.; Iqbal, H.; Khan, B.A.; Menaa, B. Ecological and Industrial

Implications of Dynamic Seaweed-Associated Microbiota Interactions. Mar. Drugs 2020, 18, 641. [CrossRef] [PubMed]
52. Pessarrodona, A.; Foggo, A.; Smale, D.A. Can ecosystem functioning be maintained despite climate-driven shifts in species

composition? Insights from novel marine forests. J. Ecol. 2019, 107, 91–104. [CrossRef]
53. National Ocean Service How Much Oxygen Comes from the Ocean? Available online: https://oceanservice.noaa.gov/facts/

ocean-oxygen.html (accessed on 1 April 2022).
54. Mouritsen, O.G. Seaweeds: Edible, Available and Sustainable; University of Chicago Press: London, UK, 2013; ISBN 978-0-226-04436-1.
55. Gallagher, J.B. Kelp Won’t Help: Why Seaweed May Not Be a Silver Bullet for Carbon Storage After All. Available online:

https://theconversation.com/kelp-wont-help-why-seaweed-may-not-be-a-silver-bullet-for-carbon-storage-after-all-178018#:
~{}:text=At%20present%20it\T1\textquoterights%20thought%20seaweed,%20fight%20to%20stop%20climate%20change
(accessed on 17 July 2022).

56. Mishra, S.; Maiti, A. The efficacy of bacterial species to decolourise reactive azo, anthroquinone and triphenylmethane dyes from
wastewater: A review. Environ. Sci. Pollut. Res. 2018, 25, 8286–8314. [CrossRef] [PubMed]

57. Koelmans, A. Integrated Modelling of Eutrophication and Organic Contaminant Fate & Effects in Aquatic Ecosystems. A Review.
Water Res. 2001, 35, 3517–3536. [CrossRef]

58. Wetzel, R.G. Limnology: Lake and River Ecosystem, 3rd ed.; Academic Press: San Diego, CA, USA, 2001; Volume 35,
ISBN 9780127447605.

59. Miranda, L.E.; Driscoll, M.P.; Allen, M.S. Transient physicochemical microhabitats facilitate fish survival in inhospitable aquatic
plant stands. Freshw. Biol. 2000, 44, 617–628. [CrossRef]

http://doi.org/10.1016/j.cej.2015.07.013
http://doi.org/10.1080/09593330.2017.1420696
http://doi.org/10.3389/fmars.2019.00322
http://doi.org/10.1098/rspb.2015.1537
http://doi.org/10.1016/j.sedgeo.2014.11.007
http://doi.org/10.1093/aob/mcz127
http://www.ncbi.nlm.nih.gov/pubmed/31424534
http://doi.org/10.1038/nclimate1970
http://doi.org/10.1890/10-1510.1
http://doi.org/10.1016/j.margeo.2004.10.021
http://doi.org/10.1016/S0304-3770(99)00038-8
http://doi.org/10.1038/s41598-020-69238-x
http://doi.org/10.1038/ngeo2790
http://doi.org/10.5194/bg-14-301-2017
http://doi.org/10.3390/md19050245
http://doi.org/10.3390/md18120641
http://www.ncbi.nlm.nih.gov/pubmed/33327517
http://doi.org/10.1111/1365-2745.13053
https://oceanservice.noaa.gov/facts/ocean-oxygen.html
https://oceanservice.noaa.gov/facts/ocean-oxygen.html
https://theconversation.com/kelp-wont-help-why-seaweed-may-not-be-a-silver-bullet-for-carbon-storage-after-all-178018#:~{}:text=At%20present%20it\T1\textquoteright s%20thought%20seaweed,%20fight%20to%20stop%20climate%20change
https://theconversation.com/kelp-wont-help-why-seaweed-may-not-be-a-silver-bullet-for-carbon-storage-after-all-178018#:~{}:text=At%20present%20it\T1\textquoteright s%20thought%20seaweed,%20fight%20to%20stop%20climate%20change
http://doi.org/10.1007/s11356-018-1273-2
http://www.ncbi.nlm.nih.gov/pubmed/29383646
http://doi.org/10.1016/s0043-1354(01)00095-1
http://doi.org/10.1046/j.1365-2427.2000.00606.x


Hydrobiology 2023, 2 93

60. Layton, C.; Coleman, M.A.; Marzinelli, E.; Steinberg, P.D.; Swearer, S.; Verges, A.; Wernberg, T.; Johnson, C.R. Kelp Forest
Restoration in Australia. Front. Mar. Sci. 2020, 7, 74. [CrossRef]

61. Eger, A.; Vergés, A.; Choi, C.G.; Christie, H.; Coleman, M.A.; Fagerli, C.W.; Fujita, D.; Hasegawa, M.; Kim, J.H.; Mayer-Pinto, M.; et al.
Financial and Institutional Support Are Important for Large-Scale Kelp Forest Restoration. Front. Mar. Sci. 2020, 7, 535277. [CrossRef]

62. Resende, L.; Flores, J.; Moreira, C.; Pacheco, D.; Baeta, A.; Garcia, A.C.; Rocha, A.C.S. Effective and Low-Maintenance IMTA
System as Effluent Treatment Unit for Promoting Sustainability in Coastal Aquaculture. Appl. Sci. 2021, 12, 398. [CrossRef]

63. Pacheco, D.; Miranda, G.; Rocha, C.P.; Pato, R.L.; Cotas, J.; Gonçalves, A.M.M.; Santos, S.M.D.; Bahcevandziev, K.; Pereira, L.
Portuguese Kelps: Feedstock Assessment for the Food Industry. Appl. Sci. 2021, 11, 10681. [CrossRef]

64. Pawlik, J.R.; Burkepile, D.E.; Thurber, R.V. A Vicious Circle? Altered Carbon and Nutrient Cycling May Explain the Low
Resilience of Caribbean Coral Reefs. Bioscience 2016, 66, 470–476. [CrossRef]

65. Bak, U.G. Seaweed Cultivation in the Faroe Islands: An Investigation of the Biochemical Composition of Selected Macroalgal
Species, Optimised Seeding Technics, and Open-Ocean Cultivation Methods from a Commercial Perspective. Ph.D. Thesis,
Technical University of Denmark, Kgs. Lyngby, Denmark, 2019; p. 157.

66. Theuerkauf, S.J.; Barrett, L.T.; Alleway, H.K.; Costa-Pierce, B.A.; Gelais, A.S.; Jones, R.C. Habitat value of bivalve shellfish and
seaweed aquaculture for fish and invertebrates: Pathways, synthesis and next steps. Rev. Aquac. 2022, 14, 54–72. [CrossRef]

67. Turan, G.; Neori, A. Intensive seaweed aquaculture: A potent solution against global warming. In Seaweeds and Their Role in
Globally Changing Environments; Israel, A., Einav, R., Seckbach, J., Eds.; Springer: Dordrecht, The Netherlands, 2010; pp. 359–372.

68. Chung, I.K.; Oak, J.H.; Lee, J.A.; Shin, J.A.; Kim, J.G.; Park, K.-S. Installing kelp forests/seaweed beds for mitigation and
adaptation against global warming: Korean Project Overview. ICES J. Mar. Sci. 2013, 70, 1038–1044. [CrossRef]

69. Wernberg, T.; Krumhansl, K.; Filbee-Dexter, K.; Pedersen, M.F. Status and Trends for the World’s Kelp Forests. In World Seas: An
Environmental Evaluation; Elsevier: Amsterdam, The Netherlands, 2019; pp. 57–78.

70. Forests of Seaweed Can Help Climate Change—Without Risk of Fire. Available online: https://www.nationalgeographic.com/
environment/article/forests-of-seaweed-can-help-climate-change-without-fire (accessed on 1 April 2022).

71. Duarte, C.M.; Wu, J.; Xiao, X.; Bruhn, A.; Krause-Jensen, D. Can Seaweed Farming Play a Role in Climate Change Mitigation and
Adaptation? Front. Mar. Sci. 2017, 4, 00100. [CrossRef]

72. Keeling, R.F.; Körtzinger, A.; Gruber, N. Ocean Deoxygenation in a Warming World. Annu. Rev. Mar. Sci. 2010, 2, 199–229.
[CrossRef] [PubMed]

73. Alvera-Azcárate, A.; Ferreira, J.; Nunes, J. Modelling eutrophication in mesotidal and macrotidal estuaries. The role of intertidal
seaweeds. Estuarine, Coast. Shelf Sci. 2003, 57, 715–724. [CrossRef]

74. Pardilhó, S.; Cotas, J.; Pereira, L.; Oliveira, M.B.; Dias, J.M. Marine macroalgae in a circular economy context: A comprehensive
analysis focused on residual biomass. Biotechnol. Adv. 2022, 60, 107987. [CrossRef] [PubMed]

75. Sadhukhan, J.; Gadkari, S.; Martinez-Hernandez, E.; Ng, K.S.; Shemfe, M.; Torres-Garcia, E.; Lynch, J. Novel macroalgae (seaweed)
biorefinery systems for integrated chemical, protein, salt, nutrient and mineral extractions and environmental protection by green
synthesis and life cycle sustainability assessments. Green Chem. 2019, 21, 2635–2655. [CrossRef]

76. Ortiz-Calderon, C.; Silva, H.C.; Vásquez, D.B. Metal Removal by Seaweed Biomass. In Biomass Volume Estimation and Valorization
for Energy; InTech: London, UK, 2017.

77. Dugeny, E.; Lorgeril, J.; Petton, B.; Toulza, E.; Gueguen, Y.; Pernet, F. Seaweeds influence oyster microbiota and disease
susceptibility. J. Anim. Ecol. 2022, 91, 805–818. [CrossRef]

78. Al-Adilah, H.; Feiters, M.C.; Carpenter, L.J.; Kumari, P.; Carrano, C.J.; Al-Bader, D.; Küpper, F.C. Halogens in Seaweeds: Biological
and Environmental Significance. Phycology 2022, 2, 132–171. [CrossRef]

79. Brownlee, I.A.; Fairclough, A.C.; Hall, A.C.; Paxman, J.R. The potential health benefits of seaweed and seaweed extract. In
Seaweed: Ecology, Nutrient Composition and Medicinal Uses; Nova Science Publishers: Hauppauge, NY, USA, 2011; pp. 119–136.

80. Leandro, A.; Pacheco, D.; Cotas, J.; Marques, J.; Pereira, L.; Gonçalves, A. Seaweed’s Bioactive Candidate Compounds to Food
Industry and Global Food Security. Life 2020, 10, 140. [CrossRef]

81. Cotas, J.; Pacheco, D.; Gonçalves, A.M.M.; Silva, P.; Carvalho, L.G.; Pereira, L. Seaweeds’ nutraceutical and biomedical potential
in cancer therapy: A concise review. J. Cancer Metastasis Treat. 2021, 7, 13. [CrossRef]

82. Laudadio, V.; Lorusso, V.; Lastella, N.M.B.; Dhama, K.; Karthik, K.; Tiwari, R.; Alam, G.M.; Tufarelli, V. Enhancement of
Nutraceutical Value of Table Eggs Through Poultry Feeding Strategies. Int. J. Pharmacol. 2015, 11, 201–212. [CrossRef]

83. Pereira, L. A review of the nutrient composition of selected edible seaweeds, Chapter 2. In Seaweed: Ecology, Nutrient Composition
and Medicinal Uses; Pomin, V.H., Ed.; Nova Science Publishers Inc.: New York, NY, USA, 2011; pp. 15–47; ISBN 9781614708780.

84. Vilà, B. Improvement of biologic and nutritional value of eggs. CIHEAM -Opt. Méditerr. 2008, 37, 390.
85. Cherry, P.; O’Hara, C.; Magee, P.J.; McSorley, E.M.; Allsopp, P.J. Risks and benefits of consuming edible seaweeds. Nutr. Rev. 2019,

77, 307–329. [CrossRef] [PubMed]
86. Shukla, P.S.; Mantin, E.G.; Adil, M.; Bajpai, S.; Critchley, A.T.; Prithiviraj, B. Ascophyllum nodosum-Based Biostimulants:

Sustainable Applications in Agriculture for the Stimulation of Plant Growth, Stress Tolerance, and Disease Management. Front.
Plant Sci. 2019, 10, 655. [CrossRef] [PubMed]

87. Pereira, L.; Cotas, J. Historical Use of Seaweed as an Agricultural Fertilizer in the European Atlantic Area. In Seaweeds as Plant
Fertilizer, Agricultural Biostimulants and Animal Fodder; CRC Press: Boca Raton, FL, USA, 2019; pp. 1–22. [CrossRef]

http://doi.org/10.3389/fmars.2020.00074
http://doi.org/10.3389/fmars.2020.535277
http://doi.org/10.3390/app12010398
http://doi.org/10.3390/app112210681
http://doi.org/10.1093/biosci/biw047
http://doi.org/10.1111/raq.12584
http://doi.org/10.1093/icesjms/fss206
https://www.nationalgeographic.com/environment/article/forests-of-seaweed-can-help-climate-change-without-fire
https://www.nationalgeographic.com/environment/article/forests-of-seaweed-can-help-climate-change-without-fire
http://doi.org/10.3389/fmars.2017.00100
http://doi.org/10.1146/annurev.marine.010908.163855
http://www.ncbi.nlm.nih.gov/pubmed/21141663
http://doi.org/10.1016/S0272-7714(02)00413-4
http://doi.org/10.1016/j.biotechadv.2022.107987
http://www.ncbi.nlm.nih.gov/pubmed/35605758
http://doi.org/10.1039/C9GC00607A
http://doi.org/10.1111/1365-2656.13662
http://doi.org/10.3390/phycology2010009
http://doi.org/10.3390/life10080140
http://doi.org/10.20517/2394-4722.2020.134
http://doi.org/10.3923/ijp.2015.201.212
http://doi.org/10.1093/nutrit/nuy066
http://www.ncbi.nlm.nih.gov/pubmed/30840077
http://doi.org/10.3389/fpls.2019.00655
http://www.ncbi.nlm.nih.gov/pubmed/31191576
http://doi.org/10.1201/9780429487156-1


Hydrobiology 2023, 2 94

88. Pacheco, D.; Cotas, J.; Marques, J.C.; Pereira, L.; Gonçalves, A.M.M. Seaweed-Based Polymers from Sustainable Aquaculture
to “Greener” Plastic Products. In Sustainable Global Resources of Seaweeds Volume 1; Springer International Publishing: Cham,
Switzerland, 2022; pp. 591–602.

89. Coxworth, B. Wool and Seaweed Makes Bricks Stronger. Available online: https://newatlas.com/bricks-made-with-wool-and-
seaweed/16580/ (accessed on 13 February 2022).

90. Kraan, S. Mass-cultivation of carbohydrate rich macroalgae, a possible solution for sustainable biofuel production. Mitig. Adapt.
Strat. Glob. Chang. 2013, 18, 27–46. [CrossRef]

91. Balboa, E.M.; Conde, E.; Soto, M.L.; Pérez-Armada, L.; Domínguez, H. Cosmetics from Marine Sources. In Springer Handbook of
Marine Biotechnology; Springer: Berlin/Heidelberg, Germany, 2015; pp. 1015–1042; ISBN 978-3-642-53971-8.

92. Nepper-Davidsen, J.; Magnusson, M.; Glasson, C.R.K.; Ross, P.M.; Lawton, R.J. Implications of Genetic Structure for Aquaculture
and Cultivar Translocation of the Kelp Ecklonia radiata in Northern New Zealand. Front. Mar. Sci. 2021, 8, 749154. [CrossRef]

93. Charrier, B.; Rolland, E.; Gupta, V.; Reddy, C.R.K. Production of genetically and developmentally modified seaweeds: Exploiting
the potential of artificial selection techniques. Front. Plant Sci. 2015, 6, 127. [CrossRef]

94. Jarald, E.; Joshi, S.B.; Jain, D.C. Diabetes and Herbal Medicines. Iran. J. Pharmacol. Ther. 2008, 7, 97–106.
95. Freile-Pelegrín, Y.; Tasdemir, D. Seaweeds to the rescue of forgotten diseases: A review. Bot. Mar. 2019, 62, 211–226. [CrossRef]
96. Smit, A.J. Medicinal and pharmaceutical uses of seaweed natural products: A review. J. Appl. Phycol. 2004, 16, 245–262. [CrossRef]
97. Leandro, A.; Pereira, L.; Gonçalves, A.M.M. Diverse Applications of Marine Macroalgae. Mar. Drugs 2020, 18, 17. [CrossRef] [PubMed]
98. Stengel, D.B.; Connan, S.; Popper, Z.A. Algal chemodiversity and bioactivity: Sources of natural variability and implications for

commercial application. Biotechnol. Adv. 2011, 29, 483–501. [CrossRef] [PubMed]
99. Dhargalkar, V.; Verlecar, X. Southern Ocean seaweeds: A resource for exploration in food and drugs. Aquaculture 2009, 287, 229–242. [CrossRef]
100. Pereira, L. Therapeutic and Nutritional Uses of Algae; CRC Press: Boca Raton, FL, USA, 2018; ISBN 9781498755382. [CrossRef]
101. Mayer, A.; Guerrero, A.; Rodríguez, A.; Taglialatela-Scafati, O.; Nakamura, F.; Fusetani, N. Marine Pharmacology in 2016–2017:

Marine Compounds with Antibacterial, Antidiabetic, Antifungal, Anti-Inflammatory, Antiprotozoal, Antituberculosis and
Antiviral Activities; Affecting the Immune and Nervous Systems, and Other Miscellaneous Mechanisms of Action. Mar. Drugs
2021, 19, 49. [CrossRef] [PubMed]

102. Pangestuti, R.; Kim, S.-K. Neuroprotective Effects of Marine Algae. Mar. Drugs 2011, 9, 803–818. [CrossRef]
103. Barbosa, M.; Valentão, P.; Andrade, P.B. Bioactive Compounds from Macroalgae in the New Millennium: Implications for

Neurodegenerative Diseases. Mar. Drugs 2014, 12, 4934–4972. [CrossRef]
104. Besednova, N.N.; Zaporozhets, T.S.; Somova, L.M.; Kuznetsova, T.A. Review: Prospects for the Use of Extracts and Polysaccharides

from Marine Algae to Prevent and Treat the Diseases Caused by Helicobacter pylori. Helicobacter 2015, 20, 89–97. [CrossRef]
105. Cotas, J.; Pacheco, D.; Araujo, G.; Valado, A.; Critchley, A.; Pereira, L. On the Health Benefits vs. Risks of Seaweeds and Their

Constituents: The Curious Case of the Polymer Paradigm. Mar. Drugs 2021, 19, 164. [CrossRef]
106. Morais, T.; Cotas, J.; Pacheco, D.; Pereira, L. Seaweeds Compounds: An Ecosustainable Source of Cosmetic Ingredients? Cosmetics

2021, 8, 8. [CrossRef]
107. Hauter, D.; Hauter, S. Cultivating Macroalgae in Your Saltwater Aquarium. Available online: https://www.thesprucepets.com/

cultivating-macroalgae-in-your-aquarium-2924568 (accessed on 3 February 2022).
108. An Bollenessor. Seaweeds in the Aquarium Part I. Available online: https://anbollenessor.com/2013/11/13/seaweeds-in-the-

aquarium-part-i/ (accessed on 1 April 2022).
109. Neto, J.M.; Gaspar, R.; Pereira, L.; Marques, J.C. Marine Macroalgae Assessment Tool (MarMAT) for intertidal rocky shores.

Quality assessment under the scope of the European Water Framework Directive. Ecol. Indic. 2012, 19, 39–47. [CrossRef]
110. Wallenstein, F.M.; Neto, A.I.; Patarra, R.F.; Prestes, A.C.L.; Álvaro, N.V.; Rodrigues, A.S.; Wilkinson, M. Indices to monitor coastal

ecological quality of rocky shores based on seaweed communities: Simplification for wide geographical use. Rev. Gestão Costeira
Integr. 2013, 13, 15–25. [CrossRef]

111. Laboratory of Biology of Aquatic Organisms and Ecosystems. Bioindicators of Marine Environment: Using Seaweeds as a Tool
for Biomonitoring the Quality of Coastal Waters. Response to a Problem of Seaweed Beachings. Available online: https://borea.mnhn.
fr/en/bioindicators-marine-environment-using-seaweeds-tool-biomonitoring-quality-coastal-waters-response (accessed on
1 April 2022).

112. Mouritsen, O.G.; Rhatigan, P.; Cornish, M.L.; Critchley, A.T.; Pérez-Lloréns, J.L. Saved by seaweeds: Phyconomic contributions in
times of crises. J. Appl. Phycol. 2021, 33, 443–458. [CrossRef]

113. Pérez-Lloréns, J.L.; Mouritsen, O.G.; Rhatigan, P.; Cornish, M.L.; Critchley, A.T. Seaweeds in mythology, folklore, poetry, and life.
J. Appl. Phycol. 2020, 32, 3157–3182. [CrossRef]

114. Mouritsen, O.G.; Dawczynski, C.; Duelund, L.; Jahreis, G.; Vetter, W.; Schröder, M. On the human consumption of the red seaweed
dulse (Palmaria palmata (L.) Weber & amp Mohr). J. Appl. Phycol. 2013, 25, 1777–1791. [CrossRef]

115. O’Connor, K. Seaweed: A Global History (Edible); Reaktion Books, Limited: London, UK, 2017; ISBN 9781780237534.
116. Pérez Lloréns, J.L.; Hernández Carrero, I.; Vergara Oñate, J.J.; Brun Murillo, F.G.; León González, A. Those Curious and Delicious

Seaweeds: A Fascinating Voyage from Biology to Gastronomy; Pérez Lloréns, J.L., Hernández Carrero, I., Vergara Oñate, J.J., Brun
Murillo, F.G., León González, A., de Harland, A.B., Eds.; Editorial UCA: Cadiz, Spain, 2018; ISBN 978-84-9828-666-3.

117. Seaweed Bungalows Repaired as Cultural Heritage in E China—China.org.cn. Available online: http://www.china.org.cn/arts/
2015-08/26/content_36418615.htm (accessed on 30 March 2022).

https://newatlas.com/bricks-made-with-wool-and-seaweed/16580/
https://newatlas.com/bricks-made-with-wool-and-seaweed/16580/
http://doi.org/10.1007/s11027-010-9275-5
http://doi.org/10.3389/fmars.2021.749154
http://doi.org/10.3389/fpls.2015.00127
http://doi.org/10.1515/bot-2018-0071
http://doi.org/10.1023/B:JAPH.0000047783.36600.ef
http://doi.org/10.3390/md18010017
http://www.ncbi.nlm.nih.gov/pubmed/31878264
http://doi.org/10.1016/j.biotechadv.2011.05.016
http://www.ncbi.nlm.nih.gov/pubmed/21672617
http://doi.org/10.1016/j.aquaculture.2008.11.013
http://doi.org/10.1201/9781315152844-1
http://doi.org/10.3390/md19020049
http://www.ncbi.nlm.nih.gov/pubmed/33494402
http://doi.org/10.3390/md9050803
http://doi.org/10.3390/md12094934
http://doi.org/10.1111/hel.12177
http://doi.org/10.3390/md19030164
http://doi.org/10.3390/cosmetics8010008
https://www.thesprucepets.com/cultivating-macroalgae-in-your-aquarium-2924568
https://www.thesprucepets.com/cultivating-macroalgae-in-your-aquarium-2924568
https://anbollenessor.com/2013/11/13/seaweeds-in-the-aquarium-part-i/
https://anbollenessor.com/2013/11/13/seaweeds-in-the-aquarium-part-i/
http://doi.org/10.1016/j.ecolind.2011.09.006
http://doi.org/10.5894/rgci365
https://borea.mnhn.fr/en/bioindicators-marine-environment-using-seaweeds-tool-biomonitoring-quality-coastal-waters-response
https://borea.mnhn.fr/en/bioindicators-marine-environment-using-seaweeds-tool-biomonitoring-quality-coastal-waters-response
http://doi.org/10.1007/s10811-020-02256-4
http://doi.org/10.1007/s10811-020-02133-0
http://doi.org/10.1007/s10811-013-0014-7
http://www.china.org.cn/arts/2015-08/26/content_36418615.htm
http://www.china.org.cn/arts/2015-08/26/content_36418615.htm


Hydrobiology 2023, 2 95

118. Seaweed in the Azores: Biodiversity for Food and Nutrition. Available online: http://www.b4fn.org/case-studies/case-studies/
seaweed-in-the-azores/ (accessed on 30 March 2022).

119. Westmoreland, P.L. Ancient Greek Beliefs; Lee And Vance Publishing Co.: San Ysidro, CA, USA, 2007; ISBN 0979324815.
120. Turner, N.J. Food Plants of Coastal First Peoples; Royal BC Museum: Victoria, BC, Canada, 2006; ISBN 0772656274.
121. Khalilieh, H.S.; Boulos, A. A glimpse on the uses of seaweeds in islamic science and daily life during the classical period. Arab.

Sci. Philos. 2006, 16, 91–101. [CrossRef]
122. Rimmer, M.A.; Larson, S.; Lapong, I.; Purnomo, A.H.; Pong-Masak, P.R.; Swanepoel, L.; Paul, N.A. Seaweed Aquaculture in Indonesia

Contributes to Social and Economic Aspects of Livelihoods and Community Wellbeing. Sustainability 2021, 13, 10946. [CrossRef]
123. Msuya, F.E.; Hurtado, A.Q. The role of women in seaweed aquaculture in the Western Indian Ocean and South-East Asia. Eur. J.

Phycol. 2017, 52, 482–494. [CrossRef]
124. Hussin, R.; Yasir, S.; Kunjuraman, V. Potential of Homestay Tourism Based on Seaweed Cultivation from the Views of Seaweed

Cultivators in District of Semporna Sabah, East Malaysia. SHS Web Conf. 2014, 12, 01005. [CrossRef]
125. VisitLæsø. Seaweed Roofs on Læsø. Available online: https://www.visit-laesoe.com/tourist/experiences/seaweed-roofs-laeso

(accessed on 30 March 2022).
126. Merkel, A.; Säwe, F.; Fredriksson, C. The seaweed experience: Exploring the potential and value of a marine resource. Scand. J.

Hosp. Tour. 2021, 21, 391–406. [CrossRef]
127. Gundersen, H.; Bryan, T.; Chen, W.; Moy, F.E. Ecosystem Services: In the Coastal Zone of the Nordic Countries; Nordic Council of

Ministers: Copenhagen, Denmark, 2017.
128. Hasler, B.; Ahtiainen, H.; Hasselström, L.; Heiskanen, A.-S. Marine Ecosystem Services: Marine Ecosystem Services in Nordic Marine

Waters and the Baltic Sea, Possibilities for Valuation; Nordisk Ministerrad: Copenhagen, Denmark, 2016.
129. Johnson, A.F.; Gonzales, C.; Townsel, A.; Cisneros-Montemayor, A.M. Marine ecotourism in the Gulf of California and the Baja

California Peninsula: Research trends and information gaps. Sci. Mar. 2019, 83, 177. [CrossRef]
130. Saavedra, J.R. Lapu-Lapu City to Promote Olango Islands’ Seaweed Ecotourism; Philippine News Agency: Manila, Philippines, 2020.
131. del Rosario, K.M. Fishing and Seaweed Ecotourism to Benefit Some 10,000 Families in Olango Islands–Getaway.PH. Available

online: https://getaway.ph/blog/travel/fishing-and-seaweed-ecotourism-to-benefit-some-10000-families-in-olango-islands/
(accessed on 30 March 2022).

132. Subijanto, J.; Djohani, S.W.H.; Welly, M. Ecotourism at Nusa Penida MPA, Bali: A pilot for community based approaches to
support the sustainable marine resources management. In Proceedings of the International Conference on Climate Change and
Coral Reef Conservation, Okinawa, Japan, 29–30 June 2013.

133. Intertidal Itineraries—Instituto de Educação. Available online: http://www.ie.ulisboa.pt/en/projetos/intertidal-itineraries
(accessed on 30 March 2022).

134. Faria, C.; Pacheco, D. Education 4.0: The case study of the app roteiro entre-marés. In Proceedings of the INTED 2022, Valencia,
Spain, 7–9 March 2022; p. 3992.

135. Seaweed Commons—Seaweed Knowledge for Coastal Communities. Available online: https://seaweedcommons.org/ (accessed
on 30 March 2022).

136. Biró, M.; Molnar, Z.; Babai, D.; Dénes, A.; Fehér, A.; Barta, S.; Sáfián, L.; Szabados, K.; Kiš, A.; Demeter, L.; et al. Reviewing
historical traditional knowledge for innovative conservation management: A re-evaluation of wetland grazing. Sci. Total Environ.
2019, 666, 1114–1125. [CrossRef] [PubMed]

137. Sousa, T.; Cotas, J.; Bahcevandziev, K.; Pereira, L. Effects of “sargaço” extraction residues on seed germination. Millenium -J. Educ.
Technol. Health 2020, 2, 29–37. [CrossRef]

138. Sousa, T.; Cotas, J.; Pereira, L.; Bahcevandziev, K. Revisitação científica aos métodos tradicionais de fertilização com macroalgas
em Portugal. Rev. APH Assoc. Port. Hortic. 2020, 136, 38–41.

139. Agostini, S.; Harvey, B.P.; Milazzo, M.; Wada, S.; Kon, K.; Floc’H, N.; Komatsu, K.; Kuroyama, M.; Hall-Spencer, J.M. Simplification,
not “tropicalization”, of temperate marine ecosystems under ocean warming and acidification. Glob. Chang. Biol. 2021, 27,
4771–4784. [CrossRef] [PubMed]

140. Klinger, T. Optimizing seaweed futures under climate change. Bot. Mar. 2021, 64, 439–443. [CrossRef]
141. Sterley, A. The Feasibility of Using Macroalgae from Anaerobic Digestion as Fertilizer in Grenada. Bachelor’s Thesis, KTH Royal

Institute of Technology, Stockholm, Sweden, 2020.
142. Stead, S.M. Rethinking marine resource governance for the United Nations Sustainable Development Goals. Curr. Opin. Environ.

Sustain. 2018, 34, 54–61. [CrossRef]
143. Rinde, E.; Christie, H.; Bekkby, T. Økologiske Effekter av Taretråling. Analyser Basert på GIS-Modellering Og Empiriske Data; Norsk

Institutt for Vannforskning: Oslo, Norway, 2006; ISBN 8257748633.
144. Pechsiri, J.S.; Thomas, J.-B.E.; Risén, E.; Ribeiro, M.S.; Malmström, M.E.; Nylund, G.M.; Jansson, A.; Welander, U.; Pavia, H.;

Gröndahl, F. Energy performance and greenhouse gas emissions of kelp cultivation for biogas and fertilizer recovery in Sweden.
Sci. Total Environ. 2016, 573, 347–355. [CrossRef]

145. Bohlin, S. Applying the SDG Framework to Emerging Industries; Degree Project in Technology and Sustainable Development; KTH Royal
Institute of Technology: Stockholm, Sweden, 2019.

http://www.b4fn.org/case-studies/case-studies/seaweed-in-the-azores/
http://www.b4fn.org/case-studies/case-studies/seaweed-in-the-azores/
http://doi.org/10.1017/S0957423906000257
http://doi.org/10.3390/su131910946
http://doi.org/10.1080/09670262.2017.1357084
http://doi.org/10.1051/shsconf/20141201005
https://www.visit-laesoe.com/tourist/experiences/seaweed-roofs-laeso
http://doi.org/10.1080/15022250.2021.1879671
http://doi.org/10.3989/scimar.04880.14A
https://getaway.ph/blog/travel/fishing-and-seaweed-ecotourism-to-benefit-some-10000-families-in-olango-islands/
http://www.ie.ulisboa.pt/en/projetos/intertidal-itineraries
https://seaweedcommons.org/
http://doi.org/10.1016/j.scitotenv.2019.02.292
http://www.ncbi.nlm.nih.gov/pubmed/30970477
http://doi.org/10.29352/mill0213.03.00279
http://doi.org/10.1111/gcb.15749
http://www.ncbi.nlm.nih.gov/pubmed/34268836
http://doi.org/10.1515/bot-2021-0036
http://doi.org/10.1016/j.cosust.2018.12.001
http://doi.org/10.1016/j.scitotenv.2016.07.220


Hydrobiology 2023, 2 96

146. Buschmann, A.H.; Camus, C.; Infante, J.; Neori, A.; Israel, Á.; Hernández-González, M.C.; Pereda, S.V.; Gomez-Pinchetti, J.L.;
Golberg, A.; Tadmor-Shalev, N.; et al. Seaweed production: Overview of the global state of exploitation, farming and emerging
research activity. Eur. J. Phycol. 2017, 52, 391–406. [CrossRef]

147. Nordlund, L.M.; Jackson, E.L.; Nakaoka, M.; Samper-Villarreal, J.; Beca-Carretero, P.; Creed, J.C. Seagrass ecosystem services—
What’s next? Mar. Pollut. Bull. 2018, 134, 145–151. [CrossRef]

148. Gopal, B. Should ‘wetlands’ cover all aquatic ecosystems and do macrophytes make a difference to their ecosystem services? Folia
Geobot. 2016, 51, 209–226. [CrossRef]

149. Moberg, F.; Folke, C. Ecological goods and services of coral reef ecosystems. Ecol. Econ. 1999, 29, 215–233. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1080/09670262.2017.1365175
http://doi.org/10.1016/j.marpolbul.2017.09.014
http://doi.org/10.1007/s12224-016-9248-x
http://doi.org/10.1016/S0921-8009(99)00009-9

	Introduction 
	A General Overview of Ecosystem Services Provided by Seaweeds 
	Seaweed Ecosystem Services 
	Seaweed Functions/Supporting Services 
	Regulating Services 
	Provisioning Services 
	Cultural Services 

	Future of Seaweed Ecological Services 
	Conclusions 
	References

