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Abstract

:

Due to climate change and its associated factors, there has been an increased influx of pelagic brown algae biomass drifting freely in the Caribbean Sea in recent years. Its use as an industrial recyclable material is feasible, although pelagic Sargassum species have Arsenic (As) heavy metal content; among 531 tested pesticide residues applied to vegetables, fruit, infant food, herbs, and spices, zero were found in Sargassum. Sargassum also contains sulfated polysaccharides and oligosaccharides, which are known to be beneficial immunomodulators. Our results thus suggest Sargassum to be a functionally useful organic material in small quantities as an additive in animal feed. With improved chemical extraction methods, it could also be highly effective in adjusted proportions in cosmetics and for other industrial uses. A viable solution for predicting and tracking the large-scale movements of algal masses is provided. Furthermore, a method for addressing increasing Sargassum influx is proposed via its use as an industrial recyclable material following composition analysis, evaluation and safety assessments for cosmetic use, and research and design of new beauty products and other functional cosmetics.
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1. Introduction


Climate change and its associated factors has resulted in the abundant growth and dispersal of brown algae drifting in great masses across the Atlantic Ocean. These occurrences have been progressively increasing since 2011 [1]. The influx of Sargassum sp. in the Caribbean Sea is influenced by climate-induced fluctuations in sea surface currents and increasing sea surface temperatures, which are associated with anthropogenic factors, such as deforestation in the Amazon, as well as leaching and runoff from agricultural sources [2]. The ocean thus acts as a reservoir for human-induced carbon, which in turn impacts ecosystems and resources that have important societal functions [3,4,5]. Climate variations can have direct and indirect influences on water environments through different pathways, such as by affecting pollutant quantities in flowing water or changing their toxicity in different circumstances [6,7,8].



Heightened amounts of algae can cause numerous environmental and ecological problems, and interdisciplinary collaboration may help provide solutions to effectively manage this issue and avoid more detrimental effects on coastal environments in the Caribbean. Primarily made up of water, organic components, and trace toxic material, the composition of Sargassum sp. can vary depending on lifespan, environmental factors, and geographic distribution [1,9,10,11]. Of the three groups of macroalgae that are distinguished by their pigments (i.e., Phaeophyta, brown; Rhodophyta, red; and Chlorophyta, green), brown algae, in particular, has been widely researched as a plausible heavy metal bioindicator species [12]. Phaeophyta is also known to accumulate the most arsenic compared to Rhodophyta and Chlorophyta [6]. In addition, only when toxic component concentrations are excessively increased are Sargassum considered hazardous [13]. Some known disadvantages created by the influx and mass accumulation of Sargassum along coastal areas, aside from its offensive odor, is that it is conducive to the proliferation of sandflies, which in turn negatively impact recreational beach activities and the navigation of fishing vessels. Harmful pesticide residues are known to be quite toxic for some algal species and other aquatic fauna and flora, so frequent monitoring of these environments is fundamental for controlling pesticide concentrations within all biota [14].



Algae are low-energy foods containing a wide variety of compounds with multi-functional potential for use in nutrition and technology. Sargassum species are known to contain sulfated polysaccharides and oligosaccharides, which are highly recognized immunomodulators that have positive effects on human and animal health and well-being [15,16,17]. With widespread availability, Sargassum can also offer abundant biomass for use in biogas plants [18,19]. The bioactive compounds of the genus Sargassum, including fucoxanthin, fucoidan, and alginates, are all highly valued commercially and are rich in essential minerals; with potassium and low nitrogen-phosphorous content, it can furthermore be used as a complimentary ingredient in fertilizer [13,20,21,22].



We aim to provide an effective solution for predicting and tracking the large-scale movements of algal biomass, and to also propose a method of addressing Sargassum influx through its use as an industrial recyclable material following composition analysis, evaluation and safety assessments for cosmetic use, and research and design of new beauty products and functional cosmetics.




2. Materials and Methods


The authors collected Sargassum samples in late October 2022 from the eastern coasts of four countries in the Caribbean Sea: Saint Lucia, Saint Vincent and the Grenadines, Saint Kitts and Nevis, and Belize. The samples were air-dried and ground into a powder, then sent to the Algal Cultivation and Biotech Laboratory at The National Taiwan Ocean University. The Traceability Certification and Inspection Center at The National Taiwan Ocean University analyzed the samples for four heavy metals: lead (Pb), cadmium (Cd), mercury (Hg), and arsenic (As). Additionally, the samples were analyzed for 531 pesticides by Eurofins Scientific Taiwan, a division of the Eurofins Scientific Group, in their food testing laboratory. All measured data in this study is outlined and shown in Table 1b. By detecting the heavy metal content present, we sought to determine the functional usability of pelagic Sargassum, establish limits of detection (LOD) for values presently not determined by renowned regulations such as the European Union (EU) and the United States (US), and to confirm suitability for use according to the standard limitations presently regulated. Determining Sargassum sp. suitability for industrial applications and investigating processing techniques helps allow for the recycling and use of this existing highly abundant resource.




3. Results


3.1. Heavy Metal Accumulation in Sargassum and Its Ecological Implications


Hazardous heavy metal pollutants are widespread throughout the marine environment, with macroalgae known to be efficient bio-indicator species for heavy metal accumulation [12,25]. Ecologically, certain metals are essential for macroalgal growth, including iron, manganese, zinc, and copper. However, other naturally occurring metals like mercury and lead are non-essential elements, and are not required for growth or other physiological functions; when found in excess, these may become highly toxic [26]. Although certain heavy metals such as cadmium, lead, mercury, and arsenic do occur naturally in the environment, their concentrations vary in different locations of the ocean; macroalgae are known to uptake these elements through the process of biosorption, which reduces their toxic effects and lowers the numbers of free ions present [18,25,26]. These heavy metals are also known food safety hazards, and present safety concerns for seafood products. Concentrations of these metals in seaweeds have been used to test metal pollution along ocean coastlines [23].



Various human-induced activities play a major role in the availability of heavy metals in the open ocean. According to Clark (2001), HAsO₄−² concentrations in the Atlantic Ocean range from 1.27 to 2.10 µg L−1 in aerated water at a salinity level of 35% [26,27]. With a confirmed absorption concentration almost 180 times more than seawater, it is assumed that macroalgae absorb arsenic as a phosphorus substitute for growth and other physiological requirements [18,25,26,27,28,29]. As a biosorbent species, Sargassum can eliminate heavy metals like lead, mercury, zinc, and copper ions in the ocean through physisorption, microprecipitation exchange, and chemisorption [13,27]. Internally, concentrations of heavy metals have a significant impact on most algal species’ ability to fluoresce depending on metal speciation [26,30].



Sargassum samples obtained from four locations in the Caribbean were tested for heavy metal content. Our analysis indicates that arsenic absorption is dependent on seawater pollution sources, which influence the bioavailability and speciation of other heavy metals (Table 1). For instance, bivalves are also found to accumulate chemical contaminants, including As, and can serve as an indicator species of climate variability [6,31]. A significant rise in temperature influences enzyme activity, and may promote cell wall enlargement through accelerated metabolic processes during adsorption [6,32].



Bioaccumulation of harmful pesticides has been widely researched, and climate change-influenced scenarios are proving to be of greater and greater relevance [2]. Our results show that no pesticide residue was detected in Sargassum among the 531 tested pesticides that are known to be applied to vegetables, fruit, infant food, spices, and herbs. Although pelagic algae may be susceptible to anthropogenic activities such as agricultural runoff, deforestation, and other associated events, the bioaccumulation of pesticide residue was negligible [6,33]. This suggests that various uses of Sargassum could be highly feasible with efficient chemical extraction of the heavy metal content, including as an animal feed additive or for use within the cosmetic industry [2].



The European Union (EU) legislation Commission Regulation (EC) No. 1881/2006 outlines the acceptable standards for inorganic and total arsenic, cadmium, lead, and mercury for seaweed (macroalgae) use in food products for animals, but no legislation has been developed for human consumption [23,24]. Similarly, the Food and Drug Association (FDA) of the United States (US) establishes the following acceptable limits: “Heavy metals as lead (Pb) not more than 10 parts per million, Arsenic (As) not more than 3 parts per million, Mercury (Hg) not more than 1 part per million.” However, the list does not include cadmium, the limit for which has yet to be determined [20,23,34]. Similarly, standard limits for products other than food and supplements remain to be determined and documented. Accordingly, EU legislation Commission Regulation (EC) No. 396/2005 also states an applicable default maximum residue limit (MRL) for pesticide residue of 0.01 mg/kg for most seaweeds [23,24]. Our LOD testing and analysis show that other than arsenic, the heavy metal and pesticide content in Sargassum fall within these established requirements. Our findings, therefore, support the functional utilization of pelagic Sargassum. With effective extraction methods and processing techniques, it is highly suitable for a wide variety of applications.



Although human-induced, climate change-related activities can influence algal growth, abundance, and distribution, residual chemicals from pesticides have not been found to accumulate in the cell structure of Sargassum [26]. Moreover, bioactive compounds of the Sargassum genus, including fucoxanthin, fucoidan, and alginates, are considered to be of high value commercially [20,22]. Advanced extraction processes can effectively remove heavy metal substances from the algal biomass, thereby enhancing the commercial value of Sargassum as an organic material for industrial applications [21,22]. Sargassum inundation is known to inflict damage on nearshore ecosystems and beaches, and, when left to decompose, produces a highly unpleasant odor that poses safety risks to human health through the release of toxic gases, such as sulfuric acid and ammonia [29,35].



The heavy metal content of Sargassum sp. was analyzed (Table 1a) at four specific locations: St. Lucia, St. Vincent, St. Kitts and Nevis, and Belize, in comparison to Eucheuma sp. Analysis showed higher levels of arsenic content than the recognized standards. Algal cells can bind to heavy metals and are subject to increased pH levels in the environment [6,36]. Effective measures to extract the arsenic content are thus needed to adhere to EU and USA stipulated heavy metal content standard requirements (Table 1b) for full usage of the algae in industrial applications such as consumable food, cosmetic products, or animal and aquaculture feed. Pretreatment methods should be determined by algal species type and the intended product use.




3.2. Sargassum Distribution and Predictive Measures via Ocean Climate Circulation


Sargassum sp. biomass’ presence and timing are dependent on sea surface currents and wind direction. These large, widely distributed biomasses are further subject to Stokes drift, a confined variation of Langmuir circulation, that may influence the responses of Sargassum to temperature and nutrient availability [37,38]. Essentially all living components within an ecosystem are influenced by climatic conditions and the combined action of sea surface currents, wind, and wave action; all of these also determine the spatial coverage of pelagic Sargassum sp. [18,38]. Due to wider distribution and more frequent occurrences of algal biomass, a part of the Atlantic Ocean between North America and the west of Africa has been named the Sargasso Sea. The Sargassum that occur in the Sargasso Sea are holopelagic and can effectively reproduce on the high seas [39]. Periodically, these brown algal mats drift along the coastlines of most Caribbean Island nations—it has become a frequent phenomenon each winter due to stronger trade winds, which drive great amounts of drift toward coastlines [40,41]. These floating mats provide an ecologically important niche that many different marine species depend on, although they can also transport non-native species.



Ideally, offshore collection of Sargassum is preferable, because once it has arrived at the beach, even if it is collected within one day, damage has already been inflicted [2,13]. Studies have shown a great variation in the species of Sargassum within locations, so predictions can be made by measuring the drift of the Sargassum biomass with respect to ocean flux through satellite observation [39,40,42]. Predictive measurements and forecasting can be derived from current ocean circulation modeling systems, including SMA Tools (Sargassum Monitoring Tool), which can provide a five-day predictive forecast of drifting Sargassum [39,40]. In general, there are discrepancies even in the best solutions for predicting influx or tracking movement by satellite.



The dominant pelagic species of Sargassum, S. natans and S. fluitans, comprise much of the drifting seaweed biomass and have a widespread distribution within the North Atlantic Ocean, starting from the Gulf of Mexico to the Sargasso Sea [43,44]. These prolific algal blooms are highly detrimental to local economies and surrounding environments [2]. Solutions for the management of Sargassum require spatial and temporal predictive management measures; remote sensing techniques provide a cost-effective solution by delivering important information on the locality of algal accumulation for collection and removal [2,40]. Similar techniques can also be useful on a wider scale for information on the spatial distribution of frequent Sargassum landings [31,40]. The affected communities are required to anticipate surges in beach landings and implement strategies for their collection to effectively manage the Sargassum influx [44]. The uncertainty and limited availability of precise forecasting models pose challenges to the adequate management of Sargassum incursions each year.



In a related scenario, floating populations of S. horneri, a large marine brown alga of the Korean strait, have drifted in larger quantities towards the north of Taiwan via the cold current flowing south along the coast of China [45]. Drifting S. horneri biomass is speculated to be caused by stronger Kuroshio currents that create an Ekman drift, thus transporting massive amounts of algae toward Taiwan [46,47]. Similarly, the canary current flows from the North to the West in the Atlantic Ocean, where it meets the south equatorial current. In doing so, it pushes the algal mass towards the east coast of Mexico and the Caribbean Sea. Larger aggregations of Sargassum have been found frequently in the central part of the coast during times of increased influx from March to October [13,48].



Anthropogenic activities, such as the uncharacteristic nutrient enrichment related to deforestation in the Amazon and changes in African dust deposition patterns in the Sahara Desert, are inferred to encourage an increase in the nutrient flow from terrestrial sources specific to the Caribbean Sea [1,47]. These contribute to the overgrowth of Sargassum blooms, and their prolific nature suggests that changes in ocean temperature alongside stronger monsoon periods can influence the growth, distribution, and sightings of floating algae, similar to S. horneri biomass movements in northern Taiwan [45]. It is, therefore, essential to be able to predict spatial distribution patterns induced by temporal variations due to climate change. Studies have also determined that surface currents, altered by wind patterns, cause a redistribution of pelagic Sargassum, with the major currents found in the Atlantic Ocean influencing distribution in the Great Atlantic Sargassum Belt [13]. Predictive six-month forecasts are highly viable through the use of various drift observations and data obtained from ocean models, which are dependent on satellite imagery detecting Sargassum across a wider area of the Atlantic Ocean and the Caribbean Sea [40].



In situ applications use remote sensing to develop predictions based on maps obtained by high spatial resolution satellite imagery [40,49]. Satellite images with manual recognition (Figure 1) are comparable to assessments of forest biomass, which has proven effective for forest management and monitoring in the context of carbon budgeting and reduced emissions [50]. Similarly, using map-making or ground truth masks validates maps of land and sea and provides a method for classification and prediction. Segmentation masks, which are generated automatically in real-time, can also enhance the input layers with extra information to predict future frames, thereby presenting opportunities to create knowledge under uncertain conditions [51,52].





4. Discussion


Cost-Effective Management and Opportunities for Functional Utilization of Sargassum


Marine macroalgae occur in highly complex and diverse ecosystems, which can offer ideal conditions for new active molecules to be developed and allows for a variety of applications [26]. Macroalgae are eukaryotic organisms comprised of chlorophyll and carbohydrates; 80% of seaweed harvested is consumed by humans, and these algae contribute quality proteins with high amounts of vitamins and minerals, dietary fiber, and essential unsaturated fatty acids, which altogether provide nutrition that is beneficial to human health. [18,53,54,55]. The Sargassum genus has several important components in the thallus, and with advances in extraction processes to effectively remove heavy metal substances from the algal biomass, the commercial value of Sargassum can be further enhanced. The specific content and characteristics of the constituents in Sargassum may vary depending on species and growth conditions.



Important constituents of the genus Sargassum:




	
Fucoxanthin is a natural pigment belonging to the class of carotenoids called fucoxanthins. It imparts a deep brown color to the genus Sargassum and possesses antioxidant and anti-inflammatory properties. Fucoxanthin has been studied as a potential anticancer and antiobesity compound;



	
Fucoidan is one of the most significant bioactive compounds found in Sargassum. It is a sulfated polysaccharide with various biological activities, including anti-inflammatory, anticoagulant, antioxidant, antitumor, and immune-modulating properties. Fucoidan has been extensively researched and is considered to have potential applications in pharmaceuticals and functional foods;



	
Alginates are polysaccharides composed primarily of α-l-guluronic acid and β-d-mannuronic acid. They are widely present in the cell walls of Sargassum. Alginates have gel-forming abilities, and find extensive applications in food, pharmaceutical, and cosmetic industries as thickeners, stabilizers, and emulsifiers [20,21,22].








Sourcing Sargassum from the ocean surface through sustainable collection methods facilitated by floating nets lessens the negative ecological impacts of beach landings [31]. Initially, processing includes washing with fresh water, drying, grinding, and vacuum sealing and packaging for storage or transport. The development and production of biodegradable materials and functional textile materials and feed for both aquaculture and agricultural uses remain important, and recently seaweed has been found to be a highly useful raw material. In addition to playing an important role in diets, it can also be functionally useful for creating value-added goods, in energy production methods, and in several fields, such as cosmetics, agriculture, and construction [18,56,57,58]. Developing new materials from seaweed, such as textiles, can also help create environmentally friendly alternatives to reduce the negative impacts of non-degradable materials, such as single-use plastics that pollute bodies of water. Using Sargassum could therefore help reduce fossil fuel usage, the production of plastic waste, logging, and pulp production, which can, in turn, reduce the accidental ingestion of non-degradable materials by marine organisms. Sargassum biomass landings onshore present larger problems, with higher costs associated with recurrent blooms [19,47]. U-shaped barriers can provide a suitable recovery method with the least detriment to beaches, and allow for an efficient offshore capture method [31]. Sargassum collection is dependent on the oceanographic and geomorphological attributes of the location, and the accumulated Sargassum in these barriers are likely to decompose or sink within 24–48 h [13,31].



As discussed, alternative uses for this abundant biomass can provide countless benefits both for communities and the environment [44,58]. With a high nutritional content, Sargassum can be used as fertilizer for soil and plants as well as food for consumption, while extracting their phytochemicals has the potential for medicinal use [16,55]. The main regulation categories listed in Table 1b outline utilization rules for human consumption, and there has been an increased interest in marine algae recently as a bioactive source useful for many applications in processing and developing healthier functional food groups [59]. Algae can enrich the nutritional properties of food; cereal-based food products, such as pasta, are low in protein and essential amino acids, so incorporating algae could greatly enhance its nutritional properties [18]. Studies have shown that eating algae-based pasta resulted in improved amino acid and fatty acid profiles, with better total phenolic content, antioxidant activity, and a higher fucoxanthin and fucosterol content [18,59]. Similar benefits of algae-enriched bread and noodle products can also be expected [18]. Furthermore, there is a higher feasibility of Sargassum sp. producing compounds that can enhance food flavors, such as carbonyls, alcohols esters, aldehydes, and esters, because these compounds occur naturally with less toxic waste under minimal production conditions [60].



Composition analysis has confirmed seaweed to be suitable for energy production, such as a biofuel, due to its high sugar content; even so, pretreatment is recommended for exploring Sargassum use for anaerobic biogas production [16,18,36,57,58]. Although bioenergy production from Sargassum has great potential and utilizes an abundant resource, economic viability also depends on the production of higher-value products, similar to bioethanol production [59,61]. Other commercially viable solutions aside from algae-based functional foods, nutraceuticals, and cosmeceuticals can include environmentally friendly solutions such as biodegradable materials, plant fiber panels for buildings, textiles, and toiletries, although these possibilities depend on creating sustainable and innovative technologies and products with specific product markets [61,62]. With an eco-friendly decomposition rate of over 150 years, macroalgae can be used as a building material: it has the potential to provide quality insulation, and offers good acoustics, humidity control, and visual comfort while being non-toxic and fireproof with less associated CO2 emissions [62].



Pretreatments are generally required to release the usable organic matter through the breakdown of the cell walls, and S. natans and S. fluitans have been found to produce small quantities of lignin compounds in response to stressors related to climate change, such as heat and light [1,13,61]. Sargassum, with its low to zero lignin content and good nutrient properties, can be beneficial as feed for anaerobic digestion; for instance, the polyphenols found in brown algae are found to have an influence on methanogen activity in ruminant animals, mitigating the effects of methane (CH₄) production and thus reducing problematic greenhouse gas emissions in livestock supply chains [13,63,64]. Interestingly, a previous study determined that the usage of brown algae as livestock feed can supply greater energy content compared to other seaweed varieties due to its low ash content [63]. Extracts from Sargassum have also been used in crop production as seed treatments, in foliar applications, and for the purpose of soil drenching [13,65]. Similarly, there are viable possibilities for Sargassum filtration systems due to their high biosorption potential to effectively remove organic dyes and heavy metal ions [13]. The alginates and fucoidans derived from algae can benefit the pharmaceutical, cosmetic, and food industries [35]. Moreover, other practical uses include sodium alginate production for eco-friendly bioplastics; use as an emulsifier and stabilizer; and use for its antioxidant, anti-inflammatory, and anticoagulant properties, all of which can help treat or protect against viruses, cancer, and many other diseases [17,31,59].



The implications of large-scale utilization of Sargassum have not been fully determined; however, ecologically, the prolific nature of increasing pelagic Sargassum influx to coastal shores requires solutions and alternative approaches to alleviate the negative impacts on coastal environments, essential ecosystems, and people’s livelihoods and tourism, which are important concerns for the Caribbean Island nations [2,31]. Furthermore, large-scale cultivation is promising for increasing the supply of usable material in the event that it is not available or accessible in nature; this cultivation can be achieved with long lines near coastal areas of the open ocean, and would have the twofold benefit of not only keeping up with an abundant supply of resources for food and non-food applications, but also mitigating issues such as eutrophication and nutrient enrichment from anthropogenic activities, which are highly problematic in coastal ecosystems [66,67,68].





5. Conclusions


There have been numerous studies undertaken on the functional uses of Sargassum, and management methods using satellite data and numerical simulations can provide solutions for forecasting and tracking large amounts of algae, allowing for effective collection and recovery of large quantities of algal biomass, which is a valuable organic resource and offers great potential for industrial applications. Developing more advanced processing techniques can open further avenues for industries in various uses of Sargassum.
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Figure 1. AI satellite images of floating algae on the eastern coast of St. Lucia, captured by Optical satellite Sentinel-2 on 22 August 2022. 
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Table 1. (a) Algal sample analysis (LOD) of heavy metal content. (b) Standard LOD heavy metal content (mg kg−1, dry weight).
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(a)




	
Items

	
Heavy Metal (mg kg−1, Dry Weight)




	
Country

	
Species

	
Pb (Lead)

	
Cd (Cadmium)

	
Hg (Mercury)

	
Total Arsenic

	
Inorganic Arsenic




	
St. Lucia

	
Sargassum sp.

	
0.03

	
0.38

	
N.D.

	
109.18

	
6.26




	
St. Vincent

	
Sargassum sp.

	
0.08

	
0.35

	
N.D.

	
111.29

	
8.79




	
St. Kitts

	
Sargassum sp.

	
N.D.

	
0.29

	
N.D.

	
106.11

	
6.15




	
Belize

	
Sargassum sp.

	
0.05

	
0.39

	
N.D.

	
84.09

	
5.13




	
St. Kitts

	
Eucheuma sp.

	
0.07

	
0.18

	
N.D.

	
3.67

	
N.D.




	
Method detection limit

	
0.01

	
0.01

	
0.001

	
0.02

	
0.05




	
(b)




	
Categories

	
Heavy Metal (mg kg−1, Dry Weight)




	
Pb (Lead)

	
Cd (Cadmium)

	
Hg (Mercury)

	
Total Arsenic

	
Inorganic Arsenic




	
EU food rule

	
3

	
3

	
0.1

	
N.D.

	
N.D.




	
USA food rule

	
0.01

	
3

	
1

	
-

	
3




	
Taiwan food rule

	
1

	
1

	
0.5

	
-

	
1.0




	
Taiwan cosmetic Products rule

	
10

	
5

	
1

	
3

	
-




	
Taiwan animal Feed rule

	
5

	
1 (cows, goats, excluding young animals); 0.5 others

	
0.1

	
2

	
-




	
Taiwan aquafeed rule

	
5

	
3 (marine fish and shrimps); 1 other

	
0

	
10

	
-




	
Taiwan soil rule

	
500

	
5

	
5

	
60

	
-








Notes: N.D.: Not Determined. Source: EU and USA Standards for heavy metal data: report of the expert meeting on food safety for seaweed: current status and future perspectives, Rome, 28–29 October 2021, MDL: the traceability certification and inspection center at the National Taiwan Ocean University Taiwan, October 2022 [23,24].
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