
ACCEPTED MANUSCRIPT • OPEN ACCESS

Brown algae invasions and bloom events need routine monitoring for
effective adaptation
To cite this article before publication: Victoria Dominguez Almela et al 2023 Environ. Res. Lett. in press https://doi.org/10.1088/1748-9326/ad114c

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2023 The Author(s). Published by IOP Publishing Ltd.

 

As the Version of Record of this article is going to be / has been published on a gold open access basis under a CC BY 4.0 licence, this Accepted
Manuscript is available for reuse under a CC BY 4.0 licence immediately.

Everyone is permitted to use all or part of the original content in this article, provided that they adhere to all the terms of the licence
https://creativecommons.org/licences/by/4.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions may be required.
All third party content is fully copyright protected and is not published on a gold open access basis under a CC BY licence, unless that is
specifically stated in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 152.78.210.68 on 06/12/2023 at 13:50

https://doi.org/10.1088/1748-9326/ad114c
https://creativecommons.org/licences/by/4.0
https://doi.org/10.1088/1748-9326/ad114c


1 Brown algae invasions and bloom events need routine monitoring for effective 

2 adaptation

3 Victoria Dominguez Almela*1, Emma L. Tompkins1, Jadu Dash1, Thierry Tonon2

4

5 1School of Geography and Environmental Science, University of Southampton, Southampton, 

6 UK

7 2Centre for Novel Agricultural Products (CNAP), Department of Biology, University of York, 

8 Heslington, York YO10 5DD, UK

9 *Corresponding author: dominguezalmela@gmail.com

10

Page 1 of 40 AUTHOR SUBMITTED MANUSCRIPT - ERL-116320.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



11 Abstract

12 Brown algae blooms and invasions have affected 29% of the Earth’s coast, yet there is sparse 

13 evidence of the impacts and adaptations of these events. Through a systematic review of 

14 empirical literature on these blooms and invasions, we explore the prevalence of conventional 

15 analyses of environmental, economic, and social impacts, as well as opportunities for 

16 adaptation and valorisation. The study reveals crucial inconsistencies in the current evidence 

17 base on algae impacts: fragmented metrics for quantifying blooms and their effects; 

18 inconsistent application and testing of prevention measures (e.g. forecasting, early warning 

19 systems); reliance on removal as a management approach with limited evidence of associated 

20 costs; and scant evidence of the effectiveness of impact mitigation or adaptation strategies. 

21 With a focus on economic and societal dimensions of algae events, we introduce emerging 

22 opportunities within the blue economy for bloom utilization. The findings highlight the crucial 

23 need for harmonized monitoring protocols, robust cost-benefit analysis of management and 

24 adaptation options, and evidence of pathways to valorisation of algae biomass. 

25

26 Keywords: brown marine seaweed, algae events, sargassum, Rugulopteryx, fluitans, natans, 

27 horneri, muticum
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29 Introduction

30 Since the start of the 2000s, blooms and invasions1 of marine macroalgae (‘algae events’ 

31 hereafter) appear to be increasing globally, with those caused by brown seaweed affecting an 

32 increasing number of people across the planet1-3. These events appear driven by the 

33 intersection of natural/climatic4,5 events and anthropogenic6 factors. Although details are still 

34 lacking, climate change may impact the distribution or prevalence of seaweeds7,8, as well as 

35 triggering other marine risks, such as the spread of aquatic pathogens9, invasion of other non-

36 native species10, coastal erosion and flooding11. The severity of these emergent risks is difficult 

37 to predict, in part due to the complexity of the ecological processes and associated feedbacks 

38 between climate, natural and human systems12. The advances in science and technology are 

39 providing us with increasingly sophisticated tools to predict and simulate algae events, such 

40 as satellite remote sensing13,14, machine learning algorithms15,16, and oceanographic 

41 modelling17,18. This progress is improving our understanding of the complex factors that 

42 contribute to brown algae events. Yet there remain many gaps in our knowledge of the impacts 

43 of, and adaptations to, brown algae events, which need filling to enhance planning and 

44 management19. 

45 Algae events can create major problems for affected communities on land as well as for 

46 sectors dependent on access to the sea. Brown algae events threaten aquatic ecology20 (e.g. 

47 biodiversity loss), affect societies (e.g. recreational beach access and respiratory health) and 

48 cause economic problems21 (e.g. fishery and tourism sector losses) that affect people’s 

49 lives22,23. Blooms formed by brown algae have not been as common historically as those 

50 formed by the green algae (phylum Chlorophyta), specifically genus Ulva (sea lettuce). Ulva 

51 bloom events accounted for 52% of all algae events between 1976 and 201821. 

1 Here, 'blooms' refer to rapid increases in seaweed population density in a specific area, while 
'invasion' is the uncontrolled spread of non-native seaweed species into new ecosystems. 
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52 Research on the impacts of algae events has not kept pace with their spread over the last two 

53 decades. Our understanding of how people interact with these events (both positively and 

54 negatively) remains relatively unknown. The empirical evidence (albeit limited) of the impacts 

55 of brown seaweeds of genus Sargassum (phylum Phaeophyta) points to reduced human 

56 access to coastal waters, and negatively affected fisheries, fishery-related and tourism 

57 sectors24,25. There is some evidence that people affected by these events can suffer food 

58 insecurity, economic losses, and experience health impacts, such as skin irritation and 

59 respiratory problems26,27, especially those in poor coastal communities (largely in the global 

60 south) dependent directly or indirectly on healthy marine ecosystems28. On the positive side, 

61 there is evidence of exploitation of brown algae in aquaculture, and as a source of soil 

62 amelioration for agriculture29-31.  Despite this, the impacts and benefits of algae events on 

63 people are not monitored consistently or reported systematically to allow for a global analysis 

64 and understanding of both positive and negative impacts. 

65 Affected communities need guidance on the nature of these emerging risks, how to adapt to 

66 them and, where possible, how to extract benefits32,33. Brown algae play a positive role in 

67 building coastal resilience, as they have potential uses in agricultural products, coastal erosion 

68 stabilisers, and as a bioresource that can contribute to economic regeneration through the 

69 blue economy34. Valorisation of brown algae biomass may create new jobs and goods, 

70 opening new opportunities for enterprise and trade35,36. Bioenergy, water treatment, 

71 biomedicine or animal feed are some examples of brown seaweed uses that could increase 

72 capacity to achieve cost-effective and sustainable solutions to a growing human population37-

73 40. A few innovative businesses have already implemented some local (and larger) scale 

74 valorisation strategies, serving as practical models for other regions dealing with algae events. 

75 Examples of products from brown algae that are commercially available include: plant tonic 

76 (e.g. Algas Organics in St Lucia), the creation of building blocks using 40% sargassum (e.g. 

77 Sargablocks in Mexico), and emulsifiers for cosmetics (e.g. Carbonwave in Puerto Rico)37,39
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78 Brown algae events are now occurring in multiple coastal regions, including the Caribbean, 

79 West Africa, the Western Mediterranean and the Northwest Pacific. Each of these regions 

80 faces its own unique set of challenges, given the variability in the species of algae involved 

81 and the associated ecological, social, and economic impacts. Yet, to date, there is no 

82 comparative analysis of these events, their impacts, management strategies, adaptation 

83 options, and valorisation opportunities. To address these gaps we ask: (i) what is the evidence 

84 base of the algae events; (ii) what are the impacts and costs of the events on affected 

85 economies, societies and environments; (iii) what management and adaptation options are 

86 being used; and (iv) what are the positive benefits of these events and opportunities for 

87 valorisation? 

88 To answer these, we analyse the impact of, adaptations to, and opportunities from four current, 

89 extensive and long-running brown algae events: (1) Sargassum muticum in Western America 

90 and Europe, 20th century-present; (2) Sargassum horneri in Asia, 2000s-present; (3) 

91 Rugulopteryx okamurae in the Mediterranean coasts, 2002-present; and (4) pelagic 

92 sargassum (S. fluitans and natans) in the tropical Atlantic, 2011-present. Each algae event 

93 has varying degrees of data available. The different time scales allow for the capture of events 

94 in different phases of their life cycle (e.g. new benthic invasion vs. well established invader). 

95 The four specific brown seaweeds were selected for analysis because they are: (i) the best 

96 documented examples of invasive and bloom-forming brown seaweeds; (ii) a mix of benthic 

97 and pelagic species (i.e. an ecologically diverse sample set that is more likely to capture the 

98 complex range of ecological and socio-economic effects of algae blooms and invasions); (iii) 

99 long-lasting and on-going events occurring in different parts of the world; and (iv) using 

100 different management approaches and offering different valorisation opportunities. 

101 To identify the entire population of literature that exists on the impacts of these events, 

102 management strategies, and adaptations, a systematic review approach was used (see 

103 Supplementary Material: Figure S1 and Supp. 1). Empirical evidence from 181 documents  

104 has been collated and analysed.
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105

106 Results and Discussion

107 Approximately 29% of Earth’s coast has been under stress from brown algae events for 

108 over a decade. Empirical research reports on the impacts of and adaptations to the four brown 

109 algae events in five continents (Africa, Asia, Europe, North America and South America; Table 

110 S1). Using simple digitisation of specific locations, and rough approximations of distribution of 

111 impacts2, we estimate that collectively, the four algae are affecting approximately 180,000 km 

112 of the Earth’s 620,000 km coast3 (Figure 1). This approximation must be seen as an estimate 

113 only due to the vague description of areas affected by these four types of algae in literature, 

114 and figures are only intended to give an idea of the challenges faced by the world’s coast.

2 Our results are a simple estimation based on the accuracy and representativeness of the data sources used, 
as well as the consistency of the manual delineation process (hand-drawn lines on maps of coastal areas 
identified as being affected by algae events in the literature). Figure 1 represents the data on a map projection 
using WGS 1984 Web Mercator (auxiliary sphere).
3 Length of Earth’s coast is inconsistently reported, we use NASA Science estimate of 620,000km at: 
https://science.nasa.gov/earth-science/oceanography/living-ocean 
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115  

116 Figure 1 | Distribution map of estimated brown algae events along the coastlines. (a) S. 

117 horneri (green), (b) S. fluitans and natans (maroon), (c) R. okamurae (blue) and (d1-2) S. 

118 muticum (black). Note: figure do not show distribution of algal mats (floating or attached) in 

119 the open sea.
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120 Sparse evidence exists of volumes of beaching brown algae events. There has been a 

121 growth in literature on floating algae (often using satellite imaging), yet actual empirical 

122 evidence of the volume of biomass in each event is spatially and temporally sparse (Table 1). 

123 For example, in 2018, pelagic sargassum across the entire Tropical Atlantic ocean was 

124 estimated at >20 million metric tons3. Yet, estimates of how much washed ashore (beached 

125 algae) are only available for Mexico in 2018 (estimates are 10,000-41,000 m3 per kilometre of 

126 beach41). For some brown algae events, there is only evidence for one affected city or region 

127 e.g. for R. okamurae this is the event in 201542. Temporally, for most locations (except for 

128 Barbados, Mexico and Dominican Republic), evidence of volume of biomass exists for, at 

129 most, only one year. Hence it is not possible to compile comparative evidence of quantity of 

130 beached algae experienced over time, across locations, or through events (the data in Table 

131 1 do not show the same years). The considerable variation in reported volumes, both within 

132 and between different algae species, suggests that these numbers are subject to a range of 

133 uncertainties. These could include differences in the area covered by the reports, the 

134 methodologies used for estimation, and the time periods over which data were collected. 

135 Consequently, these estimates should be treated with caution and are unlikely to represent 

136 the true volume of algae events, especially beaching events.
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137 Table 1 | Estimated volume per selected algae event type. Note: reported measures used 

138 by the authors; S1 extracted from Supplementary 1 List. Volume as tons* must be taken 

139 carefully due to unclear metrics reported by the resources.

S. horneri S. fluitans and natans S. muticum R. okamurae

40,000 km2 in 2020 

(Yellow Sea) S1. 77

522,226 tons* in 2018 

(Mexico) S1. 82
No data

5,000 tons* in 2015 

(Ceuta, Spain) S1. 56

160,000 km2 in 2017 

(Zhejiang Province, 

China) S1. 175

1,400 – 1,843 tons* in 2015 

(Atalaia beach, Brazil) S1. 155
No data

400 tons* in July 

2020 (Tarifa, Spain) 

S1. 149

100,000 tons* in 

2015-2018 (South 

Korea and Jeju 

Island) S1. 31

10,000 tons*/year 

(Barbados) S1. 162
No data No data

No data
100 tons*/day (Punta Cana, 

Dominican Republic) S1. 82
No data No data

No data
12,894 m3 in 2019 (Puerto 

Morelos, Mexico) S1.80
No data No data

140
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141 Limited evidence and lack of consistent metrics used to report the magnitude of brown 

142 algae events and impacts. Research on brown algae events has increased significantly in 

143 the last five years, with 71% of the 181 reviewed documents published between 2018 and 

144 2020 (Figure S1). Yet, there is still no standard metric for documenting or reporting volumes 

145 of seaweed either at sea or on land. Multiple measures are used in the academic literature 

146 e.g. km2, metric tons4, US tonnes (short tons)5 and Imperial tonnes (long ton)6, however most 

147 empirical research does not specify which measure of tons/tonnes are used7. In this analysis, 

148 simple calculations based on coastline lengths were used to estimate metric tons/km for the 

149 three events where data were found (Table 1): approximately 238 tons/km of R. okamurae 

150 arrive yearly to the coast of Ceuta (Spain); an estimated 103 tons/km a year of pelagic 

151 sargassum reach the coastline of Barbados; and 4 tons/km per year of S. horneri appear to 

152 arrive on the coasts of South Korea and Jeju Island. As the quantities of beaching across the 

153 world have not been monitored frequently or consistently, these numbers may not represent 

154 the reality of the events. Further there is no baseline of evidence of the scale of positive and 

155 negative impacts of brown algae events.

156 Brown algae events negatively affect nearshore environments and cause severe 

157 impacts on native macro fauna, although many aspects of environmental impact are 

158 poorly understood. Nearshore/onshore environmental effects of brown algae events are 

159 relatively well documented (compared to impacts on society and the economy) and reveal 

160 growing concerns about ecological responses of native species and ecosystem functions 

161 (Table S2; Figures 2, S2). All four brown algae biomass accumulations on beaches or at sea 

162 contain harmful elements, such as plastic, that seabirds can ingest43, and all can create 

163 nesting difficulties for turtles44. The four seaweeds also cause hypoxia and deterioration of 

4 1 metric ton = 1000.0 kg
5 1 US tonne = 907.2 kg
6 1 imperial tonne = 1016.0 kg
7 The challenge of measurement using comparative tonnes is also evident in relation to illegal wildlife trade and 
forest management, see for example Nijman, V., & Shepherd, C. R. (2021). Underestimating the illegal wildlife 
trade: A ton or a tonne of pangolins?. Biological Conservation, 253, 108887.
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164 water quality in the tidal area (i.e. intertidal zone), affecting all levels of marine fauna and 

165 ecosystem functionality45. These problems appear particularly challenging for areas receiving 

166 pelagic sargassum and R. okamurae as these seaweeds can rapidly pile up on beaches in 

167 large volumes due to the movement of ocean currents and prevailing winds pushing the 

168 floating algae towards shorelines. Floating algae mats with an attachment form (such as R. 

169 okamurae) can rapidly smother the seabed, with 90% coverage to 20 m depth42, and severely 

170 impact sessile native macrofauna46. In comparison to the other brown algae events, very little 

171 is known about the environmental impacts of S. horneri. Across all events further research is 

172 needed in relation to the impact of brown algae on nearshore nutrient availability, the transport 

173 of invasive animals and plant pathogens, and impacts on beach erosion rates. In the context 

174 of climate change mitigation, the potential for brown algae to absorb CO2 for use as a 

175 greenhouse gas sink, needs investigation – along with better understanding of the lifecycles 

176 (growth and mortality) of the seaweeds.
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177

178 Figure 2 | Number of papers showing brown algae event impacts on the environment. Each 

179 bar shows the distribution of research by algae event.
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180 Little is known about brown algae event impacts on societies; extant evidence suggests 

181 social impacts are largely negative. All affected continents (excluding Antarctica and 

182 Australia), report impacts of brown algae events on society (Table S2; Figure S2). We classify 

183 impacts on society as the impact on people (e.g. health, water/food access, employment). 

184 Negative impacts show evidence of damages. Positive impacts show actual or potential 

185 opportunities (e.g. food source, bioenergy) (Table S2). 

186 Evidence of social impacts of brown algae events is particularly scarce (Figure 3), with only 

187 four papers that explore the social impacts of S. horneri47-50, one paper that considers social 

188 impacts of S. muticum51, and no literature that considers the social impacts of R. okamurae. 

189 Due to the limited evidence base for these three algae events, we only discuss the literature 

190 on the social impacts of S fluitans and natans. Negative societal impacts predominate in the 

191 pelagic sargassum literature. Human health impacts include nausea, skin and eye infections 

192 and respiratory issues52-55. The social impacts of reduced coastal access and water pollution 

193 are also prevalent: beached seaweed hinders access to clean water and sanitation (where 

194 freshwater resources are scarce e.g. low lying islands) as decaying seaweed can contaminate 

195 nearby aquifers56. On the positive side, beneficial impacts include: the potential for re-use of 

196 brown algae in locally or commercially produced items such as fish feed for aquaculture, 

197 biogas and as a plant fertiliser37,57-59. The overall lack of evidence of societal impacts for some 

198 of the brown algae events may be an artefact of the method used to search for papers, or it 

199 could reflect an absence of any evidence, pointing to the need for research on the social 

200 impacts of these events.
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201

202 Figure 3 | Number of papers showing brown algae event impacts (positive and negative) on 

203 society. Each bar shows the distribution of research by algae event.

204
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205 Economic impacts of brown algae events show a mixed picture, with negative impacts 

206 on coast-dependent sectors, but valorisation potential creating opportunities for 

207 agriculture. We classify impacts on the economy as costs, damages and benefits to economic 

208 sectors (e.g. tourism, fisheries or aquaculture)60-62. Damaging economic impacts are reported 

209 more extensively than positive benefits for all seaweeds (Table S2; Figures 4, S2). These 

210 positive benefits are mainly found as result of new emerging opportunities from brown algae 

211 uses37,63-65. Negative economic impacts occur mostly through two main routes: rising costs of 

212 coastal management (public and private), and damage to economically important coastal 

213 sectors, notably fisheries, tourism and aquaculture66,67. For example, significant quantities of 

214 S. horneri mats drifting from China (Zhejiang) are entangling in aquaculture facilities in Japan 

215 (Kitakyushu) which is increasing the costs of seaweed aquaculture68. Tourism sector impacts 

216 identified in the literature to date only reflect the additional costs of beach clean-up, or 

217 spending on preventative barriers or other measures41. There are no reports of impacts yet on 

218 lost tourist spending where tourists may choose to cancel or divert holidays away from 

219 locations affected by brown algae. Further there are no reports of positive tourism benefits 

220 e.g. attracting enviro-tourism69. Until the impacts on affected businesses are better reported, 

221 it will not be possible to make wider estimates of the impacts of the selected brown algae on 

222 employment or GDP. 
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223

224  Figure 4 | Number of papers showing brown algae event impacts (positive and negative) on 

225 the economy. Each bar shows the distribution of research by algae event.

226
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227 Very low levels of confidence in our knowledge about the impacts of brown algae 

228 events. By identifying how much evidence exists on selected brown algae impacts on the 

229 economy, society and the environment, and assessing the extent to which the literatures agree 

230 with each other (following IPCC guidelines on communicating uncertainty70), we conclude that, 

231 as of now, there is not enough consistent evidence or agreement among published studies to 

232 make definitive conclusions about the impacts of brown algae events, with the exception of 

233 biodiversity loss. There is a growing body of consistent evidence showing that in areas 

234 affected, pelagic sargassum, S. muticum and R. okamurae (but not S. horneri) adversely 

235 impact local algae and invertebrates, contributing to increased biodiversity loss (Figure 5). 

236 More empirical evidence and modelling work is needed on the events themselves, the impacts 

237 experienced, the costs and damages, and the management and adaptation options. Building 

238 on the need for further empirical evidence and modelling, recent literature has made significant 

239 advances in this area. Advanced statistical models, remote sensing and machine learning 

240 algorithms have been introduced to simulate algae events, taking into account a variety of 

241 environmental and anthropogenic factors13,15,17,18. Despite these advances, gaps in our 

242 knowledge still exist. Hence, there is a pressing need for interdisciplinary research that 

243 combines ecological, economic, and social perspectives to create a more comprehensive 

244 understanding of algae events and their multifaceted impacts.
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245

246 Figure 5 | Quantity of evidence and levels of confidence in knowledge about impacts of (a) R. 

247 okamurae, (b) S. fluitans and natans, (c) S. horneri and (d) S. muticum on economy – bold, 

248 society – underline, and environment – italics. Table shows areas of impacts by sector, panel 

249 shows the distribution of evidence of impacts and scale key to the levels of confidence in 

250 knowledge about impacts on economy, society, and environment (following IPCC guidelines 

251 on communicating uncertainty70). 
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252 Large gaps in knowledge about effectiveness of and costs of alternative management 

253 strategies. Management strategies for each selected brown algae are country-specific. In 

254 Spain, biodiversity law recommends that invasive seaweeds such as R. okamurae are 

255 ignored71. The majority of the evidence of management approaches relates to pelagic 

256 sargassum. 

257 Prevention of impacts – depending on national legislation and capacity – is the most common 

258 strategy. Forecasting (e.g. early-warning systems) to aid prevention has increased in areas 

259 affected by S. muticum, and pelagic sagarssum72,73. However, for pelagic sargassum, current 

260 forecast systems do not cover the entire Tropical Atlantic, they focus solely on North America 

261 and the Eastern Caribbean17,74. In Asiatic countries, molecular-based detection approaches 

262 are being investigated to differentiate between floating and benthic S. horneri to improve 

263 preparedness, removal, and management75. 

264 Nearshore and offshore prevention methods have been trialled for pelagic sargassum 

265 including: floating inflated interception barriers to stop seaweed arriving inshore, and ‘in ocean’ 

266 mechanised collection via small vessels - both with varied success37,76. There is almost no 

267 documentation of the costs of prevention across all four selected brown seaweeds (Table 2), 

268 and no clear approach to evaluation of the effectiveness of alternative strategies. Furthermore, 

269 the use of varying units (e.g. $/ton, $/metre, $/year) for representing the cost of preventative 

270 management in algae events creates a substantial hurdle for comparative analysis. 

Page 19 of 40 AUTHOR SUBMITTED MANUSCRIPT - ERL-116320.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



20

271 Table 2 | List of estimated mean costs[1] of preventative management for each selected algae event type. Note: S1 extracted from 

272 Supplementary 1 List. Volume as ton* must be taken carefully due to unclear metrics reported by the resources.

Management type S. horneri S. fluitans and natans S. muticum R. okamurae

Early-warning systemsa No data $2,000/month S1. 82 $2,895/site72 No data

Beach, port and/or aquaculture removalb $85/ton* S1. 31 $32/ton* S1. 27 No data $80/ton* S1. 53

Private resorts cleaningc No data $206,800/year     S1.27 No data No data

Barriersd No data $995/metre S1. 27 No data No data

Boats/trawlinge No data $600,000/year S1. 27 $23.7/ton* S1. 37 No data

Cuttingf No data No data $28.5/ton* S1. 37 No data
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Suctiong No data No data $26.8/ton*S1. 37 No data

Transporth No data $1,300.00/ton* S1. 42 No data No data

Disposali No data $80/ton*77 No data No data

273 aForecasting approach for the arrival of brown algae events; bCollection labour, withdrawal (freight) and tractor labour; cPhysical arrival of algae 

274 events to land and human sea structures; dPhysical structures to confine pelagic brown seaweed; eCollection using nets and transport of brown 

275 seaweed in open waters; fBlade cutter to remove brown seaweed attached to substrata; gAir-driven cutter to remove brown seaweed attached to 

276 substrata; hTransport of brown seaweed to the processing facilities; iConversion of brown seaweed biomass into waste. 

277 [1] Mean costs: costs of management were not reported consistently across the papers. Where one value was provided in the cited paper, this 

278 was used verbatim in the table. Where a range of values was presented in the cited paper, the mean value within the range was estimated and 

279 included in the table.

280  
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281 Removal costs estimated at US$27-85 per metric ton. Once the event-causing brown algae 

282 are in the nearshore or have made land, the most common management approach is in situ 

283 removal (in ocean or beaches)68,75,78-81. Mechanical removal has been used, although it is 

284 increasingly criticised as this can damage coastal habitats leading to erosion, dune destruction 

285 or loss of critical nutrients82,83. Methods for removing attached forms of seaweed, notably S. 

286 muticum, are: biocontrol, by hand, trawling, cutting and suctioning directly from the substrata84. 

287 Unregulated harvesting using these approaches may also damage coastal habitats85. 

288 As is the case with estimates of impacts, costs of removal are generally not expressed in 

289 comparable units (Tables 2, 3). Costs of algae removal vary across geographical locations 

290 and species types – from $27 to $85 per ton. Several factors contribute to this variability, 

291 including differences in local labour and equipment costs, variations in the density and 

292 accessibility of algae, and the specific methodologies employed for removal41,86. Furthermore, 

293 environmental regulations governing removal can also differ from one jurisdiction to another, 

294 affecting the overall costs87. Costs can also be influenced by the urgency of removal; an 

295 immediate need for clearing algae due to tourism concerns or health hazards could escalate 

296 costs41. The lack of standardization in both measuring and reporting these costs make it 

297 difficult to perform a straightforward comparative analysis. 

298
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299 Table 3 | Estimated costs of removal for each selected algae event type per ton*, 

300 location where data was extracted from, and year of publishing. Note: S1 extracted from 

301 Supplementary 1 List. Volume listed as metric ton*, however the type of ton used in the 

302 literatures are often not specified.

Species Cost ($ per ton*) Study location Year

S. horneri 85 Korea S1. 31 2020

S. fluitans and natans 32 Mexico S1. 27 2020

S. muticum 27 Isle of Wight and Portsmouth S1. 37 2009[1]

R. okamurae 80 South Spain S1. 7, 49 2021

303 [1] The data contained in the 2009 report reflects evidence collected in 1986, hence this cost 

304 per ton is likely to be significantly under-estimated. 
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305 Blue economy opportunities from brown algae events are emerging. Nearly half of the 

306 literature identified in the systematic search (47%) explored the potential for developing blue 

307 economy opportunities through re-use of seaweed biomass. Over half of this literature (51%) 

308 explores pelagic sargassum, valorisation options including: animal feed, biochemicals, 

309 bioenergy, biomedicine, biosorption, fertiliser, functional cosmeceuticals, food and ‘other’ (e.g. 

310 textile, cellulose, construction, bioplastic, antifouling, lubricants). One third (31%) of the 

311 literature on valorisation was for S. horneri, with almost all the same research areas as pelagic 

312 sargassum. For S. horneri, valorisation through cosmeceuticals and food have been 

313 investigated most frequently. The least amount of literature on valorisation was found for S. 

314 muticum (12%) and R. okamurae (6%), for which the focus was on biochemicals, bioenergy, 

315 biosorption, fertiliser and ‘other’ (Table S4, Figure S3).

316 A wide range of valorisation options have been investigated, especially for pelagic sargassum, 

317 several of which appear to offer potential for realisable economic benefits37. Current research 

318 suggests that most brown algae may contain beneficial components to produce medicine, 

319 pharmaceutical products and cosmetics36. Further research is needed to better understand 

320 the components of this biomass and inform valorisation. Direct ingestion offers less potential, 

321 Davis et al. 202188 discourage the direct use of pelagic sargassum as food or feed due to high 

322 levels of arsenic. In contrast, S. horneri has been successfully used as a dietary ingredient for 

323 aquaculture fish49, which contributes directly to the improvement of the food industry for human 

324 consumption. The potential of these emerging re-use options could transform the way 

325 communities look at algae events, improve their management and generate new policy 

326 approaches, with important implications for business opportunities. 

327

328 Discussion and future outlook. Literature on brown seaweeds (notably S. horneri, pelagic 

329 sargassum, S. muticum and R. okamurae), has grown considerably over the last ten years, 

330 yet there is still a paucity of comparable knowledge about volumes of beached or floating 

331 biomass per event, and an absence of evidence about the costs or effectiveness of 
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332 management options. The quantity of evidence on the economic and social impacts of each 

333 macroalgae is low, with no more than 18 papers exploring economy and 23 society (out of 

334 181) in total (mostly corresponding to pelagic sargassum). Yet there is increasingly cohesive 

335 evidence alerting us to negative impacts on native macrofauna and local biodiversity (64 

336 papers in total). Improved reporting of the nature of the algae events and their management 

337 costs, especially removal, transport and disposal, numbers of people affected, and total 

338 economic losses might direct greater political and social attention to preparing for and 

339 managing the events. 

340 The transferability of knowledge about size and frequency of brown algae events across and 

341 within regions is, in part, hampered by the lack of reporting standards, namely how to measure 

342 impacts and volumes arriving in events (e.g. km of coast, km2, m2, m3 or tons), and the 

343 measurement unit (e.g. Imperial, US or metric tons). A common reporting standard for volumes 

344 of brown algae could significantly improve future comparative work to allow sharing of 

345 knowledge across regions, although the regional politics of measurement units may hinder 

346 this. In the absence of any other standard, we propose that the minimal standard/requirement 

347 for both, floating and beached brown algae, is area-coverage reporting (ideally in km2). 

348 Estimates of weight should specify the type of tonnage: metric, Imperial or US to allow 

349 comparability. At the very least in all reporting of brown algae, there should be a clear 

350 description of the nature of the measure and metric used. 

351 Comparable impact reporting for brown algae events is also needed. With the recent 

352 development of the Invacost8 method, estimates of economic costs of some invasive species 

353 are being compiled, although this is dependent on the production of peer-reviewed articles 

354 and of grey literature assessing costs. No similar reporting method (or associated metrics) 

355 exists for societal impacts, such as numbers of people affected, or effectiveness of 

8 Invacost provides a global estimate of the economic cost of biological invasions 
https://invacost.fr/en/accueil/89 Diagne, C. et al. InvaCost, a public database of the economic costs 
of biological invasions worldwide. Scientific Data 7, 277, doi:10.1038/s41597-020-00586-z (2020).
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356 management strategies adopted. Standard impact categories for other biological hazards (e.g. 

357 bacterial disease, grasshoppers) exist and could be drawn on to document the social impacts 

358 of brown algae events and invasions. Two publicly accessible disaster loss databases exist 

359 that could host the evidence base or guide the creation of impact categories e.g. DesInventar 

360 (United Nations DesInventar Open Source Initiative - Official Website) or the International 

361 Disasters Database Em-DAT9 (EM-DAT - The international disaster database (emdat.be)) 90.

362 The paucity of management strategies for brown algae events is not due to an absence of 

363 possible frameworks. Management frameworks exist for biological invasions (e.g. Blackburn 

364 et al., 201191), encouraging management through application of: management, prevention, 

365 eradication, containment and mitigation, with the various components relevant at different 

366 stages of the invasion (e.g. transport, introduction, establishment or spread). Disaster 

367 governance also exists for natural hazard management (e.g. Disaster Risk Reduction cycle 

368 comprising: mitigation, preparedness, response and recovery stages92). Yet despite these 

369 possible management framings, to date, management of all the brown algae events analysed 

370 in this paper has been ad hoc and national scale, either ignoring the event, or attempting 

371 prevention93. In contrast to other disasters, there is zero literature on long term risk mitigation 

372 measures for brown algae events, little on realistic approaches for developing early warning 

373 systems, or for guidance of post-event recovery of social and economic systems94. This 

374 absence of management guidance highlights the importance of one clear and urgent area for 

375 new research – how to apply extant frameworks (both management of biological invasions 

376 and disaster risk management) to mitigate the long-term risk of algae events, specifically to 

377 reduce the negative economic and social impacts? This needs to be supported by research 

378 into post invasion/bloom event ‘recovery’. What strategies work best for rapid clean-up of 

379 areas experiencing negative social and economic impacts? How can economic value quickly 

9 Rosvold, E.L., Buhaug, H. (2021) GDIS, a global dataset of geocoded disaster locations. Sci Data 8, 
61. https://doi.org/10.1038/s41597-021-00846-6
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380 be found in the bloom forming/invading species to ensure that economic benefits flow to offset 

381 negative impacts? 

382 In the short term, insurance may play a role in supporting the people and environments 

383 affected. Pay-outs from the insurance sector may support the larger formal tourism and fishery 

384 firms cope with immediate impacts, and provide an initial indicator of experienced losses 

385 (through Em-DAT reporting). Insurance is not a safety net in the informal sector and regions 

386 with lower insurance penetration will not be supported financially (or reported as experiencing 

387 impacts in the global datasets). There is scope for research into the potential of creating 

388 innovative insurance products to cover the negative environmental impacts of brown algae 

389 impacts, as research on other hazards indicates that insurance can incentivise risk mitigation 

390 and encourage rapid recovery95. 

391 Without clear understanding, and predictability, of the quantity and periodicity of the brown 

392 algae events, proactive management interventions seeking economic opportunities from them 

393 may be limited. Generating comparable data on the nature of events and the associated 

394 impacts would create a baseline of evidence from which management strategies can be 

395 developed. Other innovations such as sharing of local approaches to management through 

396 regional, or international networks is another important element in turning a problem into an 

397 area for opportunities that can contribute positively to economic and social development.  

398

399 Methods

400 Research approach. A mixed methods analysis combining World Bank coastal shapefile 

401 data, analysis of geospatial data, and reanalysis of literature collated via systematic review 

402 was considered. 

403

404 Systematic review question framing. A narrative systematic literature review approach96 

405 was adopted to investigate how brown algae events affect human development. 
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406 Systematic review search and screening protocol. By introducing keywords (Figure S4), 

407 the initial analysis was limited to finding titles, keywords and abstracts recorded in public and 

408 referenced databases using Web of Science and Scopus. Google Scholar was used to aid 

409 finding reports from the grey literature. The search was derived from four categories of 

410 keywords that were applied in combined search sets: (1) Species, (2) Location, (3) Impacted 

411 areas and (4) Positive and negative descriptors (Figure S4). Within each set, Boolean ‘OR’ 

412 operators were applied between keywords, and combined set search was achieved with 

413 Boolean ‘AND’ operators. Categories 1 and 2 were species-specific, therefore only certain 

414 combinations of keywords were allowed:

415 ● S. horneri ‘AND’ (Yellow Sea ‘OR’ China ‘OR’ Korea ‘OR’ Jeju Island ‘OR’ Asia)

416 ● S. fluitans and natans ‘AND’ (Tropical Atlantic ‘OR’ Caribbean ‘OR’ Africa ‘OR’ Ghana 

417 ‘OR’ Nigeria ‘OR’ Sierra Leone ‘OR’ Florida ‘OR’ Mexico ‘OR’ Belize ‘OR’ Brazil ‘OR’ 

418 America) 

419 ● S. muticum ‘AND’ (British Columbia ‘OR’ Pacific coast 'OR’ North America ‘OR’ Alaska 

420 ‘OR’ UK ‘OR’ Europe ‘OR’ Mexico ‘OR’ Mediterranean ‘OR’ England ‘OR’ Ireland ‘OR’ 

421 Scotland) 

422 ● R. okamurae ‘AND’ (Mediterranean ‘OR’ Spain ‘OR’ Morocco ‘OR’ France ‘OR’ 

423 Azores)

424 A total of 863 documents was extracted from the searching process, where 186 resulted in 

425 replicates that were removed before screening. Methods for the screening protocol followed 

426 six descriptors for exclusion that applied to all four algae events and one descriptor specifically 

427 for S. fluitans and natans. Furthermore, two descriptors for inclusion were considered, which 

428 applied to all four algae events (Table S5). Documents’ screening was performed into three 

429 main steps: (i) title screening (excluded n = 349), (ii) abstract screening (excluded n = 166) 

430 and (iii) full text screening (excluded n = 79). After exclusions, 181 documents ranging from 

431 1997 to 2023 were selected for analysis (see Supplementary information for the full list of 

432 documents for review) where the interaction between people and S. horneri (n = 26), S. fluitans 
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433 and natans (n = 63), S. muticum (n = 29) and R. okamurae (n = 21) were reviewed (Figure 

434 S5; Supp. 1).

435

436 Analysis of systematic review and geospatial data. Literature information (i.e. authors, title, 

437 year and journal of publication), algae species of interest and country where the study was 

438 performed were recorded for each reviewed document. The documents reviewed were 

439 classified by thematic groups (economy, society, environment, opportunity and politics) for the 

440 subsequent category analysis (Table S3), and the geographic distribution was performed by 

441 continent. Information was classified related to the impact of algae species as if the impact 

442 was positive (e.g. providing a new natural resource to convert into bioenergy) or negative (e.g. 

443 causing hypoxia in the tidal area and death of benthic species). Numerical data on economic 

444 expenses and volumes were also extracted, where the mean value was estimated using the 

445 range of values cited in the literature. Predicted arrival per km was obtained using the total 

446 coastline lengths of location where data was extracted as per ton (or tonne) per year. The 

447 calculated geometry of the total coastal length (geodesic) of the World Bank-approved 

448 coastlines shapefile was performed in ArcGIS Pro 3.0.0. All data analyses were completed in 

449 R version 4.1.297.

450

451 Limitations. Despite the fact that this study shows important results, there was very little 

452 literature on some of the themes, for example the effect on social or economic inequalities, or 

453 on the politics of bloom management. For some species, this may be linked to the language 

454 in which the research has been developed. Language was acknowledged as a barrier to 

455 access research articles, so there are chances of having existing literature on benefits and 

456 impacts that are not included in this study. In many occasions, literature on sargassum did not 

457 show any sign of identification at the species level and, therefore, added additional challenges 

458 on whether they should be included into the list of review documents (Table S5). 

459
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