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29

30 Highlights

31 ● Sargassum mass beaching event in Senegal reported by participatory approach 
32 ● Four morphotypes identified: S. fluitans III dominant and a putative new morphotype 
33 ● Low As, but relatively high Cd and Hg levels in Senegalese Sargassum vs. Atlantic 
34 Ocean
35 ● High total protein contents and intra-thallus variation of biochemical composition
36 ● High concentrations of rare Pd in Sargassum tissue
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38 Abstract

39 The rapid proliferation of holopelagic Sargassum in the tropical Atlantic Ocean presents 

40 environmental challenges and economic opportunities. In 2022, Senegal witnessed its first 

41 significant holopelagic Sargassum beaching event, triggering widespread concern and interest 

42 from civil society, industrial sectors and government. This study represents the first analysis 

43 of stranded holopelagic Sargassum's morphotypes and chemical composition in North West 

44 Africa. We highlight the distinct nature of Sargassum stranding in Senegal, dominated by 

45 S. fluitans III, and describe a novel morphotype. Compared to the tropical Atlantic, 

46 Senegalese Sargassum displayed lower arsenic concentrations, higher cadmium levels, and 

47 increased mercury content. The biochemical analysis revealed high total protein levels in 

48 Senegalese samples. Furthermore, variations in biochemical composition within various parts 

49 of the Sargassum thallus were observed. These findings offer valuable insights into potential 

50 applications and limitations. Our study identifies promising uses in Senegal and neighbouring 

51 countries, mainly for animal feed and agriculture and in the chemical industry, where notable 

52 palladium content is observed and, to a lesser extent, the phenolic compounds and mannitol. 

53 Our interdisciplinary approach enhances the global scientific understanding of the Sargassum 

54 issue and aids in developing sustainable strategies for African coastal regions grappling with 

55 climate change and invasive species. With the anticipation of more frequent Sargassum 

56 beaching events and more generally for seaweed exploitation, we advocate for inter-

57 governmental African organisations to establish standardised norms for their exploitation. We 

58 also recommend that the Food and Agriculture Organization/World Health Organization 

59 consider incorporating more seaweed in the Codex Alimentarius.

60
61 Keywords: Invasive species; Participatory approach; Trace metals; Biochemical 
62 composition; Exploitation; Senegal
63
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64 1. Introduction
65
66 Under the effect of climate change and eutrophication, the tropical Atlantic Ocean and the 

67 Caribbean coasts have been regularly invaded by holopelagic Sargassum since 2011 [1]. This 

68 periodical phenomenon had severe socio-economic, sanitary, and environmental impacts [2], 

69 affecting the African coast [1]. In general, holopelagic Sargassum plays an essential role in ocean 

70 carbon sequestration [2], supports many marine organisms [3], and has been identified as 

71 'Essential Fish Habitat' [4] [2]. The 'Sargasso Sea' [2], and recently, the 'Gulf of Mexico' and the 

72 'Northern Equatorial Recirculation Region' are source regions of Sargassum [5] [2], representing 

73 oceanic zones characterized by the most substantial aggregations of this seaweed.

74 However, driven by environmental alterations affecting the Atlantic circulation and coastal 

75 nutrient levels, the system gets imbalanced, and Sargassum starts to spread. Consequently, 

76 Sargassum stranding is now a new norm for countries to adapt. 

77 Besides the recognised massive invasions in the Caribbean and the Gulf of Mexico, Sargassum 

78 increasingly reaches the African coastline from Morocco to the Gulf of Guinea [2]. Firstly 

79 reported from Ghana, West Africa, in 2009, the holopelagic Sargassum [6] spread further to 

80 Morocco in 2011 [7]. Research suggests that Sargassum cycles are closely linked to seasonal 

81 changes in sea surface temperature. Nutrient fluxes from the Congo River, Amazon River and 

82 Northwest Africa iron-rich dust were raised as a likely cause of massive Sargassum blooms in 

83 West Africa [7]. Satellite images showed bands of Sargassum more or less close to Senegal in 

84 2021 and 2022 [8]. 

85 Two major holopelagic Sargassum species (Sargassum fluitans and S. natans) are known from 

86 the Atlantic Ocean, of which several distinct morphotypes have been identified [8]. 

87 Sargassum fluitans III, S. natans I, and S. natans VIII are the three major morphotypes 

88 encountered in the Caribbean [8] [9], without the possibility, for the moment, of elevating them 

89 to the rank of three species although their morphology and genetic are different [10]. In addition 
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90 to being morphologically distinct, these three morphotypes show distinct ecological, biological, 

91 physiological, and chemical traits [8] [11]. The predominance of one morphotype influences the 

92 chemical composition of a mixed Sargassum content, which has implications for its potential 

93 uses [1] [8]. To date, no information is available concerning the identity or chemical composition 

94 of morphotypes in Senegal. 

95 Over 20 million tons of drifting Sargassum were detected in 2018 within the Atlantic Sargassum 

96 Belt [12], demonstrating the urgency of finding a solution to handle these substantial drifting 

97 biomasses. Clean-up efforts generate costs to national economies of hundreds of millions of 

98 dollars [1]. Given its recognised valuable composition (e.g. minerals, nutrients, phenolic 

99 compounds, proteins, carbohydrates and lipids), there is a growing interest in using the algal 

100 biomass for animal feed and human food production, agriculture, energy production (e.g. 

101 biofuel) and the chemical industry [1] [2]. Before turning the stranded Sargassum into business 

102 opportunities, it is necessary to know the predominance and composition of the present 

103 morphotypes and their level of contamination with pollutants. The World Health Organisation 

104 classifies arsenic as one of the ten chemicals of greatest public health concern, and there have 

105 been health advisories worldwide concerning arsenic in Sargassum [13]. Total arsenic 

106 concentrations in marine algae are high and generally range from 10 to 100 mg kg−1, reaching 

107 200 mg kg−1 in Sargassum [14]. Regarding Sargassum, high C:N ratios make them more 

108 applicable for biofuel production [15]; a C:N value between 20 and 35 is recommended for 

109 biogas production [16]. Using Sargassum for biogas production could be difficult, and further 

110 work is needed [13].

111 The present study investigated the morphological and chemical composition of the first massive 

112 Sargassum stranding at the Senegalese coast to study their preliminary potential value for 

113 commercial and societal applications. Various morphotypes of holopelagic Sargassum were 

114 identified in the beachings, and their chemical content vs. nutritional value and toxicity level 
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115 were analysed for the first time, and compared with works done in the African, Caribbean and 

116 Mexican regions.

117

118 2. Materials and Methods
119 Information was gathered to investigate the massive Sargassum stranding using i) a scientific 

120 sample collection and ii) an accompanying participatory citizen approach. 

121
122 2.1 Study area and biomass collection
123 Senegal is part of the Canary Current Large Marine Ecosystem (CCLME), an area under the 

124 influence of currents from the Canary Islands and Guinea [17]. Seven sampling sites (Kayar, 

125 Cambérène, Ngor, Somone, Mbour, Joal-Fadiouth in Senegal and Banjul in Gambia) were 

126 visited during the stranding events between August 11 2022 and September 17 2022 (Figure 1; 

127 Table 1). Ngor site is under the marked influence of untreated urban effluent [18]. The presence 

128 of wastewater treatment plants and discharges of treated wastewater characterises the Camberene 

129 site. The Somone, Mbour and Joal-Fadiouth sites, situated in the south of Senegal, are marked 

130 by a low level of urbanisation [19]. Sargassum thalli were collected by hand near the coast at 

131 each sampling site, submerged in water up to ~15 cm depth and on the beach. Sargassum thalli 

132 were collected until they filled ~ three-quarters of a 25-litre icebox. The biomass was transported 

133 in empty iceboxes and preserved in a freezer (~ -18 °C) or sun-dried according to the processing 

134 method (see below). Twenty-three samples were analysed (Table 1, Figure 1). 

135

136 2.2 Participatory citizen approach
137 Building on precedent experiences during former Ostreopsis cf. ovata and Noctiluca scintillans 

138 blooms in the area [20] [21], a network of civil society and academic community volunteers was 

139 motivated to report the Senegalese 2022 stranding. Additionally to such a participatory approach, 

140 a network of fisheries investigators from the National Oceanographic Research Centre 

141 (ISRA/CRODT) contributed to this effort. While primarily tasked with monitoring artisanal 

142 fishing landings, these investigators willingly gathered information on the presence and rough 
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143 estimates of the stranding using digital tablets [22]. These devices facilitated the capture of 

144 coastline photographs and close-up images of the Sargassum, enabling comprehensive 

145 documentation of the events, e.g. nuisances, identification of the Sargassum, epiphytes and 

146 symbiotic organisms (Supplementary S1). 

147

148 2.3 Sargassum and morphotype identification
149 Sargassum specimens were categorized into morphotypes using established taxonomic keys, 

150 employing specific criteria such as vesicle shapes [23] [24], presence of spines on vesicles or 

151 stems and measurement of leaf length, width and density [25] [6] [26]. Four distinct morphotypes 

152 were delineated following taxonomic keys. Sargassum natans I (SnI) was assigned when criteria 

153 including elliptical vesicles, the presence of spines on vesicles, and long, narrow blades were 

154 met (see Supplementary S2 for illustrations). Sargassum fluitans III (SfIII) was identified by 

155 elliptical vesicles, the absence of spines on vesicles, and short, wide blades. Sargassum natans 

156 VIII (SnVIII) was characterized by globular vesicles, long and wide blades, and the absence or 

157 rare presence of spines on vesicles; in the latter case, spines were also associated with elliptical 

158 vesicle forms.

159 For a chemical differentiation between the morphotypes, dry samples underwent analysis using 

160 a DRX 500 NMR spectrometer equipped with a HR-MAS probe (Proton High-Resolution Magic 

161 Angle Spinning Nuclear Magnetic Resonance HR-MAS 1H NMR). The sample consisted of a 

162 dry algal stem, which was then placed in a zirconium oxide vial with ~30 µL of deuterated water 

163 (D2O). The assembly was rotor-oriented at the so-called "magic angle" of 54.7° to respect the 

164 B0 magnetic field. Good homogenisation was achieved at around 5000 Hz. This approach 

165 provides a resolution comparable to liquid solution NMR, facilitating the analysis of the major 

166 metabolites within the sample. The outcome was a distinctive chemical fingerprint of the 

167 seaweed, allowing for meaningful comparisons and discrimination between different samples. 

168 Notably, this technique previously demonstrated its efficacy in distinguishing various 
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169 Sargassaceae species, including five within the Cystoseira genus [27], two closely related species 

170 within the Turbinaria genus [28], and diverse populations of European S. muticum [29]. Spectra 

171 were acquired for each morphotype (SnI, SfIII, SnVIII, and a putative new one (MF) describe in 

172 section 3.1) in the current study to corroborate their classification through chemical 

173 fingerprinting.

174
175 2.4 Analysis of Sargassum content 
176 2.4.1 Sample preparation 
177 Except for sun-dried specimens, all samples underwent a brief soak in demineralised water, 

178 subsequent drying, and grinding using an MM 200 (Retsch) grinder at 20 Hz for six minutes. 

179 Nine samples were oven-dried at 50°C for 48 hours (Table 1), while fourteen samples were 

180 freeze-dried using the CHRIST Alpha 1-4 LSC basic freeze dryer with primary desiccation for 

181 69 hours at a set pressure of 1 mbar and secondary desiccation for 2 hours (Supplementary S3). 

182 Additionally, two samples were sun-dried to compare to freeze-dried samples for the 

183 biochemical composition (Table 1). 

184
185 2.4.2 Heavy metal analysis
186 Concentrations of arsenic (As), cadmium (Cd), lead (Pb), mercury (Hg), copper (Cu), zinc (Zn) 

187 and nickel (Ni) were measured using a Niton XLT900s energy dispersive X-ray fluorescence 

188 containing a 50 kV X-ray excitation tube and silver Ag as an excitation source. The amperage 

189 was 40 A and a maximum power of 2 W. The resolution was fixed at 178 eV. The samples were 

190 measured in the mining Cu/Zn mode. This non-destructive technique measures concentrations 

191 independent of the chemical state of an element. The ground sample was transformed into a 

192 pellet before analysis. A certified reference material (International Atomic Energy Agency 

193 Reference Materials Group, IAEA – 461, Trace Elements in Clam) was used to prepare standard 

194 samples and establish the calibration curves. The internal standard method eliminated or assessed 
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195 the matrix effect. The results are expressed in parts per million dry weight (ppm DW) after 

196 carrying out the analysis in each sample [30] [31].

197 Concentrations of palladium (Pd), titanium (Ti), lithium (Li), boron (B), barium (Ba), europium 

198 (Eu) and aluminium (Al) were measured using an Inductively Coupled Plasma Mass 

199 Spectrometry (ICPMS iCAPRQ Thermoscientific). Microwave Digestor-Multiwave GO Plus 

200 (Anton Paar) was used for sample digestion using acids (Nitric acid HNO3 and hydrochloric acid 

201 HCl). All elements were measured in total, and if any elements have multiple isotopes, the 

202 ICPMS system selects higher mass-intensity isotopes without any interference from any source 

203 [32].

204
205 2.4.3 Cation analysis
206 Samples were oven-dried at 60°C for 30 minutes to remove residual moisture. The subsequent 

207 mineralization protocol started with weighing 0.5 g of dry sample, which was then carefully 

208 placed in a 10 mL tube. Calcium (Ca), potassium (K), magnesium (Mg), sodium (Na), iron (Fe) 

209 and manganese (Mn) content analyses were performed with microwave plasma atomic emission 

210 spectroscopy (MP AES 4200-Agilent) [33] [34]. Nitric acid (HNO3) 69% was used as the 

211 digesting acid. Next, 3 mL of HNO3 was added to the tube gradually to avoid foaming, then left 

212 overnight (cold digestion). The tubes were placed in a mineraliser (DigiPREP Jr, SCP Science) 

213 and preheated at 100°C for two hours. The tubes were then left to cool, and after that, 1 mL 

214 hydrogen peroxide (H2O2) and 1 mL HNO3 were added to the tubes and preheated at 100°C for 

215 one hour. After mineralisation, the solutions were filtered and adjusted in 100 mL flasks with 

216 demineralised water, constituting the solutions to be analysed. After filtration, mineral elements 

217 were assayed by MP AES.

218
219 2.4.4 Analysis of total phosphorus, total carbon, total nitrogen and ash content
220 The total phosphorus (P) content analysis was performed with a continuous flow molecular 

221 adsorption spectrophotometer SEAL AA3 Analyzer following the same mineralisation and 
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222 filtration procedure used for mineral analysis with the MP AES. The analysis uses the Murphey 

223 and Riley method [35] (Supplementary S3). The total carbon (C) and total nitrogen (N) content 

224 analyses were performed with a CHN Thermo Scientific Flash 2000 Elemental Analyzer. The 

225 analysis method is based on the principle of the « Dumas method » [36]. For ash content, 

226 samples were burnt in an oven at 500°C for 2 hours after a one-hour stage at 200°C.

227
228 2.4.5 Extraction and assay of phenolic compounds and DPPH radical scavenging activity 
229 of phenolic extracts
230 The protocol to extract phenolic compounds was developed and miniaturized from Gager et al. 

231 [37]. Briefly, 15 mg of algal powder was extracted in triplicate in 1.5 mL ethanol:water (50:50, 

232 v/v) for 15 min in an ultrasound bath, followed by 2 h in the dark at 40°C, under magnetic 

233 stirring. Samples were then centrifuged (Eppendorf Centrifuge 5810, Germany) for 5 min, and 

234 the supernatant was recovered. The pellet was extracted a second time for 1 h followed by 

235 centrifugation. A volume of 3 mL of supernatant was obtained for each sample and evaporated 

236 at 40°C using a speedvaccum (DUC-23050-B00, minVac, Royaume-Uni) to obtain the crude 

237 extract. Phenolic contents were determined using the Folin-Ciocalteu method, which uses a 

238 standard curve of phloroglucinol [38] [39]. The microplates were filled by depositing 20 μL of 

239 each of the samples (crude extract or standard), 130 μL of distilled water, 10 μL of Folin-

240 Ciocalteu reagent, and, finally, 40 μL of calcium carbonate. After shaking, the microplates are 

241 placed in an oven at 70°C for ten minutes. The reaction was then stopped by setting the 

242 microplates on crushed ice. After further stirring, the optical densities (OD) are read at 620 nm 

243 using a microplate reader spectrophotometer (S/N 415-0039, Omega, Germany). The standard 

244 range is prepared from phloroglucinol of known concentrations and using a stock 

245 phloroglucinol solution at 100 mg L-1. All samples were tested in triplicate. The dry crude 

246 extract of phenolic compounds was reconstituted to different concentrations to be assayed. 

247 Phenolic content is expressed as mg of phenolic compounds per gram of the dry seaweed 

248 powder or dry weight (mg g-1 DW).
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249 To test the activity of phenolic compounds, the 2,2-diphenyl-1-picrylhydrazyl (DPPH) 

250 experiment was used to measure the radical scavenging activity of phenolic compounds. This 

251 test was developed by Fukumoto and Mazza (2000) [40], then modified by Molyneux (2004) 

252 [41], Turkmen et al. (2007) [42], Le Lann et al. (2008) [28], and Zubia et al. (2009) [39]. All 

253 tests were performed in triplicates. The IC50 was then calculated, i.e., the concentration at 

254 which 50% of the DPPH free radical is inhibited. Butylhydroxyanisole (BHA), 

255 Butylhydroxytoluene (BHT), 6-hydroxy-2,5,7,8-tetramethylchromane-2- carboxylic acid 

256 (Trolox), together with Vitamins C and E were used as positive controls. Crude extracts and 

257 positive controls were compared and used at three different concentrations (0.1, 0.25 and 0.5 

258 g L-1).

259
260 2.4.6 Extraction and assays of mannitol, soluble and insoluble protein

261 For mannitol, the extraction and quantification procedure followed the protocol established by 

262 Chades et al. [43] and Sanchez [44]. All samples and standards were tested in triplicates. The 

263 mannitol standard range points were prepared from mannitol dissolved in hydrochloric acid at 

264 0.05 mol L-1. The range was prepared from zero to 1500 nmol mL-1. All samples and standards 

265 were tested in triplicates.

266 For soluble and insoluble proteins, 50 mg of algal powder was placed in an Eppendorf tube, to 

267 which a phosphate buffer was added (pH = 8). EDTA was added, followed by 2-

268 mercaptoethanol. After shaking, the samples were placed in an ultrasonic bath to destroy cell-

269 cell bonds. The samples were then stirred again for four hours at room temperature. They were 

270 then centrifuged, and the supernatant was used for soluble protein assay. NaOH was added to 

271 the residue and shaken for one hour at room temperature. After centrifugation, the supernatant 

272 containing insoluble proteins was recovered. Soluble and insoluble proteins were assayed using 

273 the BCA (Bicinchoninic acid) method. Two standard ranges were prepared: a first for the 

274 determination of soluble proteins with bovine serum albumin (BSA) in distilled water, then a 
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275 second for the determination of insoluble proteins with BSA in NaOH at 0.5 mol L-1. All 

276 samples and standards were tested in triplicate.

277
278 2.5 Statistical tests and comparative analysis 
279 The variables related to content of phenolic compounds, mannitol, soluble and insoluble 

280 proteins were tested in triplicate and are presented as mean ± standard deviation. The other 

281 variables, tested individually, were reported as measured value. Statistical analyses (normality 

282 and homogeneity tests and analysis of variance) were carried out using R Studio (version 4.2.2). 

283 Levene's and Shapiro-Wilk's tests were used to check homogeneity and normality. Statistical 

284 analyses were performed with a 5% risk. The various grades were compared using a one-factor 

285 analysis of variance. 

286 A comparative analysis of heavy metal contents was conducted, explicitly focusing on the 

287 comparison with data obtained from 24 other Atlantic regions spanning from East to West 

288 Atlantic [1] [6] [45] [13] [46] [47] [48] [49]. For comparison, the measured content or, when 

289 relevant, the average value was used. In cases where variability was observed, both maximal 

290 and minimal values were considered. When variability was absent, the average value was 

291 utilized twice for a more robust and representative comparison. In the comparative analysis, (1) 

292 no distinction was made between the different morphotypes; (2) the values below the limit of 

293 detection were not considered; (3) no discrimination was done between sea and beach samples 

294 (4) nor on the analytical methodology used (Table S1). Data from this study and the ones from 

295 the references were displayed on map representations. Data are classified using the method of 

296 natural breaks (Jenks) [50] [51]. The Jenks optimisation method, also known as the Jenks 

297 natural break classification method, is a data clustering method designed to determine the best 

298 arrangement of values into different classes. This method identifies logical breakpoints in a data 

299 set by grouping similar values that minimise the differences between data values in the same 
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300 class and maximise the differences between classes. This method can be beneficial as it 

301 identifies actual classes within the data [52].

302 The C, N and P mass concentrations were converted into molar concentrations. From that the 

303 C:N, C:P, N:P and C:N:P molar ratios were calculated and compared to the Redfield ratio [4] 

304 [53] and those in the literature.

305

306 3. Results 
307 The participatory approach provided an early warning from Senegalese citizens, who reported 

308 the massive arrival of Sargassum through visual observations (from air and on sea) on July 25 

309 2022 (Fadel Diedhiou and Yannick Pensard, pers. comm. – Supplementary S1). Massive 

310 Sargassum grounding was observed in central and south Senegal (from Kayar to Casamance) 

311 between July 28 and August 22 and no observation was reported in the northern part of Senegal 

312 (Saint-Louis). There was no report of severe human health issues. The participative survey 

313 revealed only minor skin irritations reported during recreational swimming in direct contact 

314 with Sargassum. Additionally, two turtle deaths were documented at the exact location on 

315 August 22 2022. However, it was observed that the Sargassum invasion might not necessarily 

316 be attributed as the direct cause of this mortality.

317
318 3.1 Morphotype classification of Senegalese samples

319 Four distinct morphotypes (SnI, SfIII, SnVIII, and a putative new morphotype (MF)) were 

320 identified following taxonomic keys. Some specimens classified as SnVIII showed vesicles 

321 similar to S. granuliferum [23]. SnVIII can be distinguished from SnI and SfIII based on its 

322 larger bladders and blades. The MF is described for the first time, as it was repeatedly observed 

323 and did not correspond closely to the taxonomic criteria of SnI, SfIII and SnVIII. Moreover, 

324 MF was exclusively identified during collection in Kayar on 17/09/22. This particular 

325 morphotype shares identical morphological characteristics with MA, with the notable exception 

326 of the presence of spines. 
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327 SnI, SfIII and SnVIII were encountered in almost all studied sites. SfIII was the most dominant 

328 morphotype. The sample set included SnI, SfIII, SnVIII, and MF. The MF is unrelated to any 

329 of the most common morphotypes cited and was of putative species assignment.

330
331 3.2 Analysis and determination of morphotypes by HR-MAS 1H NMR

332 Chemical fingerprinting spectra obtained for each morphotype (Figure 2) showed that all 

333 samples presented signals between 3.5 and 4 ppm, confirming the presence of mannitol. Higher 

334 signals of mannitol were more characteristic for SnVIII. Signals in the 5.9 and 6.4 ppm zone 

335 correspond to the presence of aromatic groups and, therefore, to phenolic compounds. It is 

336 difficult to distinguish the morphotypes based on the portion of aromatic groups due to the 

337 similarity of the spectra and the non-presence of high peaks in this section of the spectra. 

338 Samples assigned to SnI had similar spectra under 3.5 ppm, easily differentiated from the other 

339 morphotypes. SfIII might be distinguished from SnVIII by comparison of spectral signals 

340 between 1 and 1.5 ppm.

341 Meanwhile, SfIII might be distinguished from SnI based on comparison of spectral signals 

342 under 3.5 ppm. Finally, MF exhibited almost the same morphological characteristics as SnI; 

343 one might expect its chemical fingerprint to resemble that of SnI, but this was not the case. The 

344 spectra of MF under 1.5 ppm were quite different from those of SnI under 1.5 ppm in their 

345 relative peaks. The spectra of MF between 1.0 and 4 ppm were also quite different from those 

346 of SnVIII, with the later having higher peaks in this spectral section. The spectrum of MF 

347 between 4.5 and 5.0 ppm was clearly different from that of SnI, SfIII and SnVIII. MF had the 

348 particularity to present a more marked peak towards 2 ppm than the other morphotypes. Within 

349 SfIII, the chemical fingerprinting of one of the samples (sample ID: Mb2) deviates from the 

350 chemical fingerprintings of the other samples.

351
352 3.3 Elemental variation in holopelagic Sargassum across multiple sites
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353 The As concentrations of the mixed morphotypes from Kayar, Camberene, Somone, Mbour 

354 and Joal-Fadiouth were 15, 21, 23, 11 and 11 ppm, respectively. Notably, these concentrations 

355 exhibited a two-fold difference between minimum and maximum values, with the highest As 

356 values observed at the Camberene and Somone sites. In contrast, Pb and Hg showed a relatively 

357 more homogeneous spatial distribution across sites, with 1.4 and 1.2-fold differences, 

358 respectively. These mixed morphotypes' mean values of Pb and Hg were 1.31 and 0.51 ppm, 

359 respectively. Considering all analysed samples (combining values from mixed and single 

360 morphotypes), Zn concentrations displayed the highest variability with a five-fold difference, 

361 followed by As (three-fold difference), copper (Cu) and cadmium (Cd) with a 1.6-fold 

362 difference each (Table 2). The Fe content was higher (almost 2-fold to 4-fold difference) at 

363 Joal-Fadiouth (1017 ppm) than at the other sites (552, 464 and 237 ppm for Somone, Kayar and 

364 Cambérène, respectively). 

365
366 3.4 Elementary chemical content, pattern for the mixed morphotypes and single 
367 morphotypes of Sargassum 

368 3.4.1 Arsenic, cadmium, lead and mercury concentrations
369 Regarding the heavy metals of the morphotypes from Kayar, the concentrations of As, Cd, Pb, 

370 and Hg followed a consistent pattern across SfIII, SnVIII, and SnI, with the order As>Cd>Pb> 

371 Hg, except in the case of MF where Cd replaced As (Figure 3). Similarly, the heavy metal 

372 concentrations of the mix morphotypes in the areas of Kayar, Camberene, Somone, and Mbour 

373 also showed a similar pattern with As>Cd>Pb> Hg, except for Joal-Fadiouth sample, which 

374 displayed a Cd concentration higher than the As concentration. Among the morphotypes, 

375 concentrations were highest in SnI, followed by SnVIII, SfIII, and MF for all the heavy metals 

376 except lead. Concentrations of these elements were generally higher in the mix morphotypes of 

377 the Somone site compared to the other sites for all these elements.

378
379 3.4.2 Comprehensive elemental content 
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380 Concerning all elements analysed in Sargassum samples (mixed morphotypes and single 

381 morphotype), the most predominant elements followed the order: Ca>K>Mg>Na>Fe> Zn, 

382 while the least predominant elements were ranked as Zn>Cu>As>Cd>N>Pb> Hg (Table 3). Ni, 

383 Zn, and Cu concentrations were highest in SnI, followed by SnVIII, SfIII, and MF, except for 

384 the similar Cu concentrations observed in SnVIII and SfIII (Figure 3). Ca, K, Mg, Na, and Mn 

385 concentrations were notably higher in Camberene mixed morphotypes than in other sites, while 

386 samples from the Joal-Fadiouth site generally showed lower concentrations for all elements 

387 (Figure 4). Additional results on Pd, Ti, Li, B, Ba, Eu, and Al contents (sample ID: Ng) provide 

388 a more comprehensive perspective.

389
390 3.5 Concentrations of carbon, nitrogen, phosphor, ash 
391 The C:N molar ratios of Sargassum from Kayar, Camberene, Somone and Joal-Fadiouth were 

392 relatively close, 27, 22, 21 and 24, respectively. The C:P molar ratios of Sargassum from Kayar, 

393 Camberene, Somone and Joal-Fadiouth were 476, 495, 429 and 628, respectively, also 

394 relatively close except for Joal-Fadiouth. The N:P molar ratios of Sargassum from Kayar, 

395 Camberene, Somone and Joal-Fadiouth were also aligned, measuring 18, 22, 21 and 26, 

396 respectively.

397 Notably, total nitrogen (N) exhibited a limited representation in the principal components 

398 analysis (PCA) (Figure S1). The Kaiser-Meyer-Olkin (KMO) accuracy measure was 0.5 for the 

399 complete model and each variable. The PCA accounted for 89.9% of the variations (PC1 - 60.6 

400 and PC2 - 29.3%) (Supplementary S4). Preliminary chemometric evaluation of the elements 

401 measured through PCA of four mixed morphotypes (ID: Ka, Ca, So, and JF see Table 1) across 

402 17 different parameters revealed positive correlations among the elements Cd, Hg, Ni, P, Pb, 

403 Cu, and As, as well as among Mg, Ca, ash, Na, and K. Similarly, positive correlations were 

404 observed among Zn, Fe, and C. Conversely, Mn exhibited negative correlations with Pb, Cd, 

405 Hg, Ni, P, and Cu, while Fe showed negative correlations with Ash, Na, K, Mg, and Ca (Table 
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406 S2; Figure S1). Remarkably, the Sargassum from the Joal-Fadiouth site stood apart from the 

407 other samples due to its higher loadings of C and Fe (Figure S1).

408
409 3.6 Biochemical composition variability in different Sargassum morphotypes: phenolic, 
410 mannitol, soluble, and insoluble protein analysis
411 All the morphotypes studied produced phenolic compounds (Table 1), with levels varying from 

412 one sample to another, with a maximum factor of six. Despite variations within the same 

413 morphotype, no statistically significant difference was observed among the morphotypes 

414 (p = 0.642). Notably, SnVIII (ID: Ka2) exhibited the highest phenolic content (32.31 ± 0.31 mg 

415 g-1 DW), followed by SnVIII (ID: Mb1) (21.7 ± 0.52 mg g-1 DW) and SnI (ID: Ka1) (20.59 ± 

416 1.05 mg g-1 DW). In contrast, SfIII (ID: Ka3) displayed the lowest phenolic content, measuring 

417 5.19 ± 0.49 mg g-1 DW. Moreover, while several samples showed no radical scavenging 

418 activity, SnVIII (ID: Ka2) demonstrated an interesting radical scavenging activity close to 

419 positive controls.

420 Mannitol contents, expressed in mg g-1 of dry matter, were found to be in the same order of 

421 magnitude across all Senegalese Sargassum samples analysed, ranging from 1.25 ± 0.14 mg g-1 

422 DW for SnVIII (ID: Mb1) to 3.27 ± 1.65 mg g-1 for SnI (ID: Ka1). The results indicated no 

423 significant differences between morphotypes (p = 0.141).

424 Regarding soluble protein contents, all samples analysed displayed varying levels, with no 

425 significant differences observed among the morphotypes (p = 0.501). Notably, the sample with 

426 the highest soluble protein content was SnVIII (ID: Ka2) (251.33 ± 19.12 mg g-1 DW), while 

427 the sample with the lowest was SnI (ID: Ka5) (78.14 ± 25.28 mg g-1 DW). Conversely, the 

428 levels of insoluble protein differ significantly between morphotypes (p = 0.027), with levels 

429 ranging from 91.93 ± 9.31 mg g-1 DW for SfIII (ID: Ka3) to 163.94 ± 8.67 mg g-1 DW for SnI 

430 (ID: Ka1) (Table 1).

431

432 3.7 Intra-thallus variability and effect of sun-dried vs freeze-dried methods
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433 Different thallus parts were analysed for the SnVIII morphotype to study the intra-thallus 

434 variability of metabolite contents. An observed intra-thallus variation in associated content was 

435 observed for each compound analysed. Leaves appeared to exhibit higher phenolic (28.52 ± 

436 4.39 mg g-1 DW) and proteins (236.33 ± 3.19 mg g-1 soluble DW and 173.21 ± 19.67 mg g-1 

437 insoluble DW) contents, while vesicles showed relatively higher levels of mannitol (4.58 ± 1.47 

438 mg g-1 DW) (Table 1).

439 The valuable compounds also varied according to the drying method. The sun-dried samples 

440 collected in Gambia (ID: Ga) and Senegal (ID: Ng) exhibited significantly different levels of 

441 phenolic compounds (PC) and soluble proteins (SP) compared to the freeze-dried samples (PC: 

442 p = 0.022; SP: p = 0.038). However, the levels of mannitol (p = 0.582) were similar to those of 

443 the freeze-dried samples.

444

445 4. Discussion 

446 4.1 Morphotypes discrimination using HR-MAS 1H NMR
447 Based on the analysis of spectra reported in the results section, the mannitol signals on the 

448 HRMAS spectra may be the part of the spectra that can help distinguish the SnVIII from the 

449 other morphotypes. In contrast, the part of the spectra below 3.5 ppm can help to distinguish 

450 the SnI from the different morphotypes. However, further research is needed to confirm these 

451 observations. For the MF, which is unrelated to any of the most frequently cited morphotypes 

452 and whose species assignment is unclear, it could be concluded that MF differs from SnI and 

453 SnVIII mainly on the basis of morphological and chemical fingerprinting comparisons 

454 (particularly in the apolar area below 3 ppm). However, a difference between SfIII and MF 

455 could be suggested mainly based on the peculiarity of MF to present a very distinct peak 

456 (doublet) around 2 ppm. Within the SfIII, the chemical fingerprint of one of the samples 

457 (sample ID: Mb2) differs from the chemical fingerprints of the other samples. This deviation 
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458 could be due to the presence of epiphytic films (Supplementary S1, Pictures j, k, l, p and q) 

459 which could interfere more or less with the Sargassum spectra, depending on their abundance. 

460
461 4.2 Concentrations of non-essential elements, heavy metals of Senegalese Sargassum: 
462 Atlantic comparative analysis
463 4.2.1 Insights into the chemical elements data of Senegalese Sargassum
464 When comparing the minimum values of the different studies carried out in the Atlantic area, 

465 Senegal consistently recorded the lowest value for As (Figure 5; Table S3). Similarly, when 

466 analysing the maximum values, Senegal had the lowest value compared to the other Atlantic 

467 stations (Table S4). On the other hand, the concentration of Cd was significantly higher in 

468 Senegal, ranging from 3 to 102 times higher than in other regions, except for two sites in Ghana 

469 and an area studied in the Middle Atlantic Ocean near to Guadeloupe (French West Indies) 

470 (Table S5). This trend persisted when compared with the maximum value, with the same 

471 exceptions in Ghana and the Middle Atlantic Ocean near to Guadeloupe (French West Indies) 

472 (Table S6). For Hg, the comparative analysis of the minimum and maximum values showed 

473 that the concentration in Senegal was more than 40 times higher than in the other countries, 

474 with only Ghana recording a value more than two times higher than in Senegal (Tables S7 and 

475 S8). The analysis of the minimum Pb values (those of the present study and those of the different 

476 studies) showed that the concentration in Senegal exceeded other regions by three to ten times, 

477 except for Ghana, where it was 80 times higher than in Senegal, and the Dominican Republic, 

478 where it was four times higher (Table S9). Similarly, the maximum Pb value in Senegal 

479 exceeded that recorded in other regions by three to twelve times, except in Ghana (208 times 

480 higher), the Dominican Republic (seven times higher) and Jamaica Fort Rocky (1.5 times 

481 higher) (Table S10).

482 Arsenic concentrations were higher in oceanic than neritic zones (Figure 5A and Figure 5B). 

483 This may be due to the antagonistic relationship between As and P [54] [55], as neritic zones are 

484 richer in P than oceanic and oligotrophic zones [4], which may imply lower As concentrations 
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485 in neritic zones than in oceanic zones. In our present study, working on beached Sargassum 

486 samples and P-rich waters, thalli presented low contents in As, confirming that Arsenic 

487 concentrations in holopelagic Sargassum species are controlled by the availability of phosphate, 

488 as already demonstrated by Gobert et al. [54]. 

489 In rock formations, CaCO3 contains Cd impurities [6]. Significant limestone resources, mainly 

490 CaCO3, exist in the Dakar and Thiès regions [56] [57]. Anthropogenic activities, such as the 

491 combustion of fossil fuels, poor solid waste and wastewater management, the use of phosphate 

492 fertilisers in agricultural activities, and the discharge of untreated industrial wastewater effluents 

493 can lead to increased Cd levels in the environment. The fertiliser, pesticide, cement, battery and 

494 non-ferrous metal melting industries are known to contribute to Cd pollution [58]. Cd is 

495 relatively more soluble in water than many other heavy metals and has a higher mobility [58]. 

496 Depending on its origin, phosphate contains high concentrations of heavy metals [59]. In 

497 Senegal, the high Cd values may be related to phosphate reserves and phosphoric acid production 

498 facilities [60] [61]. We discuss these results below vs the choice of how to use Sargassum in 

499 Senegal.

500

501 4.2.2 Comparative elemental analysis of Senegalese Sargassum, including rare element 
502 observations
503 Sargassum had more Cu in Senegal than in the Dominican Republic [62] but less than in Ghana 

504 [6] and the Mexican Caribbean [45]. Samples from Senegal showed less Mn than those from 

505 the Dominican Republic and the Mexican Caribbean and had more Zn than samples from the 

506 Dominican Republic and the Mexican Caribbean and less than those from Ghana. Senegalese 

507 samples had less Ca, Mg, Na, Ni and more K than those from the Dominican Republic and the 

508 Mexican Caribbean. Last, Senegalese samples showed more Fe than those from the Dominican 

509 Republic and the Mexican Caribbean but less than those from Ghana. 
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510 Some of the elements analysed (palladium (Pd), titanium (Ti), lithium (Li), boron (B), barium 

511 (Ba), europium (Eu)) in the single sample (ID: Ng) are rarely reported in the literature for 

512 holopelagic Sargassum. Senegalese Sargassum showed considerably less B (168 ppm) 

513 compared to that from the Dominican Republic (102243 - 116294 ppm), while the Ba (13 ppm) 

514 and Li (2 ppm) contents of Senegalese Sargassum are in the range contents of Dominican 

515 Republic (7 - 17 ppm for barium and 0.5 - 3.5 ppm for Li). The Eu content (19) of Senegalese 

516 Sargassum was considerably higher than that of the Dominican Republic (0.01 - 0.03 ppm). 

517 The Al content (16 ppm) from the single sample (ID: Ng) was lower than the median 

518 concentration found in the study of Martinez et al. [45]. The Ti concentration found (32 ppm) 

519 was lower than the concentration seen in Dominican Republic (37 - 92 ppm) [62] and higher 

520 than that from the Mexican Caribbean coast [45], which remained below the limit of detection 

521 (LOD: 29 ppm). 

522 Pd is a rare metal whose exceptional properties and rarity are attracting the interest of the 

523 world's scientific community [63]. Uses of seaweed extracts (not based on their Pd contents) 

524 are reported for benthic Sargassum [64] [65] with the use of chemical reagents as a Pd precursor 

525 for the synthesis of Pd nanoparticles, as an electrocatalyst [64] and a potential eco-friendly tool 

526 in the fight against the protozoan parasite responsible for malaria, Plasmodium falciparum [65]. 

527 Studies targeting the uses of seaweed based on their content of Pd are not known to our 

528 knowledge. Pd concentrations were for the first time determined for twenty-two species of 

529 seaweed collected in 1986 from the US Californian coast, but this study excluded holopelagic 

530 Sargassum [66]. The Pd content of seaweed reported in [66] varied from 0.09 to 0.61 ng g-1, 

531 which is far smaller than the value found in Senegal for holopelagic Sargassum (2000 ng g-1). 

532 Pd content was also reported for benthic Sargassum collected in 2016 from different coasts of 

533 Sri Lanka [67]. The average content was 30 ± 10 ppm, even higher than the value for 
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534 holopelagic Sargassum in Senegal (2 ppm). To the best of our knowledge, this present study 

535 reports the Pd content in holopelagic Sargassum for the first time.

536
537 4.2.3 Comparative analysis of heavy metal distribution across Senegalese Sargassum 
538 morphotypes: contrasting findings with other Atlantic studies

539 In Senegal, concentrations of As, Cd, Hg, Ni, and Zn followed a pattern with the highest levels 

540 in SnI, followed by the SnVIII, SfIII and MF. This order mirrors the findings in Jamaica [1] for 

541 As and Ni and aligns with observations in the Turks and Caicos Islands [13], where a higher 

542 concentration of As in MA compared to MC and MD was similarly noted. However, the As 

543 concentration in the Mexican Caribbean [45] was significantly higher in SnVIII than in SnI. 

544 Moreover, SnI showed higher Zn and Cd in Jamaica [1], also confirmed in Senegalese 

545 biomasses. In contrast, SfIII had a higher value of Zn for Turks and Caicos Islands. In Jamaica 

546 [1] and Turks and Caicos Islands [13], SfIII showed a higher value of Cu; however, in Senegal, 

547 SnI had a higher value. In Senegal, the quantity of Pb was higher in SnVIII, followed by SnI, 

548 then SfIII. The same observation occurred in the Turks and Caicos Islands [13], where SnVIII 

549 also showed a higher value, while in Jamaica [1], SnVIII showed a lower value. The MF in 

550 Senegal showed a lower value for each element than the species SnI, SfIII and SnVIII. The 

551 findings underscore the complexity of heavy metal distribution in Sargassum, emphasizing 

552 similarities and regional distinctions compared to broader Atlantic studies.

553

554 4.2.4 Comparison of elemental dominance in Senegalese Sargassum with global findings: 
555 insights into element concentration dependency and environmental variability
556 In Senegal, beached Sargassum showed the highest concentrations of Ca, K, Mg, Na, Fe, and 

557 Zn in descending order, while Cu, As, Cd, Ni, Pb, and Hg were found to be the minor 

558 predominant elements in the majority of samples, listed in descending order (Table 3). In Turks 

559 and Caicos Islands [13] (As>Al>Mn>Cu>Pb>Cr>Cd> Hg), Hg was lower in the relative order 

560 vs Senegal. They showed that As was more predominant than Cu. Pb was more predominant 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4801212

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



22

561 than Cd. In Senegal, the results exhibited the opposite. Chen et al. [68] showed on various 

562 seaweed samples that elements in seaweed can be sequenced in the following descending order 

563 by their mean values Al > Mn > As > Cu > Cr > Ni > Cd > Se > Pb > Hg, where Pb and Hg being 

564 the lowest, Cd being more predominant than Pb, which is also the case in Senegal. Chen et al. 

565 [68] showed with their ranking that As was more predominant than Cu. In Senegal, the opposite 

566 was observed. Compared to other studies [13] [68], the unusual values found in Senegal can be 

567 due to the different element concentrations in sampling locations, as the composition of 

568 seaweed, including Sargassum, depends on their growth environment.

569

570 4.2.5 Comparison of carbon, nitrogen and phosphorus ratios in Senegalese Sargassum to 
571 the Redfield ratio and other Atlantic areas
572 The P content range for beached Sargassum from Senegal (1300 to 1772 ppm) was above those 

573 found in the Mexican Caribbean (228 to 401 ppm in [45] and 197 to 472 ppm in [48]). As 

574 demonstrated by literature [54] [55], arsenic and phosphorus have an antagonistic relationship, 

575 meaning the more Sargassum are exposed to a rich phosphorus environment, the more they 

576 absorb phosphorus instead of arsenic. The low relative arsenic content in Senegalese Sargassum 

577 (Tables S3-S4, Figure 4) coupled with the high relative phosphorus in Senegalese Sargassum 

578 align with the demonstrated relationship and might suggest a P-enrichment in Senegalese 

579 waters. 

580 The C:N:P ratios for Sargassum were significantly lower in neritic compared to oceanic waters 

581 in the western North Atlantic Ocean and Caribbean sea, with no difference between Sargassum 

582 morphotypes as already demonstrated in this kind of biomass [4]. In Senegal, the molar C:N 

583 ratio range (21 to 27) was below the range found in the western North Atlantic Ocean and 

584 Caribbean sea [4] for S. natans of neritic waters (29 to 35) and in the range for S. fluitans of 

585 neritic waters (17 to 34). The molar C:P ratio range (429 to 628) in Senegal was above the range 

586 found for Sargassum of neritic waters (133 to 483) [4]. The molar N:P ratio range (18 to 26) 
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587 for mixed morphotypes in Senegal was above the ranges found for S. fluitans (7.6 to 12.4) and 

588 S. natans (8.4 to 14) in neritic Atlantic waters [4]. Compared to the Redfield Ratio C:N:P 

589 (106:16:1) and C:N (6.6:1) based on marine phytoplankton, the molar C:N:P ratio mean 

590 (507:22:1) and the molar C:N (23:1) ratio mean found in Senegal Sargassum suggest like other 

591 studies [69] [4], that growth of floating Sargassum may be limited by both N and P. The 

592 relatively lower production of carbon-rich compounds in phytoplankton compared to 

593 Sargassum may partly justify the fact that the values of C:N and C:P observed in holopelagic 

594 Sargassum, including this present study, were considerably higher than Redfield proportions of 

595 C:N (6.6:1) and C:P (106:1) [4]. The mean C:N:P ratio found in a global survey of benthic 

596 seaweed and seagrasses was 700:35:1, involving a mean C:N of 20, C:P of 700 and N:P of 35. 

597 These findings [70] were above the values (C:N:P of 507:22:1, C:N of 23, C:P of 507 and N:P 

598 of 22) found in Senegal. 

599

600 4.2.6 Impacts of location and morphotype composition on carbon and nitrogen ratios in 
601 Senegalese Sargassum mixtures
602 Sargassum in oceanic zones (Sargasso sea) has higher C:N ratios than in neritic zones [4]. 

603 Neritic zones are associated with a high abundance of fish, whose excretion of ammonium and 

604 reactive soluble phosphorus enriches the waters of these zones with nitrogen and phosphorus 

605 nutrients. The abundance of fish in neritic zones leads to an increase in the nitrogen content of 

606 the Sargassum and, consequently, to a decrease in the C:N ratio [4]. The low inter-site variation 

607 in nitrogen content and C:N ratios in Senegal may be due to similar fish abundance between 

608 the north and south sites.

609 Inter-site variation in Sargassum mixtures' C and N content may be linked to their morphotype 

610 composition. The composition of SnI, SfIII and SnVIII differs widely, so the composition of 

611 the Sargassum mix depends on the ratio of each morphotype within rafts [8]. The study of 

612 Alleyne et al. [8] from 2021 to 2022 reported high monthly variation in morphotype 
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613 composition of Sargassum stranding. In January, the morphotype composition was 67% 

614 SnVIII, 25% SfIII and 8% SnI, while in August, it shifted to 14% SnVIII, 67% SfIII and 19% 

615 SnI [8].

616 The inter-site variation in the C content (range: 280835 to 315824 ppm) of the Sargassum 

617 mixtures may be also explained in relation with the presence of calcified epiphyte films. 

618 Calcified epibionts are a source of calcium carbonate, which can lead to carbon dioxide during 

619 the CHN analysis combustion reaction, which may increase the measured C content. 

620 Observations from this study indicate the presence of films of calcified epibionts, resembling 

621 Bryozoans (Dentitheca bidentata) and serpulid worm tubes [71], covering the surface of 

622 Sargassum, particularly on SnVIII (Supplementary S1). 

623 A concentration of 100 and 600 mg kg-1 is considered the critical and sufficient iron (Fe) 

624 concentration for marine macrophytes [72]. The concentrations of Fe in Senegal were 464, 237, 

625 552 and 1017 mg kg-1 DW for Kayar, Cambérène, Somone and Joal-Fadiouth sites, 

626 respectively. Sargassum from Joal-Fadiouth showed the highest and sufficient Fe content 

627 compared with other Senegalese sites. The largest Sargassum fragments at Joal-Fadiouth were 

628 noted, knowing that Fe can increase the growth rate of Sargassum [73]. Preliminary 

629 chemometric evaluation of the elements measured by PCA of four Sargassum morphotype 

630 mixtures showed positive correlations between Fe and C (Table S2, Figure S1). The higher C 

631 content of Joal-Fadiouth Sargassum may be associated with a higher Fe load. The presence of 

632 large holopelagic Sargassum fragments at Joal-Fadiouth may be due to the existence of 

633 favourable growth conditions in South Senegal. One should note that it was only on this single 

634 site that a mixture of holopelagic and benthic Sargassum was reported (Supplementary S1). 

635

636 4.3 Senegalese Sargassum mannitol, proteins and phenolic compounds vs exploitation
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637 Phenolic compounds are secondary metabolites found, mainly in the form of phlorotannins in 

638 Phaeophyceae, and at high levels in Fucales (20-30% DW). These molecules are assumed to 

639 function as chemical defences against grazers, pathogens and epiphytes and are involved in 

640 photoprotection mechanisms against solar radiation, particularly UV radiation. They have a 

641 wide range of biological activities (antimicrobial, antioxidant, antitumoral, antiviral) of high 

642 interest for applications in pharmaceutical and cosmetic processes [74]. Phenolic compound 

643 levels in Senegal (0.3 - 3% DW) were in line with values found in benthic Sargassum species, 

644 together with other tropical species, Turbinaria ornata (1.12 - 1.58% DW) and S. pacificum 

645 (formerly S. mangarevense, 0.38 - 0.96% DW) [75] (Table 4). Overall, the phenolic levels of 

646 Senegalese holopelagic Sargassum are higher than the contents of holopelagic Sargassum in 

647 Jamaica [1] (0.12 - 0.31% DW) and [76] (0.10 -1.05% DW). The range of phenolic compounds 

648 of holopelagic Sargassum in Turks and Caicos (0.25 - 2.95% DW) [13] was similar to that of 

649 Senegalese. The phenolic contents in the brown seaweeds, Cystoseira tamariscifolia 

650 (10.91% DW) and Fucus ceranoides (5.47% DW) [39] were considerably higher than those of 

651 Senegalese holopelagic Sargassum (Table 4). Phenolic contents of sun-dried samples (0.3 - 

652 0.4% DW) were lower than those of freeze-dried samples (0.5 - 3% DW), suggesting that they 

653 either have been degraded by solar radiation or have been released outside the seaweed as a 

654 chemical protectant [77]. Moreover, SnI (2% DW) and SnVIII (3% DW) from Kayar produced 

655 the most phenolic compounds.

656 Mannitol is a sugar alcohol produced by photosynthesis. It is universally present in brown algae 

657 and can account for 20-30% DW in some brown seaweeds from the genus Laminaria. Mannitol 

658 exhibits hydrating and antioxidant properties and is used in numerous cosmetic and 

659 pharmaceutical applications. Although mannitol produced by chemical synthesis is less 

660 expensive than natural mannitol extracted from seaweeds, it is worth using the latter because 

661 consumers prefer natural cosmetic products [74]. Overall, the mannitol levels of Senegalese 
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662 holopelagic Sargassum (0.13 - 0.33% DW) were lower compared to those of brown seaweeds 

663 such as S. vulgare (3.8 - 11.6% DW), S. pacificum (12.2% DW) and Turbinaria ornata 

664 (5.9% DW) [74]. However, the mannitol levels of Senegalese samples were in line with those 

665 of holopelagic Sargassum in Jamaica [1] (0.18 - 0.72% DW) (Table 4). Unlike phenolic 

666 compounds, mannitol in holopelagic Sargassum did not appear to be significantly degraded 

667 during sun-drying of the seaweeds (0.19 - 0.25% DW for sun-dried samples and 0.13 - 0.33% 

668 DW for freeze-dried samples). All the samples analysed were collected in situ near the coast 

669 and/or on the beach, with none originating from the open sea. Gloaguen [78] demonstrated that 

670 phenolic compound and mannitol levels in holopelagic Sargassum collected in West Indies 

671 (Guadeloupe and Martinique), varied along a degradation gradient, with higher phenolic 

672 compound levels in the open sea decreasing upon beaching and mannitol levels showing the 

673 opposite trend, being higher in beached samples.

674 Total protein contents in Senegalese Sargassum varied from 15 to 40% DW. Overall, they were 

675 higher than the range found in the Mexican Caribbean, 3 - 11% [48] and Turks and Caicos, 

676 5.2 - 12.7% [79] (Table 4). The Senegalese Sargassum were in soluble proteins rather than in 

677 insoluble proteins. The protein content of seaweeds varies among different seaweed groups, 

678 and it is found to be highest among red seaweeds, then green and brown seaweeds. Generally, 

679 brown seaweeds contain protein as low as 3–15% DW compared with green or red seaweeds, 

680 having 10–47% DW protein [80]. The highest protein content in Senegalese Sargassum (40% 

681 DW) was high compared to brown seaweeds, even to the extent that it is close to the reported 

682 values in red edible seaweeds Palmaria palmata (~35% DW, known as dulse) and Porphyra 

683 (up to 47% DW, known as nori), two known most famous species with high proteins 

684 comparable with high protein pulses such as soybean [80]. The lowest protein content reported 

685 in Senegal (15% DW) was close to the range values (11 - 24% DW) found in another edible 

686 brown seaweed Undaria pinnatifida, known as wakame and as one of the most protein-rich 
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687 brown seaweeds [80]. Protein contents found in edible Sargassum, S. fusiforme (9.1 % DW) 

688 [81] and S. horneri (5.6 – 12.8 % DW) [82] were smaller than the lowest value reported in 

689 Senegal (15 % DW) [14]. A high percentage of protein in seaweeds makes them an interesting 

690 source of food and additives [80] and a potential alternative source of proteins for animal 

691 feeding [83]. Biomasses of beached Sargassum could provide an alternative protein source for 

692 livestock feed in West Africa. 

693 It has been shown that the protein content of holopelagic Sargassum remains constant with 

694 storage time, while lipid and phenolic content decreases with storage time [79]. This last point 

695 is of particular importance when considering the valorisation of Sargassum in applications 

696 focusing on its protein content. A high protein content in Sargassum may be correlated with 

697 optimal conditions that promote its proliferation to increase. When exposed to an optimal 

698 condition to proliferate, Sargassum might enter quickly into a growth phase requiring the 

699 expression of a high amount of proteins to carry out its metabolic processes [48]. The 

700 relationship between the protein content of Sargassum and environmental parameters in 

701 Senegal should be investigated. In particular, the effect of high nutriment availability in the 

702 Senegalese upwelling [84] [85] should be explored.

703

704 4.3.1 Comparative analysis of heavy metal concentrations vs agricultural and animal feed 
705 standards
706 In agricultural applications, permissible maximum limits for As, Cd, Zn, Cu, and Pb vary 

707 depending on the country and governing organisation and no standard norm exits so far in the 

708 Codex Alimentarus. The reference values considered in this study were based on the maximum 

709 limits established by several countries and the European Union, including Austria, Britain, 

710 Canada, Germany, Japan, Mexico, and Poland. The maximum recorded arsenic level in Senegal 

711 (29 ppm) was below the threshold values set by three countries (Poland 30 ppm, Germany 40 
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712 ppm, Austria 50 ppm) and exceeded the recommended limits of four others (Figure S2) [45] 

713 [86] [87]. 

714 Regarding Cd, the minimum and maximum values observed in Senegal (9 and 15 ppm, 

715 respectively) surpassed the threshold established by five countries (Britain 1 ppm, Germany 

716 2 ppm, Poland 3 ppm, Austria 5 ppm, and Canada 8 ppm) but were below that of Mexico 

717 (37 ppm) [45] [86] [87]. In the case of Cu and Zn, all Senegalese values fell below the 

718 established threshold values [45] [88]. 

719 Additionally, for Pb, all Senegalese values were far below the specified threshold levels [45] 

720 [88]. Regarding animal feed, all As values in Senegal were below the maximum limit 

721 recommended by the European Union for seaweed used in animal feed (40 ppm) [45]. 

722 Biomasses of beached Sargassum could represent biomass of interest for feeding livestock in 

723 Senegal, given their innocuity in term of contaminants and their interesting protein contents.

724

725 4.3.2 Composting and anaerobic digestion of Senegalese Sargassum

726 The utilisation of Sargassum for composting and anaerobic digestion is contingent on its C:N 

727 ratios, where low ratios are advantageous for agricultural applications, while higher ratios are 

728 preferable for biofuel production [15]. The United States Composting Council (USCC) 

729 recommends a C:N value below 20 for Sargassum in compost [89], while a C:N value between 

730 20 and 35 is recommended for biogas production [16]. In the context of composting, the C:N 

731 mass ratios for Cambérène (19) and Somone (18) fall within the recommended range, whereas 

732 those for Kayar (23) and Joal-Fadiouth (21) slightly deviate from the suggested range. 

733 Conversely, for biogas production [16], the ratios show an inverse pattern (Figure S3). Co-

734 digestion of holopelagic Sargassum with other locally available feedstock in Senegal, such as 

735 cow manure and Jatropha curcas cake, might be explored. Jatropha curcas cake has a higher 

736 C:N ratio (32) and less sodium content (2100 ppm) [90] than Senegalese holopelagic Sargassum 
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737 (18 – 23 for C:N ratio and 2495 – 6131 ppm for sodium). Even if Jatropha curcas cake and 

738 cow manure showed less methane potential than the green macroalgae Ulva lactuca and 

739 Codium tomentosum [90], their association with Senegalese holopelagic Sargassum for biogas 

740 production might provide additional advantages, including salt dilution and C:N ratio increase. 

741
742 5. Conclusion
743 The unusual massive beaching reported in Senegal during the summer of 2022 was not observed 

744 in 2023, a particularly hot year for the Atlantic Ocean. Four morphotypes were identified, 

745 including a morphotype (MF) unrelated to any of the most common morphotypes and of unclear 

746 species assignment. The particularity of MF to present a very marked spectral peak towards 

747 2 ppm compared to the other morphotypes might suggest that MF differs from known 

748 morphotypes. The absence of particular signals in the spectra of holopolagic Sargassum makes 

749 their absolute discrimination difficult, while they are different using the morphology. Presently, 

750 the profitability of segregating Sargassum based on morphotypes for industrial use remains 

751 limited, as current valuations focus on the entire biomass, but knowing the predominance of 

752 morphotypes can help to predict the average composition. In Senegal, SfIII was the most 

753 dominant morphotype. The highest carbon and iron contents of Sargassum were reported in the 

754 site where we observed the largest fragments of Sargassum. We can assume a positive 

755 correlation between carbon content, iron content and growth of Sargassum.

756 Further research could explore potential differentiation in composition based on Sargassum 

757 tissues, emphasising investigating methods of extracting compounds preserved during sun 

758 drying, which is more suitable for developing countries and the way of the blue economy. Sun-

759 drying would be suitable for exploiting the mannitol in Sargassum. To extract phenolic 

760 compounds from Senegalese Sargassum, freeze-drying should be preferred, but its cost 

761 evaluated. While the potential applications of Senegalese holopelagic Sargassum in 

762 pharmaceutical and cosmetic industries may not necessitate further exploration (vs mannitol 
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763 and phenolic compounds), the substantial presence of palladium remains a noteworthy focus 

764 due to its economic importance. 

765 All arsenic values in Senegal Sargassum samples were below the maximum limit recommended 

766 by the European Union for seaweed used in animal feed, which might be beneficial to 

767 investigating their valorisation in the feed sector. Total protein levels in Senegalese Sargassum 

768 were considerably higher than in other part of the Atlantic Ocean. Senegalese Sargassum's total 

769 protein levels were higher than the usual range in brown seaweeds. Biomasses of beached 

770 Sargassum in Senegal can provide an alternative source of protein for livestock feed even after 

771 biomass storage before use. For agriculture applications, all Senegalese values fell below the 

772 established threshold values for copper, zinc and lead. However, the recorded levels are above 

773 some established limits for arsenic and cadmium. Given that the C:N ratios of some sites fall 

774 within the recommended range for composting, the use of Senegalese holopelagic Sargassum 

775 for agricultural applications might be envisaged. 

776 In North West Africa, we recommend the establishment of standardised thresholds for heavy 

777 metals, prioritising cadmium and mercury monitoring. It is concerning that there are no African 

778 standards at the continental, regional, or sub-regional levels for the use of seaweed, especially 

779 in agriculture and animal feed. With the increasing eutrophication of African waters and the 

780 likelihood of more frequent Sargassum beaching events, we urge inter-governmental African 

781 organisations to develop standardised norms for exploitation. Additionally, we recommend that 

782 the Food and Agriculture Organization/World Health Organization consider including more 

783 seaweed in the Codex Alimentarius.

784

785

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4801212

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



31

786 Acknowledgements
787 We wish to thank the German Federal Ministry for Economic Cooperation and Development 
788 (BMZ) for their financial support of the project « Seaweed for climate change resilient blue 
789 economies, biodiversity and ecosystem services in Senegal and West Africa » project 
790 (CLIMALG-SN) 2020-2023. The funding was part of the Ministry's MeerWissen initiative and 
791 implemented by the German Agency for International Cooperation (GIZ) GmbH. The paper 
792 was finished within a grant from Safe Seaweed Coalition (Meristotheca-SN project) to support 
793 1st author. We also thank GEOMAR, ISRA and IRD for their financial support of this study. 
794 We want to express our sincere gratitude to Marie-Pierre TINE, Blaise MANE, Thierno 
795 Mamadou NDIAYE, Jacques-Hubert DIEME and Elie Joseph DIATTA, members of the 
796 laboratory UAR IMAGO (IRD), for their guidance and support. We want to express our 
797 gratitude to Pr Alpha Ousmane TOURE, Pr Nicolas AYESSOU, Pr Balla Diop NGOM and 
798 Ibrahima NDAW from University Cheikh Anta Diop (UCAD, Senegal) for their assistance in 
799 finding research equipment. We are grateful to the field investigators, Senegalese Institute of 
800 Agricultural Research / Dakar Thiaroye Oceanographic Research Center (SIAR / DTORC) 
801 participants and all citizens for their help in data collection. Last we also Thank Phillippe Potin 
802 (CNRS) for early encouragement.

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4801212

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



32

803 References 
804Tables 

805 [1] Davis D, Simister R, Campbell S, Marston M, Bose S, McQueen-Mason SJ, et al. Biomass 
806 composition of the golden tide pelagic seaweeds Sargassum fluitans and S. natans 
807 (morphotypes I and VIII) to inform valorisation pathways. Science of The Total Environment 
808 2021;762:143134. https://doi.org/10.1016/j.scitotenv.2020.143134.
809 [2] Milledge JJ, Harvey PJ. Golden Tides: Problem or Golden Opportunity? The Valorisation of 
810 Sargassum from Beach Inundations. Journal of Marine Science and Engineering 2016;4:60. 
811 https://doi.org/10.3390/jmse4030060.
812 [3] ACT A. Magnuson-Stevens Fishery Conservation and Management Act. Public Law, 94, 265. 
813 1996.
814 [4] Lapointe BE, West LE, Sutton TT, Hu C. Ryther revisited: nutrient excretions by fishes enhance 
815 productivity of pelagic Sargassum in the western North Atlantic Ocean. Journal of Experimental 
816 Marine Biology and Ecology 2014;458:46–56. https://doi.org/10.1016/j.jembe.2014.05.002.
817 [5] Oxenford HA. Sargassum moss: Ecological aspects and source of influx 2015.
818 [6] Addico GND, deGraft-Johnson KAA. Preliminary investigation into the chemical composition of 
819 the invasive brown seaweed Sargassum along the West Coast of Ghana. AJB 2016;15:2184–91. 
820 https://doi.org/10.5897/AJB2015.15177.
821 [7] UNEP. Concept note on the invasion of pelagic Sargassum in West Africa. UNEP Abidjan 
822 Convention, United Nations Environment Programme 2015.
823 [8] Alleyne KST, Johnson D, Neat F, Oxenford HA, Vallѐs H. Seasonal variation in morphotype 
824 composition of pelagic Sargassum influx events is linked to oceanic origin. Sci Rep 
825 2023;13:3753. https://doi.org/10.1038/s41598-023-30969-2.
826 [9] Ody A, Thibaut T, Berline L, Changeux T, André J-M, Chevalier C, et al. From In Situ to satellite 
827 observations of pelagic Sargassum distribution and aggregation in the Tropical North Atlantic 
828 Ocean. PLOS ONE 2019;14:e0222584. https://doi.org/10.1371/journal.pone.0222584.
829 [10] Dibner S, Martin L, Thibaut T, Aurelle D, Blanfuné A, Whittaker K, et al. Consistent genetic 
830 divergence observed among pelagic Sargassum morphotypes in the western North Atlantic. 
831 Marine Ecology 2022;43:e12691. https://doi.org/10.1111/maec.12691.
832 [11] Changeux T, Berline L, Podlejski W, Guillot T, Stiger-Pouvreau V, Connan S, et al. Variability in 
833 growth and tissue composition (CNP, natural isotopes) of the three morphotypes of holopelagic 
834 Sargassum. Aquatic Botany 2023;187:103644. https://doi.org/10.1016/j.aquabot.2023.103644.
835 [12] Wang M, Hu C, Barnes BB, Mitchum G, Lapointe B, Montoya JP. The great Atlantic Sargassum 
836 belt. Science 2019;365:83–7. https://doi.org/10.1126/science.aaw7912.
837 [13] Milledge JJ, Maneein S, Arribas López E, Bartlett D. Sargassum Inundations in Turks and Caicos: 
838 Methane Potential and Proximate, Ultimate, Lipid, Amino Acid, Metal and Metalloid Analyses. 
839 Energies 2020;13:1523. https://doi.org/10.3390/en13061523.
840 [14] Stiger-Pouvreau V, Mattio L, De Ramon N’Yeurt A, Uwai S, Dominguez H, Flórez-Fernández N, et 
841 al. A concise review of the highly diverse genus Sargassum C. Agardh with wide industrial 
842 potential. J Appl Phycol 2023;35:1453–83. https://doi.org/10.1007/s10811-023-02959-4.
843 [15] Desrochers A, Cox S-A, Oxenford HA, Tussenbroek B van. Sargassum Uses Guide: A resource for 
844 Caribbean researchers, entrepreneurs and policy makers. Report funded by and prepared for  
845 the Climate Change Adaptation in the Eastern Caribbean Fisheries Sector (CC4FISH) Project of 
846 the Food  and Agriculture Organization (FAO). Barbados: Centre for Resource Management and 
847 Environmental Studies (CERMES) University of the West Indies, Cave Hill Campus; 2020.
848 [16] Chikani-Cabrera K, Fernandes P, Tapia-Tussell R, Parra Ortiz D, Hernandez-Zarate G, Valdez-
849 Ojeda R, et al. Improvement in Methane Production from Pelagic Sargassum Using Combined 
850 Pretreatments. Life 2022;12:1214. https://doi.org/10.3390/life12081214.
851 [17] Abdellahi IC, Sidi MOT, Diadhiou HD. Evaluation de l’état de la biodiversité marine dans la 
852 région du CCLME (Canary Current Large Marine Ecosystem). Dakar, Sénégal: 2014.

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4801212

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



33

853 [18] Sonko A, Brehmer P, Constantin de Magny G, Pennec GL, Ba BS, Diankha O, et al. Pollution 
854 assessment around a big city in West Africa reveals high concentrations of microplastics and 
855 microbiologic contamination. Regional Studies in Marine Science 2023;59:102755. 
856 https://doi.org/10.1016/j.rsma.2022.102755.
857 [19] Sonko A. Diagnostic écotoxicologique de la pollution marine au Sénégal. Université de Bretagne 
858 Sud; Université Cheikh Anta Diop, 2022.
859 [20] Brehmer P, Ndiaye W, Mbaye A, Fricke A, Hess P, Mertens K, et al. Découverte de la présence 
860 d’une toxine ayant un effet sur la santé humaine, émise par une micro-algue marine sur la 
861 presqu’ïle du Cap-Vert (Sénégal) : pollution marine, dégradation des habitats marins et effets 
862 du changement climatique en Afrique de l’Ouest : note politique AWA [Projet AWAtox, dossier 
863 Ostreopsis] 2021:13 p. multigr.
864 [21] Brehmer P, Ndiaye W, Balde B, Faye S, Demarcq H, Sonko A, et al. Etat des connaissances sur le 
865 premier bloom algal massif de Noctiluca scentillans observé sur la Petite Côte du Sénégal. Note 
866 Politique AWA. Dakar: CSRP-IRD; 2022.
867 [22] Brehmer P, Balde BS, Mouget A. Projet AGD - pélagique (CSRP-IRD) : Appui à la Gestion Durable 
868 des pélagiques : rapport technique IRD 2020. IRD; 2020.
869 [23] Sivaraj R, Priya S, Rajiv P, Rajendran V. Sargassum Polycystum C.Agardh Mediated Synthesis of 
870 Gold Nanoparticles Assessing its Characteristics and its Activity against Water Borne Pathogens. 
871 J Nanomed Nanotechnol 2015;06:1–4. http://dx.doi.org/10.4172/2157-7439.1000280.
872 [24] Komoe K, Sankare Y, Fofie NBY, Bamba A, Sahr AG-S. Taxonomic Study of Two Species of 
873 Sargassum: Sargassum fluitans (Borgesen) Borgesen and Sargassum natans (Linnaneus) Gaillon 
874 (Brown Algae) Collected in Cote d’Ivoire Coasts, West Africa. Nat Sci 2016;14:50–6.
875 [25] Schell J, Goodwin D, Siuda A. Recent Sargassum Inundation Events in the Caribbean: Shipboard 
876 Observations Reveal Dominance of a Previously Rare Form. Oceanog 2015;28:8–10. 
877 https://doi.org/10.5670/oceanog.2015.70.
878 [26] Louime C, Fortune J, Gervais G. Sargassum Invasion of Coastal Environments: A Growing 
879 Concern. American Journal of Environmental Sciences 2017;13:58–64. 
880 https://doi.org/10.3844/ajessp.2017.58.64.
881 [27] Jégou C, Culioli G, Kervarec N, Simon G, Stiger-Pouvreau V. LC/ESI-MSn and 1H HR-MAS NMR 
882 analytical methods as useful taxonomical tools within the genus Cystoseira C. Agardh (Fucales; 
883 Phaeophyceae). Talanta 2010;83:613–22. https://doi.org/10.1016/j.talanta.2010.10.003.
884 [28] Le Lann K, Jégou C, Stiger-Pouvreau V. Effect of different conditioning treatments on total 
885 phenolic content and antioxidant activities in two Sargassacean species: Comparison of the 
886 frondose Sargassum muticum (Yendo) Fensholt and the cylindrical Bifurcaria bifurcata R. Ross. 
887 Phycological Research 2008;56:238–45. https://doi.org/10.1111/j.1440-1835.2008.00505.x.
888 [29] Tanniou A, Vandanjon L, Gonçalves O, Kervarec N, Stiger-Pouvreau V. Rapid geographical 
889 differentiation of the European spread brown macroalga Sargassum muticum using HRMAS 
890 NMR and Fourier-Transform Infrared spectroscopy. Talanta 2015;132:451–6. 
891 https://doi.org/10.1016/j.talanta.2014.09.002.
892 [30] Potts PJ. X-ray fluorescence and emission | energy dispersive x-ray fluorescence. In: Worsfold P, 
893 Townshend A, Poole C, editors. Encyclopedia of Analytical Science (Second Edition), Elsevier, 
894 2005, p. 429–40.
895 [31] Traore A. Méthodes Analytiques en spectroscopie de fluorescence X pour la caractérisation et 
896 l’analyse qualitative et quantitative des échantillons environnementaux. Université Cheikh Anta 
897 Diop, 2015.
898 [32] Wilschefski SC, Baxter MR. Inductively Coupled Plasma Mass Spectrometry: Introduction to 
899 Analytical Aspects. Clin Biochem Rev 2019;40:115–33.
900 [33] Balaram V. Microwave plasma atomic emission spectrometry (MP-AES) and its applications – A 
901 critical review. Microchemical Journal 2020;159:105483. 
902 https://doi.org/10.1016/j.microc.2020.105483.
903 [34] Agilent Technologies. Microwave Plasma Atomic Emission Spectroscopy (MP-AES) Application 
904 eHandbook 2016.

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4801212

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



34

905 [35] Cho Y-H, Nielsen SS. Phosphorus Determination by Murphy-Riley Method. Food Analysis 
906 Laboratory Manual, Cham: Springer International Publishing; 2017, p. 153–6. 
907 https://doi.org/10.1007/978-3-319-44127-6_17.
908 [36] Krotz L. Elemental Analysis: N/Protein and CHNS determination of insect-based food and animal 
909 feed by Dumas method. Thermo Fisher Scientific, Milan, Italy 2019.
910 [37] Sanoner P, Guyot S, Marnet N, Molle D, Drilleau J-F. Polyphenol Profiles of French Cider Apple 
911 Varieties (Malus domestica sp.). J Agric Food Chem 1999;47:4847–53. 
912 https://doi.org/10.1021/jf990563y.
913 [38] Zhang Q, Zhang J, Shen J, Silva A, Dennis DA, Barrow CJ. A Simple 96-Well Microplate Method 
914 for Estimation of Total Polyphenol Content in Seaweeds. J Appl Phycol 2006;18:445–50. 
915 https://doi.org/10.1007/s10811-006-9048-4.
916 [39] Zubia M, Fabre MS, Kerjean V, Lann KL, Stiger-Pouvreau V, Fauchon M, et al. Antioxidant and 
917 antitumoural activities of some Phaeophyta from Brittany coasts. Food Chemistry 
918 2009;116:693–701. https://doi.org/10.1016/j.foodchem.2009.03.025.
919 [40] Fukumoto LR, Mazza G. Assessing Antioxidant and Prooxidant Activities of Phenolic 
920 Compounds. J Agric Food Chem 2000;48:3597–604. https://doi.org/10.1021/jf000220w.
921 [41] Molyneux P. The Use of Stable Free Radical Diphenylpicrylhydrazyl (DPPH) for Estimating 
922 Antioxidant Activity. Songklanakarin Journal of Science and Technology 2004;26:211–9.
923 [42] Turkmen N, Velioglu YS, Sari F, Polat G. Effect of Extraction Conditions on Measured Total 
924 Polyphenol Contents and Antioxidant and Antibacterial Activities of Black Tea. Molecules 
925 2007;12:484–96. https://doi.org/10.3390/12030484.
926 [43] Chades T, Scully SM, Ingvadottir EM, Orlygsson J. Fermentation of Mannitol Extracts From 
927 Brown Macro Algae by Thermophilic Clostridia. Front Microbiol 2018;9:1931. 
928 https://doi.org/10.3389/fmicb.2018.01931.
929 [44] Sánchez J. Colorimetric Assay of Alditols in Complex Biological Samples. J Agric Food Chem 
930 1998;46:157–60. https://doi.org/10.1021/jf970619t.
931 [45] Rodríguez-Martínez RE, Roy PD, Torrescano-Valle N, Cabanillas-Terán N, Carrillo-Domínguez S, 
932 Collado-Vides L, et al. Element concentrations in pelagic Sargassum along the Mexican 
933 Caribbean coast in 2018-2019. PeerJ 2020;8:e8667. https://doi.org/10.7717/peerj.8667.
934 [46] Bam W, Swarzenski PW, Maiti K, Vassileva E, Orani AM, Blinova O, et al. Scavenging of select 
935 radionuclides and trace elements by pelagic Sargassum in the Caribbean Sea. Marine Pollution 
936 Bulletin 2022;179:113658. https://doi.org/10.1016/j.marpolbul.2022.113658.
937 [47] Vázquez-Delfín E, Freile-Pelegrín Y, Salazar-Garibay A, Serviere-Zaragoza E, Méndez-Rodríguez 
938 LC, Robledo D. Species composition and chemical characterization of Sargassum influx at six 
939 different locations along the Mexican Caribbean coast. Science of The Total Environment 
940 2021;795:148852. https://doi.org/10.1016/j.scitotenv.2021.148852.
941 [48] Saldarriaga-Hernandez S, Melchor-Martínez EM, Carrillo-Nieves D, Parra-Saldívar R, Iqbal HMN. 
942 Seasonal characterization and quantification of biomolecules from sargassum collected from 
943 Mexican Caribbean coast – A preliminary study as a step forward to blue economy. Journal of 
944 Environmental Management 2021;298:113507. 
945 https://doi.org/10.1016/j.jenvman.2021.113507.
946 [49] Cipolloni O-A, Gigault J, Dassié ÉP, Baudrimont M, Gourves P-Y, Amaral-Zettler L, et al. Metals 
947 and metalloids concentrations in three genotypes of pelagic Sargassum from the Atlantic Ocean 
948 Basin-scale. Marine Pollution Bulletin 2022;178:113564. 
949 https://doi.org/10.1016/j.marpolbul.2022.113564.
950 [50] Smith M, Goodchild M, Longley P. Geospatial Analysis - a comprehensive guide. 2009.
951 [51] Data classification methods—ArcGIS Pro | Documentation. Esri n.d. 
952 https://pro.arcgis.com/en/pro-app/latest/help/mapping/layer-properties/data-classification-
953 methods.htm (accessed December 28, 2023).
954 [52] Chen J, Yang S, Li H, Zhang B, Lv J. Research on Geographical Environment Unit Division Based 
955 on the Method of Natural Breaks (Jenks). ISPRS - International Archives of the Photogrammetry, 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4801212

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



35

956 Remote Sensing and Spatial Information Sciences 2013;XL-4/W3:47–50. 
957 https://doi.org/10.5194/isprsarchives-XL-4-W3-47-2013.
958 [53] Redfield AC. On the Proportions of Organic Derivatives in Sea Water and Their Relation to the 
959 Composition of Plankton. James Johnstone Memorial Volume 1934:176–92.
960 [54] Gobert T, Gautier A, Connan S, Rouget M-L, Thibaut T, Stiger-Pouvreau V, et al. Trace metal 
961 content from holopelagic Sargassum spp. sampled in the tropical North Atlantic Ocean: 
962 Emphasis on spatial variation of arsenic and phosphorus. Chemosphere 2022;308:136186. 
963 https://doi.org/10.1016/j.chemosphere.2022.136186.
964 [55] McGillicuddy DJ, Morton PL, Brewton RA, Hu C, Kelly TB, Solow AR, et al. Nutrient and arsenic 
965 biogeochemistry of Sargassum in the western Atlantic. Nat Commun 2023;14:6205. 
966 https://doi.org/10.1038/s41467-023-41904-4.
967 [56] Sow I. Utilisation de matériaux calcaires en provenance de Orkadjéri comme support de 
968 chaussée 2011.
969 [57] Catalogue des ressources minérales du Sénégal. République du Sénégal, Ministère des mines et 
970 de la géologie, Direction de la géologie 2023.
971 [58] Abu Salem FK, Jurdi M, Alkadri M, Hachem F, Dhaini HR. Feature selection approaches for 
972 predictive modelling of cadmium sources and pollution levels in water springs. Environ Sci 
973 Pollut Res 2022;29:8253–68. https://doi.org/10.1007/s11356-021-15897-w.
974 [59] Kassir LN. Les métaux lourds dans les engrais phosphatés et les sulfates rejetés par les 
975 industries des fertilisants: Recherche sur leur transfert et leur mobilité dans les sols libanais. 
976 Institut National Polytechnique de Lorraine, 2012.
977 [60] Prian J-P. Phosphate Deposits of the Senegal-mauritania-guinea Basin (West Africa): A review. 
978 Procedia Engineering 2014;83:27–36. https://doi.org/10.1016/j.proeng.2014.09.008.
979 [61] Ndour O, Thiandoume C, Traore A, Cagnat X, Diouf PM, Ndeye M, et al. Determination of 
980 natural radionuclides in phosphogypsum samples from phosphoric acid production industry in 
981 Senegal. Environmental Forensics 2021;0:1–8. 
982 https://doi.org/10.1080/15275922.2021.2006362.
983 [62] Fernández F, Boluda CJ, Olivera J, Guillermo LA, Gómez B, Echavarría E, et al. Análisis Elemental 
984 Prospectivo de la Biomasa algal acumulada en las costas de la República Dominicana durante 
985 2015. Centro Azúcar 2017;44:11–22.
986 [63] Belaud S. Rare et cher, le palladium adopte un plan de sobriété. CNRS Le journal 2023. 
987 https://lejournal.cnrs.fr/nos-blogs/focus-sciences/rare-et-cher-le-palladium-adopte-un-plan-
988 de-sobriete (accessed October 28, 2023).
989 [64] Momeni S, Nabipour I. A Simple Green Synthesis of Palladium Nanoparticles with Sargassum 
990 Alga and Their Electrocatalytic Activities Towards Hydrogen Peroxide. Appl Biochem Biotechnol 
991 2015;176:1937–49. https://doi.org/10.1007/s12010-015-1690-3.
992 [65] Kamaraj C, Ragavendran C, Kumar RCS, Sabarathinam S, Vetrivel C, Vaithiyalingam M, et al. 
993 Synthesize palladium nanoparticles from the macroalgae Sargassum fusiforme: An eco-friendly 
994 tool in the fight against Plasmodium falciparum? Science of The Total Environment 
995 2023;857:159517. https://doi.org/10.1016/j.scitotenv.2022.159517.
996 [66] Yang JS. Determination of palladium and platinum in seaweed. Journal of the Oceanographical 
997 Society of Japan 1989;45:369–74. https://doi.org/10.1007/BF02125141.
998 [67] Thadhani VM, Lobeer A, Zhang W, Irfath M, Su P, Edirisinghe N, et al. Comparative analysis of 
999 sugar and mineral content of Sargassum spp. collected from different coasts of Sri Lanka. J Appl 

1000 Phycol 2019;31:2643–51. https://doi.org/10.1007/s10811-019-01770-4.
1001 [68] Chen Q, Pan X-D, Huang B-F, Han J-L. Distribution of metals and metalloids in dried seaweeds 
1002 and health risk to population in southeastern China. Sci Rep 2018;8:3578. 
1003 https://doi.org/10.1038/s41598-018-21732-z.
1004 [69] Wang M, Hu C, Cannizzaro J, English D, Han X, Naar D, et al. Remote Sensing of Sargassum 
1005 Biomass, Nutrients, and Pigments. Geophysical Research Letters 2018;45:12,359-12,367. 
1006 https://doi.org/10.1029/2018GL078858.

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4801212

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



36

1007 [70] Atkinson MJ, Smith SV. C:N:P ratios of benthic marine plants1. Limnology and Oceanography 
1008 1983;28:568–74. https://doi.org/10.4319/lo.1983.28.3.0568.
1009 [71] Alleyne KST, Neat F, Oxenford HA. A baseline assessment of the epiphytic community 
1010 associated with pelagic sargassum in the Tropical Atlantic. Aquatic Botany 2023;186:103635. 
1011 https://doi.org/10.1016/j.aquabot.2023.103635.
1012 [72] Anton A, Hendriks IE, Marbà N, Krause-Jensen D, Garcias-Bonet N, Duarte CM. Iron Deficiency 
1013 in Seagrasses and Macroalgae in the Red Sea Is Unrelated to Latitude and Physiological 
1014 Performance. Frontiers in Marine Science 2018;5.
1015 [73] Gouvêa LP, Assis J, Gurgel CFD, Serrão EA, Silveira TCL, Santos R, et al. Golden carbon of 
1016 Sargassum forests revealed as an opportunity for climate change mitigation. Science of The 
1017 Total Environment 2020;729:138745. https://doi.org/10.1016/j.scitotenv.2020.138745.
1018 [74] Zubia M, Payri C, Deslandes E. Alginate, mannitol, phenolic compounds and biological activities 
1019 of two range-extending brown algae, Sargassum mangarevense and Turbinaria ornata 
1020 (Phaeophyta: Fucales), from Tahiti (French Polynesia). J Appl Phycol 2008;20:1033–43. 
1021 https://doi.org/10.1007/s10811-007-9303-3.
1022 [75] Stiger V, Deslandes E, Payri CE. Phenolic contents of two brown algae, Turbinaria ornata and 
1023 Sargassum mangarevense on Tahiti (French Polynesia): interspecific, ontogenic and spatio-
1024 temporal variations 2004;47:402–9. https://doi.org/10.1515/BOT.2004.058.
1025 [76] Machado CB, Maddix G-M, Francis P, Thomas S-L, Burton J-A, Langer S, et al. Pelagic Sargassum 
1026 events in Jamaica: Provenance, morphotype abundance, and influence of sample processing on 
1027 biochemical composition of the biomass. Science of The Total Environment 2022;817:152761. 
1028 https://doi.org/10.1016/j.scitotenv.2021.152761.
1029 [77] Lalegerie F, Gager L, Stiger-Pouvreau V, Connan S. Chapter Eight - The stressful life of red and 
1030 brown seaweeds on the temperate intertidal zone: effect of abiotic and biotic parameters on 
1031 the physiology of macroalgae and content variability of particular metabolites. In: Bourgougnon 
1032 N, editor. Advances in Botanical Research, vol. 95, Academic Press; 2020, p. 247–87. 
1033 https://doi.org/10.1016/bs.abr.2019.11.007.
1034 [78] Gloaguen N. Variabilité des métabolites de stress (composés phénoliques, mannitol et activités 
1035 antioxydantes associées) produits par les sargasses holopélagiques le long d’un gradient de 
1036 dégradation) 2022.
1037 [79] Nielsen BV, Milledge JJ, Hertler H, Maneein S, Al Farid MM, Bartlett D. Chemical 
1038 Characterisation of Sargassum Inundation from the Turks and Caicos: Seasonal and Post 
1039 Stranding Changes. Phycology 2021;1:143–62. https://doi.org/10.3390/phycology1020011.
1040 [80] Baweja P, Kumar S, Sahoo D, Levine I. Chapter 3 - Biology of Seaweeds. In: Fleurence J, Levine I, 
1041 editors. Seaweed in Health and Disease Prevention, San Diego: Academic Press; 2016, p. 41–
1042 106. https://doi.org/10.1016/B978-0-12-802772-1.00003-8.
1043 [81] Choi YY, Lee SJ, Lee YJ, Kim HS, Eom JS, Kim SC, et al. New challenges for efficient usage of 
1044 Sargassum fusiforme for ruminant production. Sci Rep 2020;10:19655. 
1045 https://doi.org/10.1038/s41598-020-76700-3.
1046 [82] Murakami K, Yamaguchi Y, Noda K, Fujii T, Shinohara N, Ushirokawa T, et al. Seasonal variation 
1047 in the chemical composition of a marine brown alga, Sargassum horneri (Turner) C. Agardh. 
1048 Journal of Food Composition and Analysis 2011;24:231–6. 
1049 https://doi.org/10.1016/j.jfca.2010.08.004.
1050 [83] Morais T, Inácio A, Coutinho T, Ministro M, Cotas J, Pereira L, et al. Seaweed Potential in the 
1051 Animal Feed: A Review. Journal of Marine Science and Engineering 2020;8:559. 
1052 https://doi.org/10.3390/jmse8080559.
1053 [84] Diogoul N, Brehmer P, Demarcq H, El Ayoubi S, Thiam A, Sarre A, et al. On the robustness of an 
1054 eastern boundary upwelling ecosystem exposed to multiple stressors. Sci Rep 2021;11:1908. 
1055 https://doi.org/10.1038/s41598-021-81549-1.
1056 [85] Ndoye S, Capet X, Estrade P, Sow B, Machu E, Brochier T, et al. Dynamics of a “low-enrichment 
1057 high-retention” upwelling center over the southern Senegal shelf. Geophysical Research Letters 
1058 2017;44:5034–43. https://doi.org/10.1002/2017GL072789.

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4801212

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



37

1059 [86] Galán Huertos E, Romero Baena AJ. Contaminación de Suelos por Metales Pesados. Macla: 
1060 revista de la Sociedad Española de Mineralogía 2008:48–60.
1061 [87] Ituarte JRA. NORMA Oficial Mexicana NOM-147-SEMARNAT/SSA1-2004: Que establece criterios 
1062 para determinar las concentraciones de remediación de suelos contaminados por arsénico, 
1063 bario, berilio, cadmio, cromo hexavalente, mercurio, níquel, plata, plomo, selenio, talio y/o 
1064 vanadio 2007.
1065 [88] Serrato FB, Díaz AR, Sarría FA, Brotóns JM, López SR. Afección de suelos agrícolas por metales 
1066 pesados en áreas limítrofes a explotaciones mineras del Sureste de España. Papeles de 
1067 Geografía 2010:45–54.
1068 [89] Sembera JA, Meier EJ, Waliczek TM. Composting as an Alternative Management Strategy for 
1069 Sargassum Drifts on Coastlines. HortTechnology 2018;28:80–4. 
1070 https://doi.org/10.21273/HORTTECH03836-17.
1071 [90] Maiguizo-Diagne H, Ndiaye NA, Ndour-Badiane Y, Masse D, Torrijos M, Sousbie P, et al. The use 
1072 of green macroalgae (Ulva lactuca and Codium tomentosum) that have a high methane 
1073 potential, as a source of biogas in Senegal. Journal of Applied Biosciences 2018;132:13404–12. 
1074 https://doi.org/10.4314/jab.v132i1.2.
1075 [91] Tejada-Tejada P, Rodríguez-Rodríguez Y, Francisco LER de, Paíno-Perdomo O, Boluda CJ. Niveles 
1076 de plomo, cromo, níquel, cobre y zinc en especies de Sargassum llegadas a las costas de 
1077 República Dominicana durante 2019: una evaluación preliminar para el uso de la biomasa algal 
1078 como fertilizante y en alimentación animal. Tecnología y Ciencias Del Agua 2021;12:124–63. 
1079 https://doi.org/10.24850/j-tyca-2021-03-04.
1080 [92] Oyesiku OO, Egunyomi A. Identification and chemical studies of pelagic masses of Sargassum 
1081 natans (Linnaeus) Gaillon and S. fluitans (Borgessen) Borgesen (brown algae), found offshore in 
1082 Ondo State, Nigeria. AJB 2014;13:1188–93. https://doi.org/10.5897/AJB2013.12335.
1083 [93] Steinberg PD. Chemical defenses and the susceptibility of tropical marine brown algae to 
1084 herbivores. Oecologia 1986;69:628–30. https://doi.org/10.1007/BF00410374.
1085 [94] Targett NM, Coen LD, Boettcher AA, Tanner CE. Biogeographic comparisons of marine algal 
1086 polyphenolics: evidence against a latitudinal trend. Oecologia 1992;89:464–70. 
1087 https://doi.org/10.1007/BF00317150.
1088

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=4801212

Pr
ep

rin
t n

ot
 p

ee
r r

ev
ie

w
ed



38

1089 Table Captions

1090

1091 Table 1: Sample list of holopelagic Sargassum collected during the summer of 2022 beaching 

1092 with date (between 11/08 – 17/09) and location of sampling (between Kayar and Joal-Fadiouth; 

1093 Sénégal, See Figure 1 for the localization of sites), type of morphotype (M), drying method 

1094 (Dry) and part of fragment analysed (Part). MM: Mix Morphotypes; SfIII: Sargassum fluitans 

1095 III; SnVIII: S. natans VIII; SnI: S. natans I; MF: putative new morphotype. E: Entire; V: 

1096 Vesicles; L: Leaves; S: Stems. Od: Oven dried; Fd: Freeze-dried. As: Arsenic; Cd: Cadmium; 

1097 Pb: Lead; Hg: Mercury; Cu: Copper; Zn: Zinc; Ni: Nickel; P: total phosphorus; C: total carbon; 

1098 N: total nitrogen; PC: phenolic compounds; SP: soluble proteins; IP: insoluble proteins. SD 

1099 Standard deviation. *Other rare elements (Palladium, Titanium, Lithium, Boron, Barium, 

1100 Europium, and Aluminium) have been analysed for the Ngor sample (Ng). Sampling site: Joal-

1101 Fadiouth noted ‘JF’ and Cambérène ‘Camb’.

1102

1103 Table 2: Summary statistics (minimum, first quartile, median, mean, third quartile, maximum 

1104 and standard deviation) for chemical content (ppm dry weight) and total samples analysed (n) 

1105 of Senegalese holopelagic Sargassum summer 2022.

1106

1107 Table 3: Rank order of element concentrations (see Table 1) for each Sargassum per location 

1108 in Senegal (Ka: Kayar; Ca: Cambérène; So: Somone, Mb: Mbour; JF: Joal-Fadiouth) and 

1109 morphotype (MF: putative new morphotype; SfIII: Sargassum fluitans III; SnVIII: S. natans 

1110 VIII; SnI: S. natans I).

1111
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1112 Table 4: Comparative analysis of seaweed composition (arsenic, cadmium, lead, mercury, iron, 

1113 phosphorus, total protein, phenolic content, mannitol, and ash) with published studies, serving 

1114 as a basis for comparing the results of the present study. Colours in the table denote instances 

1115 where the values from the reference study are higher (indicated in brown) or lower (indicated 

1116 in yellow) than those obtained in the present study. All species noted “Sargassum sp” are 

1117 holopelagic ones. nd: not determined. Source: Bam et al. 2019 [46], Milledge et al. 2019 [13], 

1118 Cipolloni et al. 2019 [49], Vázquez-Delfín et al. 2018 [47], Davis et al. 2019 [1], Addico and 

1119 De Graft-Johnson 2016 [6], Tejada et al. 2019 [91], Rodríguez-Martínez et al. 2020 [45], 

1120 Saldarriaga-Hernandez et al. 2019 [48], Fernández et al. 2017 [62], Oyesiku et al. 2014 [92], 

1121 Baweja and al. 2016 [80], Nielsen et al. 2020 – 2021 [79], Machado et al. 2022 [76], Zubia et 

1122 al. 2008 [74], Stiger et al. 2004 [75], Steinberg 1986 [93], Targett et al. 1992 [94], Zubia et al. 

1123 2009 [39].

1124

1125 Color should be used for Table 4 in print.

1126
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1127 Figure Captions

1128

1129 Figure 1: A) Map of Africa with the location of Senegal highlighted in orange. B) Sites 

1130 observed along the Senegalese coast during the stranding of holopelagic Sargassum (summer 

1131 2022). Sampling sites of holopelagic Sargassum along the Senegalese coast were highlighted 

1132 with orange points during the sampling of August 11 2022 - September 17 2022. The map was 

1133 generated using QGIS 3.28 (http://www.qgis.org) with data sourced from GADM maps and 

1134 data (GADM data (version 4.1) https://gadm.org/download_country.html). GPS coordinates of 

1135 sampling sites: Grand Côte: two sites Kayar (N 14.91665°; WO17.12398°), Camberene (N 

1136 14.76214°; WO17.47393°), Cap-Vert Peninsula (Dakar) one site: Ngor (N 14.75041°; 

1137 WO17.51113°). Petite Côte (South Senegal) three sites: Somone (N 14.48988°; 

1138 WO17.08513°), Mbour (N 14.40665°; WO16.96983°), Joal-Fadiouth (N 14.18382°; 

1139 WO16.86337°). C) Holopelagic Sargassum washed ashore on the beach of Mbour, 22 August 

1140 2022.

1141

1142 Figure 2: Chemical fingerprints obtained by Proton High-Resolution Magic Angle Spinning 

1143 Nuclear Magnetic Resonance (HRMAS 1H NMR) to visualise the major metabolites of 

1144 holopelagic Sargassum samples from the Senegalese coast, grouped in four morphotypes (MF: 

1145 putative new morphotype; SnVIII: Sargassum natans VIII; SfIII: S. fluitans III; SnI: S. natans 

1146 I). On the left upper corner is the morphotype, and on the right ID identifier of the sample.

1147

1148 Figure 3: Concentrations of elements A) As, Cd, Pb, Hg; and B) Cu, Ni, Zn in Senegalese 

1149 holopelagic Sargassum (summer 2022) according to species (SfIII: Sargassum fluitans III, 
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1150 SnVIII: S. natans VIII, SnI: S. natans I, MF: putative new morphotype) and sampling sites 

1151 (Kayar ID Ka, Camberene ID Ca, Somone ID So, Mbour ID Mb and Joal-Fadiouth ID JF).

1152

1153 Figure 4: Concentrations of A) Calcium (Ca), Potassium (K), Magnesium (Mg), Sodium (Na), 

1154 B) Iron (Fe), Manganese (Mn); C) total nitrogen (N), total phosphorus (P); and D) total carbon, 

1155 ash in Senegalese holopelagic Sargassum during summer 2022, categorized by four sampling 

1156 sites in Senegal (Kayar ID Ka, Camberene ID Ca, Somone ID So and Joal-Fadiouth ID JF).

1157

1158 Figure 5: Maximum (Max.) and minimum (Min.) content (in ppm) of the four heavy metals 

1159 As, Cd, Pb and Hg across the tropical Atlantic Ocean in holopelagic Sargassum. (A) maximum 

1160 and (B) minimum arsenic content (data in Table S2 and Table S3); (C) maximum and (D) 

1161 minimum lead content (data in Table S4 and Table S5); (E) maximum and (F) minimum 

1162 cadmium content (data in Table S6 and Table S7); (G) maximum and (H) minimum mercury 

1163 content (data in Table S8 and Table S9). Left-corner rectangles with orange outlines represent 

1164 the zooms of the juxtaposed study points. L1Belize: Central America [46], L2Playa Mirador, 

1165 Tulum [47], L3Playa Blanca, Akumal [47], L4Playa Xcalacoco, Playa del Carmen [47], L5Puerto 

1166 Morelos [47], L6Playa Coral, Cancun [47], L7Playa Delfines, Cancun [47], L8Mexican Caribbean 

1167 coast: Contoy island to Xcalak [45], L9Quintana Roo, Punta Sur [48], L10Quintana Roo, Chen 

1168 Rio [48], L11Quintana Roo, Mezcalitos [48], L12Jamaica Fort Rocky [1], L13Turks and Caicos 

1169 Shark Bay South Caicos [13], L14Antigua/Barbuda: juncture of Caribbean Sea and Atlantic 

1170 Ocean [46], L15Middle Atlantic Ocean to Guadeloupe (French West Indies) [49], L16Barbados: 

1171 Caribbean [46], L17,L18,L19,L20,L21,L22Middle Atlantic Ocean to Guadeloupe (French West Indies) 

1172 [49], L23Senegal [Present study], L24,L25Ghana [6]. GPS coordinates are listed in Table S1. Data 

1173 are classified using the method of natural breaks (Jenks) [50] [51].

1174
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1175 Color should be used for all figures in print.
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