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Massive influx of pelagic Sargassum spp. (sargasso) into the Caribbean since 2011 has
caused major environmental problems, threatening the tourist industry and livelihoods.
Industrial uses of sargasso are essential for a sustainable management and to partially
compensate for the cost of harvesting and beach cleaning. In this context, we present the
concentrations of 28 different elements in 63 samples containing three different sargasso
morphotypes collected at eight localities along the coastal waters of the Mexican
Caribbean Sea between August 2018 and June 2019. The sargasso tissue contains different
concentrations of Al, As, Ca, Cl, Cu, Fe, K, Mg, Mn, Mo, P, Pb, Rb, S, Si, Sr, Th, U, V, and Zn.
High variability in elemental concentration was found across sites and between
morphotypes. No temporal patterns and lack of any tendency in the element
concentrations were found among samples collected in seven different sampling periods at
one location. This variation might be due to the pelagic nature of sargasso and different
degrees of exposure to contaminants in the ocean. Total arsenic concentrations (24-172
ppm DW) exceed the established safe limits for agricultural soils in 88% of the samples.
Considering the high and unpredictable variability of metals, we recommend the regular
analyses of sargasso tissues as a mandatory practice to ensure a safe use and
management and to mitigate the risks to coastal environments by leaching of heavy
metals to the sea and aquifer.
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Abstract

Massive influx of pelagic Sargassum spp. (sargasso) into the Caribbean since 2011 has caused
major environmental problems, threatening the tourist industry and livelihoods. Industrial uses of
sargasso are essential for a sustainable management and to partially compensate for the cost of
harvesting and beach cleaning. In this context, we present the concentrations of 28 different
elements in 63 samples containing three different sargasso morphotypes collected at eight
localities along the coastal waters of the Mexican Caribbean Sea between August 2018 and June
2019. The sargasso tissue contains different concentrations of Al, As, Ca, Cl, Cu, Fe, K, Mg, Mn,
Mo, P, Pb, Rb, S, Si, Sr, Th, U, V, and Zn. High variability in elemental concentration was found
across sites and between morphotypes. No temporal patterns and lack of any tendency in the
element concentrations were found among samples collected in seven different sampling periods
at one location. This variation might be due to the pelagic nature of sargasso and different
degrees of exposure to contaminants in the ocean. Total arsenic concentrations (24-172 ppm
DW) exceed the established safe limits for agricultural soils in 88% of the samples. Considering
the high and unpredictable variability of metals, we recommend the regular analyses of sargasso
tissues as a mandatory practice to ensure a safe use and management and to mitigate the risks to

coastal environments by leaching of heavy metals to the sea and aquifer.

1. Introduction

Unusual large quantities of pelagic Sargassum spp. (S. fluitans (Boergesen) Boergesen and S.
natans (Linnaeus) Gallion; hereafter named sargasso) started to arrive in 2011 at the west coast
of Africa and to the Eastern Caribbean islands (Gower, Young & King, 2013). The distribution

range and abundance of sargasso has increased since then in the Atlantic Ocean and Caribbean
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Sea. Wang et al. (2019) reported over 20 million metric tons of sargasso in the open ocean when
the Great Atlantic Sargasso Belt extended for 8,850 km in June 2018. Its beaching has been
causing havoc to the Caribbean coastal ecosystems as leachates and particulate organic matter
from the stranded decaying algal masses lead to mortality of the nearshore seagrasses and fauna
due to depleted oxygen, reduced light and deteriorated water quality (van Tussenbroek et al.,
2017; Rodriguez-Martinez et al., 2019). Accumulation of sargasso can also interfere with
seaward journeys of juvenile turtles (Maurer, De Neef & Stapleton, 2015) and sea turtle nesting
ecology (Maurer, Stapleton & Layman, 2018), enhance the process of beach erosion (van
Tussenbroek et al., 2017) and change the trophic dynamics of benthic organisms (Cabanillas-
Teran et al., 2019). Major income of the Caribbean countries comes from the coastal ecosystem-
based tourist industry (Langin, 2018). The potential socio-economic consequences of ecosystem

degradation and their effects on livelihoods in this region, however, are yet to be assessed.

The Mexican Caribbean coast began receiving massive amounts of sargasso in late 2014 and it
reached a peak in September 2015. An average ~2,360 m?3 of algae (mixed with sand, other algae
or seagrasses) was removed per km of shoreline from tourist beaches by hotels in the northern
section of the coast between Cancun and Puerto Morelos (Rodriguez-Martinez, van Tussenbroek
& Jordan-Dahlgren, 2016). After a phase of minor decrease in the sargasso influx between 2016-
2017, a large influx in May 2018 resulted in the removal of ~8,793 m?® km™! of algae (mixed with
sand, other algae or seagrasses) at the same shore section (Rodriguez-Martinez et al., 2019).
Even though there have been efforts to remove these algae from the beach and sea, its continued
influx has led to thousands of tons of sargasso accumulating annually along the Mexican
Caribbean coast. Furthermore, the removed algae are transported inland and disposed in areas

that are not properly prepared to avoid leakage of the leachates into the aquifer.
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Species of Sargassum have a high capacity to biosorb metals and other elements, similar to other
brown algae (Kuyucak & Volesky, 1988; Davis, Volesky & Vieira, 2000). This high absorption
capacity is attributed to the unique mixture of polysaccharides, mainly alginate and fucoidan, in
their cell walls (Fourest & Volesky, 1997). At present, Sargassum spp. are used for different
commercial end products, such as fertilizers (Milledge & Harvey, 2016), textiles, paper and
drugs (Oyesiku & Egunyomi, 2014) and the production of biogas (Wang et al., 2018).
Macroalgae are increasingly used as a food source for animals and humans, and therefore
potentially high concentrations of contaminants, including heavy metals amongst others, may
pose health risks (Reis & Duarte, 2018). Thus, it is mandatory to evaluate concentrations of all
the elements in order to recommend the potential uses of sargasso and to ensure that health
regulations of acceptable levels are respected (Fourest & Volesky, 1997). Until present, there
have been limited studies on metal contents in sargasso and all of them are based on limited
number of samples collected mostly from a single locality (e.g. Nigeria - Oyesiku & Egunyomi,
2014; Dominican Republic - Fernandez et al., 2017) or in a single season (Addico & deGraft-
Johnson, 2016), and therefore the possible variability in the contents of metals in the algal tissues

remains unclear.

In this study we estimate the concentrations of 28 different elements in sargasso collected from
the Mexican Caribbean coast, covering a linear north-south distance of 370 km. We hypothesize
that the elemental concentrations in sargasso are highly variable in time and space, because they
depend on drifting variations at the surface of the ocean. The accurate determinations of metals
and other elements presented in this study will provide an essential baseline data for adequate
management and potential use of sargasso, as well as to modify the disposal strategies of

decomposing sargasso to mitigate the environmental risks in near future.
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2.  Survey methodology
2.1 Study sites

We collected 63 samples of sargasso along the Mexican Caribbean coast, from the Contoy
Island, at northern extreme, to Xcalak in the south (Fig. 1). This region receives an average
precipitation of ca.1061 mm y~! and the sea-surface temperature (SST) ranges from 25.1-29.9 °C
(Rodriguez-Martinez et al., 2010). Easterly trade-winds dominate this region during the summer
and mild cold fronts occur during the winter season. The trade-winds facilitate the transportation
of superficial waters towards the shore, importing the pelagic masses of sargasso to the Mexican
Caribbean coast. The Yucatan current, a major branch of the Caribbean Current, also transports
the algal mass to the coast. The freshwater aquifer of this region and the seawater are constantly
interacting with each other as basement geology of the Yucatan Peninsula is karstic and porous

(Hernandez-Terrones et al., 2011; Hernandez-Terrones & Null, 2015).

The coastal environments in this region consist of beaches, rocky shores, seagrass beds, coral
reefs, mangroves, jungle and underground rivers (Herndndez-Arana et al., 2015). These
ecosystems provide services that are crucial for the economy of the population which depends
mainly on tourism (Spalding et al., 2017). Today, this coast has the highest number of hotel
rooms in Mexico. The number of hotel rooms increased from 3,206 in 1975 to 100,986 in 2017
(SEDETUR, 2019), while the resident population grew from less than 100,000 in 1970 to
1,501,785 in 2015 (INEGI, 2015). This urban development, associated with the tourist industry,
has resulted in coastal pollution through nutrients (Carruthers, van Tussenbroek & Dennison,
2005; Hernandez-Terrones et al., 2011; Baker, Rodriguez-Martinez & Fogel, 2013; van

Tussenbroek et al., 2017), sewage (Metcalfe et al., 2011), and some metals (e.g. Lead, see
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Whelan, van Tussenbroek & Santos, 2011). This region has no other industries besides the

tourism.

2.2. Methodology

2.2.1. Field collection

Samples were collected between August 2018 and June 2019 at eight sites along the Mexican
Caribbean coast (from north to south): 1) Contoy Island, 2) Blue waters, 3) Puerto Morelos, 4)
Cozumel, 5) Mahahual, 6) Chinchorro, 7) Xahuayxol and 8) Xcalak (Fig. 1, Table 1). We
collected manually the fresh sargasso (golden color) thalli floating near the shore (2-20 m) and in
the ocean (>5 km from shore) and subsequently separated them by species and morphotypes (S.
fluitans 111, S. natans 1 and S. natans VIII) in the laboratory following Schell, Goodwin & Siuda
(2015), except for Contoy Island (CI). The samples collected from CI were frozen before
separation of morphotypes and thus, we classified them as Sargassum spp. All the samples were
placed in an oven for at least 48h at 60°C until completely dry. Special caution was taken to
avoid contact between the algal samples and any metal object. Samples were shipped to the
Institute of Geology of the National Autonomous University of Mexico for the analysis of

element concentrations.

2.2.2. Elemental analysis

Concentrations of 28 different elements were measured in dry samples using a Niton FXL 950
energy dispersive X-ray fluorescence (XRF) containing a 50kV X-ray tube of Ag and equipped

with a geometrically optimized large area drift defector following Quiroz-Jimenez & Roy
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(2017). Table S1 shows the limit of detection of these elements in the Niton FXL. In the
laboratory, the dried samples were processed using a non-destructive sample preparation
technique and approximately 5-7 g of each sample was placed in a plastic capsule that has a 4
um thick polypropylene X-ray film on one side and the other side of the capsule was packed with
synthetic flexible gauze. Samples were measured in the mining Cu/Zn mode and three different
filters using the internal calibration curves previously generated by comparing the results of
Niton FXL with a conventional XRF (e.g. Quiroz-Jimenez & Roy, 2017). The results are
expressed in parts per million dry weight (ppm DW) after carrying out the analysis in five
repetitions in each sample. We used two different geological reference materials (Es-2, organic
rich argillite and Es-4, dolostone) for estimation of precision (Kiipli et al., 2000). Except for Mg,
all other elements have relative standard deviation (RSD) between <1 and 5%. Mg

concentrations show RSD of 26% and it is the least precise among all the analyzed elements.

2.3. Data Analyses

We calculated the median of the five readings per element of each sample and used it for further
analysis. For each element, the readings below the limit of detection (<LOD; Table S1) were
substituted with LOD/A2 for calculation of summary statistics (Celo & Dabek-Zlotorzynska,
2010). Distributions (spread of data and the median values) of the fourteen most commonly
found elements (e.g. Al, As, Ca, Cl, K, Mg, Mn, P, Rb, S, Si, Sr, Th and U) in sargasso tissue for
each sampling locality are illustrated by dot plots. Statistical comparison in metals concentration
among localities was not done due to small sample sizes per site. Differences in the
concentration of elements among species and morphotypes were tested using non-parametric

ANOVAs based on the Kruskal-Wallis rank procedure. We constructed a heatmap using the data
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from fourteen elements from Puerto Morelos (location 3, see Fig.1) to visualize temporal
differences in concentration of metals in seven different sampling periods between August 2018
and April 2019. Element concentration values were Z-score-transformed across sampling times
and their values above and below the mean were used to generate the heatmap. The Z-value is a

dimensionless quantity which is defined by the following equation (Larsen & Marx, 1986):

Z=X-w/o

Where X represents an individual raw score that is to be standardized, o is the standard deviation

of the population, and p is the mean of the population.

All analyses were done in R (R Core Team, 2019) using packages: dplyr (Wickham et al., 2019),
ggplot2 (Wickham, 2009), gplots (Warnes et al., 2009), pgirmess (Giraudoux, 2013), reshape
(Wickham, 2018), tidyr (Wickham & Henry, 2016), and RColorBrewer (Neuwirth, 2011). A
reproducible record of all statistical analyses is available on GitHub
(https://github.com/rerodriguezmtz/ElementsSar). This includes all underlying data and R code

for all analyses.

All surveys were conducted under permit PPD/DGOPA-116/14 granted by SAGARPA

(Agriculture, Natural Resources and Fisheries Secretariat) to B.1. van Tussenbroek.

3. Results

The most frequent elements in sargasso tissue, detected in 100% of the samples, were As, Ca, Cl,
K, Mn, P, Rb, S, Si, Sr, Th, and U. They were followed in frequency by Mg (92.1% of samples)
and Al (58.7% of samples) (Table 2). Other elements were found in fewer samples and had

overall median concentrations below LOD: V (28.6% of samples), Zn (12.7% of samples), and
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Cu, Fe, Mo and Pb, present in 7.9% of samples (Table 2). Concentrations of Ba, Cd, Co, Cr, Ni,
Ti, Y, and Zr remained below the LOD in all samples measured (See Table S1 for LOD values).
The range of concentrations (ppm DW) in some elements was considerably large (i.e. > 5-fold
difference between minimal and maximal concentrations). For example, Cl showed 71.1-fold
difference, K had a 23.1-fold difference, As had a 7.2-fold difference, Si showed a 6.5-fold

difference and Ca exhibited a 5.7-fold difference (Table 2).

Inter-site variability in element concentrations was high, with P, S and Sr being the least variable
elements and Al, As, Cl and K the most (Fig. 2). Of the potentially toxic elements, only As
(median contents range among sites: 37-121 ppm DW) and Mn (40-139 ppm DW) were present
in all the samples. About 88% of the total sample size, collected at seven sites (Fig. 2), had
concentrations of As above the maximum allowable concentration under European regulations
for animal feed (40 ppm DW; Monagail et al., 2018) and 100% of the samples were above the
maximum allowable concentration for agricultural soils in Mexico (22 ppm DW; NOM-147-
SEMARNAT-SSA1-2004). Among the total samples, 22% had Mn above 100 ppm DW and 5%
showed Cu above 100 ppm DW. Other potentially toxic elements (e.g. Mo, Pb and Zn) were
detected in only 8-13% of the samples and they had median concentrations (Table 2) below the

toxic limits (see Supplementary Table 2).

Concentrations of As, Ca, Cl, K, Mn, Rb and Si varied significantly among sargasso
species/morphotypes (Fig. 2, Kruskal-Wallis test, p < 0.05; Table 3). As, Cl, K and Rb were
significantly higher in S. natans VIII compared to S. natans 1. The concentrations of Ca and Si
were significantly lower in S. natans VIII than in S. fluitans 111 and S. natans 1. Similarly, the
concentration of Mn was higher in S. natans 1 than in S. fluitans 111 and S. natans VIII (Table 3).

Contents of Al, Mg, P, S, Sr, Th and U did not vary significantly among species and
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morphotypes (KW, p > 0.05; Table 3). We did not compare the concentrations of Cu, Fe, Mo, Pb

and Zn statistically among the species/morphotypes as their medians remained <LOD.

The concentrations of fourteen different elements (i.e. Al, As, Ca, CI, K, Mg, Mn, P, Rb, S, Si,
Sr, Th and U) in sargasso collected at Puerto Morelos in seven different sampling periods,
between August 2018 to April 2019, showed considerable variability in time (Fig. 3). This
inconsistent pattern and lack of any tendency indicates absence of seasonal tendencies in

elemental concentrations.

4. Discussion

Tissue contents of As, Cu and Mn in sargasso from Mexico were higher than those observed in
previous studies in Nigeria, Ghana and Dominican Republic, while those of Cd, Cr, Pb and Zn
were lower (Table 4). Most striking was the high variability of element concentrations detected
both in the space (along the coast) and time (different sampling months). This variability may be
partially attributed to pelagic nature of sargasso. In our study, it is unlikely that heavy metals
were adsorbed nearshore, because 1) the residence time of these algae in near-shore waters
before beaching is in the order hours, and 2) these elements are virtually absent in the near-shore
waters of the Mexican Caribbean, as there are no industrial, heavy agricultural or mining
activities in the region. Thus, the heavy and trace elements were likely acquired before entering
the Mexican coastal waters. In different parts throughout the geographical region of the North
Equatorial Recirculation Region of the Atlantic Ocean (NERR) and the Wider Caribbean
Region, different contaminants are released into the ocean, some as point sources and others
more continuous (as a result of long-range transport). Fernandez, Singh & Jaffe (2007)

recognized discharge of sewage and inputs of mineral extraction, fertilizer and pesticide used in
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the agricultural and industrial sector as principal pollution sources of metals in the oceans.
Whether sargasso was exposed to these contaminants depended on its trajectory in the ocean and
whether (or not) the pelagic masses passed near areas with high natural (i.e. upwelling) or
human-induced concentrations of metals; the biosorption of metals in turn may have depended
on the pH of seawater (Davis et al., 2000). In addition, metal sequestration involves complex
mechanisms of ion exchange, chelation, adsorption, and ion entrapment in polysaccharide
networks of the algae (Volesky & Holan 1995). This ion entrapment, in turn, depends on the
affinity of some divalent metals to alginates (Haug, 1961). Alginates are often characterized by
the proportion of mannuronic (M) and guluronic (G) acids present in the polymer (M:G ratio),
which may vary among species and with samples of the same species. For example, we found
higher concentrations of Mn in S. natans 1, of Ca and Si in S. fluitans III and S. natans 1, and of
As, Cl, K and Rb in Sargassum natans VIII than in S. natans 1. Variable concentrations of Ca,
Mg, Sr and U may be attributed to changes in calcifying epifauna associated with the sargasso,
such as bryozoans, tube polychaeta, and crustose coralline algae (Weiss, 1968; Huffard et al.,
2014). Similarly, the variable amounts of Si (447-2,922 ppm DW) were possibly contributed by
different abundances of marine diatoms and silicoflagellates present in the sargasso samples

(Takahashi & Blackwelder 1992).

Seaweeds, including various Sargassum species, are rich in essential nutrients and are often used
as complementary fertilizers that enhance growth, seed germination and photosynthesis of crop
plants on mineral-depleted soils (Sathya et al., 2010; Kumari, Kaur & Bhatnagar, 2013; EI-Din,
2015). These essentials nutrients also contribute the value of sargasso as animal fodder (Marin et
al., 2009; Carrillo et al., 2012). Amongst all the detected elements in sargasso samples along the

Mexican Caribbean coast, Ca (23,723-136,146 ppm DW), K (1,990-46,002 ppm DW), Mg
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264 (<2915-13,662 ppm DW), P (228-401 ppm DW) and S (9,462-24,773 ppm DW) are essential
265 macronutrients for algae and higher plants. Other elements like Cu, Mn, Mo and Zn are essential
266 micronutrients in low concentrations, but potentially toxic when present in high concentrations.
267 Cu (<8-540 ppm DW) and Mo (<1-7 ppm DW) were present in 7.9% of the samples, Zn (<2-17
268 ppm DW) in 12.9 % of the samples and Mn (40-139 ppm DW) in all the samples. Of these, the
269 concentrations of Cu exceeded safely limits recommended for agricultural soils by several

270 countries (see Supplementary Table 2S) in 5% of the samples. For Mo, 8% of the samples

271 contained above the maximum level established by Canada (i.e. 2 ppm DW) but all the samples
272 had below the limits established by Austria and Poland (i.e. 10 ppm DW). However, 22% of the
273 samples contained above 100 ppm DW of Mn. This value could be considered as toxic for some
274 plant species, but others have tolerance up to 5000 ppm DW of Mn (Howe et al., 2004). Pb (<2-3
275 ppm DW) was present in 7.9% of the samples but it remained below the toxic levels in all of

276 them.

277 However, in most sargasso samples, the concentrations of total As exceeded the safe limits

278 established for agricultural soils (15-50 ppm DW depending on the country; Belmonte et al.,
279 2010) and in 38% of samples was above the maximum tolerable levels of dietary minerals for
280 domestic animals (100 ppm DW; Supplementary Table 3). Toxicity of As depends on its

281 chemical form. The inorganic forms (trivalent state As III and pentavalent state As V) are

282 considered toxic, while the organic ones (such as arsenosugars, arsenolipids and arsenobetaine)
283 are not (Yuan, 2007; Circuncisao et al., 2018). Due to the higher total As content (24-172 ppm
284 DW) in sargasso of the Mexican Caribbean coast, we suggest that As speciation studies must be
285 conducted before employing sargasso for animal fodder. Arsenic may also be of some concern

286 when sargasso is used as complementary fertilizer for ornamental and crop plants. High
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concentrations of As in soil may be toxic for the plants, as it interferes with photosynthesis and
other metabolic processes (Péhlsson, 1989, Ruiz Huerta & Armienta Herndndez, 2012). Higher
level of As is a concern and its unpredictable variability poses further setback for the commercial
uses of collected sargasso in the region. Presence of As is also of concern as sargasso removed
from Mexican Caribbean beaches is deposited at abandoned limestone quarries near the coast
without any treatment. The Yucatan Peninsula has a highly porous karst aquifer that is the only
source of freshwater in the region. Without proper protection, the pollutants from the near
surface deposits infiltrate into the aquifer and accumulation of As and potentially other toxic
metals into the aquifer could threaten human health. Considering that water from the aquifer
flows into the ocean through belowground rivers, the metals and excessive nutrients infiltrated
into the aquifer will eventually reach the marine environment (Carruthers et al. 2005; Metcalfe et

al. 2011; Baker et al. 2013).

Even if the concentration of some other potentially toxic elements were low in sargasso, their
accumulation over time might be a potential source of contaminant in this region. The Mexican
Caribbean coast has received millions of tons of this algae since late 2014. Prevention and
mitigation measures are urgently needed to ensure that the massive arrival of sargasso does not
continue to harm the coastal ecosystems, the tourism-based economy and general human well-
being in countries affected by the Great Atlantic Sargassum belt, including the Mexican
Caribbean. The high and inconsistent variability of some potentially toxic metals indicates that
analyses of different specimens collected over longer periods, and/or in different locations are
required in order to obtain reliable information about metal contents in tissues, even though it

might need additional logistical and financial efforts.
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Conclusion

The Mexican Caribbean coast has received millions of tons of sargasso since late 2014. Buildup
of decomposing masses of sargasso on the shores has harmed the coastal ecosystems, the
tourism-based economy and general human well-being in countries affected by the Great
Atlantic Sargassum belt, including the Mexican Caribbean. In this study, we conclude that
potential contamination by some toxic elements is a likely additional impact of the massive
influx. Compared to concentrations of toxic elements reported by other studies, we observed
relatively higher values of As, Cu and Mn and lower values of Cd, Cr and Pb. Total arsenic
exceeded the limits established for usages in agricultural soil in several countries. We
recommend further studies of inorganic forms of As to determine if it complies with guidelines
of different institutions and organizations (i.e. FAO, WHO) before using sargasso in food or
pharmaceutical industries. The determination of the concentrations of different elements in
sargasso 1s also necessary to establish adequate disposal strategies of decomposing sargasso in
order to mitigate the environmental risks by toxic elements pollution of coastal waters and
aquifer in the near future. Sargasso should not be allowed to decompose on the beach and it
should be disposed at properly prepared and managed disposal sites in order to restrict the
leaching of nutrients, metals and salt into the underlying aquifer. The high and inconsistent
variability of some potentially toxic metals indicates that analyses of different specimens
collected over longer periods, and/or in different locations are required in order to obtain reliable
information about metal contents in tissues. Governments and industries have a moral, legal and
economic responsibility to consider the potential presence of toxic elements above the limits

established for humans, animals and plants before approving its use and consumption.

Peer] reviewing PDF | (2019:11:43362:0:0:NEW 22 Nov 2019)



Peer]

333

334

335

336

337

338

339

340

341
342
343

344
345

346
347
348

349
350
351

352
353
354

355
356
357

358
359
360
361

362
363
364

Acknowledgments

Special thanks to Elisa Vera Vazquez, for collecting sargasso samples from Puerto Morelos and
to Manta México Caribe A.C. for providing samples from Blue Waters and Isla Contoy. We also
want to thank CEMIE-Oceano for the samples at Cozumel. Gabriela Gonzalez Lopez provided
logistic help during fieldwork and in laboratory and Irma Gabriela Vargas-Martinez helped in

XRF measurements. The authors claim no conflict of interest with this work.

References

Addico, G.N.D., deGraft-Johnson, K.A.A. 2016. Preliminary investigation into the chemical
composition of the invasive brown seaweed Sargassum along the West Coast of Ghana.
African Journal of Biotechnology 15:2184-2191.DOI: 10.5897/AJB2015.15177

Baker, D.M., Rodriguez-Martinez, R.E., Fogel, M.L. 2013. Tourism’s nitrogen footprint on a
Mesoamerican coral reef. Coral Reefs 32: 691-699. DOI: 10.1007/s00338-013-1040-2

Belmonte-Serrato, F., Romero-Diaz, A., Alonso-Sarria, F., Moreno-Brotdns, J., Rojo-Lopez, S.,
2010. Afeccion de suelos agricolas por metales pesados en areas limitrofes a explotaciones
mineras del sureste de Espana. Papeles de Geografia 51-52: 45-54. ISSN-e: 1989-4627

Cabanillas-Teran, N., Hernandez-Arana, H.A., Ruiz-Zarate, M-A ., Vega-Zepeda, A., Sanchez-
Gonzalez, A. 2019. Sargassum blooms in the Caribbean alter the trophic structure of the sea
urchin Diadema antillarum. PeerJ 7:€7589. DOI: 10.7717/peerj.7589

Carrillo, S., Bahena, A., Casas, M., Carranco, M.E., Calvo, C.C., Avila, E., Pérez-Gil, F. 2012.
The alga Sargassum spp. as alternative to reduce egg cholesterol content. Cuban Journal of
Agricultural Science 46: 181-186.

Carruthers, T.J.B., van Tussenbroek, B.I., Dennison, W.C. 2005. Influence of submarine springs
and wastewater on nutrient dynamics of Caribbean seagrass meadows. Estuarine, Coastal
and Shelf Science 64: 191-199. DOI: 10.1016/j.ecss.2005.01.015

Celo, V., Dabek-Zlotorzynska, E. 2010. Concentration and source origin of trace metals in PM
2.5 collected at selected Canadian sites within the Canadian national air pollution surveillance
program. In: Urban Airborne Particulate Matter. Springer, Berlin, Heidelberg, pp. 19-38.
DOI: 10.1007/978-3-642-12278-1 2

Circuncisdo, A.R., Catarino, M.D., Cardoso, S.M., Silva, A.M.S. 2018. Minerals from
macroalgae origin: health benefits and risks for consumers. Marine Drugs 16, 400: 2-30. DOI:
10.3390/md16110400

Peer] reviewing PDF | (2019:11:43362:0:0:NEW 22 Nov 2019)



Peer]

365
366

367
368
369

370
371
372

373
374
375

376
377

378
379

380
381

382
383

384
385

386
387
388
389
390

391
392
393

394
395
396
397

398
399

400
401
402

Davis, T.A., Volesky, B., Vieira, R.H.S.F. 2000. Sargassum seaweed as biosorbent for heavy
metals. Water Research 34: 4270—4278. DOI: 10.1016/S0043-1354(00)00177-9

El-Din, S.M.M. 2015. Utilization of seaweed extracts as bio-fertilizers to stimulate the growth of
wheat seedlings. The Egyptian Journal of Experimetnal Biology (Botany) 11: 31-39. ISSN:
1687-7497

Fernandez, F., Boluda, C.J., Olivera, J., Guillermo, L.A. 2017. Andlisis elemental prospectivo de
la biomasa algal acumulada en las costas de la Republica Dominicana durante 2015. Centro
Azucar 44: 11-22. ISSN: 223.4861

Fernandez, A., Singh, A., Jaffé, R. 2007. A literature review on trace metals and organic
compounds of anthropogenic origin in the Wider Caribbean Region. Marine Pollution
Bulletin 54: 1681-1691. DOI: 10.1016/j.marpolbul.2007.08.007

Fourest, E., Volesky, B. 1997. Alginate properties and heavy metal biosorption by marine algae.
Applied Biochemistry and Biotechnology 67:215-226. DOI: 10.1007/BF02788799

Galan, E., Romero, A. 2008. Contaminacion de suelos por metales pesados. Revista de la
Sociedad Espariola de Mineralogia 10: 48-60. ISSN 1885-7264

Giraudoux, P. 2013. Pgirmess: data analysis in ecology. R package version 1.5.7.
[http://CRAN.R-project.org/package=pgirmess].

Gower, J., Young, E., King, S. 2013. Satellite images suggest a new Sargassum source region in
2011. Remote Sensing Letters 4: 764—773. DOI: 10.1080/2150704X.2013.796433

Haug, A. 1961. Affinity of some divalent metals to different types of alginates. Acta Chemica
Scandinavica 15: 1794-1795.

Herndndez-Arana, H.A., Vega-Zepeda, A., Ruiz-Zarate, M.A., Falcon-Alvarez, L.1., Lopez-
Adame, H., Herrera-Silveira, J., Kaster, J. 2015. Transverse Coastal Corridor: From
Freshwater Lakes to Coral Reefs Ecosystems. In: Biodiversity and Conservation of the
Yucatan Peninsula. Islebe GA, Calmé S, Leon Cortés J, Schmook B (eds), pp. 355-376.
(Springer, Cham.).

Hernandez-Terrones, L.M., Null, K.A., Ortega-Camacho, D., Paytan, A. 2015. Water quality

assessment in the Mexican Caribbean: impacts on the coastal ecosystem. Continental Shelf
Research 102: 62-72. DOI: 10.1016/j.csr.2015.04.015

Hernéndez-Terrones, L., Rebolledo-Vieyra, M., Merino-Ibarra, M., Soto, M., Le-Cossec, A.,
Monroy-Rios, E. 2011. Groundwater pollution in a karstic region (NE Yucatan): baseline
nutrient content and flux to coastal ecosystems. Water, Air, & Soil Pollution 218: 517-528.
DOI: 10.1007/s11270-010-0664-x

Howe, P., Malcolm, H., Dobson, S. 2004. Manganese and its components: environmental
aspects. World Health Organization, Geneva. ISSN 1020-6167

Huffard, C.L., von Thun, S., Sherman, A.D., Sealy, K., Smith, Jr K.L. 2014. Pelagic Sargassum
community change over a 40-year period: temporal and spatial variability. Marine Biology
161: 2735-2751. DOI: 10.1007/s00227-014-2539-y

Peer] reviewing PDF | (2019:11:43362:0:0:NEW 22 Nov 2019)



Peer]

403
404
405

406
407
408
409

410
411
412
413

414
415

416
417

418
419

420
421

422
423

424
425
426

427
428

429
430
431
432

433
434
435

436
437
438

439
440

441
442

INEGI. 2015. Encuesta Intercensal 2015. Tabulados Basicos. Quintana Roo, México. INEGI.
https://www.inegi.org.mx/programas/intercensal/2015/default.html#Tabulados. Accessed
2019 Nov 11.

Kiipli, T., Batchelor, R.A., Bernal, J.P., Cowing, C., Hagel-Brunnstrom, M., Ingham, M.N.
Johnson, D., Kivisilla, J., Knaack, Ch., Kump, P., Lozano, R., Michiels, D., Orlova, K.,
Pirrus, E., Rousseau, R.M., Ruzicka, J., Sandstrom, H., Willis, J.P. 2000. Seven sedimentary
rock reference samples from Estonia. Qil Shale 17: 215-224.

Kumari, R., Kaur, 1., Bhatnagar, A.K. 2013. Enhancing soil health and productivity of
Lycopersicon esculentum Mill. using Sargassum johnstonii Setchell & Gardner as a soil
conditioner and fertilizer. Journal of Applied Phycology 25: 1225-1235.DOLI:
10.1007/s10811-012-9933-y

Kuyucak, N., Volesky, B. 1988. Biosorbents for recovery of metals from industrial solutions.
Biotechnology Letters 10: 137-142. DOI: 10.1007/BF01024641

Langin, K. 2018. Seaweed masses assault Caribbean islands. Science 360: 1157-1158. DOI:
10.1126/science.360.6394.1157

Larsen, R.J., Marx, M.L. 1986. An introduction to mathematical statistics and its applications.
Prentice-Hall Englewood Cliffs, NJ. ISBN 978-0-321-69394-5

Mabeau, S., Fleurence, J. 1993. Seaweed in food products: biochemical and nutritional aspects.
Trends in Food Science & Technology 4: 103—107.

McDowell, L.R. 1992. Minerals in animal and human nutrition. pp. 404, Cunha, T.J. (ed.).
Academic Press Inc. USA. 524 p.

Marin, A., Casas-Valdez, M., Carrillo, S., Hernandez, H., Monroy, A., Sanginés, L., Pérez-Gil,

F. 2009. The marine algae Sargassum spp. (Sargassaceae) as feed for sheep in tropical and
subtropical regions. Revista de Biologia Tropical 57: 1271-1281. ISSN 0034-7744

Maurer, A.S., De Neef, E., Stapleton, S. 2015. Sargassum accumulation may spell trouble for
nesting sea turtles. Frontiers in Ecology and the Environment 13: 394-395.

Metcalfe, C.D., Beddows, P.A., Gold, B.G., Metcalfe, T.L., Li, H., Van Lavieren, H. 2011.
Contaminants in the coastal karst aquifer system along the Caribbean coast of the Yucatan
Peninsula, Mexico. Environmental Pollution 159: 991-997. DOI:
10.1016/j.envpol.2010.11.031

Milledge, J.J., Harvey, P.J. 2016. Golden Tides: Problem or Golden Opportunity? The
Valorisation of Sargassum from Beach Inundations. Journal of Marine Science and
Engineering 4: 60. DOI: 10.3390/jmse4030060

Monagail, M.M., Cummins, E., Bermejo, R., Daly, E., Costello, D., Morrison, L. 2018.
Quantification and feed to food transfer of total and inorganic arsenic from a commercial
seaweed feed. Environment International 118: 314-324. DOI: 10.1016/j.envint.2018.05.032

Neuwirth, E. 2011. R package. Version 1.0-5. http://CRAN.R-
project.org/package=RColorBrewer.

Oyesiku, O.0., Egunyomi, A. 2014. Identification and chemical studies of pelagic masses of
Sargassum natans (Linnaeus) Gaillon and S. fluitans (Borgessen) Borgesen (brown algae),

Peer] reviewing PDF | (2019:11:43362:0:0:NEW 22 Nov 2019)



Peer]

443
444

445
446

447
448
449

450
451

452
453
454

455
456
457
458

459
460
461
462

463
464
465
466

467
468
469

470
471
472

473
474
475

476
477

478
479

480
481
482
483

found offshore in Ondo State, Nigeria. African Journal of Biotechnology 13:1188—-1193. DOI:
10.5897/AJB2013.12335

Péhlsson, A-M.B. 1989. Toxicity of heavy metals (Zn, Cu, Cd, Pb) to vascular plants. Water,
Air, & Soil Pollution 47: 287-319. DOI: 10.1007/BF00279329

Quiroz-Jiménez, J.D., Roy, P.D. 2017. Evaluation of geochemical data by two different XRF
spectrometers in sediments from the Santiaguillo Basin (state of Durango, Mexico). Geofisica
International 57: 305-315. ISSN 0016-7169

R Core team. 2019. R: A Language and Environment for Statistical Computing. R Foundation
for Statistical Computing, Vienna, Austria. https://www.R-project.org/

Reis, V.A.T., Duarte, A.C. 2018. Analytical methodologies for arsenic speciation in macroalgae:
A critical review. TrAC-Trends in Analytical Chemistry 102: 170—184. DOI:
10.1016/j.trac.2018.02.003

Rodriguez-Martinez, R.E., Medina-Valmaseda, A.E., Blanchon, P., Monroy-Velazquez, L.V.,
Almazan-Becerril, A., Delgado-Pech, B., Vasquez-Yeomans, L., Francisco, V., Garcia-Rivas,

M.C. 2019. Faunal mortality associated with massive beaching and decomposition of pelagic
Sargassum. Marine Pollution Bulletin 146: 201-205. DOI: 10.1016/j.marpolbul.2019.06.015

Rodriguez-Martinez, R.E., Ruiz-Renteria, F., van Tussenbroek, B., Barba-Santos, G., Escalante-
Mancera, E., Jordan-Garza, G., Jordan-Dahlgren, E. 2010. Environmental state and tendencies
of the Puerto Morelos CARICOMP site, Mexico. Revista de Biologia Tropical 58: 23—43.
ISSN 0034-7744

Rodriguez-Martinez, R.E., van Tussenbroek, B., Jordan-Dahlgren, E. 2016. Afluencia masiva de
sargazo pelagico a la costa del Caribe mexicano (2014-2015). In: Mendoza, E., Quijano-
Scheggia, S.I., Olivos-Ortiz, A., Nufiez-Vazquez, E.J. ed. Florecimientos Algales Nocivos en
Meéxico. CICESE, Ensenada, México, pp. 352-365.

Ruiz Huerta, E.A., Armienta Hernandez, M.A. 2012. Acumulacion de arsénico y metales
pesados en maiz en suelos cercanos a jales o residuos mineros. Revista Internacional de
Contaminacion Ambiental 28: 103—117.

Sathyam B., Indu, H., Seenivasan, R., Geetha, S. 2010. Influence of seaweed liquid fertilizer on
the growth and biochemical composition of legume crop, Cajanus cajan (L.) Mill sp. Journal
of Phytology 2: 50-63. ISSN: 2075-6240

Schell, J.M., Goodwin, D.S., Siuda, A.N.S. 2015. Recent Sargassum inundation events in the
Caribbean: Shipboard observations reveal dominance of a previously rare form.
Oceanography 28, 8—11.

SEDETUR. 2019. Indicadores Turisticos de Quintana Roo. México. Available at
https://qroo.gob.mx/sedetur/indicadores-turisticos (accessed October 8, 2019).

Spalding M, Burke L, Wood SA, Ashpole J, Hutchison J, zu Ermgassen P. 2017. Mapping the
global value and distribution of coral reef tourism. Marine Policy 82: 104—113.

Takahashi, K., Blackwelder, P.L. 1992. The spatial distribution of silicoflagellates in the region
of the Gulf Stream warm-core ring 82B: application to water mass tracer studies. Deep Sea
Research Part A. Oceanographic Research Papers 39: S327-S346. DOI: 10.1016/S0198-
0149(11)80018-X

Peer] reviewing PDF | (2019:11:43362:0:0:NEW 22 Nov 2019)



Peer]

484
485
486
487
488

489
490

491
492
493
494

495
496

497
498

499
500

501
502
503

504
505

506
507

508
509

510
511

512
513

van Tussenbroek, B.1., Hernandez-Arana, H.A., Rodriguez-Martinez, R.E., Espinoza-Avalos, J.,
Canizales-Flores, H.M., Gonzalez-Godoy, C.E., Barba-Santos, M.G., Vega-Zepeda, A.,
Collado-Vides, L. 2017. Severe impacts of brown tides caused by Sargassum spp. on near-
shore Caribbean seagrass communities. Marine Pollution Bulletin 122: 272-281. DOI:
10.1016/j.marpolbul.2017.06.057

Volesky, B., Holan, Z.R. 1995. Biosorption of heavy metals. Biotechnology Progress 11: 235—
250. DOI: 10.1021/bp00033a001

Wang, S., Cao, B., Abomohra, A.E-F., Hu, Y., Wang, Q., He, Z., Xu, S., Feng, Y., Bernard,
U.B., Jiang, X. 2018. Comparative study of combustion properties of two seaweeds in a batch
fluidized bed. Combustion Science and Technology 190: 755-769. DOI:
10.1080/00102202.2017.1407761

Wang, M., Hu, C., Barnes, B.B., Mitchum, G., Lapointe, B., Montoya, J.P. 2019. The great
Atlantic Sargassum belt. Science 365: 83—87. DOI: 10.1126/science.aaw7912

Warnes, G.R., Bolker, B., Bonebakker, L., Gentleman, R. 2009. gplots: Various R programming
tools for plotting data. R package version.

Weis, J.S. 1968. Fauna associated with pelagic Sargassum in the Gulf Stream. The American
Midland Naturalist Journal 80: 554-558. DOI: 10.2307/2423550

Whelan, T. III, van Tussenbroek, B.I., Santos, M.G.B. 2011. Changes in trace metals in
Thalassia testudinum after hurricane impacts. Marine Pollution Bulletin 62: 2797-2802. DOI:
10.1016/j.marpolbul.2011.09.007

Wickham, H. 2009. Elegant graphics for data analysis (ggplot2). Available at
http://had.co.nz/ggplot2/book

Wickham, H. 2018. Reshape. Version 0.8.8. Available at https://CRAN.R-
project.org/package=reshape

Wickham, H., Henry, L. 2017.Tidyr: Easily tidy data with’spread ()’and’gather ()’functions. R
package version 0.6, 1

Wickham, H., Frangois, R., Henry, L., Miiller, K. 2019. dplyr package. Version 0.8.3. Available
at https://cran.r-project.org/web/packages/dplyr/index.html

Yu, Y.V. 2007. Marine Algal Constituents. In: Barrow C, Shahidi F (eds). Marine Nutraceuticals
and Functional Foods. Press Boca Raton, Fl, USA. pp. 259-296.

Peer] reviewing PDF | (2019:11:43362:0:0:NEW 22 Nov 2019)



Peer]

Table 1l(on next page)

Samples information

Number of samples collected at eight sites along the Mexican Caribbean coast during

2018-2019. Habitat refers to distance from coast, shore (2-20 m from coast) or ocean (>5 km
from coast).
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Locality Habitat SfluIII SnatI Snat VIII Sargsp Total
1 - Contoy Island Ocean 4 4

2 - Blue waters Ocean 1 1 2

3 - Puerto Morelos Shore 9 9 9 27

4 - Cozumel Ocean 1 1 2 4

5 - Mahahual Shore 4 3 7

6 - Chinchorro Shore 1 1

7 - Xahuayxol Shore 6 6 12

8 - Xcalak Shore 3 2 6
Total 24 24 11 4 63

1 Sarg sp: Sargassum spp., Sflu Ill: Sargassum fluitans 111, Snat I: S. natans 1, Snat VIII: S. natans
2 VIIL

3
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Table 2(on next page)

Element concentrations median and range

Element concentrations (ppm DW) of pelagic Sargassum spp. tissue collected from eight
localities along the Mexican Caribbean coast between 2018 and 2019. The number of

samples with readings above LOD are expressed in % of the total sample size (n=63). LOD:
Limit of detection.
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Element LOD Samples with readings  Minimum Maximum Median
above LOD (%)

Al 140 58.7 <LOD 500 206
As 4 100 24 172 80
Ca 394 100 23,723 136,146 70,040
Cl 266 100 747 53,101 22,350
Cu 6 7.9 <LOD 540 <LOD
Fe 3 7.9 <LOD 11 <LOD
K 333 100 1,990 46,002 19,666
Mg 2915 92.1 <LOD 13,662 6,537
Mn 13 100 40 139 71
Mo 1 9.5 <LOD 7 <LOD
P 145 100 228 401 327
Pb 2 7.9 <LOD 3 <LOD
Rb 1 100 30 143 56

S 199 100 9,462 24,773 14,363
Si 342 100 447 2,922 1,767
Sr 6 100 1,605 2,564 1,890
Th 1 100 5 23 10
U 4 27 11 48 23
\% 3 60.3 <LOD 13 <LOD
Zn 5 12.7 <LOD 17 <LOD
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Table 3(on next page)

Elements concentrations in sargasso morphotypes

Median and range (in parenthesis) of elements (ppm DW) in three sargasso
species/morphotypes collected from eight localities along the Mexican Caribbean coast in
2018-2019. P values show summary of statistical analyses using Kruskal-Wallis H test (bold if

significant) and the last column shows results of multiple comparison test. LOD: limit of

detection.
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Element a) S. fluitans 111 b) S. natans 1

¢) S. natans P

Multiple comparison

(n=24) (n=24) VIII test
(n=11)

Al 221 198 <LOD 0.7341
(<LOD-392) (<LOD-500) (<LOD-327)

As 59 55 123 0.0213 c¢>b
(34-172) (32-172) (24-145)

Ca 76,727 81,965 43,289 0.0013 (a=b)>c
(46,599- (37,260- (23,723-75,849)
115,260) 136,146)

Cl 21,487 10,122 32,086 0.0111 c¢>b
(1,831-46,502) (747-46,485) (2,279-53,101)

K 19,466 14,309 32,900 0.0121 c¢>b
(3,620-44,280)  (1,990-39,642) (4,902-46,002)

Mg 6,376 6,385 6,883 0.5990
(2,062-12,325) (2,062-12,949) (2,062-13,662)

Mn 70 89 56 0.0019 b>(a=c)
(51-112) (52-139) (40-135)

P 336 328 300 0.0590
(229-401) (262-394) (228-350)

Rb 60 51 67 0.0071 c¢>b
(32-102) (30-143) (48-120)

S 14,341 12,776 16,231 0.1370
(11,328-24,773) (9,462-21,170) (12,449-19,500)

Si 1,861 2,095 1,049 0.0009 (a=b)>c
(927-2,877) (696-2,564) (447-2,135)

Sr 1,934 1,876 1,793 0.4375
(1,641-2,395)  (1,605-2,564)  (1,633-2362)

Th 10 8 9 0.3021
(5-17) (6-23) (8-20)

U 22 23 27 0.2321
(11-48) (12-47) (16-45)
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Table 4(on next page)

Element concentrations in different studies

Comparison of element concentration in sargasso from the Mexican Caribbean coast and

other studies in different parts of the world.
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Element Site (Year)

Nigeria? Dominican Republic® Ghana® Mexican Caribbean?
(2012) (2015) (2015) (2018-2019)
Al 303-4,188 <140-517
As 14-42 13-54 24-172
Ba 7-17 <36
Ca 96,901-133,400 23,723-136,146
Cd 0.1-0.3 78-119 <2
Cl 61-1353 747-53,101
Co 0.4-1 <11
Cr 2-56 <q
Cu 2-12 24-36 <6-540
Fe 8,700 = 280 20-655 1,209-5,910 <3-11
K 28,000 £ 740 2,208-33,602 1,990-46,002
Mg 42,750 +£ 3,500 10,211-18,241 <2915-13,662
Mn 16-32 40-139
Mo 0.6-3 <1-7
Ni 10-33 <10
P 96,500 £21,200 761-1,145 228-401
Pb 1-2 105-335 <2-3
Rb 0.3-10 30-143
Si 23,883-55,776 447-2,922
Sr 1,162-1,437 1,605-2,564
Th 0.04-0.4 5-23
Ti 37-92 <29
U 0.2-0.7 11-48
\% 1-3 <3-13
Y 40+ 0.0 0.1-0.8 <1
Zn 50+0.0 13-21 16-100 <5-17
Zr 8-34 <2

1 2 OQyesiku & Egunyomi, 2014 (mean and SD); ® Fernandez et al., 2017 (range); ¢ Dzama-Addico
2 & deFraft-Johnson, 2016 (range); ¢ This study (range)
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Figure 1

Sampling sites

Location of the sampling sites of sargasso along the Mexican Caribbean coast between

August 2018 and June 2019.

Peer] reviewing PDF | (2019:11:43362:0:0:NEW 22 Nov 2019)



PeerJ Manuscript to be reviewed

Mexico |
_ Do & ‘
£l  Yuca
=1 Peninsula
Caribbean
Sea

Z
=)
o
P 0 50 100kms
b I I
1 1 | I
88°0'0"W 86°0'0"W

Peer] reviewing PDF | (2019:11:43362:0:0:NEW 22 Nov 2019)



Peer]

Figure 2

Spatial variability in element concentrations

Concentration of fourteen most frequent elements (ppm algal DW) in tissues of sargasso
collected at eight sites along the Mexican Caribbean coast in 2018-2019. Note differences in
scale of the Y-axis. Each dot corresponds to the median of the five XRF readings per sample.
Color of the dot represents the sargasso species/morphotype. The horizontal black lines
correspond to the median for each site. The dotted blue line corresponds to the limit of

detection of the XRF equipment. Fig. 1 and Table 1 have the site and sample details.
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Figure 3

Temporal variability in element concentrations

Variability in concentration of fourteen different elements (ppm DW) in sargasso collected at
Puerto Morelos between August 2018 and April 2019. Z-score transformations were applied
to values of each element across all the sampling periods and their intensities above and
below the mean are represented on the heatmap by red and yellow colors respectively, as

shown on the color key bar.
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