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The floating Sargassum (Phaeophyceae) of the South Atlantic Ocean — likely
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AgsTrRACT: This study represents the efforts of a network of researchers to characterise the large, floating Sargassum
(Fucales, Phacophyceae) biomass that had reached the Brazilian coast in 2014 and 2015. Material collected during these
events was identified as Sargassum natans and S. fluitans using morphological characteristics; ITS2 sequences showed low
divergence (0%—3%) with sequences of nine other Sargassum species. Several epiphytic macroalgae, invertebrates and
fishes were associated with the floating Sargassum. Satellite images did not support the hypothesis of slicks moving south
from the Sargasso Sea in the northern Atlantic Ocean. This strengthens the hypothesis that there is a matrix of pelagic
Sargassum in the central Atlantic Ocean and that biomass accumulation should be considered a result of the combination
of physicochemical seawater conditions and biological interactions. The biomass accumulation of the stranded
Sargassum was estimated during four events, peaking in 98 kg m™> wet weight on a beach on the Amazonian coast. The
landing of huge Sargassum biomass represents a potential source of environmental stress, as it can lead to an increase in
oxygen demand and eventually synthesise and release chemical compounds with allelopathic properties. On the other
hand, these floating islands are a fundamental element of the biogeography and macroecology of tropical environments in
the Atlantic Ocean, providing connectivity south/north and east/west among marine biodiversity from Atlantic reef
environments. Studies concerning Sargassum effects on local communities are necessary for the proper management of

this phenomenon.
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INTRODUCTION

Floating Sargassum is well known since the 19th century
from the Sargasso Sea, a region in the northwestern Atlantic
Ocean occupying approximately 4,164,000 km? extending
between 22°-38°N and 76°-43°W and centred on 30°N and
60°W. The Sargasso Sea is formed by floating masses of
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Sargassum natans (Linnaeus) Gaillon and S. fluitans
(Borgesen) Borgesen (Butler et al. 1983; Guiry & Guiry
2016). The floating Sargassum provides substrate, shelter
and feeding grounds for invertebrates, turtles and fishes, of
which 10 species are endemic (Butler er al. 1983; Laffoley et
al. 2011). Due to their unequivocal evolutionary, ecological
and economic importance, conservation initiatives look to
protect this particular environment, especially in areas
beyond any national jurisdictions (Warner 2014). The
establishment of the Sargasso Sea Commission (http://
www.sargassoalliance.org) encourages and facilitates volun-
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tary collaboration toward the conservation of this environ-
ment in regard to its health, productivity and resilience.

The singular condition of the subtropical convergence
zone concentrates the main floating Sargassum patches from
the Gulf of Mexico to the open sea. These floating islands are
directed by surrounding currents (Sehein et al. 2014) that
also transport the Sargassum and the associated biota across
a broad area and to long distances, influencing and even
enhancing the dispersion process of marine organisms that
utilise them as rafts (Thiel & Gutow 2005; Luiz et al. 2015).
However, recent changes in patterns of surface currents may
be displacing this drifting environment to new regions,
offshore (Széchy et al. 2012; Gower et al. 2013; Moreira &
Alfonso 2013) and to coastal areas (Gavio et al. 2015).
Sargassum masses arriving on the coast may be a threat to
coastal environments, as biomass decomposition has nega-
tive effects on tourism activities as well as local fisheries
(Solarin et al. 2014). Furthermore, pelagic Sargassum
potentially brings rafter and associated species that are
exotic to different ecosystems, compromising their equilib-
rium (Ferreira et al. 2009).

Széchy et al. (2012) reported the first occurrence of
Sargassum masses offshore on the northern Brazilian coast
in July 2011 (Fig. 1). In the same year, pelagic Sargassum
reached the coast of western Africa, from Sierra Leone to
Ghana (Johnson et al. 2013; Smetacek & Zingone 2013), in
an unprecedented event named the ‘golden tide’. In April
2015, floating masses of Sargassum were observed arriving at
Fernando de Noronha Archipelago (03°50'S, 32°25'W), a
marine national park 345 km from the northeastern coast of
Brazil, coming from the eastern side of the South Atlantic
Ocean. Afterwards, an enormous amount of stranded
Sargassum was recorded in coastal regions of Brazil,
including Para (00°35’S, 47°17’"W) and Maranhdo (2°29’'S,
44°17'W) states. Slicks of Sargassum were also spotted next
to the Brazilian oceanic islands of Rocas Atoll (03°52'S,
33°48'W) and Sdo Pedro and Sdo Paulo Archipelago
(00°55’'N, 29°20'W), 230 km and 1000 km from the Brazilian
coast, respectively (Fig. 1). We have gathered information on
the unusual Sargassum biomass reaching the shores of the
South Atlantic, attempting to explain its origin, the main
environmental drivers and alternatives for management.

MATERIAL AND METHODS

Characterisation of Sargassum stranded on the Brazilian
shore was provided by a network of researchers. Collected
ramets were identified based on their external morphology
available descriptions of floating using Sargassum (Taylor
1960; Szechy et al. 2012; Camacho et al. 2014). For
morphological analysis, material was fixed in 4% formalde-
hyde. Specimens were deposited in the Herbarium FLOR at
the Federal University of Santa Catarina, Brazil
(FLOR60200, FLOR60201, FLORG60203, FLOR60204,
FLORG60205), and in the Herbarium HUNI at the Federal
University of Rio de Janeiro state (HUNI4201, HUNI4202,
HUNI4498, HUNI4499). For molecular analysis, Sargassum
specimens were cleaned by the removal of epiphytes and
associated fauna and stored in silica gel. Specimen data,
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Fig. 1. Atlantic Ocean map and main oceanic currents. The numbers
represent the chronological occurrence of floating Sargassum. 1.
Sargasso Sea (Gavio & King 2011); 2. Offshore northern Brazilian
coast (Széchy et al. 2012); 3. Sierre Leone to Ghana (Johnson et al.
2013); 4. San Andrés (Gavio et al. 2014); 5. Fernando de Noronha
Archipelago (present study); 6. Rocas Atoll (present study); 7.
Maranhido (present study); 8. Para (present study); 9. Sdo Pedro e
Sdo Paulo Archipelago (present study). CC, Caribbean Current;
EUC, Equatorial Undercurrent; GS, Gulf Stream; NAD, North
Atlantic Drift; NBC, North Brazil Current; NEC, North Equatorial
Current; NECC, North Equatorial Countercurrent; SEC, South
Equatorial Current.

including voucher number, sampling locations and GenBank
accession numbers, are located in supplementary data Table
S1. Epiphytic macroalgae and associated fauna were
identified in the field.

DNA was extracted with the NucleoSpin Plant II kit
(Macherey-Nagel, Diiren, Germany) according to the
manufacturer’s protocol. Molecular markers were PCR-
amplified in a final volume of 50 ul: 1X PCR buffer, 1.5 mM
MgCl,, 0.2 mM of each ANTP, 0.2 mM of each primer, 5-10
ng of total DNA and 1.25 U Tag DNA polymerase
(Invitrogen, Carlsbad, California USA). Amplifications of
ITS2 were performed using the primers 5.8S-BF
(5CGATGAAGAACGCAGCGAAATGCGAT 3’) and
25BR-2 (5TCCTCCGCTTAGTATATGCTTAA 3'), de-
scribed in Yoshida et al. (2000). The cycle used was 94°C
for 2 min, 35 cycles at 94°C for 20 s, 55°C for 30 s, 72°C for
30 s, and a final extension at 72°C for 10 min in a gradient
thermal cycler (Techne TC-512, TechgeneTechne, Burling-
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ton, Ontario, Canada). Amplified products were purified
with the GFX PCR and Gel Band Purification DNA kit (GE
Healthcare, Buckinghamshire, UK) according to the manu-
facturer’s protocol. Sequencing reactions were performed
with BigDye Terminator v3.1 Sequencing Kit (Applied
Biosystems, Carlsbad, California USA) according to the
manufacturer’s protocol using the same PCR primers.
Samples were sequenced on the automatic DNA sequencer
ABI 3730 Genetic Analyzer (Applied Biosystems).

ITS2 sequences were assembled in BioEdit v7.1 (Hall
1999). Consensus sequences were aligned under MUSCLE
v3.8.31 (Edgar 2004) on SeaView v4.2 (Gouy et al. 2010).
Fifty-nine consensus sequences were assembled in a matrix
of 618 base pairs, excluding PCR primers, from which 11
samples were from Brazil (Table S1). Neighbour-joining
analysis was run in Seaview v4.2 with 1000 bootstrap
replicates. Model evolution for the alignment was performed
in jModelTest v2 (Darriba et al. 2012), and the selected
model was GTR+G, G = 0.5809 [nucleotide frequency
(0.1614 0.2455 0.3538 0.2394), rate matrix (3.3349 5.9266
1.7475 0.6499 5.9118 1.0000)]. Maximum likelihood analysis
was performed in PhyML v3.0 (Guindon et al. 2010) with
100 bootstrap replicates. FigTree v1.3.1 (Rambaut 2009) was
used to assemble the phylogenetic tree. Sargassum thunbergii
(Mertens ex Roth) Kuntze from Japan was used as the out-
group. Genetic pairwise distance was calculated in MEGA
v6.0 (Tamura et al. 2011) (Table S2).

The stranded Sargassum at Atalaia beach, northeastern
Amazonian coast (0°35'32”S, 47°18'30"W) was estimated
during four events of massive accumulation: 3 and 24 May
2014 and 16 April and 9 May 2015. Trucks from the
Salinopolis municipality removed the algae during the 2014
events. The volume of each truckload was multiplied by the
number of removals to obtain the whole algal volume.
During 2015, we used the following transect method: during
the low tide, a 1-m? square was placed inside seven
perpendicular transects (from the upper littoral to the water)
with a distance of 30 m from each other. The distance
between each transect was 600 m, and the number of
analyzed squares in each transect depended on the beach
width (4-10 squares). All the algae inside the squares were
rinsed in seawater to remove the sand before weighing.

Blades and lateral branches (n = 60) were individually
measured and weighed after air-drying for 5 min to calculate
a volume—wet weight regression equation. A wet—dry weight
regression was also calculated after drying the blades and
branches at 65°C for 48 h. The total volume (V) obtained
from the truckloads during the 2014 strandings as converted
to wet weight (Ww) through the following equation:

Ww = 1.1605V + 1.2183 (> = 0.9647).

The wet weight was converted to dry weight (Dw) by the
following equation:

Dw = 0.132Ww + 0.1301 (> = 0.9645).

In order to assess the origin of Sargassum that arrived off the
Brazilian coast, images were obtained from 1 to 10 March
and from 1 to 10 April 2015 by the Moderate Resolution
Imaging Spectroradiometer (MODIS). MODIS Aqua 250m
level 1 radiance images (band 1, 645 nm; band 2, 859 nm)

were downloaded from NASA Ladsweb. The specified area
was 10°N-10°S and 50°W-30°W with considerable overlap
beyond this.

The oceanographic characteristics were evaluated using a
NOAA data bank [surface current: data from January to
April 2015, http://www.oscar.noaa.gov; sea surface temper-
atures (SST): data from 1 March to 1 May 2015; http://www.
coralreefwatch.noaa.gov/satellite/bleaching5Skm/index].

RESULTS

Sargassum natans and S. fluitans were morphologically
identified among the algae collected from Para, Fernando
de Noronha and Sao Pedro and Sao Paulo Archipelago.
Based on ITS2 sequences, samples from Brazil grouped in a
strongly supported clade with almost all the Atlantic
Sargassum species (Fig. 2). Two Brazilian samples (Sargas-
sum sp. MTS14 and Sargassum sp. MTS29) from benthic
populations, from Rio de Janeiro state, were also genetically
similar to the drift material that arrived in Brazil. Genetic
distances within clade A, which grouped different species
from the western Atlantic Ocean, were very low (0%—3%;
Table S2). The ITS2, commonly used as a marker for
Sargassum species (Camacho et al. 2014; Mattio et al. 2008),
was not variable enough to distinguish among closely related
Sargassum species or different Brazilian populations. So, the
identification of Sargassum to species level based on
morphological features is questionable. Because of the
discrepancy between morphological data and molecular
biological data, the material included in Table 1 is given as
Sargassum sp. Deeper analyses have to be done that consider
more samples from other localities and other genetic
markers.

Epiphytes that were identified included Oscillatoria sp.
(Cyanobacteria), Sphacelaria tribuloides Meneghini (Phaeo-
phyceae), Cladophora sp. (Chlorophyta), Ceramium spp. and
Pneophyllum fragile Kitzing (Rhodophyta). The inverte-
brates, Portunus sp. (Decapoda) and Lepas sp. (Peduncula-
ta), and the fish, Canthidermis maculate (Bloch 1786), were
identified in material from Fernando de Noronha Archipel-
ago. The latter species is a new record for the locality
(Floeter et al. 2008).

Total biomass from the Atalaia beach in dry weight was
23.1 and 30.8 tons for the 2014 events and 179.62 and 121.64
tons for 2015, confirming the intensity of the algal bloom
during 2015 along the northern Brazilian coast. Because of
its location in the far north, around 1400 and 1843 tons of
Sargassum spp. wet weight were stranded on 16 April and 9
May 2015, respectively, on the Atalaia beach.

Satellite images from 1 to 10 March show no evidence of
Sargassum moving outside the prospected area (Figs 3-12).
Images from 1 to 10 April show higher concentrations, with
many slicks in an area centralised at 10.6°N and 50.7°W
(Figs 13, 14).

The SST from 26 March to 1 May 2015, a period in which
the floating Sargassum were observed on the Brazilian coast,
showed temperatures higher than the average from January
to May of the same year (Fig. S1). Surface current data for a
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Clade A

60/-

67/64
60/~ M1 KM461676 S hystrix LAF04292 Gulf of Mexico USA
62/-

KM461681 S polyceratium LAF03947 Panama
KM461679 S natans LAF06437 Gulf of Mexico USA
KM461678 S natans LAF06919 Gulf of Mexico USA
KM461675 S fluitans LAF06920 Gulf of Mexico USA
KM461674 S fluitans LAF04276 North Carolina USA
KM461673 S filipendula LAF04275 North Carolina USA
KM461672 S filipendula LAF04256 Panama
Sargassum sp MTS14 Rio de Janeiro Brazil
Sargassum sp MTS29 Rio de Janeiro Brazil
Sargassum sp 03 Fernando de Noronha Brazil
Sargassum sp 06 Fernando de Noronha Brazil
Sargassum sp 07 Fernado de Noronha Brazil
Sargassum sp 533 Fernando de Noronha Brazil

Sargassum sp SF01 Para Brazil

Sargassum sp SD04 Para Brazil

Sargassum sp SD02 Para Brazil

Sargassum sp SF04 Para Brazil
| ; KM461677 S hystrix LAF04131 Gulf of Mexico USA

‘| KM461680 S polyceratium LAF04105 Panama
KM461671 S filipendula LAF04106 Panama
Sargassum sp Maranhao Brazil
KF437938 S filipendula LAF04288 Colombia
KF437936 S cymosum LAF04290 Colombia
KF437935 S cf cymosum Colombia
KM461682 S cf polyceratium Puerto Rico
KF437939 S cymosum LAF06609 Colombia
KF437940 S cymosum LAF06610 Colombia
KF437941 S stenophyllum LAF06611 Colombia
KF437942 S polyceratium LAF04291 Colombia
KF437945 S giganteum LAF06605 Colombia
KF437943 S cymosum LAF06613 Colombia

08/94 | KF437944 S cf cymosum Colombia

100/87 KF437947 S giganteum LAF04289 Colombia
KF437946 S giganteum LAF06607 Colombia
AB043667 S yendoi Japan

92/89 ' AB043617 S piluliferum Japan

95/-
81/76

AB043614 S duplicatum Japan
ABG674955 S glaucescens Japan
HF572062 S spinuligerum Iran
HF572063 S spinuligerum Iran

HF572057 S binderi Iran

AB043613 S stolonifolium Malaysia

100/99 [

AB043666 S patens Japan

KM461684 S pteropleuron LAF06917 Florida USA
KM461683 S pteropleuron LAF06913 Florida USA

83/- KF437950 S schnetteri LAF04287A Colombia

ABO043565 S ringoldianum Japan
AB043566 S ringoldianum Japan
AB043608 S giganteifolium Japan
AB043575 S autumnale Japan
' ABO043569 S horneri Japan
AB043570 S fulvellum Japan
76/ %— AB043572 S fulvellum Japan
AB043571 S fulvellum Japan
99/85 [ AB043577 S hemyphillum Japan
AB043576 S hemiphyllum Japan
AB043573 S thunbergii Japan

79/- 78/-

0.02

94/- " KF437949 S schnetteri LAF06612 Colombia

Fig. 2. Maximum likelihood phylogram based on ITS2 data set. Numbers on branch nodes are maximum likelihood/neighbour-Joining
bootstrap values. Scale bar represents the number of substitutions. Names in bold are sequences from material collected in Brazilian waters.
Sequences of the Panama and Colombia materials are from the Atlantic side.

5-d interval, centred on 2 April 2015, revealed a weak (~ 0.2
m s ') South Equatorial Current (Fig. S2).

DISCUSSION

The absence of slicks moving from north to south strengthens
the hypothesis of a matrix of pelagic Sargassum in the South
Atlantic (Figs 3-14). Gower & King (2011), based on seven
consecutive years of satellite mapping of pelagic Sargassum,
revealed that the algae in the Gulf of Mexico do not come
from the Sargasso Sea, as previously thought. These authors
suggested that the southern matrix of Sargassum originates in
the Gulf of Mexico, spreading over the Atlantic Ocean.

Latter, Smetacek & Zingone (2013) proposed that these
rafters had developed off the northern Brazilian coast, north
of the Amazon River mouth, from where they moved east to
west through the Southern Equatorial Current, eventually
stretching from shore to shore.

An alternative hypothesis to explain the accumulation of
this biomass should also be considered as a combination of
physicochemical seawater conditions and biological interac-
tions. Warmer SST (Fig. S1) combined with nutrient-
enriched oceans, due to continental runoff, with urban and
agroindustrial sources, can provide maximum growth rates
leading to eventual blooms (Cronin & Hay 1996; McCook
1999). The low pressure of herbivory in open waters may
favour the maintenance of floating biomasses. Additionally,
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Figs 3-8. Satellite images from 10°N—10°S and 50°W-30°W suggest no evidence of Sargassum moving outside the North Atlantic Ocean.
Figs 3, 4. Images of an area about 180 km across centred at 5.2°N and 32.4°W on 2 April 2015 showing open water with cloud and haze.
Sargassum patches are faintly visible in Fig. 1 (band 1, 645 nm) and more visible in Fig. 2 (band 2, 859 nm).

Figs 5-8. Band difference images of an area about 180 km across centred at 5.2°N and 32.4°W on 2 April 2015 showing patterns of

Sargassum slicks, cloud and haze.
Fig. 5. With bands of equal weight.
Fig. 6. Band 1 multiplied by 1.1.
Fig. 7. Band 1 multiplied by 1.2.
Fig. 8. Band 1 multiplied by 1.4.

it should be stated that alterations in surface circulation
patterns in the Atlantic (Beal et al. 2011) could be
responsible for the observed Sargassum strandings in 2015
in new areas. The relative changes in the South Equatorial
Current, based on satellite observations and data from
PIRATAS buoys of previous years, as well in the surface
winds, could permit the accumulation of Sargasso Sea algae
to drift to new areas. Eventually, the combination of all
above hypotheses results in the Sargassum phenomenon that
is changing many key environments in Africa and South and
Central America (Lyons et al. 2014; Martins et al. 2016).

A second explanation is that these algal rafts were or are
being produced along the West African coast. The alternative
hypothesis of Sargassum originating from the Mexican coast
should be considered with caution, as we did not observe
evidence of drift from north to south in the event of 2015. The
occurrence of a similar phenomenon in Ghana in the summer
of 2014 (Johnson et al. 2013), with similar composition, can be
explained by the existence of a Sargasso Sea in low latitudes
(Smetacek & Zingone 2013). However, the source of this

phenomenon is still unknown, and the connection among
these events requires more information; this may be provided
by a molecular biology study of Sargassum from each locality.
Future studies should attempt to use more variable molecular
markers, such as microsatellites, to elucidate the origin of
floating Sargassum in the South Atlantic.

Considering the huge biomass of these floating Sargassum
islands, their presence in shallow areas can be an additional
source of environmental stress, as they can produce similar
impacts as red and green tides in eutrophic waters (Anderson
1989; Smetacek & Zingone 2013). These masses can prevent
irradiance, increase oxygen demand and eventually synthe-
sise and release chemical compounds with allelopathic
properties (Bazes et al. 2009).

The management of Sargassum biomass should be
considered with caution since these communities have
ecological, evolutionary (Suarez-Castillo et al. 2013) and
economic (Kirkman & Kendrick 1997) importance, and its
complete suppression can cause negative impacts with
unknown consequences to related communities. Evaluations
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Figs 9-12. Band difference images of an area about 180 km across centred at 5.6°N and 34.7°W on 2 April 2015 showing patterns of

Sargassum slicks, cloud and haze.
Fig. 9. With bands of equal weight.
Fig. 10. Band 1 multiplied by 1.1.
Fig. 11. Band 1 multiplied by 1.2.
Fig. 12. Band 1 multiplied by 1.4.

Figs 13, 14. Band difference images of an area about 180 km across centred at 7.3°N and 36.0°W on 2 April 2015 showing patterns of

Sargassum slicks, cloud and haze.
Fig. 13. With bands of equal weight.
Fig. 14. Band 1 multiplied by 1.1.

accomplished in the Caribbean showed that there is not a
single approach to correct management, and local discus-
sions should be accomplished that reflect socioenvironmental
perspectives. Therefore, an environmental monitoring plan
has to be drawn that considers the functioning resilience of
local systems and preserves the ecological and evolutionary
role of the Sargasso Sea dynamic. O, concentration and the
abundance of biomass washed ashore should be managed
until dissolved O, in shallow areas has been normalised.
Agencies in the Caribbean (both governmental and nongov-
ernmental), where the phenomenon is older and occurs more
frequently, emphasise the importance of managing each site
affected by Sargassum. They recognize the need for
appropriate management based on its natural characteristics,
and includes impact on tourism and fishing (Hinds ez al.
2016). Governments located in the South Atlantic (South
America and Africa) should invest in a long-term monitoring
program covering all Atlantic-affected nations. Joint multi-

national efforts can transform the current environmental
crisis into opportunities for the scientific community as well
as for different sectors of the global economy. This
highlights the importance of preserving the goods and
services that floating Sargassum likely provides to the long-
term resilience of biodiversity in the Atlantic Ocean.
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