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ABSTRACT 

 

Biodiversity and life in the oligotrophic Sargasso Sea are sustained by the free-floating 
macroalgae, Sargassum. Consisting of two species, S. fluitans and S. natans, pelagic Sargassum 
provides food, nutrients, and habitat to a diverse array of marine organisms. These two species 
are classified further into genetically distinct morphological forms, with S. fluitans III, S. natans 
I, and S. natans VIII being the most common in the Western North Atlantic. Since 2011, pelagic 
Sargassum populations have been shifting, delivering the previously rare morphotype, S. natans 
VIII, to Caribbean beaches in unprecedented quantities. These inundation events are detrimental 
to local fisheries, tourism, and coastal ecosystems. Developing efficient and cost-effective 
genetic tools to differentiate the three forms is imperative for studying morphotype distribution 
and the forces driving Caribbean inundation events. In our field-based study, we designed novel 
genetic primers to target two regions of the Sargassum mitochondrial genome, the cytochrome 
oxidase subunit 3 (Cox3) and NADH dehydrogenase subunit 6 (Nad6) to assess their efficacy to 
function as genetic markers. Both primers successfully differentiated the three morphotypes with 
varying accuracies (~89% for Cox3 and ~69% for Nad6) but have limitations in their 
applications. We also examined morphotype distribution patterns and found the highest 
concentrations of Sargassum in the Antilles Current and South Sargasso Sea, and overall density 
in both regions was comprised primarily of S. natans I and S. fluitans III. An examination of 
algal growth data indicated that S. natans VIII was older than other forms, which supports the 
hypothesis of a new Sargassum growth region in the tropics fueling inundation events. 
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INTRODUCTION 

 

Since 2011, Sargassum, a holopelagic yellow-brown macroalgae, has been recurrently 

inundating Caribbean shores. These inundation events, also called “golden tides,” result in large 

accumulations of Sargassum that engulf beaches and coasts, threatening local economies, 

tourism, fisheries, harbors, turtle nesting, and biodiversity (Maurer et al. 2015). The first major 

inundation event occurred during 2011-2012, the second during 2014-2015, and the most recent 

again in 2018, signaling to scientists and coastal communities alike that Sargassum distribution 

patterns were shifting. Historically, Sargassum, with its characteristic primarily oxygen-filled 

pneumatocysts, has been found floating between 20°N and 40°N latitude and from the Gulf 

Stream to 30°W longitude, with its highest concentrations suspended throughout the center of the 

North Atlantic Subtropical Gyre in a region called the Sargasso Sea (Parr 1939, Dooley 1972, 

Butler et al. 1983, Butler and Stoner 1984, South Atlantic Fishery Management Council 1998). 

The Sargasso Sea, unlike any other sea on Earth, is not defined by coastlines but by the currents 

that form the gyre: the Gulf Stream and Azores Current to the north, the Canary Current to the 

east, and the Antilles and North Equatorial Currents to the south. Because these currents are so 

dynamic and Sargassum is native to this region, several boundaries of the Sargasso Sea have 

been suggested, typically using a combination of oceanic circulation and Sargassum distribution 

to draw the lines (Ryther 1956, Butler et al. 1983, Coston-Clements et al. 1991). The most recent 

and comprehensive delineation of the Sargasso Sea, which was created for international 

conservation and management applications, offers a model that excludes all exclusive economic 

zones (EEZs) except Bermuda’s and considers not only historical Sargassum distribution but 
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also physical, biological, and chemical oceanographic characteristics (Figure 1, Ardron et al. 

2011, unpublished). This model was proposed by the Sargasso Sea Alliance and since then 

adopted in the Sargasso Sea Commission’s latest management report, encompassing 

approximately 4,163,499 km2 of ocean waters for international protection (Laffoley et al. 2011).   

 
 

Figure 1. Boundaries of the Sargasso Sea defined by the Sargasso Sea Alliance for international management and 
conservation (Ardron et al. 2011, unpublished). 

 

Although pelagic Sargassum only accounts for a small portion of the total primary 

production in the North Atlantic, it forms, in the otherwise oligotrophic waters of the Sargasso 

Sea, an essential structural habitat and spawning ground for a diversity of marine life. These 

habitats range in size from fist-sized, scattered clumps to wide mats or long windrows (Figure 2) 

that can form assemblages stretching over 100 miles (Carr 1987). Over 145 invertebrate species 

and 127 fish species, both adult and juvenile, seek habitat or refuge within while also providing 

nutrients for Sargassum (Butler et al. 1983, Coston-Clements et al. 1991, Lapointe 1995). 

Several commercially important species, including the white marlin (Tetrapturus albidus), blue 
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marlin (Makaira nigricans), American eel (Anguilla rostrata), and European eel (Anguilla 

anguilla), spawn in Sargassum, while several endangered or critically endangered turtle species, 

including green turtles (Chelonia mydas), loggerhead turtles (Caretta caretta), hawksbill turtles 

(Eretmochelys imbricate), and Kemp’s Ridley turtles (Lepidochelys kempii), use pelagic 

Sargassum as a nursery habitat during their “lost years,” the nearly decade of time after a turtle 

hatches and travels out to sea before returning to coastal waters as a large juvenile (Carr 1987, 

Schwartz 1988, Manzella et al. 2011, South Atlantic Fishery Management Council 2002, 

Luckhurst et al. 2006, Bolden et al. 2007). Additionally, there are 10 known endemic species to 

pelagic Sargassum: the sargassum swimming crab (Planes minutes), sargassum shrimp 

(Latreutes fucorum), sargassum nudibranch (Scyllea pelagica), sargassum frogfish (Histrio 

histrio), sargassum pipefish (Syngnathus pelagicus), sargassum anemone (Anemonia 

sargassensis), sargassum snail (Litiopa melanostoma), a marine flatworm Hoploplana grubei, 

and two amphipods, Sunampithoe pelagica and Biancolina brassicacephala (Dooley 1972, 

Coston-Clements et al.1991).  
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Figure 2. A Sargassum windrow, formed by Langmuir circulations, seen in the South Sargasso Sea on April 27, 
2018. 

 

 Given the uniqueness of these rich floating habitats, the extent and patterns of Sargassum 

distribution have fascinated scientists since the early 1930s. The first major attempts at 

quantifying Sargassum abundance and distribution involved a two-year study from 1933 to 1935 

and a four-year study, several decades later, from 1977-1981 (Parr 1939, Stoner 1983). Stoner 

sampled along a similar route as Parr and found a significant decrease in Sargassum biomass 

over the approximately 40-year period (Stoner 1983). He speculated that the forces driving this 

decrease likely had anthropogenic roots, such as increased levels of pollutants in the ocean. 

However, another estimation in 1984 suggests that there was no overall significant decrease in 

biomass and Stoner’s observations were likely a result of natural variation (Butler and Stoner 

1984). 
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The recent Caribbean inundation events has sparked a particular interest in mapping 

large-scale Sargassum seasonal distribution and origins. Because satellites can detect floating 

vegetation with infrared light on a more global scale, many researchers have turned to remote 

sensing to create models and algorithms for Sargassum distribution and growth (Gower and King 

2011, Gower et al. 2013, Johnson et al. 2013, Franks et al. 2016, Wang and Hu 2016, Brooks et 

al. 2018, 2019). Gower and King (2011) used satellite imagery data (2002-2008) from the 

European Space Agency (ESA) Medium Resolution Imaging Spectrometer (MERIS) optical 

sensor and made the first map of Sargassum distribution in the Gulf of Mexico and Western 

North Atlantic. They identified a Sargassum source region in the Northwest Gulf of Mexico in 

which the algae grow annually between March and June until advection carries it to the Atlantic 

beginning in July (Gower and King 2011).  

Since the 2011 inundation event, other studies have identified a new Sargassum source 

region considerably farther south (Gower et al. 2013, Johnson et al. 2013, Franks et al. 2016, 

Putnam et al. 2018, Brooks et al. 2018). Johnson et al. (2013), using a backtracking model, 

suggested that the Sargassum associated with the 2011 inundation event originated in the North 

Equatorial Recirculation Region (NERR). Other researchers, using synthetic particle tracking 

experiments, have additionally identified the North Brazil Current System (NBCS) as central in 

transporting Sargassum from the equatorial Atlantic to the Caribbean during inundation events 

(Putman et al. 2018). Similarly, Franks et al. (2016) found Sargassum transport pathways from 

the Western Tropical Atlantic to the Caribbean, and Brooks et al. (2018), in addition to the 

western Gulf of Mexico, likewise found that the Western Tropical Atlantic is responsible for 

fostering seasonal Sargassum growth.  



 

 

6 

While this new two-source hypothesis is well-supported, there is debate in whether a 

return pathway for Sargassum exists from the Sargasso Sea back to tropics. Modeling by both 

Johnson et al. (2013) and Franks et al. (2016) suggested that Sargassum is unable to return to 

these equatorial regions. A new model, however, suggests that inertia can increase Sargassum 

transport up to 20%, enough to create a return pathway to the tropics from the Sargasso, but no 

additional work has confirmed this hypothesis (Brooks et al. 2019).  

Other researchers have used remote sensors to quantify and predict Sargassum 

distribution overtime. Wang and Hu (2016) used the Moderate Resolution Imaging 

Spectroradiometer (MODIS) to conduct a hindcast analysis of Sargassum abundance 

observations from 2000-2016 and revealed that Sargassum coverage patterns began increasing 

starting in 2011 and were significantly higher than ever before in 2014- 2015. A year later, Wang 

and Hu (2017) developed probability maps capable of predicting blooms with over 80% 

accuracy. While it remains an invaluable tool, satellite technology does not encapsulate a 

comprehensive story of Sargassum distribution. It leaves out patterns and composition at a 

species level, something only field sampling can explain.  

Pelagic Sargassum consists of two species, Sargassum fluitans and Sargassum natans. 

Setting them apart from other seaweeds, both species are sterile and reproduce solely by 

vegetative fragmentation (Butler et al. 1983). As uncovered by Parr’s fieldwork in the 1930s, 

within each species, there are distinct morphological forms, or morphotypes: S. natans I, II, VIII, 

IX and S. fluitans III, X, with S. natans I and S. fluitans III being most abundant (Parr 1939). 

Currently, the three most common morphotypes in the Western North Atlantic, and those 

targeted for this study, are S. fluitans III, S. natans I, and the previously rare S. natans VIII 

(Figure 3).  
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Figure 3. The three most common pelagic Sargassum morphotypes in the Western North Atlantic, S. natans I, S. 
natans VIII, and S. fluitans III.  

 

Parr’s (1939) patterns of morphotype relative abundance held true until recently when 

Schell et al. (2015), in response to the 2014 and 2015 Caribbean inundation events, found from 

field observations that concentrations of S. natans VIII  were the highest that they had been in 

about 20 years throughout the Antilles Current, Eastern Caribbean, and Western Tropical 

Atlantic. Schell et. al (2015) found that S. natans VIII dominated the tropics, while S. fluitans III 

dominated the South Sargasso Sea. Additionally, Amaral-Zettler et al. (2016) identified S. natans 

VIII as the morphotype responsible for the Caribbean inundation events. These findings are 

consistent with the two-source hypothesis, but more importantly they add clarity by identifying 

exactly which morphotype is growing in the Western Tropical Atlantic and inundating the 

Caribbean.   

The culmination of all current satellite, field, and genetic research emphasizes three 

important points: 1) Sargassum distribution and populations shifting even at a morphotype-level, 

2) a new Sargassum source region exists, fueling inundation events and delivering a previously 
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rare morphotype to the Caribbean in unprecedented amounts, and 3) a comprehensive 

understanding of Sargassum distribution necessitates a combination of satellite technology and 

field observations. In order to accomplish the latter and make accurate Sargassum morphotype 

identifications in the field, we must develop efficient and cost-effective methods for 

differentiating the three forms. Genetic tools are the most useful because morphological 

identifications of Sargassum morphotypes can be both subjective and challenging, due in part to 

the similarities between S. fluitans III and S. natans VIII, discrepancies in the literature regarding 

differentiating morphological features, as well as the ambiguity and variability in morphological 

traits (Amaral-Zettler et al. 2016, Figure 4) 

 
Figure 4. Morphologically ambiguous dried specimens from the North Sargasso Sea (bottom) against the three 
morphotypes (top).  

 

Genetic analyses of pelagic Sargassum is a recent development in the field of molecular 

ecology. In fact, up until 2016, scientists were still unsure whether the three morphotypes were 
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even genetically distinct. When Amaral-Zettler et al. (2016) generated full mitochondrial 

genomes and partial chloroplast genomes of S. fluitans III, S. natans I, and S. natans VIII, they 

found that all three were genetically distinct, and for the first time ever we had molecular 

confirmation of Parr’s findings from the 1930s. Specifically, the authors found consistent 

sequence differences between S. natans I and VIII (seven base pairs out of 34,727) as well as a 

close phylogenetic relationship between S. fluitans III and S. natans I and VIII (Amaral-Zettler et 

al. 2016). In the mitogenome of S. natans I and VIII, Amaral-Zettler et al. (2016) found single 

nucleotide polymorphisms (SNPs) in five protein-coding genes: ribosomal protein L5 (rpl5), 

ribosomal protein S19 (rps19), ribosomal protein S13 (rps13), cytochrome oxidase subunit 3 

(Cox3), and NADH dehydrogenase subunit 6 (Nad6). Genetic tools have the potential to enhance 

field-based questions, such as those about sub-taxonomic Sargassum diversity, abundance, and 

distribution over time, by confirming morphological identifications. In particular, genetic 

markers that can delineate the morphotypes are especially useful because they provide 

molecularly supported data at a cost much lower than sequencing the entire genome.  

In this study, we designed novel molecular primers to amplify the two mitochondrial 

regions identified by Amaral-Zettler et al. (2016), Cox3 and Nad6, to investigate (1) how 

effectively these markers could differentiate the three morphotypes and (2) how patterns of 

Sargassum distribution compared across morphotypes and regions– the Antilles Current, South 

Sargasso, and North Sargasso. Our study is the first to use molecular data to address questions of 

Sargassum morphotype distribution in the field. Our work will help further develop the pelagic 

Sargassum genetic toolkit and provide an update on morphotype distribution since Schell et al. 

(2015). With evidence of recent shifts in Sargassum distribution and a new source region 

delivering a previously rare form to the Caribbean, it remains imperative that we develop 



 

 

10 

accurate and cost-effective molecular tools that can differentiate the three morphotypes so 

scientists and coastal communities have a means to monitor Sargassum distribution and address 

questions regarding inundation events.   
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METHODS 

Field Sampling 

Sargassum samples were collected at 47 stations during a Sea Education Association 

(SEA, Woods Hole, Massachusetts, USA) research cruise (C279, 2018) through the Antilles 

Region, Sargasso Sea, and North Atlantic Ocean from April 18 to May 24, 2018 (Figure 5).  

 
Figure 5. Sea Education Association (SEA, C-279) cruise track from Nassau, Bahamas to St. George’s, Bermuda 
and New York City, NY.  

 

During daily morning stations at approximately 0900, we used a 333.0 µm mesh dip-net 

to collect Sargassum, with the intent of collecting at least one sample for each of the three forms 

(S. natans I, S. natans VIII, and S. fluitans III) and one form per dip-net in isolated clumps or 

fragments. We used opportunistic dip-net sampling in order to maximize the number of samples 

of each morphotype for genetic marker testing. In addition, we collected Sargassum samples via 

Neuston tows (1.0 m wide × 0.5 m high, 333 μm mesh net), which were deployed twice per day 
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at approximately 1130 and 2300, for a total of 41 tows (Figure 6). The net was towed over the 

surface at approximately two knots for 20 or 30 minutes, with a goal of maintaining an average 

height of the surface water line at the center of the net opening. For all sampling techniques, 

Sargassum clumps were assigned a morphotype identification using the morphological attributes 

established by Parr (1939) and those used in morphotype distribution analyses were later 

confirmed with molecular techniques. 

 

 
Figure 6. Neuston tow sampling of Sargassum from the SSV Corwith Cramer.  
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Molecular Analysis 

A 5-10 cm piece of the newest growth was clipped from each Sargassum sample, scraped 

clean of epibionts, and then placed in silica desiccant for at least 48 hours. Once sufficiently 

dried, 3-4 dried leaves were ground into a homogenized powder with a disposable pellet pestle in 

a 2 ml microcentrifuge tube to begin the extraction process. Deoxyribonucleic acid (DNA) was 

extracted with the MoBio DNeasy Power Plant Pro Kit (Carlsbad, CA, USA) and a modified 

version of the manufacturer protocol was used. This method mirrored Wilson et al. (2016) to 

replace the step of bead beating and an extra 24-hour incubation period. The extracted DNA was 

purified according to manufacturer protocols with the MoBio DNeasy Power Clean Pro Kit 

(Qiagen Ltd., Crawley, UK).  

The Cox3 mitochondrial gene was targeted using novel primers (Cox3KAWF: 5’-

TCGAATCCTATCCCCTTCTTAA-3’ and Cox3KAWR: 5’-

GGCCAAACCCCTCCAATATTAC-3’). The NADH dehydrogenase subunit 6 (Nad6) region 

was also targeted using novel primers (SargNad6F: 5’-TATGATTCTTGGGGCTGGT-3’ and 

SargNad6R: 5’-GGGATCATTCAAAGCAGAAGA-3’). Samples that did not initially yield high 

quality double-stranded Nad6 sequences, were re-sequenced using internal primers (Nad6IntF: 

5’- NAD6TACGGTTTTTATAGGAASTTCCTATG- 3’ and Nad6IntR: 5’-

CTGTTTTTGCCCAGAAGACCA- 3’). Both the Cox3 and Nad6 markers were polymerase 

chain reaction (PCR) amplified from DNA in 50 L reactions composed of 18µL of molecular-

grade water, 10 µM of the forward primer, 10 µM of the reverse primer, 1µL of Bovine Serum 

Albumin (BSA) (New England Biolabs, Ipswich, MA, USA), 25 µL of OneTaq Hot Start 2X 

Master Mix with Standard Buffer (New England Biolabs, Ipswich, MA, USA), and 2 µL of 

DNA.  
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PCR amplification was performed on the Bio-Rad thermocycler (Hercules, CA, USA). 

PCR protocols varied depending on the marker being amplified (Appendix Table 1, 2). PCR 

products were verified with agarose gel electrophoresis and purified with the Qiagen Qiaquick 

PCR Cleanup Kit (Qiagen Ltd., Crawley, UK). The purified PCR product was then profiled with 

a Nanodrop ND-1000 Spectrophotometer to examine the purity and concentration of the DNA. 

The purified PCR products were sequenced by the DNA Analysis Facility on Science Hill (New 

Haven, CT) in both directions with the forward and reverse primers from the amplification step. 

For the samples we re-sequenced, the Nad6 forward and reverse internal primers were also used 

for sequencing. 

A total of 57 Cox3 sequences and 43 Nad6 sequences were analyzed and sent to 

GeneBank. The two individual loci were aligned, manually corrected, and analyzed in Geneious 

Prime (v.11.1.4). Maximum likelihood (ML) trees were generated based on a Hasegawa-

Kishino-Yano (HKY) substitution model using PhyML v.3.3 (Dufayard et al. 2010) and rooted 

using Sargassum vachellanium as the outgroup. A known sample for each morphotype from 

GeneBank was also used to generate trees, each labeled with their GeneBank ID. The node 

support for the ML analyses were based on 1000 bootstrap iterations.   
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Distribution Analysis 

Sargassum samples, for the purpose of regional analyses, were grouped into three general 

locales: Antilles Current, South Sargasso, and North Sargasso (Figure 7). All statistical analyses 

were conducted using JMP® (version 14, SAS Institute Inc., Cary, NC, 1989-2019).  

 
Figure 7. General locale map indicating the study regions (Antilles Current, South Sargasso, and North Sargasso) 
and sea surface temperature from April 14, 2018. 
 
 

A two-way ANOVA of morphotype and locale on average Sargassum density with a 

square root transformation to correct for zeroes was used to assess the impact of morphological 

form and region on overall density. A one-way ANOVA of morphotype on Sargassum new 

growth was used to evaluate the effect of morphological form on Sargassum growth. Both 

analyses were followed by a post-hoc t-test for pairwise comparisons. Sargassum distribution 

data was obtained from samples collected via Neuston tows (n=28, excluding 13 tows from the 
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Hudson Canyon and Gulf Stream regions) to avoid the bias associated with opportunistic dip-net 

sampling. The one exception to this rule was with Sargassum new growth percentages, as this 

data was only collected with dip-net sampling. After each Neuston tow, Sargassum mass was 

measured using a scale for each clump obtained and density was calculated using the tow 

distance. Sargassum samples collected via opportunistic dip-net sampling were recorded for their 

new growth percentages, using Munsell Charts and algal coloration. Other basic environmental 

(e.g. atmospheric temperature, wind direction, cloud cover) and oceanographic data (e.g. sea 

surface temperature, salinity, fluorescence) were collected along tows, at stations, and 

continuously along the cruise for SEA’s long-term database. SEA, in addition, saved a 4-5 cm 

frond of each Sargassum sample in ethanol as morphological vouchers for its biological 

collection. 
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RESULTS  

 

Cox3 and Nad6 Markers 

 Both markers were capable of grouping the three morphotypes into distinct clades on a 

maximum likelihood (ML) phylogenetic tree, but the clades for were not well-supported, 

bootstrap values <70.0 (Figure 8a, 9a). The Cox3 marker had two informative single nucleotide 

polymorphisms (SNPs) at BP81 and BP131 (Figure 8b). Overall marker efficacy (i.e. when a 

genetic identity matched the morphological identification) for the Cox3 marker was 89.09% 

(49/55). Marker accuracy for individual morphotypes was higher: 95.45% for S. fluitans III, 

100% for S. natans I, and 100% for S. natans VIII (Figure 8b). There was only one case in which 

the genetic identity was inconsistent with the morphological identity (1/55), but five cases (5/55) 

with ambiguous genetic codes (R= A or G) at one or both informative SNPs (Figure 8b). These 

five cases were labeled as “unconfirmed” on the tree and associated table– while we did have a 

morphological identity, we could not confirm a genetic identity with this marker (Figure 8). 

Also, for an evaluation separate of marker efficacy, we included two additional samples that 

exhibited ambiguous morphology in our tree, indicated by stars (Figure 8).  

  



 

 

18 

a. 

 
b. 

 BP81 BP131 Cox3 ID n Accuracy 

S. fluitans III A G sf3 22 95.45% 
S. natans I G A sn1 19 100% 

S. natans VIII G G sn8 9 100% 

Unconfirmed 
R G unconfirmed 2  

R R unconfirmed 3  

Misidentified   1  

Overall Cox3 Efficacy 49/55 89.09% 
Figure 8 a. Maximum likelihood evolutionary relationship generated using the Cox3 marker (Hasegawa-Kishono-
Yano substitution model; 1000 bootstrap replicates for node support). Samples with unconfirmed molecular 
identities are indicated as such with morphological (morph) and Nad6 marker identities in parentheses. Stars 
indicate samples with ambiguous morphology and were not included in the marker efficacy analysis b. Informative 
SNPs and marker efficacy table. 
 



 

 

19 

The Nad6 marker, on the other hand, had three informative SNPs at BP56, BP177, and 

BP196, and an overall efficacy of 69.05% (29/42) (Figure 9). Nad6 marker accuracy for 

individual morphotypes was 76.47% for S. fluitans III, 84.62% for S. natans I, and 62.50% for S. 

natans VIII (Figure 9b). There were nine cases in which the genetic ID was inconsistent with the 

morphological ID (9/42) and four cases (4/42) with low-frequency sequence variance (Figure 

9b). These four cases were labeled “unconfirmed” on the tree and associated table– while we did 

have a morphological identification, we could not confirm a genetic identity with this marker 

(Figure 9). Once again, for an evaluation separate of marker efficacy, we included one additional 

sample in our tree that exhibited ambiguous morphology, indicated by a star (Figure 9).  
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a. 

 
b. 

 BP56 BP177 BP196 Nad6 ID n Accuracy 

S. fluitans III G T C sf3 17 76.47% 

S. natans I A T G sn1 13 84.62% 

S. natans VIII A A G sn8 8 62.50% 

Unconfirmed 
A T C unconfirmed 2  

G T G unconfirmed 2  

Misidentified   9  

Overall Nad6 Efficacy 29/42 69.05%  

Figure 9 a. Maximum likelihood evolutionary relationship generated using the Nad6 marker. (Hasegawa-Kishono-
Yano substitution model; 1000 bootstrap replicates for node support). Samples with unconfirmed molecular 
identities are indicated as such with morphological (morph) and Cox3 marker identities in parentheses. Stars 
indicate samples with ambiguous morphology and were not included in the marker efficacy analysis b. Informative 
SNPs and marker efficacy table. 
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Sargassum Distribution  

Sargassum density varied by morphotype and location, with highest densities in the South 

Sargasso and Antilles regions and S. natans I and S. fluitans III being the most abundant 

morphotypes. General locale, species (morphotype), and the interaction effect of locale and species 

were all significant predictors of Sargassum density (Figure 10a; F2,102=15.707, F2,102=13.350, 

F4,102=4.114, p<0.05 respectively). Starting with locale independent of morphotype, overall average 

Sargassum density was highest in the South Sargasso (0.10 ± 0.01 gm-2), followed by the Antilles 

(0.05 ± 0.03 gm-2), while lowest in the North Sargasso (0.01 ± 0.02gm-2) (Figure 10b). Overall 

Sargassum density was significantly lower in the North Sargasso Sea than in both the South 

Sargasso and Antilles (p<0.05), while overall Sargassum density was not significantly different 

between the Antilles and South Sargasso (p>0.05). Considering species independent of locale, S. 

natans I accounted for the highest average density (0.11 ± 0.02 gm-2), followed by S. fluitans III 

(0.07 ± 0.02 gm-2), while S. natans VIII accounted for the lowest density (0.002 ± 0.02 gm-2) 

(Figure 10c). The average density of S. natans VIII was significantly lower than that of both S. 

fluitans III and S. natans I (p<0.05), while there was no significant difference between the densities 

of latter two morphotypes (Figure 10c, p>0.05). Considering the combination of locale and 

morphotype, S. natans I in the South Sargasso accounted for the highest density (0.187 ± 0.049gm-

2), followed by S. natans I in the Antilles (0.112 ± 0.039 gm-2), S. fluitans III in the South Sargasso 

(0.109 ± 0.028 gm-2), S. fluitans III in the Antilles (0.024 ± 0.009 gm-2), S. fluitans III in North 

Sargasso (0.018 ± 0.007 gm-2), S. natans I in the North Sargasso (0.005 ± 0.003 gm-2), S. natans 

VIII in the Antilles (0.005 ± 0.002 gm-2), S. natans VIII in the South Sargasso (0.002 ± 0.001 gm-2), 

and S. natans VIII in the North Sargasso (0.0001 ± 0.0001 gm-2) (Figure 10a). Within sites, there 
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were three cases in which Sargassum densities were significantly different between morphotypes 

(Figure 10a, p<0.05).  

 

 
Figure 10. Average Sargassum density (gm-2) and standard error by morphotype in the Antilles, North Sargasso, and 
South Sargasso regions from Neuston tow sampling (F8,102=11.291, p<0.05) Actual values are reported in the figure, but 
all statistical analyses were conducted using a square root transformation. Post-hoc t-tests, indicated by letters, were 
conducted for group differences within (non-bold) and across (bolded) the three general locales, where different letters 
represent a significant difference (p<0.05).   

 

Lastly, for Sargassum clumps collected via dip-net sampling, the average new growth– 

an indicator of sample age– was highest in S. natans I samples (0.516 ± 0.04), followed by S. 

fluitans III (0.381 ± 0.03), while lowest in S. natans VIII (0.260 ± 0.102) (Figure 11). Species 

was a significant indicator of average new growth (F2,96=5.542, p<0.05). New growth of S. 

natans I was significantly different from that of both S. fluitans III and S. natans VIII (p<0.05), 

but there was no significant difference between new growth of S. fluitans III and S. natans VIII 

(p>0.05 Figure 11).  
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Figure 11. Average new growth percentage for Sargassum clumps collected via dep-net sampling (F2,96=5.542, 
p<0.05). Post-hoc t-tests, represented by letters, were conducted for group differences, where different letters 
represent a significant difference (p<0.05). 
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DISCUSSION 

 
 

As Caribbean inundation events have intensified in the past eight years, scientists and 

coastal communities have become increasingly more interested in monitoring and modeling 

pelagic Sargassum in the Western Atlantic. Molecular markers have the potential to serve as a 

simple, low-cost means to address species-specific questions of distribution, especially given the 

variability of morphological traits within the two pelagic Sargassum species. The novel genetic 

primers we developed for this study successfully differentiated the three most common 

morphotypes in the Western Atlantic, S. fluitans III, S. natans I, S. natans VIII, using variation in 

polymorphic sites across two mitochondrial genes, Cox3 and Nad6. Our phylogenetic analysis 

grouped the majority of sequences into three distinct clades, one for each of the three 

morphotypes (Figure 8, 9). The clades, however, were not well-supported (bootstrap values 

<70.0) for either marker, which limits the application of our primers. We would not suggest they 

be used for evolutionary analyses pertaining to questions of, for example, speciation or adaptive 

radiation of morphotypes. Though, we would strongly urge applying them to future field studies 

that help monitor and model patterns of Sargassum morphotype distribution. For the most part, 

our knowledge of pelagic Sargassum morphotype spatial ecology in the Western Atlantic 

remains minimal because researchers have lacked the tools to identify accurately the different 

morphotypes. Our work builds on the comparative mitochondrial analysis by Amaral-Zettler et 

al. (2016) and is a major step forward in developing a genetic toolkit for delineating inundation-

associated Sargassum morphotypes and continuing to monitor their populations in the field. 
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Overall, the Cox3 marker, was a more effective tool than the Nad6 marker. When the 

Cox3 marker does make a molecular identity, it is 95.45-100% accurate, depending on the 

morphotype (Figure 8a). Occasional variants (5) exhibiting ambiguous genetic codes (R= A or 

G), as opposed to inaccurate molecular identities (1), decreased the overall efficacy of the marker 

(Figure 8a). The five samples with ambiguous genetic codes were most likely a result of 

sequencing error, rather than hybridization, because their morphological identifications were 

confirmed by the Nad6 marker when data was available (3/5 confirmed by the Nad6 marker; 2/5 

had no available Nad6 data).  

The Nad6 marker, on the other hand, had an accuracy range of 62.50-84.62%, with 

several (9) inaccurate molecular identities and (4) low-frequency sequence variants (Figure 9b). 

Because all four variant samples exhibited clear morphology confirmed by the Cox3 marker, it is 

unlikely that the variation is a result of hybridization. Due to the number of misidentified and 

variant samples with the Nad6 marker, we would suggest that the Cox3 marker be the first-

choice tool. While we do propose that our primers, particularly the Cox3 primer, be applied to 

future field-based spatial ecology studies, we also acknowledge that the tool is imperfect and 

developing different sequencing tools would help with other research applications.  

Because of the remarkable genetic similarity across Sargassum taxa, especially within 

species, single marker genes have their limitations with this organism. Future research could 

consider testing microsatellite markers, as they tend to be highly polymorphic and thus more 

appropriate for answering evolutionary questions (Freeland et al. 2012). Additionally, because 

we found no patterns with our samples exhibiting ambiguous morphology–labelled with a star on 

the phylogenetic trees (Figure 8, 9)– other more polymorphic sequencing tools, like 

microsatellite markers, may help resolve uncertainties with their identities.  
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Between the first recorded inundation event in 2011 and the most recent standings in 

2018, many researchers have turned to remote sensing and distribution modeling to address the 

large-scale forces driving inundation events, such as a new Sargassum source region in the 

Western Tropical Atlantic (Gower et al. 2013, Johnson et al. 2013, Franks et al. 2016, Putnam et 

al. 2018, Brooks et al. 2018). Although few are published, field-based studies add a layer of 

specificity to satellite findings by describing species and morphotype patterns. Some of the 

oldest field work on pelagic Sargassum dates back to the 1930s when the morphotypes were first 

recognized. Parr (1939) found that S. natans I was and S. fluitans III were the most abundant 

forms in the Western North Atlantic, and the majority of Sargassum biomass was situated within 

the Sargasso Sea. Our relative abundances are consistent with Parr’s findings: S. natans I and S. 

fluitans III accounted for the majority Sargassum density both regionally and overall, but unlike 

Parr, we found the majority of Sargassum within the Antilles and South Sargasso (Figure 10).  

Our distribution findings are more consistent with the recent work of Schell et al. (2015), 

who found unprecedented quantities of Sargassum in regions south of the Sargasso. Like Schell 

et al. (2015), we found that S. natans I dominated the South Sargasso, but we did not find the 

same patterns of S. natans VIII in the Antilles as the 2015 researchers did (Figure 10). Our 

findings suggest that S. natans VIII remains relatively rare in that region, at least during the 

month of April. Gower and King (2011) found that Sargassum has annual growth blooms 

between the months of March and June in the Northwestern Gulf of Mexico, the first source 

region, while Gower et al. (2013) found the highest Sargassum detection counts during July and 

September in the Western Tropical Atlantic, the second source region. Therefore, because Schell 

et al. (2015) sampled in November and we sampled in April, it is possible that the different 

relative abundances we found in the Antilles was a result of seasonal variation.  
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Although relatively rare, when we did encounter S. natans VIII, it was typically in the 

form of small fragments and older than other forms. Since the first inundation event, researchers 

have identified and confirmed S. natans VIII as originating in the new source region and 

responsible for inundation events (Schell et al. 2015, Amaral-Zettler et al. 2016). Our new 

growth analysis showed that S. natans VIII was significantly older than our most abundant form, 

S. natans I, (Figure 11). A possible explanation for this finding, that remains consistent with the 

two-source hypothesis, is that the S. natans VIII we encountered originated in the new source 

region in the Western Tropical Atlantic, while other forms originated in the Northwest Gulf of 

Mexico. Seasonal variation may also be a factor, but this question just accentuates our need to 

continue studying Sargassum morphotype distribution, both spatially and temporally. Now that 

we have developed and applied genetic tools for field analyses of pelagic Sargassum morphotype 

distribution and ecology, we hope that other researchers and groups will use our findings to 

develop a long-term population monitoring plan that both furthers our understanding of the 

macroalgae and aids coastal communities in preparing and responding to inundation events.  
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APPENDIX 
 

 

Table 1. Cox3 touchdown polymerase chain reaction (PCR) protocol. 

Step Temperature Duration (seconds) Function 
1 94°C 240 initial denaturation 
2 94°C 60 denature 
3 50°C 30 anneal 
4 68°C 60 extension 
5 repeat Steps 2-4, 4 more times 
6 94°C 60 denature 
7 48°C 30 anneal 
8 68°C 60 extension 
9 repeat Steps 6-8, 4 more times 
10 94°C 60 denature 
11 46°C 30 anneal 
12 68°C 60 extension 
13 repeat Steps 10-12, 9 more times 
14 94°C 60 denature 
15 44°C 30 anneal 
16 68°C 60 extension 
17 repeat Steps 14-16, 9 more times 
18 94°C 60 denature 
19 42°C 30 anneal 
20 68°C 60 extension 
21 repeat Steps 18-20, 9 more times 
22 68°C 420 final extension 
23 4°C 3,600 cool down 

 

 

Table 2. Nad6 touchdown polymerase chain reaction (PCR) protocol. 

Step Temperature Duration (seconds) Function 
1 95°C 180 initial denaturation 
2 95°C 45 denature 
3 54°C 60 anneal 
4 72°C 180 extension 
5 repeat Steps 2-4, 25 more times 
6 72°C 600 final extension 
7 4°C 3,600 cool down 

 


