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Abstract

Massive Sargassum beaching has become a reoccurring problem in the Caribbean and other parts of the
Atlantic. It has caused extensive ecosystem disturbances and has negatively impacted tourism and local
economies. Interestingly, this phenomenon has not been observed in the Caribbean prior to 2011.
Therefore, this study has researched what could have been the tipping point in 2011, that caused the
almost yearly reoccurring Sargassum inundations on the Caribbean beaches. In consideration of that,
this study further elaborates on the probability of several hypotheses on the cause of these Sargassum
blooms. Plausible hypotheses propose the Amazon River and hurricane season as a new nutrient source
fueling Sargassum blooms. Windage from extreme westerlies, a different genetic variety, anthropogenic
induced climate change, and natural climate indices are also proposed as possible causes. It is
established that the reoccurring pelagic Sargassum blooms originate from the North Atlantic Equatorial
Recirculation Region (NERR), entering the Caribbean Sea via several pathways. The onset of
Sargassum blooms in the Caribbean in 2011 was most likely initiated in the NERR itself. Pelagic
Sargassum was already present in the NERR prior to 2011. Due to high growth rates in pelagic
Sargassum and optimal and anomalous environmental circumstances in the NERR, Sargassum was able
proliferate. Thus, the tipping point for the initiation of massive Sargassum beaching in the Caribbean
in 2011 is likely due to a combination of anomalous environmental circumstances and does not
correspond to one single hypothesis. The cooccurrence of extreme warm climate indices and global
warming, generated warm sea surface temperatures, calmer waters and enough nutrients for Sargassum
to proliferate in the NERR in 2011. The different characteristics of the Sargassum natans VIII
morphotype might play a key role in the ability to form large blooms under these anomalous
circumstances. Therefore, it is suggested that growth responses of Sargassum morphotypes and
optimum growth factors should be studied extensively in order to better understand the reoccurring
phenomenon.
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Abbreviations

ACE - Average Cyclone Energy NBCR - North Brazil Current Retroflection
AMO - Atlantic Multi-decadal Oscillations NEC - North Equatorial Current

CS - Caribbean Sea NECC - North Equatorial Counter Current
GoM - Gulf of Mexico NERR - North Equatorial Recirculation Region
ITCZ - Inter Tropical Convergence Zone SS - Sargasso Sea

NAO - North Atlantic Oscillations SST - Sea Surface Temperature

NBC - North Brazil Current

1. Introduction

Massive Sargassum beaching has become a reoccurring problem in the Atlantic Ocean since 2011 *.
Sargassum is a common seaweed or brown macroalga and is known to create important ecosystem
functions 23, It provides a species specific habitat for many fish, invertebrates, and micro and macro-
epiphytes . In addition, sea turtles, birds, and other migratory species use Sargassum patches as a
refuge for shelter and food 2*. There are over 300 different Sargassum species determined so far °. Most
of them are benthic species that are attached to the bottom some time in their life stage >°. There are
only two pelagic species known, Sargassum natans and Sargassum fluitans, that are predominant in the
SS and Gulf of Mexico (GoM) (see Figure 1) ¢°. The SS contains approximately 10 million tons of
Sargassum, thereby contributing to the global sequestration of carbon with approximately 7% *°. The
SSis likely formed and fueled by the GoM, which produces nutrient and species rich Sargassum blooms
every year . Around the SS are the Gulf Stream, North Atlantic Current, Azores Current, Canary
Current, Antilles Current and North Equatorial Current (NEC) that keep the large patch of floating
Sargassum within the north Atlantic subtropical gyre (see Figure 1) %%, However, since 2011, mass
beaching of Sargassum has occurred in the Caribbean, Central America, Brazil and West African coast
341415 Due to the yellow brownish color of the seaweed, these large amounts of Sargassum are also
called golden tides *°. Small patches of beaching Sargassum is a common phenomenon and has a lot of
beneficial properties for coastal ecosystems 6. Small amounts of Sargassum provide ecosystem stability
to the beach and introduces new nutrients to beach and dune plants “8. However, in large quantities,
Sargassum can negatively affect the local economy, tourism and even rises health concerns 4%,

Efforts to clean up beaches from Sargassum beaching has cost the government millions. For example
in Mexico, $ 5 million was spent on the Sargassum beach cleanup *. Converting this calculation to the
Caribbean would give an amount of at least 120 million for Sargassum clean up on beaches . Another
downside to the beach cleaning is the sand removal during cleaning and the destruction of important
habitats for the fauna within %, When the Sargassum is not removed, the smell of rotten eggs may arise
due to the decomposition of the seaweed forming hydrogen sulfide gas 3. Prolonged exposure to this
gas can even give rise to health repercussions, causing effects such as headaches, sleep deprivation,
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nausea and irritated eyes 2% Furthermore, the decomposition of Sargassum has also impact on the
physical, physiological and ecological near-shore reef communities ®. The large floating patches may
cause anoxia in the waters below and hypoxia in seagrass and corals due to reduced light 3. While the
large stranded patches on the beach may smother turtle hatchlings *.
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Figure 1: Sargasso Sea and North Atlantic Ocean currents. GS=Gulf Stream, NAC=North Atlantic Current, AC=Azores current, CC=Canary
Current, NEC=North Atlantic Equatorial Current, CA=Antilles Current, CS=Caribbean Sea, YC=Yucatan Current, LC=Loop Current,
FC=Florida Current, CG= Guinea Current, SEC=South Atlantic Equatorial Current, NBC=North Brazil Current, GC= Guyana Current,
NBCR=North Brazil Current Retroflection, NECC=North Atlantic Equatorial Counter Current, NERR= North Atlantic Equatorial
Recirculation Region. NECC forms from May-October. NBC rings deflect from NBCR. Stars indicate nutrient discharge sources from major
rivers.

As it is evident that the recent Sargassum beaching in the Caribbean is of high concern to the local
environment, there is not much certain yet of what’s causing these mass blooms in the Caribbean. From
2011 onwards, these blooms seem to reoccur almost annually 8. Since the blooms within the Caribbean
Sea (CS) are correlated with the amount of mass beaching, this will have a great impact on tourism,
ecosystem functioning and the local economy 818,

At first, the pelagic Sargassum in the Caribbean was thought to originate from the SS itself ***°. Later
on, there were discoveries of a new Sargassum source coming from the North Equatorial Recirculation
Region (NERR)’. The Western Tropical Atlantic in particular is said to be responsible for the large
inundation events in the CS ®’. Supplementary to this, Gower et.al (2013) believed that it came from
northeastern Brazil, where the North Brazil Current System played a key role in transporting the
Sargassum from the equatorial Atlantic to the Caribbean °*.

Apart from the geographical origin of the Sargassum rafts, there is still much debate on the actual cause
of such blooms. What could have initiated the reoccurring Sargassum blooms and beaching events in
the Caribbean from 2011 and onwards? There are several hypotheses that have been considered as the
potential cause of these blooms. This study will elaborate on the following plausible hypotheses.

First the introduction of a new nutrient input source will be considered, suggested by Oviatt et al. (2019).
Secondly, the importance of high ‘windage’ has been stated by Johns et al. (2020) and Putman et al.
(2018). This would cause sea surface friction, which may tag along Sargassum from the SS 1,
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Thirdly, Amaral-Zettler et al. (2017) have researched the possibility of a shift in Sargassum
morphotypes, shifting towards a genetic variety of pelagic Sargassum that thrives under the new
environmental circumstances. Lastly, climate change plays a key role in these events, as they could
change sea and wind currents and alter environmental conditions in favor of Sargassum growth . Or
perhaps natural Ocean indices are the cause for excessive growth, instead of anthropogenic induced
climate change %

This study will further elaborate on the feasibility of these hypothesis. It is of great importance to study
the origin of these blooms and beaching events in order to find a possible solution to the problem and
predict future inundation events. The precarious fact is that there is no precedent of such blooms in the
CS before 2011 3 . Therefore, this literature study will research on what might have been the tipping
point for the reoccurring mass Sargassum blooms in the CS since 2011. What are the drivers for these
massive Sargassum blooms and where do they originate before entering the CS?

2. Geographic Origin

One hypothesis by Johns et al. (2020) suggests that the novel Sargassum blooms originate from the SS
and ended up in the Caribbean through wind and sea currents **. However, Gower et al. (2013) and
Schell et al. (2015) found that the SS did not supply the new Sargassum to the CS. Instead, the new
source is originating from the NERR *2

Every May the North Equatorial Counter Current (NECC) forms in the NERR due to the northward
moving Inter Tropical Convergence Zone (ITCZ) 2. The ITCZ is in essence a low-pressure area
where the northeast and southeast trade winds converge and move westward %, The westward sea
surface friction of the wind results in Ekman transport away from the equator and a weak open ocean
upwelling *. When the ITCZ moves north away from the equator the NECC forms. In addition, the
North Brazil Current (NBC) moves away from the coast and retroflects eastward, joining the NECC
(see Figure 1) 2. This creates the North Brazil Current Retroflection (NBCR) 2.

Putman et al. (2018) describe three routes in which Sargassum enters the CS from the NERR. The
fastest and most direct way is via the NBC and Guiana Current "2, This often happens in spring, when
Sargassum level is highest in the equatorial Atlantic 8. A somewhat longer route is via the NBC Rings,
which are circulating domes that are deflected from the NBC when it is retroflected into the NECC (see
Figure 1) "?*. Sargassum that is taken up by these rings often appear in the Caribbean in summer *. The
longest route, and less often occurring, is via the NBC into the NBCR going towards the NECC, but is
taken with the NEC to the Caribbean on its way east %%, Sargassum via this route arrives late autumn
in the Caribbean. Putman et al. (2018) propose that the North Brazil Current System is highly connected
to the Sargassum inundations in the Caribbean. However, they also acknowledge that not all Sargassum
may originate from the western Equatorial Atlantic. Within the North Brazil Current System, the NBCR
and Gulf of Guinea are connected with each other through the North Equatorial Counter Current
(NECC) and the South Equatorial Current (see figure 1)"?. Therefore, nutrient input from (equatorial)
upwelling or the Congo river in the east could have fueled Sargassum blooms as well 4,

Gower et al. (2013 & 2011) retrieved satellite images from the North Atlantic clearly showing the
formation of the large equatorial blooms in 2011. These images showed no evidence for Sargassum
originating from the SS . However, even satellite images have their implications and can make errors
in estimating Sargassum amounts #. Satellite images can be affected by clouds and sun glint %.
Furthermore, Sargassum that is too distributed or below surface water may not be detected properly .
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While Sargassum becomes less buoyant with age, this could be missed with satellite detection 34,
Therefore, there is a possibility that small Sargassum patches have stayed unnoticed while moving out
of the SS. However, there has not been any proof of Sargassum moving out of the SS thus far. Therefore,
it would seem more like for the blooms to have originated in the NERR. Moreover, the two hypotheses
do not necessarily contradict each other. While large patches of Sargassum may not stay unnoticed from
satellite images, small Sargassum patches may have migrated out of the SS into the NERR, where it
could proliferate.

3. Nutrient input

One of the most well accepted hypotheses for the onset of Sargassum blooms in the Caribbean is the
influx of new nutrients into the Atlantic Ocean ***. Sargassum in the SS thrives in this oligotrophic
region, but primary production is over all increased with increased nutrient availability, light, and
temperature ®%%27_In the oligotrophic SS, the fresh supply of new Sargassum comes from the GoM
each summer ?’. The nutrient input comes from the Mississippi river, which opens up in the GoM and
fuels new blooms every spring **#. Annually 1 million tons of Sargassum is exported to the Sargassum
Sea from the GoM via the Florida Straits . Sargassum is highly nutrient dependent *°. Thus, the large
blooms in the CS need a large nutrient input.

Oviatt et al. (2019) believe that the Sargassum in the Caribbean originates from a new source in the
equatorial Atlantic and that the North Equatorial Recirculation Region (NERR) plays a key role in the
Sargassum blooms (see Figure 1). They propose several nutrient sources big enough to fuel the golden
tides in the Caribbean. According to Oviatt et al. (2019) the flooding of the Amazon River, which opens
right into the NERR, would be such a nutrient source.

3.1 Amazon River flooding

In 2009, 2011, 2012, 2014 and 2015 the Amazon River experienced exceptional large floods, which
resulted in a large nutrient plume into the Atlantic Ocean (see Table 1)*2%, The yearly Sargassum
beaching in the Caribbean is believed to be correlated with Amazon River flooding of the same year.
However, this does not account for all flooding events. Presuming that Sargassum beaching is correlated
with Amazon River flooding, then 2006 to 2009 should also show beaching events. Especially the year
2006, while maximum Amazon River discharge was first measured in this year % (see Table 1).
Similarly, this also accounts for the year 2017 and 2018, when there was a lot of Sargassum beaching
and blooming in the Caribbean, but no Amazon River flooding (see Table 1). A combination of factors
is therefore suggested by Oviatt et al. (2019). They state that the blooming of Sargassum is dependent
on the timing of the Amazon River flood and the concurrence of the Intertropical Convergence Zone
(ITCZ). The precipitation brought by the ITCZ reduces the surface water salinity, thereby retaining
nutrients for the Sargassum to grow **%°. However, when setting up the time line, all the factors are met
to produce a large bloom in 2009. The rainfall from the ITCZ happens mostly during the months January
to March in the western Atlantic **. Also, the Sargassum mats usually appear in February at the West
Equatorial Atlantic before they move to the Caribbean via the NBC . So, the timing of flooding could
be of importance to the beaching events in the Caribbean. However, the 2009 Amazon River flood
started in January and peaked in March, which is exactly in concert with the ITCZ and Sargassum
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appearance *. So, there is no explanation to why the 2009 Amazon River flooding could not have fueled
a large Sargassum bloom in the Caribbean in that year. Therefore, the hypothesis that a combination of
both ITCZ and Amazon River flooding would be the cause for the Caribbean Sargassum inundations
does not hold either.

Table 1: Sargassum beaching, blooms and nutrient input sources per year in the Caribbean. 2005-2019. Nutrient sources
are the Amazon River and hurricane seasons. Adjusted table from Oviatt et al. (2019). Adjustments are cited in the table.

Amazon River flood Hurricane season in Sargassum beaching Blooms
previous year

2005 No 3t Yes 32 No?6 No 26
2006 Yes 26 Yes 33 No?® No 26
2007 Yes 3 No % No?® No 26
2008 Yes 3! Yes36 No?® No 26
2009 Yes 3 No** No*4 No 1426
2010 No % No Not No 1426
2011 Yes 14 Yes 14 Yest4 Yes 18
2012 Yes 28 Yes 14 Yest4 Yes 18
2013 No Yes 14 Not No
2014 Yes?® No Yest4 Yes 18
2015 Yes 7 Yes 14 Yest4 Yes 18
2016 No, El Nino 4 Yes 14 No reportst4 Yes 14
2017 No No No reportst4 Yes 1
2018 No 4 Yes 14 Yest4 Yes 38
2019 Yes, ¥7 No No Yes 3°

According to Oviatt et al. (2019), the nitrogen input of the Amazon River would be enough to supply
30 million tons of Sargassum. This calculation is based on a measured amount of 1 million metric tons
of nitrogen output from the Amazon River in 2015. Coincidentally, this is about the same amount of
nitrogen input the Mississippi river supplies to the GoM . Albeit, this amount of nitrogen only fuels
Sargassum blooms of 3-6 million tons wet weight in the GoM . Therefore, it seems unlikely that the
Amazon River would support 30 million tons of Sargassum. In fact, in 2015 the large Sargassum bloom
comprised of 9 million tons of wet biomass *. This is evidently much lower than 30 million tons, though
it does not rule out the partaking of the Amazon river flooding in Sargassum bloom formation. On the
other hand, the same nutrient values were measured for the year 2013, but no beaching activities or
bloom formations occurred that year (see Table 1). According to Oviatt et al. (2019), the nitrogen input
of the Amazon River would be enough to supply 30 million tons of Sargassum. This calculation is based
on a measured amount of 1 million metric tons of nitrogen output from the Amazon River in 2015.
Coincidentally, this is about the same amount of nitrogen input the Mississippi river supplies to the
GoM *. Albeit, this amount of nitrogen only fuels Sargassum blooms of 3-6 million tons wet weight
in the GoM 28, Therefore, it seems unlikely that the Amazon River would support 30 million tons of
Sargassum. In fact, in 2015 the large Sargassum bloom comprised of 9 million tons of wet biomass *.
This is evidently much lower than 30 million tons, though it does not rule out the partaking of the
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Amazon river flooding in Sargassum bloom formation. On the other hand, the same nutrient values
were measured for the year 2013, but no beaching activities or bloom formations occurred that year
(see Table 1).

This might indicate that the Amazon River may not be the dominant factor causing Sargassum beaching
in the Caribbean, even though the strandings and blooms of Sargassum are often observed in concert
with high flow and ascending Amazon River %. It is likely, however, that the nutrient input from the
Amazon River could have been part of the tipping point for the large blooms in 2011, along with other
environmental factors.

3.2 Hurricanes

Another possible source for new nutrient input are hurricanes . Hurricanes can alter the ecosystem
extensively by upwelling new nutrients from deeper waters . In 2010 and the following years 2011
and 2012, there were a lot of high impact hurricanes with wind speeds reaching 250 km/h ®° (see Table
1). According to Oviatt et al. (2019), strong hurricanes were often subsequent to beaching events the
next year, except for 2013 and 2016 when no beaching occurred after a hurricane year . Oviatt et al.
(2019) attributes this to the lack of Amazon River flooding in 2013 and 2016. Even though nutrient
values from the Amazon River in 2013 were similar to the values in flood years and the GoM %,
Additionally, Oviatt et al. (2019) states that in 2012 there was a strong eastward flow of the NBCR,
causing the nutrients to deflect. Thus, the nutrients from previous year hurricane season were
unavailable in 2013. However, if that was the case for 2012, then the Amazon River plume and nutrients
supply from previous year hurricanes would also have deflected eastward. Contrariwise, there was a
large Sargassum beaching reported in the Caribbean in 2012 (see Table 1).

The simplest solution would be that the overall impact of hurricanes is not big enough to fuel large
Sargassum blooms in the Caribbean. Except maybe for the hurricane season in 2017, when hurricanes
were so severe that they caused massive blooms in 2018 (see Table 1). Hurricanes in 2017 reached wind
speeds of 287 km/h (Irma) **. On the other hand, Venezuela experienced an exceptional large flood in
2018 from the Orinoco river, which could have contributed to the nutrient input for Sargassum blooms
as well *2. Adding to this, the last time there was such an impactful hurricane season was in 2004 and
2005, where windspeeds reached 296 km/h (Wilma) and an accumulated cyclone energy (ACE) of 245
%43 Also, the year 2007 was assigned to as a hurricane year = However, there were no Sargassum
bloom or beaching reports prior to 2011 in the Caribbean 2. Thus, the correlation between hurricane
seasons and Sargassum blooms is not very evident. Also the hurricane season in 2010 had an ACE of
165, which isn’t even close to the 225 ACE in 2017, that supposedly caused the sargassum beaching in
2018 “*®, Therefore, it is unlikely that the hurricane season in the year 2010 was the main contributor to
the onset of Sargassum blooms in the CS in 2011.
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4. Windage and North Atlantic Oscillations (NAO)

Johns et al. (2020) proposes that instead of a new source of nutrient input, the blooms in the CS originate
from a combination of “windage” and negative North Atlantic Oscillations (NAO). “Windage” is
described as the drift of floating objects in the surface ocean produced by wind forcing on the sea surface
“_In 2009-2010, prior to the Sargassum beaching event in 2011, anomalously strong and southern
westerlies were observed due to an extreme negative NAO %, The NAO is dependent on the sea level
pressure difference between the Azores High and the Icelandic Low *°. In positive NAO years the High-
and Low-pressure zones are strong and the westerlies follow the Gulf Stream and North Atlantic Current
% But in negative NAO years the High- and Low-pressure zones are weak, thereby moving the
westerlies southward “°. Normally, the westerlies in the northern Atlantic and the north east trade winds
meet each other roughly over the SS **. Due to the anomalous negative NAO, these westerly winds were
suited much more southward than usual **. Johns et al. (2020) state that the “windage” caused by the
westerlies moved large patches of Sargassum out of the SS. From there on the sea currents advected the
Sargassum into the CS via the Canary Current and NEC (see Figure 1). Sargassum that entered the
NERR, was able to form large windrows following the seasonality of the ITCZ, occasionally directing
large blooms via the NERR into the CS -8,

It is unclear if the patches from the SS were extremely large resulting in the excessive Caribbean
beaching or that it was able to bloom along the way. Could “windage” be enough to carry such amounts
out of the SS? Especially during a negative NAO the westerlies are known to be less strong than in
positive NAO years . Measurements on Sargassum properties such as shape and buoyancy have not
been done yet in detail with regard to windage ***’. However, A. Woodcock (1993) did find that with
increased wind speeds he would collect less Sargassum at the sea surface. Also, Putman et al. (2020)
and Berline et al. (2020) modelled the effect of windage on Sargassum distribution and found that
transport predictions were improved by adding windage to the model. Woodcock also saw that
Sargassum may drift at several meters below the sea surface due to downward drag. This could make
large patches of Sargassum undetectable to satellite images %.

Another option is that the Sea Surface Temperature (SST) shift between the temperate and tropical
Atlantic aided in Sargassum proliferation. The NEC is warmer during a negative NAO, with weaker
trade winds, accommodating calmer surface waters for Sargassum proliferation *. In addition, the
equatorial Atlantic in general has higher irradiance levels, warmer temperatures, and more nutrient
availability . This could have fueled the Sargassum growth along its way to the Caribbean .

Webster and Linton (2013) found similar results prior to Johns et al. (2020). They observed with
imagery analysis that Sargassum transport occurred from the SS into the CS and eventually into the
GoM in a Sargassum Loop System. The Sargassum Loop System has migrated small amounts of
Sargassum from the SS into the Caribbean prior to 2011, but never in large blooms *!. Nonetheless,
Schell et al. (2015) state that from observational field data, there was no eastward Sargassum drift seen
in the east SS and east Atlantic. On the other hand, this data is based on field observations, which can
be difficult to detect in the open ocean. Schell et al. (2015) measured Sargassum during their autumn
cruise till spring. Therefore, they could have easily missed Sargassum coming from the SS in months
they were not in the East Atlantic. Especially when patches were small and only started proliferating
once they arrived in the NERR. Also, Johns et al. (2020) suggested that the SS was the tipping point for
beach inundations in the Caribbean in 2011 and other beaching events post 2011 were fueled by the
NERR. So Sargassum observations in 2014-2015 coming from the NERR by Schell et al. (2015) are in
accordance with Johns et al. (2020).
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Why this event has never happened before is still up for debate. Johns et al. (2020) do not explain where
the anomalous negative NAO comes from causing the strong southern westerlies. The Climate
Prediction Center of NOAA, have been keeping track of the NAO values since 1899 and have never
encountered such negative NAO values before **°2, The highly negative NAO is supposedly a tipping
point for large Sargassum blooms in the Caribbean since 2011. However, it is unlikely that Sargassum
has never entered the NERR before. Pelagic Sargassum is known to reproduce via fragmentation and
can grow very fast in a short time 3, Therefore, small colonies could have easily be transported by
hurricanes, boats or animals and turn into large blooms under the right environmental circumstances.
While there is no clear evidence for large Sargassum patches moving out of the SS through windage, it
is more likely that Sargassum blooms have originated in the NERR from already present Sargassum
patches. Gower et al. (2013) does mention turtles to be a likely culprit to have migrated Sargassum
within the Atlantic Ocean. In fact, small peaks of pelagic Sargassum growth have been measured prior
to 2011 in the NERR as well >, Also Sargassum natans has been reported all over the world in
Australia, New Zealand, South of Asia, Africa and Europe **. This could indicate that the southern
shifted westerlies caused by the extreme negative NAO, might not have caused the onset of Sargassum
blooms in the CS. Notwithstanding, the extreme negative NAO could have aided in providing the ideal
environmental conditions for Sargassum to proliferate in the NERR.

5. Genetic variety

At first it was believed that the new blooms originated from the SS, containing predominantly
Sargassum natans | and Sargassum fluitans 111 *'°. Except when they looked into the species
composition, they found out that the novel blooms might be caused by a new genetic variety °. It is
common knowledge that there are multiple morphotypes existing within the two pelagic Sargassum
species, but this is often neglected in studies on Sargassum distribution 2. So far, the species Sargassum
Natans 1, II, VIII, IX and Sargassum fluitans 11l and X have been identified °. Schell et al. (2015)
indicated Sargassum fluitans 111 and Sargassum natans | as the most common morphotypes in the North
Atlantic, CS and Gulf of Mexico. However, during the 2014-2015 Sargassum bloom events in the
Caribbean, they found that a shift in composition had occurred. The South SS was dominated by
Sargassum natans I, but the Antilles Current, east Caribbean and west tropical Atlantic were mainly
dominated by the rare Sargassum natans VIII type. Therefore, they deduced that the novel Caribbean
blooms could not have originated from the SS, since the SS has a different species composition.
However, these findings do not necessarily exclude each other. The rare morphotype could still be from
the SS, but started proliferating once it met its optimal growth circumstances at the NERR. Perhaps this
rare morphotype could be the cause for the exceptional inundation events in the Caribbean.

Amaral-Zettler et al. (2017) confirm that this morphotype is not new to the NERR, but just never
encountered the ideal circumstances to proliferate. Depending on the species, pelagic Sargassum can
have a doubling time of 9-13 days ®%. Primary production in Sargassum natans is dependent on
nutrients, salinity, irradiance, and temperature 52, These factors were overall enhanced in the NERR
in 2009-2010 prior to the start of Sargassum inundations in 2011. SST was anomalously high in the
NERR in 2010, with the highest anomaly value of a 0.9 °C increase since 1980 %. This might be
correlated with the highest positive Atlantic Multi-decadal Oscillation (AMO) and most negative NAO
measured from 1950 to 2016, which are discussed in the next chapter *. The combination of these
factors could have aided in the proliferation of Sargassum natans VIII.
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Hence, due to the readily available nutrients from equatorial upwelling and the Amazon River plume,
the Sargassum was supposedly no longer limited in its growth. However, supporting data for this is
lacking. So far, research on the different morphotypes and their growth response is absent in literature.

Amaral-Zettler et al. (2017) has pressed the importance of the different morphological characteristics
of the morphotypes. Characteristics such as leaf structure, branching, air bladders, thorns and lanceolata
length could all have an influence on its growth, buoyancy and reproductive success *. Unfortunately,
not much is studied on this topic yet. Characteristics measured for biogas production, that have been
studied so far, show no exceptional differences between the morphotypes *%. On the other hand, Schell
et al. (2015) and Martin et al., 2016 have observed lower species richness on the Sargassum natans VIII
type, compared to the other common morphotypes. As a consequence, the rare morphotype may have a
longer life spam. As their life spam mostly depends on the weight of organisms that attach to the
Sargassum patch. Sargassum normally floats due to their gas filled bladders called pneumatocysts **.
When the Sargassum becomes too heavy due to attachment of sessile epibionts plankton or other
meiofaunal organisms, the patch eventually sinks ***’. This normally occurs after a year or so *°, but
with Sargassum natans VIII this might take longer.

6. Anthropogenic origin or natural cause?

Anthropogenic induced climate change has been the cause for many environmental changes in ocean
properties %, The increase in greenhouse gasses has resulted in global warming and resulting ocean
warming and increases of SST . In turn, the SST increase affects ocean convection through increased
stratification of the surface ocean and is also associated with increased salinity in the subtropical gyre
% Sargassum’s optimum growth temperature has not been well documented yet . Increased
temperatures increases growth in some species of Sargassum and this might have triggered large
Sargassum blooms in the NERR and Caribbean *°. Sargassum natans has a broad growth temperature
between 18-30 °C, but the optimum temperature might also be dependent on nutrient availability 2°°,
Growth response to environmental factors in the different Sargassum morphotypes has gotten little
attention thus far. Compared to benthic Sargassum species pelagic Sargassum has a low salinity range
of 36-42 ppt *. On the other hand, pelagic Sargassum thrives under high light saturation values of 200-
300 (umol m-2 s-1) compared to benthic Sargassum *°. However, details on Sargassum natans VIII are
still lacking in the available literature. The increase in SST due to climate change might have aided
Sargassum to reach its optimum growth circumstances. In order to justify these hypotheses, the growth
response of pelagic Sargassum should be researched in depth. In particular the dominant proliferating
morphotype Sargassum natans VIII, which thus far has been studied poorly.

Besides anthropogenic induced climate change, natural climate indices are said to play a key role as
well on the ocean-atmosphere variability in the tropical Atlantic 2°. The combination of the two might
have supplied the right environmental circumstances for Sargassum to bloom in 2011. Important climate
indices related to the Atlantic Ocean dynamics and possibly the Sargassum growth are the AMO and
NAO %, The AMO is based on the SST being lower or higher than normal in the North Atlantic Ocean
2026 \Warm or cold AMO periods usually take about 65-80 years . There was a warm period from the
1930s — 1950s and the current warming period has started in the 1990s till present %. On top of the
warm AMO period, the global warming SST has increased with 1 “C since the last warm AMO period
4 In addition, the warm AMO period has also significantly increased precipitation since 1990 .
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Perhaps, the combining effects of global warming and the warm AMO resulted in anomalous high SST
in 2010 for Sargassum to proliferate in 2011. In addition to the warm AMO, there was an extreme
negative NAO in 2010 %. NAOs respond to multi-decadal but also seasonal time scales %°. This resulted
in weaker trade winds and even warmer SST in the tropical Atlantic %“°. Weaker trade winds may
support a better environment for Sargassum to grow due to little currents **.

Notwithstanding, negative NAO occurrences do not match with occurrences of Sargassum blooms in
the Caribbean. Johns et al. (2020) states that southward-shifted westerlies during a highly negative NAO
are the reason for Sargassum beaching in the Caribbean in 2011. These extreme negative NAOs and
strong westerlies happened in December 2009, December 2010 and March 2013 and resulted in a large
Caribbean bloom about a year later in 2011, 2012 and 2014 '*. While the data extends till 2016, there
were no further negative NAOs observed even though there was a very large Sargassum beaching in
2015 %, Djakouré et al. (2017) also acknowledges that these climate anomalies cannot directly explain
Sargassum blooms in the Caribbean. However, these findings do not rule out that the combination of
anomalous climate indices and global warming was the initial cause for the Sargassum inundations in
the Caribbean in 2011.

7. Discussion & Conclusion

Massive Sargassum beaching has become a reoccurring problem in the Caribbean and other parts of the
Atlantic . It is of great importance to study the origin of these blooms and beaching events in order to
find a possible solution to the problem and predict future inundation events. This study has researched
the probability of several hypotheses on the origin of golden tides in the CS. Plausible hypotheses
propose the Amazon River and hurricane season as a new nutrient source fueling Sargassum blooms .
Others think that windage from extreme westerlies supposedly dragged the Sargassum out of the SS
and into the Caribbean 8, Also, global warming and natural climate indices may have caused
anomalous environmental conditions, optimal for Sargassum proliferation **%. In addition, a different
genetic variety could have been well suited to these anomalous environmental changes *°.

So far, it is established that the current pelagic Sargassum blooms originate from the North Atlantic
Equatorial Recirculation Region (NERR), entering the CS via several pathways 8. Via the NBC to the
NBCR and the NEC into the CS, via the NBC rings or via the NBC and the Guiana Current into the CS
18 Pelagic Sargassum is able to return and proliferate every year due to the recirculation of the NERR
from the NBCR to the NECC, CG and eventually the South Equatorial Current going back to the NBC
and into the CS via the several pathways 8. Sargassum has a high growth rate under optimal
environmental circumstances and reproduces easily via fragmentation °. In addition, the Sargassum
natans VIII morphotype might have different characteristics, enhancing its proliferation and survival.
Small patches may stay afloat and proliferate the next year when returning to the NBC via the South
Equatorial Current.

The reoccurring Sargassum blooms in the Caribbean in 2011 were likely initiated in the NERR itself.
Pelagic Sargassum was already present in the NERR prior to 2011 >*. Due to the high growth rates of
Sargassum and the optimal environmental circumstances in the NERR, small patches of Sargassum are
able to proliferate into large blooms very quickly >®#%2%  Depending on the species, pelagic Sargassum
can have a doubling time of 9-13 days ®8. Thus, it is plausible that already present Sargassum patches
in the NERR were responsible for the onset of the massive Sargassum blooms in the Caribbean.
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Anomalous climatic events have possibly aided in this event. In 2010 there was an extreme warm AMO
and negative NAO %. In concordance to the ongoing global warming, these climatic events resulted in
increased sea surface temperatures %, In 2011 there was an extreme Amazon river flooding, which
possibly supported the needed nutrients for a large sargassum bloom™. Most importantly, the dominant
morphotype Sargassum natans VIII, causing these Sargassum blooms, is likely well adapted to these
anomalous environmental circumstances. Schell et al. (2015) and Martin et al., 2016 have observed
lower species richness on the Sargassum natans VIII type, compared to the other morphotypes. As a
consequence, the rare morphotype may have a longer life spam, because Sargassum sinks with age due
to increased weight from epibionts 2%, Perhaps this morphotype contains more beneficial
characteristics, which has aided its growth in its initial bloom in 2011 and its reoccurring years. All
these combining factors could have easily resulted in the excessive Sargassum growth in the NERR in
2011.

This study has researched what could have been the tipping point in 2011, that caused the almost yearly
reoccurring Sargassum inundations on the Caribbean beaches.

In conclusion, the tipping point for the initiation of massive Sargassum beaching in the Caribbean in
2011 is likely due to a combination of anomalous environmental circumstances and does not correspond
with one single hypothesis. The cooccurrence of extreme warm climate indices and global warming
generated warm sea surface temperatures, calmer waters and enough nutrients for Sargassum to
proliferate in the NERR in 2011. The different characteristics of the Sargassum natans VIII morphotype
might play a key role in the ability to form large blooms under these anomalous circumstances.
Therefore, it is suggested that growth responses of Sargassum morphotypes and optimum growth factors
should be studied extensively in order to better understand the reoccurring phenomenon.
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