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Green and golden seaweed

tides on therise

Victor Smetacek' & Adriana Zingone?

Sudden beaching of huge seaweed masses smother the coastline and form rotting piles on the shore. The number of reports
of these events in previously unaffected areas has increased worldwide in recent years. These ‘seaweed tides’ can harm
tourism-based economies, smother aquaculture operations or disrupt traditional artisanal fisheries. Coastal eutrophication
is the obvious, ultimate explanation for the increase in seaweed biomass, but the proximate processes that are respon-
sible for individual beaching events are complex and require dedicated study to develop effective mitigation strategies.
Harvesting the macroalgae, a valuable raw material, before they beach could well be developed into an effective solution.

parcel of life in many coastal regions. The amount of beached
seaweed biomass started to increase along the shores of
industrialized countries in the 1970s, and by the 1990s had become a
nuisance along many beaches", when mass-stranding events of mac-
roalgae became known as green tides. During the 2000s the number
of reports from new locations all over the world increased further,
as did the magnitude of the beaching events’. Although non-toxic to
humans, seaweed tides harm shore-based activities by virtue of their
sheer physical mass. Tonnes of seaweed smothering the shoreline deter
tourists and the dense, drifting seaweeds can prevent swimmers and
small boats from accessing the sea (Fig. 1); if not removed in time,
the algae can turn into a stinking morass, which can produce toxic
hydrogen sulphide (H,S) from its anoxic interior"’, and have major
detrimental effects on the affected coastal ecosystems">* .
Surprisingly, the extensive seaweed tides are mainly the result of
only a few genera of macroalgae. Two genera are especially prominent.
Species of the genus Ulva, which now includes the former genus Entero-
morpha’, are mainly responsible for green tides. The thallus (vegetative
body) is only one or two cells thick but the shapes vary even within spe-
cies and can be sheet-like, tubular or fern-shaped®. Sargassum — from
which the Sargasso Sea takes its name — is the other genus; and we
suggest the term ‘golden tide’ to describe the massive shoaling events
it is responsible for (after the apt description of floating Sargassum as
“The golden floating rainforest of the Atlantic Ocean™). The Sargassum
thallus is leathery, tough and differentiated into features that resemble
leaves and a stem, and has well-developed gas bladders for flotation.
Both Ulva and Sargassum are cosmopolitan, exceptionally species-
rich genera and increase their growth rate in response to nutrients'*"".
Whereas most species will only grow when attached to a hard substrate,
a few can substantially increase their biomass in a free-floating state,
either by increasing the size of the thalli and their fragments, or by
making new floating thalli. This is crucial (discussed later) because it is
the unattached forms that, by invading new space (the water column),
are able to increase their nutrient supply, free themselves from competi-
tion for limited hard substrates and avoid their many benthic grazers.
As aresult, unattached forms can build up large biomasses, forming the
massive seaweed tides we discuss in this Perspective. Green tides have
occurred all over the world, whereas golden tides have been restricted
to beaches between the Gulf of Mexico and Bermuda; however, they
significantly increased their range during a spectacular 2011 event.

Green, brown and red seaweeds lying on the beach are part and

Ulvagreen tides

The increase in Ulva biomass on European and US beaches that began
in the 1970s was linked to coastal eutrophication'. As the many harm-
ful effects became evident, the countries affected took measures to
reduce nutrient input to the sea from agricultural sources and sewage.
A decline in nutrient concentrations resulted in abatement of the prob-
lem in the southern North Sea'. In other regions, particularly along
the popular tourist beaches of Brittany, the magnitude of green tides
has been increasing since the 1970s". Beached seaweed has tradition-
ally been collected and used as fertilizer by local farmers, but by the
1990s it had to be taken away by the truckload (Fig. 1). In 2009, H,S
gas from Ulva rotting on a Brittany beach caused the death of a horse,
and, in 2011, the death of around 30 wild boars. Both incidents were
widely reported in the press with some headlines giving the impres-
sion that the algae were toxic. The resulting effect on tourism caused
severe losses to the local economy, in addition to the costs of removing
and disposing the 100,000 tonnes of beached algae (estimated to be
US$10-150 per tonne)".

Increases in the accumulation of Ulva biomass coincided with the
expansion of factory livestock farming in Brittany. The consensus
among the scientific community seems to be that eutrophication from
the effluents of intensive stock rearing is the cause of the increase in
number and magnitude of green tides since the 1990s". The meat-
producing and tourist industries are both mainstays of the provincial
economy, and, following the animal deaths, confrontation between
the two increased'. Brittany is a wet region overloaded with nutrients
released by the high density of animals — equivalent to those from
50 million people'” — and so eutrophication is inevitable because the
manure is not being shipped back to the animal feed producers out-
side the province. In efforts to make the best out of a situation that is
unlikely to change soon, Ulva biomass has been used as a raw material
for biogas production, organic fertiliser and as an additive to animal
and human food. However, the value barely meets the costs of current
methods of algal collection and processing".

In 2008, a spectacular green tide invaded, without warning, the
beaches of Qingdao — the venue for the sailing events of the Beijing
Olympics. Masses of Ulva floated in from the open water of the Yellow
Sea and beached a few weeks before the competition was due to start,
ensuring prominent coverage by the international media (Fig. 1). A
30-km-long boom was deployed to keep the masses of floating algae
out of the bay, and the removal of more than a million tonnes of algae
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from the beaches involved 10,000 people at an estimated cost to the
province of $30 million"”. In addition, aquaculture operations along
the shore suffered losses of $100 million”.

Given the novelty of the phenomenon, the origin, genesis and rela-
tionship to eutrophication of the green tide was traced with exemplary
speed'’. Analysis of satellite images of the Yellow Sea in 2008 revealed
that in total 3,500 km® were covered with floating algae in patches
spread over 84,000 km’. The high nitrate concentrations in the Yellow
Sea could explain the high growth rates (21.9% per day) of the floating
algal patches'>™". These patches were subsequently driven inshore by
winds, hitting a 140 km stretch of coastline, which included Qingdao.
The species responsible, Ulva prolifera, was subsequently shown to
proliferate rapidly by sporulation of cells of fragmented thalli; these
grew into new thalli by attaching to the parent thallus, with 1-2-mm
diameter fragments having the highest sporulation rate'.

The pelagic seaweed bloom, as well as those in subsequent years,
could be traced in satellite images to the coastline some 200 km south
of Qingdao where aquaculture of the edible red alga Porphyra yezoensis,
which is grown on rafts along the intertidal zone, has expanded rapidly
since 2004 (refs 17, 19). Because Ulva prolifera grows profusely on the
rafts, thallus fragments dislodged and discarded in the sea during har-
vesting of Porphyra in spring are the most likely seed source of the mid-
summer green tide. If this seeding hypothesis is correct, then collecting
and using Ulva as a by-product would mitigate the magnitude of the
green tide. It is estimated that 500 tonnes of Ulva thalli, discarded from
the Porphyra rafts, grow into one million tonnes in 6 weeks'”. Another
hypothesis based on genetic signatures (5S rDNA spacer sequences),
suggests that the Ulva strain responsible for the green tide could be
overwintering on the sediment surface south of the Yellow Sea as frag-
ments that stem from the summer surface bloom™. The hypotheses are
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not necessarily mutually exclusive, as the swarm of seeding fragments
moving northward from the Porphyra rafts could be augmented by
thalli fragments rising to the surface from shallow sediments (Fig. 2).
Whatever the source of seeding thalli, green tides along the coasts of
the Yellow Sea are recurrent, with the 2013 event reportedly reaching
arecord level”.

Managing green tides

The case for a direct connection between spreading coastal eutrophi-
cation and the worldwide upsurge in the incidence of green tides is
compelling"?. However, curbing eutrophication requires significant
investment in infrastructure and agricultural practices in the catch-
ment area and can take years to implement, and even longer to take
effect. Thus, although water quality in Tokyo Bay has improved, Ulva
green tides have increased; the species responsible overwinters as
unattached thalli drifting at the sediment surface of shallow waters™.
The notorious Ulva blooms of Venice in the late 1980s, however, are
no longer such a nuisance”*, even though nutrient concentrations
— in particular nitrate — have not significantly diminished in the
subsequent decades™. As biomass accumulation is a function of the
seed population multiplied by its growth rate, spreading seed banks
of overwintering, free-floating strains of local Ulva could obviate the
effects of reducing eutrophication because they are protected from
the many Ulva grazers (such as snails and crustaceans) that live on
the sea floor’>*°. Thus, green tides have been a chronic problem in
the eutrophied northern Baltic since the 1970s — unattached Ulva
intestinalis thalli overwinter in shallow, ice-covered waters and rise in
the water column, commencing growth in spring”’. Free-floating Ulva
species generally persist from spring until autumn in a growth state,
after which they transfer the sequestered nutrients to the sediments. In

— - —

Figure 1| Green and golden tides. A moderate Ulva green tide on a beach in Brittany, France, (top left) and the Qingdao beach, China, during a green tide
(top right). Clean up of Sargassum golden tide in a bay in Antigua, southern Caribbean (bottom left) and a golden tide on a beach in Sierra Leone, Africa

during the spectacular 2011 event (bottom right).

5 DECEMBER 2013 | VOL 504 | NATURE | 85

© 2013 Macmillan Publishers Limited. All rights reserved

ANSA/JIAN FENG

ANDREW HUCKBODY



IHEEHI PERSPECTIVE

shallow, enclosed seas and fjords these are returned to the surface by
vertical mixing (that is, retained within the system)"’. Thus, in favour-
able topographical and hydrological environments, free-floating mac-
roalgae are likely to continue to proliferate and maintain the eutrophic
state that is favourable for their perpetuation.

The occurrence and magnitude of green tides often vary both annu-
ally and seasonally, hence the planning of mitigation measures will
require interdisciplinary investigation of the life-cycle strategies of the
species involved in relation to the physical and chemical setting of the
environment: topography, circulation, wind patterns and the nutrient
regime, exemplified by the work done on the Yellow Sea green tides*'*"
202839 An obvious mitigation target would be the overwintering and
early spring growing stages. The costs of collecting and disposing of
Ulva masses in spring would have to be weighed against their nuisance
‘value’ in the summer. In the Yellow Sea, the profit from Porphyra aqua-
culture amounts to $53 million, whereas the cost of removing Ulva
from the beaches is estimated to be $30 million". As elsewhere, the
overburdened local governing bodies are responsible for keeping their
beaches clean. In Brittany, the tourism industry ($5.1 billion) and the
farming sector ($11.6 billion) have been pitted against each other®"*.
Recently, policy makers at national and European Union levels have
passed measures to curb factory farming practices, which has led to
closures, lay-offs and protests in the area”. Similar tensions have begun
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Figure 2 | Ulva green tide development in a shallow coastal

environment. a, The pristine state with sea-grass beds. b, The eutrophic
state with thick, free-floating mats of Ulva drifting above the sea bed; these
smother sea-grass beds and are subsequently deposited as green tides on
adjoining beaches. ¢, The Yellow Sea green tide originated from Ulva prolifera
growing on aquaculture rafts 200 km south of Qingdao in April. The algae
built up on the surface of the Yellow Sea during May and June and were
deposited on the beaches in June and July.
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to arise in China between the Jiangsu province, home to Porphyra aqua-
culture, and Shandong province, whose coasts have been affected by
green tides™.

Sargassum golden tides

Golden tides due to the beaching of floating Sargassum occur regularly in
summer along the coasts of the Gulf of Mexico and are often a nuisance
on tourist beaches™. An increase in golden tides during the 1980s and
1990s has been linked to higher nutrient loads of the Mississippi river'’.
However, compared with Sargassum in the Sargasso Sea — often referred
to as “the only sea without a coastline” — little is known about Sargas-
sum in the Gulf of Mexico. Analysis of satellite images from 2002 to 2008
revealed that floating Sargassum originated in the north-western Gulf of
Mexico each spring and was exported to the Sargasso Sea where it accu-
mulated in the summer months and by winter had disappeared™, pre-
sumably because aged thalli sank to the deep sea”. From satellite images,
an estimated one million tonnes wet weight of Sargassum is exported to
the Atlantic each year*. For comparison, about the same mass of Ulva
was collected and disposed of on land during the green tide of the 2008
Olympics®, and a similar amount was estimated to have accumulated in
the Venice lagoon during the peak outbreak™.

Floating Sargassum, represented by the two species Sargassum natans
and Sargassum fluitans, is deemed a valuable and unique habitat that
harbours many highly adapted, and even endemic animal species that
depend on Sargassum for food’. If Sargassum is imported to the Sar-
gasso Sea each year, it is hard to imagine how the dependent animal
species, which beach with the Sargassum, could have evolved with such
a ‘one-way’ seasonal life cycle. Nevertheless, the satellite observations
are supported by ship-based reports of the seasonal cycle of floating
Sargassum’. Thus, the processes maintaining the floating Sargassum
habitat through the winter and the specific properties of the north-
western Gulf that allow rapid growth of new thalli during spring, war-
rant investigation. S. natans and S. fluitans are considered to be the only
holopelagic macroalgae, so why is a specific geographical seeding site
part of their life cycle? This question gains importance because of the
commercial interest in Sargassum biomass; patents have been filed for
growing and harvesting Sargassum in the Sargasso Sea. Furthermore,
an international alliance of scientists has recently been formed to pro-
tect and manage the Sargasso Sea’.

During 2011, there was an ocean-scale build-up of Sargassum that
at its peak extended across the Atlantic and resulted in massive golden
tides along the west African coast, from Sierra Leone to Ghana, and,
on the other side of the Atlantic, from Trinidad to the Dominican
Republic (Fig. 3)*. The peak biomass during the 2011 event was 200-
fold higher than the previous 8 years’ average biomass peak recorded
in the region™. According to eyewitnesses, beached Sargassum was
unknown in northwest Africa before 2011, so the event came as a shock
to the many afflicted fishing villages, and has been attributed to the
effects of offshore oil production that had started at the time*. The
afflicted southern Caribbean islands had never, within living memory,
experienced an event of this magnitude®. Satellite images showed that
the algal rafts had developed along the northern coast of Brazil, north
of the mouth of the Amazon, from where they moved east and west,
eventually stretching from shore to shore (Fig. 3)*. The effects on the
beaches were substantial; however, because no popular tourist beaches
or big cities were affected the African events were only reported in
regional media. Along the western coast of Ghana a blanket of Sar-
gassum extended for kilometres offshore, clogging fishing nets and
impeding the passage of small boats. This resulted in food shortages for
people living in villages dependent on artisanal fisheries for their liveli-
hood*. In the Caribbean, tourism was affected because of the closure
of beaches and bays (Fig. 1). Unfortunately, the satellite sensor from
which the images in Fig. 3 were produced (MERIS) went out of service
in early 2012 (ref. 39). We could not find any reports of unusually large
golden tides in subsequent years from either the southern Caribbean
islands or the west coast of Africa.
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Figure 3 | Distribution of drifting Sargassum rafts derived from MERIS
satellite images across the central Atlantic Ocean. An average year
(2010, top panels) compared with the spectacular 2011 event (bottom
panels). From left to right, panels show May, July and September for

Explaining the unprecedented, ocean-scale build-up of Sargassum
biomass in 2011 will require much detective work by physical, chemi-
cal and biological oceanographers because its occurrence challenges
the current concept that the Sargasso Sea is a closed system’. Indeed,
an unanswered question raised in the 1970s asked why there are five
subtropical ocean gyres (STG) but only one, the North Atlantic, har-
bours the Sargasso Sea. The circulation pattern of all STGs is essentially
similar and all impinge on extensive coastlines along their western
flanks. The long, unbroken evolutionary history of floating Sargassum
is evidenced by the many adaptations, in particular perfect camou-
flage, that various animal classes have evolved in response to life in this
floating habitat. The highly specialized sargassum fish (Histrio histrio)
has a pan-tropical distribution (including the west African coast)®,
prompting the questions: does Sargassum exist in large enough quan-
tities to provide a habitat for specialized species in other STGs and
how could this change in the future. Was the 2011 Sargassum bloom a
freak event caused by a unique collection of non-linear environmental
factors impinging on each other to create an environment in which
Sargassum thrived? Or does it represent a symptom of an ocean-wide
response to increasing pressure on the biosphere from anthropogenic
waste, and hence an indication of what is to come?

Establishing an international consortium
Blooms of noxious phytoplankton (unicellular microalgae), known as
red tides and later as harmful algal blooms (HABs), occur in coastal
regions worldwide. In most cases, the harmful effects are caused by phy-
toplankton species that render seafood toxic, result in the mass death of
marine animals or affect aquaculture operations. High-biomass phy-
toplankton blooms can also be a nuisance on beaches by discolouring
the water (red and brown tides) or forming scums and foams®. Their
biomass is low compared with green tides, but they can also cause anoxic
events, albeit in deeper water. HAB research has substantially increased
over the past decades, greatly profiting from international organisations
such as the Global Ecology and Oceanography of Harmful Algal Blooms
programme (IOC-SCOR GEOHAB)*. The seaweed blooms discussed
in this Perspective are very different* and only have two features in com-
mon with microalgal HABs: they grow in a free-floating state (that is,
they compete with phytoplankton for nutrients) and cause harm to
the affected coastlines. Because they are essentially benthic organisms
that live a planktonic existence, the investigation of free-floating mac-
roalgae will need to combine established research methods from both
fields, and apply new techniques for surveying, sampling and modelling
them. It would be advisable to develop such a dedicated, interdisciplinary
research programme at an international level.

The focus of this scientific network could be the comparatively few
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both years. High concentrations are shown in white and red, and low
concentrations in deep blue. Note the high Sargassum concentrations in
the north-western Gulf of Mexico in May for both years. Reprinted with
permission from ref. 39.

species of macroalgae that can all increase biomass in a free-floating
stage, either drifting above the bottom in shallow waters, or floating at
the surface further out at sea. Most green-tide species belong to the former
category™ and, to our knowledge, the latter has only been reported in
the Yellow Sea. The surface-floating Ulva prolifera strain has been shown
to differ from attached Ulva species of the Yellow Sea coastline®. Is this
surface-floating form a new genotype that can only attain massive biomass
in settings with the hydrographic features and wind patterns of the Yel-
low Sea? Or are other shallow seas, such as the North Sea, susceptible to
invasion by a surface-floating form of Ulva? This could happen either by
evolution within the local species pool or by inadvertent introduction of
the Yellow Sea form. Among the questions that need to be addressed is the
buoyancy regulation mechanism of free-floating Ulva, which allows thalli
to stay suspended in the water column or rise to the surface. Furthermore,
life cycles also need to be studied in situ. The ability to produce new thalli
on the surface of the parent thallus'® suggests the absence of chemical
deterrents, which are known to exist for the thallus surface of other Ulva
species*>*. In the case of Sargassum, the factors necessary for large-scale
spring regeneration of thalli require elucidation, as well as hindcasting
for the factors that allowed the 2011 Sargassum event. Finally, the fact
that surface-floating Ulva and Sargassum rafts were able to proliferate
in the open sea indicates their ability to compete with phytoplankton for
nutrients. Biomass build-up of dense macroalgal clumps, in contrast to
diffuse phytoplankton, is presumably enabled by wind energy pushing the
rafts through the water, which can vastly increase their nutrient supply.
One wonders why evolution of this surface-floating macroalgal life form
in the open sea is restricted to so few genera.

Mitigation or amelioration?

An in-depth understanding of the growth dynamics of massive seaweed
tide species is not only a prerequisite for developing cost-effective mitiga-
tion strategies, but it could also provide the basic knowledge required
to manage free-floating algae as a potentially valuable resource. Ulva
biomass contains a number of compounds of interest to the food-additive
industry, and a biorefinery plant to process the Ulva biomass collected
from the beach or shallow water has recently been established in the
region of Brittany plagued by green tides”. One of the aims is to provide
an alternative food additive to the fish-meal-based one currently given
to farmed fish. In order for this to work, the costs of collecting Ulva need
to be similar to those of collecting fish used to make fish meal. In the case
of surface-floating Ulva, ‘catching’ the algae at sea by making use of ships
from the current fishing fleet, which are already equipped with the facili-
ties required to preserve the catch, should be competitive in terms of cost.
Patches of floating rafts located by aerial surveys could be concentrated
with booms similar to those used for containing oil spills, and the thalli
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pumped on deck and collected on nets and filters of decreasing mesh
size (to collect fragments). If carried out in the early stages of the bloom,
this technique could mitigate the magnitude of the beaching events. In
other regions, techniques to collect Ulva masses in shallow water from
special ships by rakes, nets or suction pipes could be developed and one
technique is already in operation in the Venice lagoon™. Transporting
the Ulva biomass to processing factories from harbours should be much
cheaper and easier than using rakes and tractors on beaches; the quality
of the raw material will also be superior because it will be fresher and
contain less sand. Price depends on demand, so encouraging the estab-
lishment of Ulva-processing factories will raise the price of the raw mate-
rial — and could well make floating rafts of Ulva an interesting target
for a new, summer fishery. In the case of Sargassum, also a valuable raw
material, harvesting by ship is already regulated in the western Atlantic*®.

Needless to say, harvesting floating macroalgae is the logical and ulti-
mate step in the process known as ‘fishing down marine food webs™. It
should also be pointed out that the carbon-to-nitrogen ratio of oceanic
Sargassum is around 50:1 (ref. 10) and the alga’s tendency to rapidly
sink to the deep-sea floor” makes it a much more efficient vehicle to
artificially sequester carbon in the oceans than phytoplankton, which
have carbon-to-nitrogen ratios of less than 10:1. The future impact of
green and golden tides could be very different if they become regarded
as potential crops rather than harmful weeds. m
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