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Abstract:
							                           
The ocean and the continent converge in a very narrow line that is, nonetheless, truly relevant to the health, leisure, and economy of our society. The Mediterranean coastline has undergone major changes over the last fifty years, which is evident in the alteration of its microalgae species. The proliferation of dinoflagellates is now common in microscopic organism communities in this ecosystem as a result of the modifications caused by humans and climate change. The increased frequency with which toxic microalgae blooms are detected has been key to raising awareness of this change.
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Marine microalgae and mobility in a globalised world

In a globalised and highly communicated planet like the one we live on, human movement from one end of the world to the other takes a matter of a few hours. Goods usually take a little longer, but they can also end up in places far away from their shipping origin in only a matter of days, weeks, or months. As part of this coming and going of people and products, we often also accidentally and involuntarily transport some living organisms, both those visible to the naked eye and others that are microscopic (Hallegraeff, 1998). Here we will focus on showing how the geographical distribution of marine microorganisms, specifically microalgae, is changing – often by expanding towards higher latitudes – and the relationship this has with global warming and human activities. The problem becomes more apparent when we understand that some of these species produce toxins that can affect human health or marine ecosystems. In the terrestrial ecosystem, the COVID-19 pandemic we are currently experiencing is a good example of the rapid spread of a pathogen from a distant source to the myriad places it has come to affect. This redistribution of organisms is a common occurrence on a globalised planet. However, the problem only becomes evident with the spread of species that negatively impact human health, ecosystems, or the economy.

Returning to aquatic ecosystems, microalgae are the main primary producers in the ocean. The best-known examples are phytoplankton which, as their name suggests,

1

 are a group of photosynthetic organisms with insufficient capacity for movement to exceed the physical energy of the sea and are, therefore, carried by marine currents and waves. Phytobenthic organisms can be found covering the sea floor, or more generally, between, on, or near grains of sand.

2

 In recent decades, marine microalgae, whether planktonic or benthic, are experiencing a geographical species redistribution. Here, we will focus on the case of the Mediterranean, a semi-enclosed sea surrounded by densely populated land that is generally considered to be oligotrophic and with low tidal forces.




Human stresses on the coastline and proliferations of dinoflagellates

Seasonal phytoplankton dynamics in temperate latitudes have their optimal periods in late winter and early spring when microalgae proliferate and achieve high abundances. With agitation of the water column in winter, nutrients ascend from the deep waters to the surface layers and, coinciding with the increase in light and temperature, causes the growth of microalgae communities, mainly diatoms. During the spring, different planktonic communities follow one another and consume the nutrients of the surface layers until they are almost exhausted. The sun heats the surface of the sea which forms the thermocline – a density structure that separates the superficial layers from deeper ones; this physical barrier does not allow the arrival of more nutrient supply from the bottom. Therefore, during the summer, the abundance of planktonic microalgae in superficial Mediterranean waters is low, which makes them clear and transparent. Another, more moderate, production peak occurs in autumn, when high levels of irradiance again coincides with an increase in nutrients, caused by rupture of the thermocline and mixing of the water columns.

Humans exert a high pressure on the coast and, in the Mediterranean, a semi-enclosed sea surrounded by such a high population, this effect is even more noticeable. During the summer months, tourism causes the populations of some coastal towns to multiply by ten to a hundred-fold. This human impact translates into increases in the quantity and changes in the quality of the nutrients that are dumped into rivers and the sea, which cannot always be completely eliminated by sewage treatment systems. Thus, coastal waters become richer in nutrients as a result of human pressure exerted from the continental. Photosynthetic organisms (primary producers) take advantage of these nutrients of anthropic origin to grow.

Furthermore, urbanisation of the coastal zone has rendered the soil waterproof (Figure 1A); wetland areas have been virtually obliterated – paved over – from the coastal ecosystem, and what used to act in past decades as a natural filter for the nutrient-rich waters provided by the continent are now paved streets and waterways that do not filter but rather, dump everything that reaches them into coastal waters (Camp et al., 1998). Thus, they are mere conduits of enriched water which make the seawater on the immediate coast rich in nutrients, which primary producers use to grow.
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Figure 1A



Examples of coastal transformations as a product of human action






A) The Empuriabrava urbanisation project (Castelló d’Empúries, Girona, Spain), built on the seafront in a wetland area. Coastal wetlands have been virtually wiped out from the Mediterranean coastal ecosystem.
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Coastal foundations and rigidity also have an important effect on the sea. On the one hand, the construction of dams in riverbeds has significantly reduced the steady supply of sediments to coastal areas. In the past, these sediments were transported by coastal currents and distributed along the coast so that they provided sand to the beaches. The rhythm of nature has also been disrupted on urban beaches, with dune systems and coastal lagoons being replaced by promenades and beachfront buildings. The winter storms that carry away the sand from the beaches leave eroded beaches which cannot be restored with sand from the dune system (because none is present), or by river sediments (because these have been greatly reduced). Part of the sand washed away by the sea accumulates in breakwaters built perpendicularly to the coastline, which cut off water circulation.

Therefore, in many cases, a huge amount of sand must be moved in order to recover beaches that would have otherwise recovered on their own in the past. Thus, year after year, governments allocate part of their budgets to carry out various beach regeneration projects: costly interventions – both from an economic and an ecological point of view – which are ephemeral because they only last until the next storm arrives. Moreover, the forecast in a climate change scenario is that such storms will become more frequent and intense, such as storm Gloria reminded us at the beginning of 2020.

Seaports and breakwaters (Figure 1B), however, play another role. By confining waters in order to provide shelter for boats, bodies of water with high residence times that allow for the growth and accumulation of microalgae are created. Calm, shallow, nutrient-rich waters with long residence times are ideal conditions for the growth of dinoflagellates, a group of phytoplankton that produce the proliferations and colour changes popularly known as red tides and scientifically referred to as harmful algal blooms. Moreover, within the phytoplankton groups, dinoflagellates have the highest number of harmful or toxic species.
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Figure 1B



Examples of coastal transformations as a product of human action






B) Harbour and beach in Cambrils, Tarragona (Spain). Building harbours and breakwaters increases the volume of confined waters, an ideal habitat for dinoflagellate blooms.
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According to the mandala published by Ramon Margalef (Margalef, 1978; Margalef et al., 1979; Figure 2), the dinoflagellates that cause red tides proliferate because of the combination of high levels of nutrients with calm waters. As explained above, nutrient inputs are often related to agitation of the water column because it brings nutrients from the bottom to the surface; therefore, it is unusual to find elevated nutrient levels associated to still water; these circumstances occur naturally in bays or near river mouths. By confining coastal marine waters in ports, humans have created optimal conditions for the growth of these red tide-forming microalgae. When monitoring programmes for toxic species were implemented in the Mediterranean in the 1990s, bloom-forming dinoflagellates were very well represented. This surprised experts because, according to Margalef, the Mediterranean did not have the appropriate characteristics for red tides to take place. Our hypothesis (Vila et al., 2001) was that the recreational use of coastal waters favours dinoflagellate proliferations. The construction of ports – there are currently about fifty along the Catalan coast, i.e., the equivalent of one every 8–10 km along the coastline – generates semi-enclosed water bodies with notable concentrations of nutrients, high water residence times (about twenty days), low turbulence, and low advection compared to unconfined waters, all of which favours these blooms.
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Figure 2





Ramon Margalef’s mandala is a schematic representation showing how the seasonal succession of the main phytoplankton groups depends on nutrient concentration and water turbulence or agitation.



Source: visual adaptation of Margalef’s mandala (1978).








Both dinoflagellate behavioural strategies (swimming, active vertical migration, and aggregation) and production of toxic compounds, are involved in reducing zooplankton predation (see Selander et al., 2015; Smayda, 1997). In addition, the concentrations of inorganic nutrients and their stoichiometric ratios indicate that areas characterised by high population densities have higher levels of ammonium and phosphates and a more limited silicate content. Therefore, they favour the growth of dinoflagellates in relation to diatoms because the latter require silicate to build their cellular covers (frustules).

Finally, ports are ideal environments in which organisms with some form of resistance (cysts or seeds) can remain confined in the sediment until new environmental conditions induce them to germinate (Anderson & Wall, 1978). Dinoflagellate blooms in harbours occur because the active growth of a small part of the germinating population is amplified by swimming and aggregation, reduction of zooplankton predation, and favourable physical factors indicated above. Therefore, a coast with many ports facilitates the colonisation and the establishment of new, non-native species. This has occurred in the case of several species from the genus Alexandrium (Vila et al., 2001) which can generate toxins (saxitoxins) that produce paralysing symptoms in people who eat bivalve molluscs contaminated with these organisms (Berdalet et al., 2016).




Beaches covered in microalgal mats

Some 20 or 25 years ago, blooms of benthic dinoflagellates of the genus Ostreopsis began to be detected during the summer months on different Mediterranean beaches. At that time, this genus was known in tropical areas to form part of the group of microorganisms (microbiota) accompanying a toxic dinoflagellate of the genus Gambierdiscus, which caused a tropical food poisoning known as ciguatera (Friedman et al., 2017). The increase in sea water temperature seems to have been the trigger for the establishment of several tropical species in the Mediterranean, which in some cases, have replaced native communities. This is known as the tropicalisation of the Mediterranean (Bianchi et al., 2018).


Ostreopsis secretes a mucous and sticky substance that keeps it softly anchored to macroalgae (Figure 3). This ability allows it to stay on beaches, close to the surface, and to proliferate relatively quickly, forming a dense carpet of microalgae and mucilage that covers the sea floor. In response to wave agitation or other factors, Ostreopsis detaches itself from the macro-algae and can be found swimming in the water column or floating on the surface, forming what in France is known as water flowers. These proliferations have been associated with massive mortalities of marine fauna that have little or no mobility (e.g., sea urchins, mussels, etc.), perhaps because of the limited oxygen availability associated with the extensive mucilaginous layer covering the seabed, or because of the production of certain toxic substances (Giussani et al., 2016; Shears & Ross, 2009).
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Figure 3





Until a few years ago, it was not common to find benthic dinoflagellates of the genus Ostreopsis in the waters of the Mediterranean; this species is more typical in tropical areas. The increase in sea temperature appears to have caused these species to settle a new location. The pictures show: A) water colouration in a shallow beach covered by a proliferation of the benthic dinoflagellate Ostreopsis; B) state of a shallow seabed covered in an Ostreopsis bloom; C)
Ostreopsis cell through an optical microscope; D) the appearance of a benthic proliferation dominated by Ostreopsis under a Scanning Electron Microscope (SEM): the network of filaments secreted by the cells can be seen.
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Indeed, Ostreopsis produces ovatoxins, which are analogous to palytoxin. Palytoxin has been associated with lethal cases of food poisoning in the Indian Ocean in people who had consumed seafood contaminated with these compounds. These toxins enter the food chain when fauna feed on Ostreopsis-coated macroalgae, transmitting these toxins up to higher trophic levels, including to humans (Berdalet et al., 2017). In the Mediterranean, certain toxins associated with Ostreopsis have been detected in diverse marine fauna; however, food poisoning does not appear to be a problem at this time. Instead, massive proliferations of Ostreopsis in this area have been associated with mild respiratory irritations (rhinorrhoea, fever, general discomfort, and eye and nose irritation, etc.) in bathers and people exposed to sea spray on several beaches in Algeria, Spain, France, Italy, and Greece (Vila et al., 2016).

A similar aerosol exposure mechanism has been confirmed as the cause of respiratory irritation symptoms during the blooms of Karenia brevis in the Gulf of Mexico (Fleming et al., 2011). In this case, the enormous scientific investment made by several institutions over decades of studies has provided sound knowledge that has brought about the adequate management of ecological and health risks in this area. However, in the Mediterranean, the efforts made to link these symptoms with the presence of toxins in the aerosol have provided little empirical demonstration so far (Ciminiello et al., 2014). It has been hypothesised that the irritation was not caused by the toxins themselves, but rather, by some other cell component or fragment that might have triggered some kind of reaction. It has even been speculated that the problem may have been caused by some of the microorganisms (bacteria or virus) associated with Ostreopsis (Bellés-Garulera et al., 2016; Casabianca et al., 2013). However, bathers with skin wounds that suffered skin irritations, were also successfully treated with topical antibiotics. All this suggests that more than one factor contributes to the various undesirable effects of Ostreopsis proliferations.




Final considerations

It is evident that the Mediterranean coast has changed a lot over the last fifty years. The natural habitat of beaches and cliffs has been replaced by an artificial one comprising harbours and breakwaters, which have enclosed not only boats but also water and microalgae. Moreover, a habitat change also involves a change in species. Wetlands have been reduced to a minimum and shoreline developments have multiplied, significantly changing the flow of sediments and nutrients into the sea. Finally, with global warming, the temperature of the sea has increased, and some invasive species have arrived and settled these areas. Thus, the communities of microalgae species that existed fifty years ago have been modified or «enriched» leading, in some cases, to blooms of toxic dinoflagellates.

Planktonic proliferations of the genus Alexandrium are now frequent in the Mediterranean, and since the 1990s, they have been monitored on a weekly basis with by programmes that guarantee the safety of the food products that arrive at the fish markets and to fishmongers. Monitoring benthic microalgae is progressing more slowly because of a great lack of knowledge about Ostreopsis species until recently. Thirty years ago, this organism was a rare genus in the Mediterranean, which was detected very sporadically and in limited abundance. Now it has become a public health and environmental problem, which every year mobilises scientists and administrations, and concerns the residents of the beaches affected by these massive proliferations. By studying countries for which we currently have more information about these blooms (Mangialajo et al., 2011), it appears that what began as a massive proliferation on a particular beach during the first few years has become an expansion with multiple focal points which affects many beaches, first in Italy and France and, in the last five years, also in Catalonia. There are still many gaps in our understanding of Ostreopsis toxicity. However, knowledge of how it proliferates and coordination between scientists and environmental and health policy-makers has made it possible to manage the phenomenon properly and to minimise ecological and health risks.

Over the last fifty years, we have transformed our waters through direct coastal interventions such as the construction of ports and breakwaters. However, we have also constructed promenades and housing developments along the coast, with new river channelling and dams. As a result of human activity, atmospheric CO2 and the global temperature of the planet have also increased. These direct or indirect human actions could plausibly explain why microalgae proliferation on Mediterranean coasts has increased in recent decades.

The ocean and the continent converge in a very narrow line that is nonetheless truly relevant to the health, leisure, and economy of our society. Maintaining our shores in a good ecological state can only be achieved if the activity carried out inland also upholds the standards of sustainability. In order to keep our coastline in good condition, we must rethink the world we want to live in and act accordingly.
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Notes

1 
Plankton comes from the Greek word πλαγκτός and means «wanderer».

2 
Benthos, βένθος, means «depth of the sea».
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