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‘In the oceanic world of plankton, there is light where there are no nutrients.
Equally, for terrestrial plants, light and CO:2 are in the sky, nutrients are in the soil.
The world appears to be made of misplaced things”

Ramon Margalef
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Introduction

1. Global phenomena of harmful algal blooms

The number of human cosmonauts on Fuller's spaceship Earth (ref. Fuller, 1969)
has drastically changed since the Industrial Revolution. Going from 1.5 to 6.1 billion,
the human population growth of the 20" century was three times greater than that of
the entire preceding history of mankind (Kremer, 1993). Over 6.5% of all humans
ever born, are alive today (Haub, 1995). Still, this number continues to climb as the
global population is set to surpass 10 billion by the end of this century (UN, 2015).
Consequently, planet Earth has irrevocably entered a new geological time period
— colloquially called “the Anthropocene” — in which mankind’s influence on the
environment rivals the scale, power and universality of the greater forces of Earth
(Crutzen, 2002; Ellis and Ramankutty, 2008; Waters et al., 2016).

Population growth, as well as changes in per capita income, increase the demand
for plant- and animal-based food (Alexandratos and Bruinsma, 2012; Speedy, 2003).
Anthropologists estimate that the current global population consumes over 40% and
35% of the total primary productivity of terrestrial and coastal systems, respectively
(Pauly and Christensen, 1995; Rojstaczer et al., 2001). To produce food, water and
shelter for all of mankind, we have transformed vast portions of the planet’s surface.
Although the land-use changes vary between regions, the transformation generally
entailed extensive deforestation in favour of agricultural biomes and urban centres
(Ellis and Ramankutty, 2008; Foley et al., 2005). Pastures and fields are now among
the most common habitat types in the world (Foley et al., 2005; Matson et al., 1997).
Yet, while surface expansions contributed to the success of modern agriculture, most
of the production gains were brought about by the introduction of chemical fertilizers,
high-yield cultivars, (automated) irrigation and biocides (i.e. the Green Revolution).

Fertilizers, whose worldwide use increased by well over 700% in the last 50 years,
cause extensive environmental damage (Tilman et al., 2001). Most long-term records
show distinct increases in the nitrogen (N) and phosphorus (P) loading of coastal
ecosystems (Brush, 2008; Clarke et al., 2006; Cloern, 2001). These decadal changes
in the availability of nutrients have profound effects on the composition and dynamics
of phytoplankton assemblages, ultimately increasing the likelihood of harmful algal
blooms (HABs) (Anderson et al., 2002; Davidson et al., 2014; Glibert et al., 2014,
Granéli et al., 2008b; Heisler et al., 2008; Hodgkiss and Ho, 1997; Paerl et al., 2014).
HABs have steadily increased in frequency, scale and geographical distribution
during the past decades (Anderson et al., 2012). Never before have we seen this
much food web disruption caused by this many harmful algae, nor have we suffered
as much economic losses, in this many locations, as today.
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2. Harmful mechanisms

The term “harmful algal bloom” invokes images of extensive accumulations of
pelagic, unicellular phytoplankton which cause a clear discoloration of the water, as
seen during classical “red tides”. In reality, however, HAB is an umbrella term which
encompasses a wide range of harmful events. Not all HAB species are unicellular.
HABs can be composed of colony-forming (e.g. Phaeocystis spp.), chain-forming
(e.g. Pseudo-nitzschia spp.) and even multicellular organisms (e.g. Ulva spp.). HABs
are not “extensive blooms” per se (e.g. low-biomass bloomers & epibenthic species),
nor are they necessarily made by algae (e.g. cyanobacteria and euglenoids). Among
the microalgae, HAB species are found across the Chrysophyceae, Cryptophyceae,
Bacillariophyceae, Dinophyceae, Prymnesiophyceae and the Raphidophyceae.
Generally speaking, “harmful” is the only common denominator. Any organism can
be a “HAB species” as long as its proliferation can be associated with debilitating
effects on the environment, human health or economies (Granéli and Turner, 2006).
The vast majority of the + 300 known bloom-forming algae are, in fact, not inherently
harmful but cause environmental damage through indirect effects such as anoxia,
shading and starvation (Anderson et al., 2002; Hallegraeff, 1993).

2.1 Anoxia, shading & starvation

Oxygen depletion (i.e. hypoxia to anoxia) is a growing threat to marine ecosystems
(Diaz and Rosenberg, 2008). Ten years after the introduction of artificial fertilizers,
coastal dissolved oxygen (DO) levels started to decrease (Galloway et al., 2008).
This is often caused by an interplay of thermal stratification — the restricted mixing of
deep water layers with oxygen-rich surface water during summer (Gehrke, 1916) —
and excessive plankton growth. Algal blooms developing in the warm surface layers
may reduce the DO levels of the surface layers by their respiratory requirements
(Anderson et al., 2002; Pitcher and Probyn, 2016). More commonly, however, dead
cells sink to the bottom where they fuel microbial respiration which depletes the DO
of bottom layers (Baird et al., 2004). The resulting hypoxia inhibits nitrification and
triggers the release of phosphorus from the sediment, providing a double feedback
mechanism for the bloom (Kemp et al., 1990). Based on the severity of the hypoxia,
the duration of the event, and the degree of ecosystem degradation, these HABs
affect benthic life of all trophic levels (Hallegraeff, 1993; O’'Boyle and Nolan, 2011),
as well as zooplanktonic grazers (Grodzins et al., 2016). The resulting “dead zones”
take years to recover and have been reported in over 400 systems, spanning a total
area of more than 245.000 km? across the globe (Diaz and Rosenberg, 2008).
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Prolonged hypoxia affects the food web structure of coastal systems profoundly.
The loss of invertebrate populations and vegetation removes shelter and prey from
the ecosystem and, hence, debilitates the entire marine food web (Baird et al., 2004).
Similar trophic cascades can be seen when vegetation is killed by light attenuation
(Bonsdorff et al., 1997; Hauxwell et al., 2003; Lee et al., 2007). HABs may also be
inedible or unpalatable, deadlocking nutrients in biomass that contributes little to the
secondary productivity of the ecosystem (Stolte et al., 2007). A well-known example
of this inedibility is Phaeocystis spp. which has a gelatinous morphology that protects
against predation and viral infections (Verity et al., 2007). Phaeocystis spp. blooms
are also notorious for the odorous foam on beaches that affect the coastal tourism.
Likewise, decaying Ulva spp. blooms can harm tourism-based economies.

2.2 Morphology

Chain and colony formation are alternative behavioural responses to planktonic
grazers which balance nutrient efficiency against the protection against predation
(Bergkvist et al., 2012; Bjeerke et al., 2015; van Donk et al., 1999; Verity and Medlin,
2003). Another feature that discourages grazers, is the formation of protruding spines
(Pondaven et al., 2007; Tillmann, 2004). This trait is only found in taxa with a rigid
outer skeleton such as diatoms (e.g. Chaetoceros spp. and Skeletonema spp.) and
dinoflagellates (e.g. Ceratium spp. and Peridinium spp.). Once embedded in the soft
tissues of fish gills, spines cause irritation, lesions and excessive mucus production
(Albright et al., 1993; Bell, 1961; Kent et al., 1995; Mamcarz and Worniallo, 1986).
Blood hypoxia usually starts within 12 hours, followed by necrosis of the gut and liver.
Blooms of spine-carrying species can decimate entire farms of caged finfish where
fish are unable to display natural avoidance behaviour. In 2003, for instance, a bloom
of Chaetoceros wighami killed off 170 tonnes of Atlantic salmon — net worth in excess
of 500m € — in a single Scottish sea loch (Treasurer et al., 2003).

Figure 1.1: (FLTR) Phaeocystis globosa, Chaetoceros debilis & Ceratium macroceros.
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2.3 Toxins

The most infamous HABs produce potent toxins that affect life of all trophic levels,
incl. man. Phycotoxins accumulate in seafood, causing gastrointestinal problems as
well as neurologic disorders that range from motoric weakness, headache, dizziness,
disorientation and confusion to memory loss, paralysis and death (FAO, 2004).
Blooms of Karenia spp. and Ostreopsis spp. are also known to aerosolize toxins,
causing severe respiratory distress (Ciminiello et al., 2014; Fleming et al., 2011).
Roughly a third of all HAB species, spread across all major HAB taxa, possess toxins
(Chomérat et al., 2016). Marine toxins are very diverse in their function and structure.
Most have a unique biological activity which, in some cases, can be extremely lethal.
Saxitoxin and maitotoxin are, for instance, 50 and a 1000 times more deadly than the
notorious nerve gas sarin (Dixit et al., 2005; Halstead, 2002). Toxins are often
classified by their effectiveness (fast vs. slow-acting), certain chemical properties
(e.g. lipophilicity), their mode of action, structural similarity or their tissue specificity.
Most commonly, however, toxins are grouped by human diseases, of which 10 are
linked to HABs (Botana and Alfonso, 2015; Cembella, 2003; Chomérat et al., 2016;

FAO, 2004; Khora, 2015; Landsberg, 2002; Martinez et al., 2015).

Table 1.1: Known HAB-related diseases and their respective causative agents.

Syndrome Toxins Producers
,(A:Arg?:e)sm Shelifish Poisoning Domoic acid (DA) Pseudo-nitzschia spp., Nitzschia spp.
,(A:;;?wamd Shellfish Poisoning Azaspiracid (AZA) Azadinium spp., Protoperidinium spp.
Ciguatera Fish Poisoning Cigua- and maitotoxin Gambierdiscus spp., Coolia spp.,
(CFP) Cooliatoxin, OTX, PTX, OA Ostreopsis spp., Prorocentrum spp.

. . . N Okadaic acid (OA),
E)[l)asrg;etlc Shelifish Poisoning Pectenotoxins (PTX) Dinophysis spp., Prorocentrum spp.

Dinophysistoxins (DTX)

Hepatotoxic Shellfish Poisoning Microcystins, Nodularins, Cyanobacteria
(HSP) Cylindrospermopsins, Anatoxins, (Microcystis spp., Anabaena spp., etc.)

Neurotoxic Shellfish Poisoning

Brevetoxins (BTX) Karenia brevis, Chattonella spp.,

(NSP) Heterosigma spp., Fibrocapsa spp.
Paralytic Shellfish Poisoning Saxitoxins (STX) Alexandrium spp., Gymnodinium spp.,
(PSP) Gonyautoxins (GTX) Pyrodinium spp.

Palytoxin Poisoning Palytoxins Ostreopsis spp.

Spiroimine Shellfish Poisoning Spirolides (SPX) Alexandrium spp.

(SSP)

Yessotoxin poisoning Yessotoxin (YTX) Protoceratium spp., Lingulodinium spp.,

Gonyaulax spp.
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3. Evolutionary ecology

At this point, it should be clear that the field of HAB research is rather complex.
HAB species are distributed among several taxa with different ecological niches,
often possess multiple mechanisms which may or may not come into play at once,
and affect systems that range from fresh and brackish water to eutrophic coastal
zones and oligotrophic oceans. Due to this diversity, there is no single answer to
HABs or HAB research. Choices are inevitable. The focus of this work was mostly on
dinoflagellates and the high-biomass blooming dinoflagellates that cause “red tides”.

“_..all the waters that were in the river were turned to blood. And the fish that were in
the river died; and the river became foul, and the Egyptians could not drink water
from the river* Exodus 7: 20-21

This Bible verse, detailing the first Plague of Egypt, is thought to be the oldest
written record of a red tide (Hallegraeff, 1993; Hort, 1957). Despite recent concerns,
HABs have been around for ages. The fossil record shows that dinoflagellates first
appeared during the Precambrian, 1.8 billion years ago, and speciated during the
Mesozoic (Fensome et al., 1996; Meng et al., 2005). For the last 200 million years,
dinoflagellates have been a major component of the phytoplankton, depositing both
their cysts as well as their victims (e.g. whale graveyards) into the sedimentary rock
(Dale, 2001; Pyenson et al., 2014).

Throughout their history, dinoflagellates have amassed numerous adaptations to
cope with their environment. Still, they are usually slow-growing, poor competitors
(Smayda, 1997). Margalef (1978), inspired by the famous r/K selection paradigm of
MacArthur and Wilson (1967), considered them to be true K-strategists. Similarly, the
CSR classification of Smayda and Reynolds (2001) defined them as nutrient efficient
and stress-tolerant (S) species, placing them alongside faster growing, r-selected
colonist (C) species that should displace them when sharing a niche. Yet, despite the
competitive exclusion principle (Hardin, 1960), a remarkable variety of phytoplankton
species can co-exist on a finite number of resources in perpetual non-equilibrium.
This “paradox of the plankton” can be explained by resource partitioning, species
interactions, weather-driven fluctuations, seasonal cycles, and chaotic oscillations
(Huisman et al., 2002; Hutchinson, 1961; Richerson et al., 1970; Stewart and Levin,
1973; Tilman, 1977). In addition, dinoflagellates can escape competitive exclusion by
toxicity-mediated allelopathy, grazer deterrence and mixotrophy (Chakraborty et al.,
2015; Crane and Grover, 2010; Gross, 2003; Roy and Chattopadhyay, 2007).
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3.1 Allelopathy

The ancient Greek and Roman philosophers already knew that terrestrial plants
may interfere with the growth of neighbouring plants (Willis, 2007). This process was
later dubbed “allelopathy” (Molisch, 1937). Over time, the definition was broadened to
include stimulatory as well as inhibitory chemical-based interactions between plants,
grazers and parasites (Rice, 1974). However, the resulting concept encroached on
predator-prey relationships, making it difficult to separate allelopathy from species
interactions such as grazer deterrence. For this reason, it was recently reversed back
to its original essence i.e. “chemical interactions between plants, algae or bacteria
which inhibit the growth of competitors” (Legrand et al., 2003; Willis, 2007). Here,
allelopathy will only be discussed in this strict sense.

The ability to successfully compete for nutrients determines the bloom potential of
a species. In r-selected species, this is achieved with fast nutrient uptake and high
conversion rates. Other algae produce “allelochemicals” that suppress competitors.
Such exudates are found in all major HAB taxa including diatoms, dinoflagellates
cyanobacteria, prymnesiophytes and raphidophytes (Allen et al., 2016; Granéli and
Hansen, 2006; Gross, 2003). These metabolites are usually hemolytic, perforating
the membranes of both algae and grazers, though the inhibition of photosynthesis,
cell-cycle progression and other enzymatic activities have also been observed
(Granéli et al., 2008a; Legrand et al., 2003; Reigosa et al., 1999). Allelopathy can be
tied to toxins associated with human poisoning (e.g. OA, DTX) peptides, fatty acids
or other substances (e.g. reactive oxygen species).

Allelochemicals are thought to prevent the competitive exclusion of HA species,
but this process is rather difficult to study in situ (Gross, 2003; Legrand et al., 2003).
As a result, allelopathy is usually demonstrated in mixed batch cultures or with daily
additions of cell-free filtrate (Granéli and Hansen, 2006). Co-culturing may, however,
create false positives when pH conditions are generated that are fatal to competitors
(Hansen, 2002; Lundholm et al., 2005; Mggelhgj et al., 2006). Filtrates, per contra,
neglect labile toxins and changes in production and sensitivity under shared stress
(Fistarol et al., 2004, 2005; Granéli and Johansson, 2003). Both approaches should
be interpreted with great care. The strength of allelopathic interactions depends on
conditions like temperature, light, pH, nutrients, densities and the species’ sensitivity
(Fistarol et al., 2003, 2005; Schmidt and Hansen, 2001; Tillmann, 2003). Significant
interactions are nearly always found at bloom concentrations (Jonsson et al., 2009).
For this reason, it has been suggested that the role of allelochemicals is to prolong
HABS, rather than establish them (Granéli et al., 2008a; Smayda, 1997).
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3.2 Grazer deterrence & avoidance

HABs are biologically controlled by the combined grazing of microzooplankton,
mesozooplankton and benthic filter-feeders (Smayda, 2008). Before the 1990’s, most
research focused on interactions between toxic algae and zooplanktonic grazers
(Turner and Tester, 1997). Recently, though, we have come to understand that
microzooplankton — i.e. heterotrophic dinoflagellates and ciliates - are as (if not more)
important than mesozooplankton to control HABs (Tillmann, 2004; Turner, 2006).
Together, copepods and benthic filter-feeders consume between 10-40% and 0-30%
of the phytoplanktonic biomass. By contrast, microzooplankton consumes 60-70% of
the primary production (Calbet, 2001; Calbet et al., 2003; Calbet and Landry, 2004).
Microzooplanktonic grazers can reduce the growth of blooms but, in some cases, fall
prey to potentially harmful heterotrophic dinoflagellates themselves, creating complex
feedback loops which are not fully understood (Calbet et al., 2003; Calbet, 2008;
Calbet and Saiz, 2005; Jeong et al., 2010; Sherr and Sherr, 2009, 2007).
Mesozooplankton, on the other hand, is usually unable to prevent bloom proliferation,
but can affect the initiation of blooms by consuming both toxic and non-toxic algae as
well as parasites and microzooplanktonic grazers (Calbet et al., 2003; Turner, 2014;
Turner and Anderson, 1983; Turner and Tester, 1997). While much still needs to be
learned about these interactions, HABs generally reflect a lapse in grazing pressure
(Smayda, 2008). To facilitate the breakdown in grazer control, dinoflagellates have
developed mechanisms to avoid or deter grazers over the course of their evolution.
These will be explained through the concept of the grazing pit, which is an extension
of a three dimensional Lotka-Volterra predator-prey model (Messier, 1994).
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Figure 1.2 Messier’s grazing pit, from Bakun (2006), Messier (1994) and Wyatt (2014).
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Only a fraction of cells in natural assemblages are harmful algae (Turner, 2006).
This rarity offers refuge from grazers and pathogens, as it is energetically inefficient
to purposely target scarcely distributed cells. Rare cells are also less vulnerable to
indiscriminate feeding. As the prey densities increase beyond a threshold, however,
selective grazers will improve their uptake rates by purposely targeting the species.
When prey abundances are sufficiently high, though, grazers can become saturated:
i.e. they are unable to match their uptake to the availability of more prey within an
ecologically relevant time-frame (Messier, 1994; Wyatt, 2014). Both equilibria are
separated by a period of growth with unfavourably high mortality, i.e. the grazing pit,
which harmful algae need to navigate in order to form a bloom (Bakun, 2006).

Small HAB species (e.g. cyanobacteria) simply outgrow the pressure of grazers
(Domis et al., 2007). For others, size is similarly related to grazing like abundance
(Kigrboe, 2008; Sournia, 1982). For this reason, colonies and chains can be formed
or dissolved in response to grazers (Bergkvist et al., 2012; van Donk et al., 1999).
The formation of spines or barbed setae may also be induced, but their function and
efficiency is questionable (Gifford et al., 1981; Nguyen et al., 2011; Tillmann, 2004).
Dinoflagellates, on the other hand, often produce chemicals which are detrimental to
micro- and mesozooplanktonic grazers (Huntley et al., 1986; Teegarden, 1999;
Teegarden et al., 2001; Tillmann et al., 2007). In addition, dinoflagellates can affect
the fitness of grazers through their poor nutritional value (Cruz-Rivera and Hay, 2003;
Prince et al., 2006; Vehmaa et al., 2012). Most grazers will, hence, not feed on toxic
dinoflagellates when alternative prey is present. In other words, toxicity pushes the
grazing threshold towards higher densities while, at the same time, inducing rapid
grazer saturation by reducing the fertility and survival of grazers.

By removing competitors, grazers prevent the exclusion of HA and facilitate the
onset of blooms (Chakraborty et al., 2012; Solé et al., 2006; Teramoto et al., 1979).
Yet, despite deleterious effects, most grazers will eventually consume toxic algae if
other prey becomes scarce (Cruz-Rivera and Hay, 2003; Prince et al., 2006; Schultz
and Kiorboe, 2009; Teegarden, 1999). Due to the nutritional quality of dinoflagellates,
they even tend to increase their uptake rates. As competitors divert grazing pressure
from HA, evolution may select against strong allelopathic interactions (Flynn, 2008).
Natural selection should also benefit grazers that are less susceptible to the toxins.
HAB exposed copepod populations are, indeed, more resilient than naive populations
(Colin and Dam, 2005, 2007; Dam and Haley, 2011). As a result, the introduction of
toxic HA in non-native areas by ballast water dispersal decreases grazing pressure,
enhancing the competitive success of the invasive, toxic species in a similar fashion
as is described by the enemy release hypothesis (Keane and Crawley, 2002).
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While algal blooms facilitate sexual reproduction, enhance the formation of cysts
and offer shelter against grazing, they also promote grazer adaptation (Wyatt, 2014).
To avoid the coevolution of grazers, it is advantageous for HABs to be randomly
distributed in space and time. Irregular escapes from rarity instil ecological and
evolutionary advantages, and should be viewed as a distinct demographic strategy
(Bakun, 2006; Lewis, 1977). Blooms also need to be ephemeral: critical densities
need to be attained before grazers have the opportunity to respond, and the life-cycle
should be completed as quickly as possible. This is done through mass excystment,
thin layer formation, and physical aggregation.

Dinoflagellate blooms often accumulate faster than regular growth would allow.
Mass excystment of “seed banks” provides one way to rapidly escape (pseudo-)rarity
(Wyatt, 2014). Around 10% of all marine dinoflagellates is able to produce cysts
(Dale, 2001; Dodge and Harland, 1991). In coastal environments, around 20 to 50%
of all motile dinoflagellates is a cyst-producer (Anderson et al., 1985; Dale, 1976).
Cysts formation can be used to temporarily escape grazing pressure or unfavourable
conditions by diapause (e.g. pellicle cyst), or to provide a long-term survival strategy
(Bravo and Figueroa, 2014; Smayda and Trainer, 2010). Dormant resting cysts that
have a thick dinosporin cell wall remain viable for months to a hundred years on end
(Bravo and Figueroa, 2014; Lundholm et al., 2011). When sufficient numbers of cysts
hatch simultaneously, dinoflagellates may skip the grazing pit entirely.

Harmful algae, like all phytoplankton, are influenced by the local hydrodynamics.
In a lot of cases, HABs are initiated offshore — where the nutrient-poor conditions
benefit the K-selected species — and are then pushed into nutrient-rich coastal waters
by the wind-driven currents (McGillicuddy et al., 2003; Ruiz-de la Torre et al., 2013).
Contrarily, developing blooms can be disrupted by Eddy diffusion, vertical shear
gradients and small-scale turbulent motions (Estrada et al., 1987; Margalef, 1978).
To some extent, certain dinoflagellates are able to reduce the effect of these physical
processes by secreting extracellular polysaccharides that change their hydrodynamic
environment (Cheriton et al., 2009; Wyatt and Horwood, 1973). More often, though,
they use their exceptional motility to counter physical drift. Dinoflagellates swim up to
16m a day (Eppley et al., 1968; Smayda, 2002). Using geotaxis and chemotaxis, they
perform daily vertical migrations for the acquisition of nutrients and to avoid grazers
(Harvey and Menden-Deuer, 2012; Kamykowski et al., 1998). In addition, they can
use their mobility to accumulate in 1m thick subsurface layers wherein their densities
exceed grazer saturation (Cheriton et al., 2009; Margalef, 1978; Smayda, 2002).
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Figure 1.3 The life-cycle of cyst-forming dinoflagellates (Bravo and Figueroa, 2014).

Encystment

3.3 Mixotrophy

The competitive success of toxic dinoflagellates is also commonly bolstered by
their ability to obtain nutrients from both photosynthesis as well as phagocytosis
(Dagenais-Bellefeuille and Morse, 2013; Jeong et al., 2010). Mixotrophy is found in
all major dinoflagellate taxa (Stoecker, 1999). The vast majority are facultative
heterotrophs: i.e. they consume external organic matter, but need light to grow
(Stoecker, 1998). Extreme cases, e.g. Dinophysis spp., are obligate heterotrophs:
they do not own chloroplasts, but utilize chloroplasts “borrowed” from cryptophytic,
haptophytic or cyanobacterial prey (Qiu et al., 2011). Less than 10% are “ideal”
mixotrophs that grow equally well on photosynthesis or heterotrophy (Hansen, 2011).
Mixotrophic dinoflagellates often feed on bacteria, pico-eukaryotes, nanoflagellates,
cryptophytes, haptophytes, raphidophytes, prasinophytes, ciliates, diatoms and other
dinoflagellates (Jeong et al., 2010 and references therein). Feeding strategies
include active hunting (raptorial feeding), generating water movement towards their
uptake site (filter feeding) and passively waiting for prey uptake (diffusion feeding).
Prey patrticles can be engulfed (phagocytosis), captured by a veil (pallium feeding), or
siphoned out (peduncle feeding) (Jeong et al., 2010). The consumption of N2-fixing
cyanobacteria, in particular, is thought to promote the development of HABs in
nutrient-poor waters (Glibert et al., 2009; Jeong et al., 2005).
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Box 1.1 Observations on the role of benthic grazers

Most commonly farmed shellfish species, i.e. mussels, oysters, scallops, cockles
and clams, readily feed on harmful algae. This creates the risk of human intoxication
during both blooms as well as periods of low abundance (FAO, 2004; Turner, 2006).
Through accumulation and biotransformation, bivalves accumulate toxin profiles with
completely different toxic effects. While the speed of these processes varies among
bivalve species and toxin classes, bivalves will vector toxins to higher trophic levels
(e.g. gastropods, cephalopods, crustaceans, finfish, mammals & humans) based on
their position in the food web (Shumway, 1995). Yet, due to their small contribution to
the grazing pressure on HABs, the effect of benthic grazers on bloom development is
often overlooked (Calbet, 2001; Calbet et al., 2003; Calbet and Landry, 2004).

The increasing occurrence of harmful brown tides (Aureococcus anophagefferens)
along the coast of New Jersey has been linked to eutrophication as well as the loss
of benthic filter-feeders during the 1980’s (Cerrato et al., 2004; Gastrich et al., 2004).
The overexploitation of the Northern quahog Mercenaria mercenaria is thought to
have increased the relative importance of planktonic grazers, which are often more
efficient at selective feeding than bivalves (Gobler and Sunda, 2006). This shifting
grazer pressure has contributed to the success of Aureococcus spp. by removing
their competitors (Gobler and Sunda, 2012). Now, the blooms of Aureococcus spp.
prevent the restoration of the quahog population and cause mortality and recruitment
failures in bay scallops Argopecten irradians and seagrass beds Zostera marina,
resulting in a complete disruption of the ecosystem.

The case of Aureococcus spp. highlights the need to understand the interactions
between HABs and benthic filter feeders. Bivalves often seem to be immune to toxins
that are lethal to copepods, fish, birds or even whales. In part, their resilience is due
to their lack of a central nervous system, a common target of marine toxins. Adult
bivalves also possess a remarkable innate immune system, and can respond to toxic
HA by reducing their filtration rates, producing mucosal pseudofaeces and closing
their shells (Manfrin et al., 2012). Bivalve larvae are, however, more vulnerable to
environmental stress (ASTM, 2004). This frail pelagic life-stage is essential for the
recruitment of next generations of both natural and commercial bivalve populations
(Seitz et al., 2001; Smaal, 2002). A number of recent studies have shown that
harmful dinoflagellates affect the viability and development of these early life-stages
(Jeong et al., 2004; Padilla et al., 2006; Rolton et al., 2014). To prevent the collapse
of benthic communities (cfr. New Jersey) and protect the exploitation of shellfish,
more research into the direct and indirect effects of HABs on larvae is still needed.

12
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4. Environmental control of blooms
4.1 Windows of opportunity

HABs are a departure from the norm, an exceptional succession of phytoplankton
that requires certain environmental qualities. ldentifying the specific combinations of
biotic and abiotic conditions that enable the initiation and development of HABS,
dubbed “windows of opportunity” (Stoecker et al., 2008b), has been the holy grail of
HAB research for decades. Phytoplankton communities are continuously structured
by nutrient availability, biotic interactions (grazing, allelopathy, competition), abiotic
variability (wind, light, temperature, turbulence, etc.) and a degree of randomness
(Armstrong, 1979; Chesson, 1994; Richerson et al., 1970; Tilman, 1977, 1982). This
complexity gave HABs the allure of unpredictability which, as discussed, is enforced
by their biological traits (Sweeney, 1975, 1978). Still, some environmental conditions
are essential to their development and persistence.

Ramon Margalef (1978) was among the first to try to strip away the HAB ecology
and identify some key features that make dinoflagellate blooms “optional”. In his now
iconic “mandala” (Figure 1.4), he found that nutrient availability and turbulent energy
determine the succession of phytoplankton groups and, hence, the likelihood of HAB
development. In this simple bottom-up model, individual species are sorted, based on
their life cycles and the “selective properties of the environment” (Margalef, 1978).
While species may occur outside their designated zones by chance, they will be at a
competitive disadvantage there as they are not adapted to the prevailing conditions.
Due to seasonal weather changes, nutrient and turbulence conditions can shift in any
direction, promoting one over another species.
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Figure 1.4 Margalef's mandala (Wyatt, 2014)
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The mandala is divided into four domains (I-1V) that represent the annual cycle of
phytoplankton biomass (ref. Winder and Cloern, 2010). From late autumn onwards,
remineralization and vertical mixing releases nutrients (i.e. N, P, Si) into the water,
but temperatures are too low for substantial algal growth. For this reason, domain IV
is considered “empty”. Next, r-selected diatoms deplete most nutrients during the
spring blooms (domain [). Later, summer temperatures create thermal stratification
which reduces vertical mixing and enhances the depletion of nutrients. At that time,
the abundance of zooplankton increases. These conditions promote grazer resistant
and nutrient efficient K-selected species. Ideally, the system produces a harmless
peak of non-siliceous algae during summer (domain Ill). Yet, when sufficient nutrients
remain in the system, red tides may develop instead (domain II).

The mandala covers much of the abiotic control over phytoplankton communities.
Slobodkin (1989) later wrote: “any body of water that meets the criterion of relatively
constant conditions and a low mixing rate will tend towards a monoculture bloom”.
According to the mandala, sufficiently stable conditions will indeed create a bloom of
whichever species is best adapted to the prevailing conditions. Yet, it still overcomes
Hutchinson’s paradox by incorporating constant changes in nutrients and turbulence.
The mandala is neither absolute nor unidirectional, as time and time-related factors
(e.g. light, temperature) are rather implicit. These strengths made Margalef’s work a
cornerstone in phytoplankton ecology. As Margalef put it: “there is no paradox of the
plankton, but we are excessively myopic in the perception of the many possibilities of
spatial and temporal organization” (Margalef, 1978).

His mandala was nonetheless a product of its time. Our understanding of red tides
has progressed tremendously since its publication. Adaptive traits and strategies
(e.g. allelopathy, grazer deterrence, cysts, motility, internal nutrient storage) which let
HAB species cope with diverse environments are now given more credit than before.
We now know that grazing and eutrophication are both crucial for HAB development
(Chakraborty and Feudel, 2014; Mitra and Flynn, 2006; Sunda and Shertzer, 2014),
which cannot be included in a simple bottom-up model (Glibert, 2016; Wyatt, 2014).
Even so, the enigmatic nature of Margalef's mandala continues to inspire authors to
adapt the framework to the new insights and groups (Balch, 2004; Cullen et al., 2007;
Smayda and Reynolds, 2001). In its latest incarnation (ref. Glibert, 2016; Fig. 1.5),
the mandala has become a twelve dimensional “map” that contains (1) turbulence,
(2) nutrient ratios, (3) temperature, (4) r vs K strategies, (5) cell size, (6) cell motility,
(7) relative growth rate, (8) pigmentation, (9) autotrophic or mixotrophic preference,
(10) the production of toxins or reactive oxygen species, (11) grazing pressure and
(12) the chemical form of nitrogen
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4.2 Fishing and shipping

Most axes of the revised mandala are intrinsic species properties. Other axes are
directly affected by anthropogenic activities. As already discussed, benthic grazing is
susceptible to overfishing, leading to relatively more pelagic grazing which is also
affected by fishing activities. Fisheries have generally depleted the stocks of large
piscivorous fish (FAO, 2016), increasing the number of small planktivorous fish that
remove zooplanktonic grazers and, hence, modify the grazing pressure of HABs
(Anderson et al., 2012). These trophic cascades indirectly influence the grazing pit,
and may be enhanced by the involuntary introduction of toxic algae in locations with
naive grazer populations through ballast water dispersal and shellfish stock vectoring
(Colin and Dam, 2005, 2007; Dam and Haley, 2011; Smayda, 2007).

4.3 Eutrophication

Coastal eutrophication has been linked to the increasing frequency of HABs
across the globe (Anderson et al., 2002, 2012; Cloern, 2001; Davidson et al., 2014;
Glibert et al.,, 2014). The predominant underlying cause is rather straight-forward.
The Green Revolution has increased the nutrient availability of most aquatic systems.
The industrial production rates of N and P vastly exceed the natural weathering rates
of these elements (Carpenter and Bennett, 2011; Galloway et al., 2008). By contrast,
the natural availability of silicon has changed little (Tréguer and De La Rocha, 2013).
Nearshore diatom communities tend to be silicon-limited (e.g. Burson et al., 2016),
leaving more nitrogen and phosphorus to fuel blooms of non-siliceous phytoplankton
(Graneli et al., 1999; Officer and Ryther, 1980; Radach et al., 1990; Riegman et al.,
1992; Roberts, 2003; Schollhorn and Granéli, 1996; Smayda, 1989; Sommer, 1994).

Changes in the relative availability of nutrients are commonly expressed as ratios.
Shifts in ambient nutrient ratios may move co-existing phytoplankton species towards
competitive exclusion when each is limited by another resource (Tilman, 1977, 1980).
In the case of silicious vs. non-silicious phytoplankton, it is clear that the N:Si or the
P:Si ratio has an important structuring role. Still, eutrophication has another effect.
While nitrogen fertilizers are still extensively used, phosphorus emissions have been
severely restricted by legislation (e.g. Clean Water Act, Water Framework Directive).
In addition, wastewater treatment plants remove P more efficiently than N, causing
riverine inputs to be richer in N than P (Glibert et al., 2014; Van Drecht et al., 2009).
As a result of this imbalance, marine systems now vary between extreme N-limitation
(e.g. 1:1) and extreme P-limitation (e.g. 375:1) on varying spatial and temporal scales
(Burson et al., 2016; Conley et al., 2009; Elser et al., 2007).
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For want of an atmospheric component, P is held to be the most limiting nutrient
on the geological time-scale (Conley et al., 2009; Elser et al., 2007; Tyrrell, 1999).
Conversely, N is thought to be self-regulating. Redfield (1934) observed that oceans
have an average N:P ratio of 16:1. This ratio is balanced by nitrogen homeostasis.
Higher ratios inhibit nitrogen fixation, while lower ratios promote nitrogen fixation
(Redfield, 1958; Tyrrell, 1999). This was recently attributed to a homeostatic balance
between protein and RNA synthesis, as the 16:1 protein:RNA ratio is found in both
prokaryotic and eukaryotic organisms (Daines et al., 2014; Loladze and Elser, 2011).
The Redfield ratio is, hence, firmly rooted in the fundamental structure of life.

Recent measurements have shown that the global oceanic mean is currently 22:1
(Martiny et al., 2014). Imbalanced supplies of N, P and C affect the nutritional quality
of phytoplankton, causing grazers to increase their consumption rates, increase their
retention efficiency or decrease their body sizes (Malzahn et al., 2010; Malzahn and
Boersma, 2012; Schoo et al., 2009, 2014; Sterner, 1990; Vanni and Mcintyre, 2016).
These trade-offs affect the food web at all trophic levels (Philippart et al., 2007).
Shifting N:P ratios have, hence, also been associated with an increased risk of HABs
(Heil et al., 2007; Hodgkiss and Ho, 1997; Lagus, 2004). While there is little evidence
that N:P ratios play a significant role in the bottom-up control of toxic red tides
(Davidson et al., 2012; Flynn, 2010), nutrient stoichiometry may indirectly affect the
top-down control of HABs through changes in food quality or the production of toxins
(Granéli and Flynn, 2006; Malzahn et al., 2010; Schoo et al., 2009). Yet, there is no
reason to suggest that the N:P ratio selects for red tides by itself.

Associating red tides to the recent deviations from the Redfield ratio harkens back
to the succesful association of N:Si ratios and blooms of non-siliceous phytoplankton.
At first glance, there is even a theoretical framework to support the HAB-N:P theory.
The Redfield ratio is not a universal optimum for all algae (Klausmeier et al., 2004).
Fast-growing r-strategist cells have a greater energy allocation to P-rich ribosomes,
and are more attuned to low N:P ratios, than slow-growing K-strategists which have
more N-rich proteins and, hence, grow well at high N:P ratios. Given a sustantial shift
in N:P ratio, Tilman’s resource ratio hypothesis predicts the competitive displacement
of one group by the other (Tilman, 1977). While this could explain the recent success
of cyanobacterial HABs or Phaeocystis spp., it fails to address the issue of red tides.
There is no ecological theory which supports the notion that nutrient ratios can select
between closely related species with resembling nutrient requirements. Nevertheless,
the link between N:P ratios and red tides is frequently reiterated without this nuance
(Glibert et al., 2014; Glibert, 2016; Heisler et al., 2008).
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4.4 Climate change

Besides our influence on the global nitrogen cycle, human activities have also
transgressed the planetary boundaries of climate change (Rockstrom et al., 2009).
Anthropogenic global change is now beyond dispute (Cook et al., 2013; IPCC, 2014).
Relative to 1986-2005, the global mean surface temperatures will have increased by
0.3 (best case) to 4.8°C (worst case) by the end of the 215t century (IPCC, 2014).
Even though the Paris climate agreement intends to hold global warming below 2°C,
the proposed climate efforts could still result in a warming of 2.6°C to 3.1°C by 2100
(Rogelj et al., 2016). Marine ecosystems will have higher sea surface temperatures,
sea level rise by thermal expansion and ice melt, deoxygenation, ocean acidification,
changes in continental runoff, and an increased frequency of extreme events such as
storms (Portner et al., 2014). Several of these effects may promote the occurrence of
HABs in the future oceans (Anderson et al., 2012; Hallegraeff, 2010).

Long-term changes in the phytoplanktonic biomass production of the North Sea
are linked to eutrophication and regional changes in temperature (Edwards, 2001).
Though cell growth is generally positively correlated with temperature (Eppley, 1972),
dinoflagellates are already more adapted to higher temperatures than other algae,
giving them more chance to grow under climate change conditions than competitors
(Smayda and Smayda, 2015). Range expansions of harmful species, together with
range contractions of competitors and grazers, will determine the risk of future HABs
(Anderson et al., 2012; Chevin et al., 2010; Wells et al., 2015). Climate change may
also increase the production during winter and affect the timing of peak productivity,
leading to trophic mismatches between producers, grazers and higher trophic levels
(Anderson et al., 2012; Edwards, 2001; Edwards and Richardson, 2004).

On a regional scale, changes in precipitation and continental runoff will enhance
both the thermal and haline stratification (Holt et al., 2014; Hordoir and Meier, 2012).
Dinoflagellate blooms are often associated with persistently stratified environments,
as they promote nutrient efficiency, mixotrophy, cell motility, and the accumulation of
biomass into thin layers (Berdalet et al., 2014; Huisman et al., 2004; Smayda, 2002).
Stratification also severely reduces the competitive effectiveness of their main rivals.
Diatoms, which tend to outgrow other phytoplankton groups, need upward advection
or mixing to maintain a depth with favourable light conditions (Huisman et al., 2002).
As a result, climate chance is believed to increase the windows of opportunity for
HAB development. Little is known, however, about the effects of temperature and pH
on nutrient competition and toxin-mediated processes such as allelopathy and grazer
deterrence (Wells et al., 2015).
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Figure 1.6 The predicted effect of climate-change related stressors, like temperature (T),
ocean acidification (OA) and stratification, as well as the future impact of eutrophication and
grazing on different phytoplankton groups. Arrows indicate inhibition, stimulation or species-
dependent effects (double arrow). Questions marks are insufficiently studied to predict.
Symbols denote confidence: likely (+) and very likely (++). Credit to Wells et al. (2015).

Climate change will also affect the mechanisms that can induce bloom termination.
Most commonly, senescent blooms dissipate by weather-driven changes in currents
(pushed offshore) and waves (turbulence or loss of stratification). Long-term records
of the North Sea have, for instance, detected decadal changes in the wind forcing,
showing an increase in mean wind speeds and a higher occurrence of westerly winds
(Siegismund and Schrum, 2001). Ultimately, these changes determine the likelihood
of bloom termination by weather patterns. Another potential way of bloom termination
is nutrient depletion. As the growth rates increase with temperature (Eppley, 1972),
blooms may deplete nutrients more rapidly, potentially making them more ephemeral.
This process could be enforced further by an increase in thermal stratification which
will prevent mixing with deeper, nutrient-rich waters. Climate change will, however,
also have an effect on nutrient remineralisation (Segschneider and Bendtsen, 2013),
which could perhaps negate the rapid depletion of available nutrients to some extent.
Lastly, established blooms are known to succumb to viral, bacterial and fungal lysis
(Bidle and Vardi, 2011; Frenken et al., 2016; Imai et al., 1998; Mayali et al., 2008).
The linkage between algal blooms and these parasitic organisms will evolve as each
clade adapts to the global change conditions (temperature, pH, etc.).
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Box 1.2 The complex interactions between bacteria and algae

To bridge Messier’'s grazing pit, algae need to overcome the mortality induced by
viral and bacterial infections, that shunt about 20% of all the produced biomass away
from higher trophic levels (Cole et al., 1988; Fuhrman and Noble, 1995; Wyatt, 2014).
For the most part, this mortality can be linked to Roseobacter clade bacteria, though
Flavobacter clade bacteria are also positively related to the density of phytoplankton
(Buchan et al., 2014; Cole, 1982; Mayali et al., 2008). The interactions between HA
and their bacteria can vary from commensalism to parasitism (Ramanan et al., 2016),
and change over time as the organic matter excreted by the algae bottom-up induces
bacterial succession which affects the functional traits of the associated community
(Riemann et al., 2000; Teeling et al., 2012).

Little is known, though, about the role of bacteria in controlling HABs. Infections
both promote and inhibit bloom formation (e.g. Ferrier et al., 2002; Imai et al., 1995),
creating unstable trade-offs between the uptake of nutrients and the risk of infection
(Menge and Weitz, 2009). In certain cases, the bacterial diversity in the phycosphere
may also act as both the target and mediator of allelopathic interactions between HA
(Hulot and Huisman, 2004; Weissbach et al., 2011), further complicating their role in
the formation and maintenance of HABs. In a few rare cases, the production of toxins
(e.g. DA) of the algae has been linked to the presence of certain associated bacteria
(Bates et al., 2004; Stewart et al., 1997).

While we still do not completely understand the role of bacteria in HAB dynamics,
climate change is predicted to have a tremendous impact on prokaryotic communities
(Vezzulli et al., 2012). Crucially, bacteriologists fear that global warming will increase
the occurrence of pathogens, such as Vibrio splendidus and Vibrio coralliilyticus,
which are found in bloom-associated communities (Barlaan et al., 2007; Burge et al.,
2014; Eiler et al., 2006; Mourino-Perez et al., 2003; Vezzulli et al., 2016). If and when
this happens, the effects of HA may work in tandem with the virulence of pathogens,
enhancing the environmental impact of HABs. Up to now, only a handful of studies
have looked at the interactive effects of HABs and pathogens on benthic grazers,
and none have investigated this mixed toxicity in pelagic grazers. In adult bivalves,
both synergistic and antagonistic interactions between HA and pathogens were found
(Basti et al., 2015a; da Silva et al., 2008; Hégaret et al., 2010). To date, however, not
a single study has looked into the potential for mixed toxicity effects in bivalve larvae,
which are usually more susceptible to environmental stress. To truly understand the
entire impact of HABs on (benthic) grazing communities (ref. box 1.1), these mixed
toxicity effects need to be evaluated further.
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5. North Sea status

Introduction

The North Sea was recently identified as a global “hot spot” of climate change
(Holt et al., 2014; Pinnegar et al., 2016). In the past, the North Sea was a “hot spot”
for eutrophication (QSR, 1987; Fig. 1.7), and decades of overfishing that changed the
food web towards a new ecosystem regime that favours above normal Chl A levels
(McQuatters-Gollop et al., 2007). The Southern Bight of the North Sea, in particular,
is highly eutrophied (Djambazov and Pericleous, 2015) and its nutrient stoichiometry
is very heterogeneious (Burson et al., 2016), increasing the risk of HAB development.
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Figure 1.7: The evolution of the Chlorophyll A concentration of the English Channel and
the Southern Bight of the North Sea (A), and the winter (December—February) concentrations
of ammonium (B), phosphate (C), nitrate (D), silicate (E), and nitrite (F). Full black lines are
the median values, dotted red lines represent the 25-75% quantiles. Monitoring data derived

from the ICES data portal (ICES areas IVc and VIid).
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Table 1.3: List of potentially harmful phytoplankton spotted inside the Belgian EEZ, based
on a query of the EurOBIS database for the Belgian EEZ, and expanded with (grey) literature

and personal observations.

Harmful species Effect
Dinophysis acuta Toxic (OA,DTX)

Dinophysis acuminata  Toxic (OA,DTX)

Dinophysis norvegica Toxic (OA,DTX)
Dinophysis rotundata Toxic (OA,DTX)

Protoceratium reticulatum Toxic (YTX)

Karenia mikimotoi Fish kills
Hypoxia
Toxic (Gym)

Scrippsiella trochoidea  Hypoxia

Phaeocystis globosa Hypoxia

Phaeocystis pouchetii Hypoxia

Prorocentrum lima Toxic
(OA,DTX)

Prorocentrum micans Hypoxia

Pseudo-nitzschia seriata Toxic(DA)

Alexandrium ostenfeldii  Toxic
(SPX, STX)

Skeletonema costatum  Fish Kills
(spines)

Heterocapsa rotundata  Hypoxia

Heterocapsa triquetra Hypoxia

References

Bastin (1991)
Van Wichelen et al. (2008)

Louis et al. (1974)

Bastin (1991)

M’harzi (1999)

Denys and Maeckelberghe (2002)
Van Wichelen et al. (2008)

Louis et al. (1974)

Muller (2004)
personal observations

M’harzi (1999); Gonyaulax grindleyii
Parke and Dixon (1976); Gymnodinium breve

Louis and Petes (1979); Gymnodinium aureum
personal observations

Louis and Petes (1979); Scrippsiella faeroeense
personal observations

Baumann et al. (1994)
personal observations

De Pauw (1975)
Lancelot and Mathot (1985)
Miller (2004)

Leloup and Miller (1940)
personal observations

De Pauw (1975)

Louis and Petes (1979)
Bastin (1991)

Van Wichelen et al. (2008)
personal observations

M’harzi (1999)
Denys and Maeckelberghe (2002)

Woloszynska & Conrad (1939); Pyrodinium phoneus
Van Wichelen et al. (2008)

Reid et al. (1990)
M’harzi (1999)
Rousseau et al. (2002)

Leloup and Miller (1940)
Mommaerts-Billiet et al. (1974)
Van Wichelen et al. (2008)

Louis and Petes (1979); Peridinium triquetra
Conrad (1939); Gonyaulax. triacantha
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In recent years, though, the nutrient loading of the Southern Bight of the North Sea
is gradually decreasing (ref. ICES data; Fig. 1.7). First, the phosphate levels dropped
to stagnant levels because of the voluntary agreements with the detergent industries
and a European-wide ban on phosphates in household detergents. Now, the nitrogen
levels are plummeting as the combined result of a multitude of European legislations
(i.e. the Nitrates Directive, the Urban Waste Water Directive, the Water Framework
Directive, the Marine Strategy Framework Directive etc.). Despite this progress, the
nutrient inputs are still too high and unbalanced, causing a shift in the natural nutrient
stoichiometry of the Southern Bight of the North Sea. The average N:P ratio of the
Belgian Part of the North Sea (BPNS) is, for instance, between 12 and 14, though
extremer cases of N-limitation (e.g.1:1) and P-limitation (365:1) have also been found
(Brion et al., 2004; Burson et al., 2016). Assuming that HAB occurrences can indeed
be linked to changes in the N:P ratio, these shifts could have increased the risk of
HAB development in the BPNS.

Because of eutrophication, overfishing and climate change, scientists believe that
more HABs will develop in the North Sea (Peperzak, 2005; Friocourt et al., 2011).
Some of the countries adjacent to the Southern Bight of the North Sea, like France,
the Netherlands and the UK have, in fact, already found an increase in HABs within
their EEZs (Figure 1.8). Yet, despite the number of known harmful algae which were
spotted within the Belgian EEZ (Table 1.3), Belgium still needs to start monitoring for
HAB events. As a result, we know little about the risk of HABs inside the BPNS.
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Figure 1.8: The yearly occurrence of HABs in the Southern Bight of the North Sea (left),
and the predominant toxin groups that occur during these blooms (right). Data extracted from
the Harmful Algal Event Database (HAEDAT), using a subset of zones (FR01, FR02, FR03,
GBO03, GB04, GB06, GB0O7, NLO03) that coincide with ICES areas IVc and VIid.
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6. Objectives

While all of the neighbouring countries have detected various HAB species in their
economic exclusion zones, ref. reports by Rijkswaterstaat (NL), Ifremer (France), and
CEFAS (UK), Belgium remains ignorant of the human health risks that lurk within its
coastal waters. Despite growing evidence that dinoflagellate blooms are gaining in
importance on a global scale, our environmental monitoring report is still based on
broad parameters such as chlorophyll-A, total inorganic nutrient concentrations, and
the abundance of a single known harmful species i.e. Phaeocystis spp. (FOD, 2015).
Contrary to most other European countries, the historical collapse of our aquaculture
industry robbed us of a compelling reason to monitor beyond what was required by
European laws against eutrophication (e.g. Water Framework Directive 2000/60/EC).
Now, though, the Marine Strategy Framework Directive (2008/56/EC) requires us to
include indicators that reveal changes in the phytoplanktonic community composition,
with increased attention to the presence of HAB species, and recommends research
into the effects of nutrient ratios and nutrient loads on the structure and function of
the planktonic food web in relation to other trophic levels.

The main objective of this thesis was to assess whether the ongoing chances in
the environmental conditions of the BPNS have any effect on the risk of toxic HABs.
Based on the knowledge gaps that were identified in the general introduction, and the
recommendations of the EU Marine Strategy Framework Directive, we formulated
five research questions which were addressed throughout the chapters of this PhD.
Each question was used to improve our understanding of HAB dynamics and the
associated effects on the food web, so that we could formulate a suitable answer to
the main objective.

1. Do shifting N:P ratios affect the competitive traits of dinoflagellates?

Do nutrient load reductions affect the competitive traits of dinoflagellates?
Will global change affect the competitive traits of dinoflagellates?

Do toxic HABs affect populations of keystone bivalve species?

What is the risk of HABs in the BPNS?

a s~ wDd
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7. Rationale and scope of this work

As the world plunges ever-faster towards the point of no return for climate change,
the chance to avoid a major escalation of HABs worldwide is gradually slipping away.
Now more than ever, policymakers need to comprehend the dangers of ecosystem
disruption by HABs, and get a clear signal which areas to prioritize in order to avoid
this catastrophe (Chomérat et al., 2016). There is, however, a lack of experimental
evidence that global change will affect HABs (Wells et al., 2015). While the rate of
temperature change is already accelerating in some regions (Smith et al., 2015),
HAB scientists are still discussing the fundamental ecological importance of key traits
(e.g. allelopathy) and environmental constraints (e.g. N:P ratio) in HAB development.
Critically, we need to identify and employ model species in cross-validated, long-term
multifactorial studies with co-occurring species to rapidly progress our understanding
of HAB and non-HAB physiological plasticity to climate stress (Wells et al., 2015).
These efforts should, however, not preclude the search for “windows of opportunity”
and “black swans” in HAB ecology. Quantifying the effects on the socioeconomic
well-being of our species, by continuing to look for new HAB species, new toxins,
newly affected locations and previously unknown toxic effects on key organisms,
should not be impeded either, as this information is key to persuade policy makers.

The first two chapters of this dissertation aim to improve our understanding of two
age-old questions which often detract from the bigger environmental issues at hand:
the N:P ratio and allelopathy. Chapter 2 investigates how nutrient stoichiometry and
temperature affect monocultures and mixed cultures of four dinoflagellates. While the
success of dinoflagellate blooms is often ascribed to these factors, few studies have
simultaneously investigated their effect on closely related species. We hypothesized
that temperature would affect growth rates and, hence, nutrient consumption, but that
changes in nutrient stoichiometry would not be able to affect the species’ dominance
because of the resemblance in nutrient requirements of these species.

Chapter 3 builds further on chapter 2 to elucidate the roles of nutrient competition,
allelopathy and relative densities during bloom initiation. Several theoretical studies
suggest that allelopathy is dysfunctional at low densities, but experimental studies
often fail to elucidate nutrient competition from allelopathic interactions. We believe
that allelopathy plays no significant role during the first stage of bloom development.
To demonstrate this, and verify the role of the N:P ratios, we grew communities of
three dinoflagellates under different temperatures, N:P ratios and initial densities.
Using mechanistic modelling, we then identified the predominant mechanism which
determines interspecific competition in mixed laboratory cultures.
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The second half of this dissertation looks at the effect of red tides on bivalves.
These bioturbating or reef-forming organisms are ecosystem engineers and, hence,
are often keystone species in temperate marine ecosystems such as the North Sea.
In shallow systems with a high biomass to water volume ratio (e.g. Eastern Scheldt),
bivalves may have a strong influence on phytoplankton abundance (Dame, 2011).
Yet, despite of this, their role in HAB ecology has long been overlooked. Recently,
self-sustaining brown tides have been linked to the overexploitation of bivalves
(Gobler and Sunda, 2012). This “black swan” event (i.e. an unexpected event with
major ramifications that is often overly rationalized later with the benefit of hindsight)
encourages renewed research efforts into interactions between HABs and bivalves.

Adult bivalves are known to sequester and transform various chemical pollutants.
Marine toxins are frequently found at remarkably high concentrations without any
apparent effect on the mussel. Despite the risk to human consumers, little is known
about the accumulation and detoxification mechanisms of bivalves. The simultaneous
exposure to multiple toxic algae, in particular, is yet to be studied. For this reason,
chapter 4 looks at the absorption, distribution, metabolization and excretion kinetics
of two emerging toxin groups (OA & SPX) in the common mussel Mytilus edulis by
HPLC-MS/MS. We knew that mussels would accumulate toxins by feeding on the two
toxic dinoflagellates, and assumed that the combined exposure to both would reduce
the accumulation of toxins due to an increase in avoidance behaviour.

As both HABs and pathogens will become more prevalent in the near future,
marine bivalves will increasingly have to face both stressors at once. Because of this,
chapter 5 explored the potential for interactive toxicity effects in their most sensitive
life-stage i.e. the larvae. Beforehand, we reasoned that the exposure to okadaic acid
and domoic acid, the two most common toxins in Europe, may affect the viability and
immunological resilience of M. edulis larvae. We expanded on the latter hypothesis
by simultaneously exposing mussel larvae to marine pathogens and a whole range of
previously unstudied toxic dinoflagellates in chapter 6.

The final part of this thesis, chapter 7, summarizes the results and conclusions of
this work, and frames them within the current state of the art of the HAB field.
Suggestions for future research are then provided alongside recommendations for
the regional management of the Belgian Part of the North Sea (BPNS).
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The effect of temperature and nutrient stoichiometry
on the performance of potentially harmful dinoflagellates

Climate change

Credit: Rockstrém et al. (2009)



Chapter 2

Abstract

Over the last sixty years, eutrophication has gradually upset the biogeochemical
balance of the world’'s oceans. Shifts in the relative abundance of growth-limiting
nutrients such as nitrogen and phosphorus have been observed across the world.
The resource ratio (i.e. nutrient stoichiometry) can affect the biological success of
competing taxa when species are limited by different nutrients. As a result, there is a
persistent believe that the imbalance in N:P ratios is linked to the growing success of
dinoflagellate blooms. Yet, to date, there is a lack of experimental evidence that
changes in the external nutrient stoichiometry promote harmful dinoflagellates over
co-occurring benign species. Here, four dinoflagellates of the Belgian Part of the
North Sea (Prorocentrum micans, Prorocentrum lima, Protoceratium reticulatum &
Scrippsiella trochoidea) were grown in 300 single and mixed batch cultures to
explore the effect of nutrient stoichiometry on the outcome of interspecific
competition across 10 N:P ratios (between 8 and 24) and two temperatures (20°C
and 24°C). Cell counts, nutrient measurements and toxin extractions were then used
to determine the individual performance of each dinoflagellate. Overall, the results of
this study indicate that the N:P ratio has no structuring role in the competition
between dinoflagellates. Observed patterns between growth rates and N:P ratios
either failed to replicate themselves at another temperature, or vanished in mixed
cultures. For this reason, this study warns against the use of the N:P ratio as a key
predictor of the risk of HAB development in coastal areas such as the BPNS.
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Nutrient stoichiometry

1. Introduction

Since the 1950’s, mankind has left enough distinctive geochemical signatures in
the geological record to warrant the creation of a new epoch: the Anthropocene
(Crutzen, 2002; Waters et al., 2016). Among these signs is the gradual increase in
the availability of growth-limiting nutrients. The industrial production of nitrogen and
phosphorus vastly exceeds the natural weathering rates of these structural elements
(Carpenter and Bennett, 2011; Galloway et al., 2008). While our influence on the
silicon cycle is limited (Tréguer and De La Rocha, 2013), the N and P cycles have
drastically changed since the Green Revolution. Coastal eutrophication is detected in
all long-term monitoring records (Brush, 2008; Clarke et al., 2006; Cloern, 2001).
Changes in the relative and total abundance of N and P are linked to the increase in
harmful algal blooms (HABS) across the globe (Anderson et al., 2002, 2008; Cloern,
2001; Davidson et al., 2014; Glibert et al., 2014; Paerl et al., 2014; Smith, 2003). Yet,
it is still not fully understood how nutrient availability and nutrient stoichiometry affect
HAB species (Wells et al., 2015).

Due to the extensive use of N fertilizers in agriculture, the high emission of N-rich
waste by lifestock production, the higher removal efficiency of P in wastewater
treatment plants and the strict legislation concerning P in detergents, anthropogenic
emissions tend to be richer in N than P (Glibert et al., 2014; Van Drecht et al., 2009).
Predominantly N-rich riverine inputs were fed into the world’s oceans for decades.
Now, the mean N:P ratio of marine systems has evolved from 16:1 in the 1930’s - the
famous, biogeochemically balanced Redfield ratio (Redfield, 1958) — to 22:1 today
(Martiny et al., 2014; Redfield, 1934). Changes in nutrient ratios can drive co-existing
phytoplankters towards competitive exclusion when each species is limited by a
different resource (Tilman, 1977, 1980). Nutrient ratios determine the phytoplankton
community composition and, hence, can be linked to predator-prey relationships
(Malzahn et al., 2010; Philippart et al., 2007; Schoo et al., 2009) and an increased
risk of HAB development (Heil et al., 2007; Hodgkiss and Ho, 1997; Lagus, 2004).
The change from diatoms to potentially harmful non-siliceous phytoplankton groups
(e.g. cyanobacteria, dinoflagellates) has, for instance, been linked to shifting N:Si or
P:Si ratios in both laboratory and field studies (Graneli et al.,, 1999; Officer and
Ryther, 1980; Paerl et al., 2014; Radach et al., 1990; Riegman et al., 1992; Roberts,
2003; Schoéllhorn and Granéli, 1996; Smayda, 1989; Sommer, 1994). Nevertheless,
there is no real evidence that the N:Si or P:Si ratio promotes harmful species per se
(Davidson et al., 2012; Gilpin et al., 2004). In fact, no ecological theory supports the
notion that nutrient ratios may select between species with closely resembling
nutrient requirements.
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Inspired by the success of the N:Si ratio, the increase in dinoflagellate blooms is
frequently attributed to the recent changes in the N:P ratio (Glibert et al., 2012;
Handy et al., 2008; Heisler et al., 2008; Hodgkiss and Ho, 1997; Li et al., 2009).
While understandably attractive, this approach may be dysfunctional in HAB ecology.
While nutrient stoichiometry certainly affects the top-down control of HABs, through
changes in the nutritional quality or toxin production (Granéli and Flynn, 2006;
Malzahn et al., 2010; Philippart et al., 2007; Schoo et al., 2009), its role in bottom-up
control appears to be limited at best (Davidson et al., 2012; Flynn, 2010). There is,
however, a lack of experimental studies that use mixed cultures to grow co-existing
species under various environmental conditions. Now, as HABs stand to gain from
global change, this hampers our understanding of the current and future effect of
nutrient stoichiometry on interspecific competition (Wells et al., 2015).

Here, we performed a growth experiment of 300 cultures to explore the effect of
nutrient stoichiometry on the performance of four common North Sea dinoflagellates,
and the competition between them. To this end, two non-toxic species: P. micans
Ehrenberg 1834 and Scrippsiella trochoidea (Stein) Loeblich Il 1976 and two toxic
species: the benthic Prorocentrum lima (Ehrenberg) F. Stein 1878 and the pelagic
Protoceratium reticulatum (Claparéde & Lachmann) Bitschli 1885 were grown at ten
N:P ratios, ranging between 8 and 24, and two temperatures: 20°C and 24°C. Cell
counts and nutrient measurements were used to determine growth rates, nutrient cell
guota and the presumed internal N:P ratio of each species. Intracellular toxin
concentrations were detected through ultra-high-performance liquid chromatography
coupled to high-resolution Orbitrap mass spectrometry (UHPLC-MS).

2. Material & Methods
2.1 Algal cultures

Prorocentrum lima (CCAP1136/9) and P. micans (CCAP1136/20) were bought at
the Culture Collection of Algae and Protozoa (Oban, Scotland), while Protoceratium
reticulatum (SCCAP K-1478) came from the Scandinavian Culture Collection of
Algae and Protozoa (Copenhagen, Denmark). Scrippsiella trochoidea was taken from
the Belgian Part of the North Sea (BPNS) and identified by electron microscopy
(Vergucht et al., 2015). Algae were grown in L1 medium (32 PSU, pH 8), prepared
with artificial seawater (Instant Ocean'™, Belcopet, Belgium) as dictated by Guillard
and Hargraves (1993). Stock cultures were grown at 20°C with a 12 h light-dark cycle
(20-40 umol m2 s1). Roughly 80% of the culture media was replaced every 2 weeks.
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2.2 Experimental design

Regular L1 medium contains 882 uM NOs" and 36.2 uM PO4*, or a N:P ratio of 24.
To get media with different N:P ratios, the NOs™ content of the recipe was changed.
Other medium ingredients were added at the regular dose. Ten media were prepared
(i.,e. N:P 8, 10, 12, 13, 14, 15, 16, 18, 20, 24), centered around the mean N:P ratios
of the BPNS. Monocultures of each dinoflagellate were made in each of the media by
adding 100 cells mIt to Erlenmeyer flasks filled with 50 ml of medium. Mixed batch
cultures were set up by adding 100 cells ml* of each species to 50 ml of a medium.
Treatments were replicated six times: three flasks were grown at 20°C for 35 days,
three were set at 24°C for 28 days. Both climate rooms had a 12-hour photoperiod of
2045 umol m2 s (cool white light). Twice a week, 1 ml was taken from each flask,
fixed with 100 pl of 12% formaldehyde and counted with a Sedgewick-Rafter
counting chamber and a Nikon TMS-F light microscope (10x10). In addition to the
initial media (day 0), 7 ml samples were taken on day 14 and day 28 for toxin and
nutrient analyses. Replicates were pooled, filtered (@ 0.2 um) and measured with
standard colorimetric tests for NOz™ and PO4* (Hansen and Koroleff, 1999) using
spectrophotometric kits (Merck Millipore, Darmstadt, Germany) and an Aquamate
spectrophotometer (Thermo Scientific, San Jose, USA).

2.3 Toxin analyses

Additional 3 ml samples were taken on day 14 and day 28 for toxin analyses.
Replicates were pooled and processed using the glass bead extraction method of
Orellana et al. (2015). Analytical grade methanol (VWR, Leuven, Belgium), 0.5 mm
glass beads (Thistle Scientific Ltd, Glasgow, UK) and Millex-GV 0.22 um PVDF
syringe filters (Millipore, Darmstadt, Germany) were used during this process.
Certified reference material of okadaic acid (CRM-OA-c), 13-desmethyl spirolide C
(CRM-SPX-1), azaspiracid-1 (CRM-AZA-1), yessotoxin (CRM-YTX) pectenotoxin-2
(CRM-PTX-2) and dinophysistoxin-1 (CRM-DTX-1) were obtained from the Canadian
National Research Council (Ottawa, Canada) to create a multitoxin standard. LC-MS
grade methanol, acetonitrile, as well as Milli-Q water, were used for UHPLC-MS
(Merck, Darmstadt, Germany). A Thermo Fisher Scientific (San Jose, CA, USA)
UHPLC-MS consisting of an Accela UHPLC pump, an Accela Autosampler/Degasser
and an Exactive™ benchtop Orbitrap mass spectrometer was fitted with a Nucleodur
C18 Gravity column (1.8 um, 50x2 mm, Macherey-Nagel, Diren, Germany) and a
heated electrospray ionization probe (HESI-II), operating in switching polarity mode.
Instrument settings were adopted from Orellana et al. (2015). Quantification was
based on 9-point calibration curves of the multitoxin standard.
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2.4 Data treatment

Cell densities were converted to biovolume (um3) according to Olenina (2006).
Next, logistic or exponential growth models were fitted to the data with the R package
“nistools” (Baty et al., 2015) to estimate growth rates (i) and carrying capacities (K).
Confidence intervals were obtained by Monte Carlo simulations. Then, nutrient quota
(Qn, Qr) were calculated for each species. The required volume for nutrient analyses
was met by pooling the samples of biological replicates (as detailed in section 2.2).
Nutrient quota were, hence, calculated by dividing the amount of consumed nutrients
— i.e. the initial concentrations [ Jso minus the residual concentrations [ Jazs (mg.It) —
by the mean cell density of day 28 (Nd2g» (um® ml; Eq. 2.1-2.2). Using the molecular
weights of phosphate and nitrate (Mw), the resulting quota were converted to moles,
before being divided by each other to obtain the relative consumption of nutrients
(RC; Eq. 2.3). Similarly, the toxin concentrations were measured on a pooled sample
of biological replicates (ref. section 2.3). Toxin cell quota were, hence, calculated by
dividing the toxin concentrations [TOX] (ug.I"t) by the mean culture density (cells.ml?)
of the respective day <N> to obtain toxin cell quota (Qtox).

(2.1) Qy = [NO31q0—[NO3]l42s8

- (Ngzg)

_ [Poi]-Po3
(22) Qe = (Ndzg)

Qn*My (PO} )
23)RC =2 w4
(2.3) RC Qp*My (NO3)

_ [TOX]428
(24) QTOX - (Nd28)

_]d28

Multiple regression with backward elimination was used to examine the effects of
temperature (T) and nutrient stoichiometry (N:P) on the growth rates of each species.
The initial model included a quadratic nutrient ratio term and an interaction between
ratios and temperature to allow non-linear behaviour (Eq. 2.5). Non-significant terms
were eliminated one by one using a Bonferroni-adjusted stepwise approach to control
the overall type | error (ref. Perrett et al., 2006). Common (CCC) and unique (UCC)
commonality coefficients were used to determine the contribution of each predictor to
the overall R?, a proxy of effect size, using the R package “yhat” (Nimon et al., 2008).
Similar regressions were used to investigate carrying capacities and toxin quota.

(25)u=b0+b1*T+b2*NP+b3*T*NP+b4*(NP)2+8

In addition to F-tests, Mann-Whitney U (MWU) and Kruskal-Wallis H (KW) tests
were used to compare growth rates, carrying capacities and cell quota after visually
comparing the distributions. The Bonferroni correction was again used against the
type | bias of k number of tests.
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3. Results
3.1 Monocultures

Growth was observed in all treatments, but the cultures at 20°C had a remarkably
longer lag phase than those at 24°C (Fig. A1-4). For this reason, none of the 20°C
cultures reached stationary growth by the end of the experiment. The slow-growing,
benthic P. lima never reached the plateau phase either. The data from all of these
cultures was fitted with exponential growth models (Fig. 2.1). The three other species
(i.e. P. micans, P. reticulatum and S. trochoidea) reached stationary growth at 24°C
and, hence, were fitted with logistic growth models that estimate carrying capacities.
These cultures also consumed sufficient nutrients to calculate cell quota (Table 2.1).

Temperature affected the growth of all dinoflagellates (Fig. 2.2; MWU p < 0.001).
Though most grew faster at 24°C (Table 2.1), P. lima grew slower (MWU p < 0.001).
P. lima was also the only species to produce quantifiable amounts of toxins. Both the
production of OA and DTX-1 concentrations increased at 24°C (MWU p < 0.001), but
were unaffected by the N:P ratio (KW p > 0.05). Nutrient stoichiometry did not really
affect the growth of P. lima either (Table 2.2). While the regression analysis suggests
curvature (quadratic term p = 0.010; a = 0.013), the small contribution of the N:P ratio
(p = 0.016; a = 0.013) was dwarfed by the effect of temperature. While the variable
density data of P. lima produced uncertainty (R? = 0.60), the role of temperature was
confirmed by the other species’ regressions which were markedly better (R? > 0.9).

N:P ratios did not affect the growth rate of P. micans and S. trochoidea (p > 0.05).
Still, temperature and N:P ratio interactively affected S. trochoidea and P. reticulatum
(p < 0.01). Uniquely, the growth rate of P. reticulatum was influenced by the N:P ratio
(p < 0.01), but no toxins were detected. The carrying capacities of P. micans and
S. trochoidea were affected by the N:P ratio (F-test p < 0.001), which was not seen in
P. reticulatum (F-test p = 0.03; a = 0.013). Similarly, the N:P ratio altered the N (+)
and P (-) cell quota (Qn, Qr), as well as the relative consumption (RC), of P. micans
and S. trochoidea, which was not seen in P. reticulatum (F-tests). P. micans and
S. trochoidea also had similar carrying capacities (K; MWU p > 0.05), which were
mostly lower than those of P. reticulatum (K; MWU p < 0.001). P. reticulatum needed
significantly less P than its competitors (Qp; MWU p < 0.001), but its N demand was
similar to the Qn of P. micans (Qn; MWU p > 0.05). S. trochoidea had the highest Qn
(MWU p < 0.001), but its P demand was similar to that of P. micans (MWU p > 0.05).
By virtue of its average nutrient quota, P. micans had the lowest relative consumption
of nutrients (RC; MWU p < 0.01). P. reticulatum and S. trochoidea had similar relative
consumptions (RC; MWU p > 0.05).
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Table 2.1: The average growth rate, carrying capacity (K), and cell quota (Qn, Qp, Qrox) of
P. lima (P.l.), P. micans (P.m.), P. reticulatum (P.r.) and S. trochoidea (S.t.) across all ratios.

Parameter Species Temp Mean£SE (min-max)
Growth rate (W) P.l. 20°C 0.09+0.002 (0.07-0.11) day*
P.l 24°C 0.05+0.004 (0.02-0.11) day™*

P.m. 20°C 0.13+0.004 (0.09-0.19) day*

P.m. 24°C 0.49+0.025 (0.31-0.61) day*

P.I. 20°C 0.09+0.003 (0.07-0.13) day*

P.r. 24°C 0.30+0.008 (0.23-0.37) day*

St 20°C 0.16+0.005 (0.10-0.22) day*

St 24°C 0.42+0.011 (0.30-0.55) day*

Carrying capacity (K) P.m. 24°C 0.53+0.03 (0.24-0.93) 10° pm3.ml?
P.r. 24°C 0.80+0.06 (0.39-1.58) 10° um3.ml*

St 24°C 0.44+0.02 (0.29-0.67) 10° um3.ml*

Nitrogen cell quota (Qn) P.m. 24°C 1.66+0.07 (0.85-2.53) 10°° pg.um-3
P.r. 24°C 1.63+0.08 (1.05-3.31) 10° pg.pm

St 24°C 2.05+0.09 (1.37-3.27) 10°° pg.um-3

Phosphorus cell quota (Qp) P.m. 24°C 0.1940.01 (0.10-0.36) 10° pg.um-=3
P.r. 24°C 0.13+0.01 (0.07-0.23) 105 pg.pm-3

S.t. 24°C 0.17+0.00 (0.12-0.22) 105 pg.pum-3

Relative consumption (RC) P.m. 24°C 14.4+0.70 (7.55-18.5) N:P
P.r. 24°C 20.0+0.92 (12.1-29.7) N:P

S.t. 24°C 18.3+0.73 (13.1-24.9) N:P

Toxin cell quota (Qoa) P.l. 20°C 0.62+0.05 (0.22-1.33) pg.cell*
P.. 24°C 1.03+0.08 (0.46-1.80) pg.cellt

Toxin cell quota (QbTx-1) P.L 20°C 0.71+0.06 (0.25-1.45) pg.cell*
P.l. 24°C 1.24+0.09 (0.49-1.96) pg.cell:

All dinoflagellates were grown under similar conditions: an initial density of 100 cells.ml* and
10 different N:P ratios between 8 and 24. Growth rate (1) and carrying capacity (K) were
estimated from exponential (20°C) or logistic equations (24°C). Cell quota and the relative
consumption of nutrients (RC) were calculated as described in section 2.4.
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Table 2.2: Regression coefficients of the backward selected multiple regression models,
with unique (UCC), common (CCC) and total commonality coefficients (TCC) plus propability.

Species Coef. (pred.) Est.+SE uccC CCC TCC %R? p
P. lima bo (intercept) 0.32+0.03 / / / / <0.001
R? =0.5967 b1 (T) -94.4+10.4.10 0.5607 0.0000 0.5607 96.16 <0.001
b2 (N:P) -74.6+£24.2.10+ 0.0418 -0.0342 0.0076 1.30 0.016
bs (T*N:P) / / / / / >0.050
ba (N:P2) 2.37+0.89.10+ 0.0490 0.0342 0.0148 254 0.010
P. micans bo (intercept) -1.69+0.09 / / / [/ <0.001
R2 =0.9039 b1 (T) 0.91+0.04.101 0.9055 0 0.9055 100 <0.001
b2 (N:P) / / / / / >0.050
P. reticulatum  bo (intercept) -0.51+0.15 / / / /[ 0.001
R2 =0.9258 b1 (T) 0.32+0.07.101 0.0287 0.8885 0.9172 91.62 <0.001
b2 (N:P) -0.29+0.09.10 0.0122 0.0122 0.0000 0.00 0.003
bz (T*N:P) 0.01+0.00.10* 0.0124 0.0715 0.0839 8.38  0.003
S. trochoidea  bo (intercept) -1.63+0.21 / / / / <0.001
R?=0.9119 b1 (T) 0.90+0.09.101 0.1444 0.7468 0.8912 96.10 <0.001
b2 (N:P) 0.331£0.13.101 0.0104 0.0047 0.0151 1.63 0.017
bz (T*N:P) -0.01+0.00.10% 0.0127 0.0083 0.0210 226 0.008

3.2 Competition

At 20°C, all dinoflagellates grew slower than their monocultures (MWU p < 0.001),
and displayed a similarly long lag phase (Fig. 2.1; Fig A5-8). By the end of the study,
all four species were still growing exponentially at similar concentrations. By contrast,
the 24°C cultures were quickly dominated by P. micans in each of the 10 N:P ratios.
In these cultures, the initial growth of S. trochoidea and P. reticulatum was slower
than the monocultures (MWU p < 0.001), and came to a complete stop after 14 days.
By contrast, P. lima grew faster than its 24°C monocultures (MWU p < 0.001) and
grew for the entirety of the experiment. The toxin production, however, decreased
from 0.58+0.31 pg OA.cell* and 0.66+0.36 pg DTX-1.cell' at day 14 — which is
similar to the 20°C monocultures and 20°C mixed batch cultures (MWU p < 0.001) -
t0 0.19+0.12 pg OA.cell-1 and 0.20+0.14 pg DTX-1.cell* (MWU p < 0.01) at day 28.

Once again, neither the toxin production of P. lima, nor the growth rates of the four
dinoflagellates were affected by the N:P ratio (F-test p > 0.05) in the mixed cultures.
The carrying capacities of P. micans again increased with the N:P ratio (KW p <0.01).
The presence of competitors had no influence on the carrying capacity of P. micans
(MWU p > 0.05). The nutrient indices, Qn, Qp and RC could, hence, not be discerned
from those of the 24°C monocultures (F-tests). Consequently, these uptake indices
are influenced by the N:P ratio as well (F-test p < 0.001). Overall, P. micans grew at
about the same rate as it did in monoculture (MWU p > 0.05).
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Figure 2.1: Culture growth at the Redfield ratio.
Cultures were fitted with either exponential or logistic growth models. Full lines represent the
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mean model prediction, dashed lines the 95% confidence interval.
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Figure 2.2: The growth rates (u), carrying capacities (K) and cell quota of cultures of each
dinoflagellate across 10 N:P ratios. Cell quota of okadaic acid (OA) and dinophysistoxin-1
(DTX-1) are expressed as pg.celll. Nitrogen (Qn) and phosphorus cell quota (Qp) are
expressed as pg.um=.
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4. Discussion

Eutrophication has upset the biogeochemical balance of the marine environment.
The perpetual changes in absolute and relative concentrations of macronutrients,
such as phosphorus and nitrogen, have both been linked to the occurrence of HABs
around the world (Glibert et al., 2014; Heisler et al., 2008). Yet, there is no evidence,
nor an ecological theory, that suggests that changes in the relative availability of
nutrients promotes HABs per se. According to Tilman’s resource ratio hypothesis, the
interspecific competition for resources is only influenced by the ratio of nutrients
when each competitor is strictly limited by a different resource (Tilman, 1977, 1980).
In other words, competing phytoplankton species need to have sufficiently different
resource requirements before nutrient stoichiometry can matter. The applicability of
Tilman’s theory is obvious in the case of silicon, which is a key nutrient for diatoms
but is not used by non-siliceous phytoplankton groups (Egge and Aksnes, 1992).
Changing N:Si or P:Si ratios are, indeed, associated with shifts in the phytoplankton
community (Roberts, 2003; Schéllhorn and Granéli, 1996; Sommer, 1994). Similarly,
we have come to understand that the Redfield ratio is not an universal optimum for
the growth of all phytoplankton (Klausmeier et al., 2004). As a result, large shifts in
the N:P ratio can also be linked to the occurrence of blooms of cyanobacteria or
prymnesiophytes such as Phaeocystis spp. (Paerl et al., 2014; Riegman et al., 1992).
Yet, when looking at species with similar nutrient requirements like closely related
dinoflagellate species, the N:P ratio is probably a dysfunctional and misleading metric
(Davidson et al., 2012; Flynn, 2010).

Here, we grew four dinoflagellates with diverse traits and evolutionary adaptations
(e.g. benthic vs. pelagic, toxic vs. non-toxic, small vs. large cells) under various
temperature and nutrient stoichiometry scenarios to investigate the role of N:P ratios
in HAB development. While we based our range of N:P ratios on the on-going shift in
the mean ratio of the BPNS (ref. Brion et al. 2004), we also need to acknowledge that
extremer cases of N-limitation and P-limitation (e.g. 1:1 to 375:1) are known to occur
(Burson et al., 2016; Conley et al., 2009; Elser et al., 2007). Overall, the N:P ratio
had little effect on the competitive traits of our dinoflagellates. Potential effects of the
external nutrient stoichiometry on growth rate either disappeared in mixed cultures,
or failed to replicate at another temperature. The OA and DTX-1 production of P. lima
was not susceptible to the changes in the nutrient ratio either. Observed effects on
carrying capacities were related to the increased absolute availability of nitrate rather
than the N:P ratios. As a result, the nutrient stoichiometry was not found to affect the
competitive outcome of our mixed batch cultures.
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4.1 Nutrient stoichiometry

Unbalanced nutrient ratios affect the toxin production and the nutritional quality of
algae, changing the likelihood of HAB development through effects on the top-down
control of phytoplankton communities (Glibert et al., 2012; Hauss et al., 2012;
Malzahn et al., 2010; Van de Waal et al., 2014). Moreover, it has been shown that
HABs can sustaini themselves through mixotrophic and allelopathic interactions at
non-Redfieldian ratios (Glibert et al., 2012; Heisler et al., 2008). There is, however,
sizable doubt that the N:P ratio plays a key role in the bottom-up control of red tides
(Davidson et al., 2012; Flynn, 2010). Experimental studies often find no relation
between the growth of dinoflagellates and the relative availability of external nutrients
(Chapter 3; Johansson and Granéli, 1999; John and Flynn, 2000; Li et al., 2012;
Rhee, 1978; Varkitzi et al., 2010; this study). Cellular growth consumes intracellular
reserves of nitrogen and phosphorus (Droop, 1974), that are taken up independently
(Cembella et al., 1984; Dagenais-Bellefeuille and Morse, 2013). When the external
nutrient supply is stoichiometrically unbalanced, cells alter their uptake efficiencies of
each nutrient individually to maintain growth (Flynn, 2002; Klausmeier et al., 2007).
Small changes in the N:P ratio are, hence, unlikely to affect interspecific competition
(Flynn, 2010; Reynolds, 1999).

Intracellular nutrient ratios cannot be used to predict competitive advantages either
(Terry et al., 1985). As a biological bet-hedging strategy against temporal variations
in the supply of resources, as well as to deny competing species access to nutrients,
steady state populations usually assimilate excess amounts of non-limiting nutrients
(de Mazancourt and Schwartz, 2012; Droop, 1974). Due to this luxury consumption,
intracellular N:P ratios tend to mimic the external nutrient ratio at low growth rates,
but converge on species-specific values once the nutrient reserves are depleted at
high growth rates (Goldman et al., 1979; Klausmeier et al., 2004; Rhee, 1978). These
intrinsic values are the basis of the homeostatic nature of the oceans’ N:P ratio.
Under nutrient-replete conditions, the average intracellular N:P ratio of phytoplankton
strives towards Redfield’s ratio (Klausmeier et al., 2008; Redfield, 1958). Interspecific
variation of these intracellular ratios, as described by Klausmeier et al. (2004), can be
linked to life-history traits. Recently, it was shown that these intracellular N:P ratios
are derived from an innate balance between N-rich proteins and P-rich ribosmal RNA
(Loladze and Elser, 2011). Crucially, this new insight reveals that N-limitation inhibits
protein synthesis and, hence, may benefit ribosome rich (i.e. fast-growing) species,
while P-limitation restricts RNA transcription which is better endured by long-lived,
biomass-conserving species such as dinoflagellates.

39



Chapter 2

In this study, we calculated the relative consumption of nutrients as a measure of
the internal nutrient ratios. According to these calculated values, P. reticulatum was
predominantly P-limited (RC > 16:1), which is supported by the absence of biomass
responses to additional nitrate and the literature (Gallardo Rodriguez et al., 2009).
P. micans, by contrast, was the only species with a relative consumption below 16:1
(i.e. N-limited). Like Zhengbin et al. (2006) and Zheng-fang et al. (1995), we found
that the stepwise addition of more nitrate (i.e. our N:P ratios) consistently increases
the carrying capacity of P. micans. S. trochoidea, on the other hand, also increased
its production at higher N:P ratios, despite appearing to be P-limited (i.e. RC > 16:1).
A post-hoc analysis, in which we repeatedly used regression analyses after excluding
the lowest N:P ratios in a stepwise manner, revealed that nitrate addition above 12:1
no longer provoked a response in additional biomass. Because of this, we believe
that S. trochoidea switched between N-limitation and P-limitation or light limitation
throughout our nutrient series. In literature, this species is also believed to be mostly
N-limited (Cooper et al., 2016; Hoins et al., 2016; Xiao-ming et al., 1999). The high
nitrogen cell quota of S. trochoidea, that led to the RC values found here, could have
resulted from intracellular storage of excess nutrients, but little is known about luxury
consumption in this species.

Luxury consumption is a major confounding factor when looking at the RC and the
nutrient quota of algae. The uptake of excess nutrients by steady-state populations is
in itself dependent on the external N:P ratio (Elrifi and Turpin, 1985), while the quota
of non-steady-state populations may vary with the growth rate (Persson et al., 2010).
As the 24°C cultures experienced both states, conclusions drawn from the RC or the
nutrient quota should be interpreted with care.

In the experiments presented here, we manipulated the N:P ratio of the standard
L1 growth medium for dinoflagellates by decreasing the amount of nitrate which was
added during the preparation steps. The reason behind this methodology is two-fold.
The normal N:P ratio of L1 medium is 24. To obtain N:P ratios below 24 by changes
in the phosphate concentration, we would need to add above standard levels of PO4*
to the media, which could lead to phosphate precipitation in some of the treatments.
By decreasing the nitrate concentrations instead, we can avoid this potential problem
and mimic the current decrease in nitrogen concentrations in the natural environment
(Fig. 1.7, p. 21). It should also be added that the alteration of nitrate concentrations is
a common practice in literature (e.g. Zhengbin et al., 2006; Zheng-fang et al. 1995).
Regardless of the literature, though, the results of this study suggest that the chosen
approach would not matter for the individual performance of the algae.
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4.2 Temperature

As temperature affects most key physiological processes of phytoplankton cells
(e.g. motility, germination, photosynthesis and nutrient uptake), higher temperatures
are usually associated with faster growth (Eppley, 1972). Even though we expected
to see faster growth at higher temperatures, the difference between both temperature
treatments seems to be out of proportion. While the 24°C growth rates of P. micans,
P. reticulatum and S. trochoidea were similar to those found in literature, the similarity
disappeared at 20°C (ref. Lee et al., 2005; Paz et al., 2006; Peperzak, 2003). Overall,
the growth rates at 20°C were too low. In addition, we observed that all 20°C cultures
experienced a rather lengthy lag phase, indicative of some form of shared stress.
This experimental artefact was probably caused by unintentionally handling the algae
at elevated temperatures while starting the experiment. A a posteriori investigation
revealed that the prolonged use of the laminar flow cabinet — as was needed to
simultaneously start 300 cultures — increases the temperature by several degrees.
For this reason, we believe that 24°C cultures may have had the chance to gradually
adapt to their new temperature, while the 20°C cultures were abruptly brought back
down to their initial temperature at the start, effectively heat-shocking the cells. Steps
were taken to avoid this problem in follow-up experiments (e.g. Chapter 3).

The light conditions used during the experiment could have enhanced the stress
induced by the heat shock. Here, a restricted light intensity of 205 pmol m? s was
chosen to better mimic the light-limited conditions of the turbid waters of the BPNS.
Between April and October, light penetrating the first 20 meters of the North Sea has
an mean intensity of 75 pmol m=2 s (Groger et al., 2013). Beyond this euphotic zone,
there is virtually no light (<1 pmol m2 s on average). As the water column of the
North Sea is often fully mixed, the phytoplankton cells constantly move between the
euphotic and aphotic zones. Without sufficiently strong compensatory adaptations to
float or swim, and assuming a total water column depth of 30 to 40m, this means that
North Sea phytoplankton is exposed to a mean light intensity of 37-50 pumol m=2 s,
These values are, however, derived for the entire North Sea. Because of suspended
particles in the water column and the strong presence of so-called “yellow substance”
(i.e. colored dissolved organic matter) the Southern Bight of the North Sea is known
to have a very high light attenuation (Neukermans et al., 2012; Warnock et al., 2012).
For this reason, we reduced the light intensity even further. Note, however, that some
HABs develop in thin subsurface layers in the euphotic zone during certain periods of
low turbulence, where they will receive a higher intensity of light.
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4.3 Growth and toxin production of P. lima

Varkitzi et al. (2010) observed that P. lima produces OA at a fairly constant rate.
Toxin quota are, hence, affected by the growth rate, as the intracellular toxins are
“diluted” by divisions. This mechanism can clearly be seen in the results of this study.
As the growth rate of P. lima decreased, e.g. the 20°C vs. 24°C monocultures, the
toxin concentrations increased. The cellular concentrations of OA and DTX-1 were
consistent with our work with this strain (chapter 5) as well as the available literature
(Bravo et al., 2001; Koike et al., 1998; Nascimento et al., 2005; Vanucci et al., 2010).
Remarkably, the growth-inhibition seen in 24°C monocultures was not observed in
mixed cultures. In all likelihood, P. lima was able to benefit from the organic nutrients
delivered by decaying pelagic competitors. The resulting changes in net growth may
explain the difference in toxin content between day 14 and day 28.

Several studies have found relations between nutrient ratios and toxin production
(Béchemin et al., 1999; John and Flynn, 2000; Lim et al., 2010; Murata et al., 2006).
These interactions are, for instance, well described in Alexandrium spp. that produce
N-rich toxins such as saxitoxin and gonyautoxins. More recently, Varkitzi et al. (2010)
proposed a similar link between the N:P ratio and the production of OA by P. lima.
Here, we found no effect of nutrient stoichiometry on the production of toxins by this
species. Based on our results, the proposed correlation between toxin content and
the N:P ratio seems improbable. Contrary to STX, OA and DTX-1 molecules do not
contain nitrogen or phosphorus atoms. We do, however, know that nutrient stress
may increase the accumulation of toxins within this species (Vanucci et al., 2010).
More often than not, though, authors working on the production and release of toxins
under nutrient stress (or other environmental stress for that matter) fail to recognise
and report the reduced growth rate of the producer as the key determining factor of
the observed trends in toxicity (Davidson et al., 2014).

4.4 Competition

As growth rates were unaffected by nutrient stoichiometry, we found no variation in
the outcome of the interspecific competition either. P. micans dominated all mixed
batch cultures at 24°C. While this species produces allelochemicals (Ji et al., 2011),
this was most likely achieved through sheer speed (Chapter 3). P. micans consumed
nutrients at such a tremendous rate, that its performance was indistinguishable from
its growth in monoculture. Its pelagic competitors S. trochoidea and P. reticulatum
could, by contrast, only divide three to four times before running out of reserves. At
that point (day 14), virtually all of the nutrients were already gone from the medium.
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P. micans is a common, highly diversified dinoflagellate species (Dodge, 1975).
Despite its remarkable competitiveness and ubiquitous occurrence across the globe,
only a handful of P. micans blooms have ever been recorded. In part, these may be
underreported as this species is often considered to be harmless or at least non-toxic
(Glibert et al., 2012). High density blooms are, however, known to cause hypoxia with
noticeable results (Pybus, 1990). It would be interesting to explore the processes that
select against P. micans during the development of a toxic HAB in the same region.
Top-down control needs to be the primary suspect, as some laboratory studies have
shown that toxic dinoflagellates may enhance the grazing of copepods on P. micans
(Barreiro et al., 2006; Guisande et al., 2002; Huntley et al., 1987). Alternatively,
mixotrophy and the presence of other nitrogen sources (e.g. NH4* and urea) may
provide competing species with additional means to avoid competitive exclusion
(Burkholder et al., 2008; Glibert et al., 2008; Hansen, 2011; Kudela et al., 2008a;
Lomas and Glibert, 1999, 2000).

5. Conclusions

Harmful algal blooms are known to result from complex interactions between both
bottom-up and top-down processes, but the importance of the external resource ratio
hypothesis (i.e. bottom-up) might be exaggerated. Here, we show that the N:P ratio
has no significant role in the competition between harmful and benign dinoflagellates.
The observed nutrient imbalance of the BPNS will, therefore, not directly increase the
risk of toxic HAB development. Like Flynn (2010) and Davidson (2012), we urge HAB
ecologists to reconsider the use of external resource ratios as a reliable measure of
eutrophication. While nutrient stoichiometry certainly has an important structuring role
in the environment, it only functions when taxa are limited by different resources.
Direct effects of resource ratios on taxa with closely resembling nutrient requirements
are, hence, unlikely. However, to attain a holistic understanding of the importance of
the N:P ratio for HAB development, much may still be learned about the indirect
effects on trophic dynamics.
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Chapter 3

Abstract

As global change takes hold of the world’s oceans, harmful algal blooms (HABSs)
are expected to change in frequency, scale and distribution. Anthropogenic changes
in nutrient availability and water temperature are some of the main drivers of HABs.
Yet, to date, it remains unclear how certain HAB species are able to outcompete
similar non-HAB species during the development of blooms. Harmful dinoflagellates
are thought to benefit from their ability to suppress or kill their competitors through
allelopathy, but the function of allelochemicals during bloom initiation is still debated.
Here, we set out to understand which factors and interactions determine the outcome
of competition between three dinoflagellates under controlled laboratory conditions.
To this end, co-occurring dinoflagellates of the North Sea (i.e. Alexandrium minutum,
Prorocentrum micans and Protoceratium reticulatum) were cultured together in two
large-scale multifactorial growth experiments. The outcome of competition and, thus,
bloom development was studied under various scenarios: the first experiment used
different macronutrient concentrations (0.1 to 100% of L1 medium) and N:P ratios
(8, 16 and 24), while the second experiment varied the temperature (20°C vs. 24°C),
N:P ratio (8 vs. 14) and initial species densities (0, 10 or 100 cells.ml). The resulting
community dynamics of both experiments could then be accurately predicted by the
nutrient uptake rates, conversion efficiencies and the maintenance requirements of
each species through MacArthur’'s resource competition model. As such, we found
that the outcome of interspecific competition between dinoflagellates — in laboratory
cultures - is mostly nutrient driven, leaving little room for allelopathy to play a vital role
at pre-bloom concentrations.
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1. Introduction

Ever since a series of harmful algal blooms (HABSs) in the 1960s and 1970s,
researchers have tried to understand and predict the spatiotemporal dynamics of
dinoflagellate blooms. At first, red tides were thought to be inherently unpredictable
due to the dynamic nature of marine ecosystems and the vast number of functional
properties (nutrient uptake rates, internal storage, pigment composition etc.) and
adaptive strategies (cyst production, shape, motility, thin layer formation, etc.) of
harmful dinoflagellates (Sweeney, 1975, 1978). Today, phytoplankton communities
are known to be structured by nutrient competition, direct species interactions
(grazing, allelopathy), abiotic variables (light, temperature, turbulence etc.) and
stochasticity (Armstrong, 1979; Eppley, 1972; Huisman and Weissing, 1994; Legrand
et al., 2003; Margalef, 1978; Richerson et al., 1970; Smayda, 2008; Tilman, 1977).
Yet, while it is clear that these dynamic main factors need to come together to create
“‘windows of opportunity” for HABSs, little is still known about the relative importance of
nutrient competition, allelopathy and stochasticity during the initiation of blooms
(Granéli and Turner, 2006; Stoecker et al., 2008b; Wells et al., 2015).

Ramon Margalef had observed that nutrient availability and the decay of turbulent
energy are key to determine the succession of phytoplankton groups and, hence, the
likelihood of bloom development (Margalef, 1978). In his “mandala”, red tides can
develop when the nutrient availability is high and the turbulent energy is restricted.
While this window of opportunity was recently improved through the addition of
functional properties, demographic strategies and the inclusion of novel HAB species
(e.g. Allen and Polimene, 2011; Balch, 2004; Glibert, 2016), neither the mandala nor
the recent renditions overcame the non-deterministic nature of this conceptual model.
Blooms often fail to develop despite seemingly ideal conditions. To date, we are still
unable to predict how changes in the relative and absolute availability of nutrients will
affect the risk of HABs in any given phytoplankton community. While both episodic
and chronic eutrophication are known to promote HAB development, there is little
evidence that nutrients select for HABs, as the nutrient preferences and uptake
kinetics of HAB species are no different from those of related non-HAB species
(Anderson et al., 2002; Heisler et al., 2008; Wells et al., 2015). Dinoflagellates are
poor competitors for nutrients and, hence, at constant risk of competitive exclusion
(Smayda, 1997). In part, this risk can be reduced by toxicity-mediated allelopathy,
grazer deterrence and mixotrophy (Chakraborty et al., 2015; Crane and Grover,
2010; Gross, 2003; Roy and Chattopadhyay, 2007).
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Most dinoflagellates produce allelochemicals that cause nutrient leakage, inhibit
photosynthesis, arrest cell-cycle progression, or affect other enzymatic activities of
other algae (Granéli and Hansen, 2006; Legrand et al., 2003; Reigosa et al., 1999).
The ability to suppress competitors gives a significant ecological advantage, and may
be pivotal to maintain dinoflagellate blooms (Granéli et al., 2008a; Smayda, 1997).
Most allelopathic effects are found at densities that typify well-developed HABs
(Jonsson et al., 2009). Yet, to date, little is known about the importance of allelopathy
during the initial stages of bloom development. While phytoplankton species are in a
constant state of chaotic non-equilibrium, oscillating around an average density in a
semi-random fashion due to weather-driven fluctuations and species interactions, the
communities have a high degree of excitability. When some perturbation thresholds
are exceeded, phytoplankton communities develop huge pulsed biomass responses
(Truscott and Brindley, 1994). During these events, species dominance may depend
upon the initial concentrations of each phytoplankter and, hence, predetermined by
the presence of a holo- or meroplanktonic HAB inoculum (Granéli and Turner, 2006).
Still, as blooms often fail to develop despite the presence of an inoculum, much could
still be learned about this process (Smayda and Trainer, 2010).

Few mixed batch culture studies have been able to separate nutrient competition
(i.e. indirect interactions) from direct interactions such as allelopathy and mixotrophy.
Here, we aim to improve our understanding of the competition between toxic and
non-toxic dinoflagellates. Specifically, this study investigates whether initial densities
may predetermine the outcome of interspecific competition between dinoflagellates
under laboratory conditions (1), and whether conditions such as temperature, nutrient
availability and nutrient stoichiometry may change this outcome (2). To this end,
three North Sea dinoflagellates: the non-toxic Prorocentrum micans Ehrenberg 1834
and the toxic Alexandrium minutum Halim 1960 and Protoceratium reticulatum
(Claparede & Lachmann) Butschli 1885 were grown in two multifactorial batch culture
experiments: one which explores the effect of the N:P ratio (8, 16 and 24) and total
nutrient availability (0.1 to 100% L1 medium), and one which uses two nutrient
regimes (N:P ratio 8 or 14), two climate scenarios (20 and 24°C) and three initial
starting densities (0, 10 and 100 cells.ml?). MacArthur's (1970) consumer resource
model was then used to accurately predict the outcome of each competition — under
every set of conditions - between these three species.
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2. Material and Methods
2.1 Algal cultures

Prorocentrum micans (CCAP1136/20) was obtained from the Culture Collection of
Algae and Protozoa (Oban, Scotland). Alexandrium minutum (SCCAP K-0993) and
Protoceratium reticulatum (SCCAP K-1478) were bought from the Scandinavian
Culture Collection of Algae & Protozoa (Copenhagen, Denmark). Each dinoflagellate
was grown in L1 medium (32 PSU, pH 8), prepared from autoclaved Instant Ocean™
artificial seawater (Belcopet, Belgium) as advised by Guillard and Hargraves (1993).
Around 80% of the culture medium was replaced every 2 weeks. Stock cultures were
grown at 20°C, with a 12 hour light-dark cycle (20-40 pmol m2 s1). Experiments were
started from cultures in the exponential growth phase. Biovolumes were calculated
using the methods of Olenina (2006).

2.2 Experiment 1: Nutrient availability & stoichiometry

To study the effect of nutrient stoichiometry and the availability of macronutrients
on the interspecific competition between A. minutum, P. reticulatum and P. micans,
L1 medium was prepared with nitrate and phosphate concentrations of four different
orders of magnitude. These N and P concentrations matched with 0.1, 1, 10 or 100%
of regular L1 medium and are hereafter called concentration factors (CF). In addition,
the nitrate concentrations were modified to obtain three N:P ratios (8, 16 or 24) within
each CF, resulting in twelve different media in total. Vitamins and trace elements
were added at the regular dose of 100% L1 medium. In each of the twelve media,
monocultures and a mixed batch culture of all three dinoflagellates were started by
adding 100 cells.ml* (each) to 75 ml of medium placed in 100 ml Erlenmeyer flasks.
Every treatment was replicated three times. Cultures were placed at 20 + 1°C with a
12-hour photoperiod of 33+6 umol m? s for 54 days. Twice a week, cell counts were
made on 1 ml of each flask, fixed with 100 pl of 12% formaldehyde and stored at 4°C.
Densities were determined with a Sedgewick-Rafter counting chamber and a Nikon
TMS-F light microscope (40x). In addition, 2 ml samples of each replicate were taken,
filtered, pooled and stored at 4°C in Eppendorf for subsequent nutrient analysis.
Nitrate and phosphorus concentrations were determined with standard colorimetric
methods using a QuAAtro Autoanalyzer (Hansen and Koroleff, 1999).
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2.3 Experiment 2: Initial densities & temperature

To investigate whether initial densities and temperature predetermine the outcome
of competition between dinoflagellates, and provide support to the first experiment,
another batch of L1 media was prepared. Now, nitrate levels were modified to obtain
N:P ratios of 8 or 14 (the annual mean of the North Sea; Brion et al., 2004). Other L1
constituents (phosphate, vitamins, trace elements) were added at the regular dose.
Each of the three dinoflagellates (A. minutum, P. reticulatum and P. micans) were
added at either 0, 10 or 100 cells.ml* to 50 ml cultures, which were placed in climate
rooms at either 20 or 24°C. Three replicates were made of each of the 108 resulting
treatments (27 initial community compositions, 2 nutrient regimes, 2 temperatures).
Cultures were left to grow for 68 days with a 12h photoperiod of 20£10 pmol m=2 s,
Cells were counted twice a week, as described in section 2.2. The initial nitrate and
phosphorus concentrations (day 0) were verified by standard colorimetric methods
using spectrophotometric test kits (Merck Millipore, Darmstadt, Germany) and an
Aquamate spectrophotometer (Thermo Scientific, San Jose, USA). Additional nutrient
analyses were performed near the middle (day 14) and end (day 28) of the growth by
sampling and filtering 21 ml per treatment, split evenly across the three replicates.

2.4 Data analyses and community modelling

Growth rates (y; d') and carrying capacities (K; um3.mlt) were obtained by fitting
the cell count data (N(t)), converted to biovolume (um3.ml?), with exponential growth
models (Eq. 3.1) or logistic growth models (Eq. 3.2) — based on whether the carrying
capacity of the culture was reached - using the ‘nls package’ in R (Baty et al., 2015).

BDNO® =N (1+w*

_ NO.K.th
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MacArthur's resource competition model for non-interacting resources was used to
predict community dynamics in mixed cultures (MacArthur, 1970). In this model, n
species interact by depleting common resources (Eq. 3.3-3.5).
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Nitrogen (Cn; mg.I'Y) and phosphorus (Cp; mg.It) concentrations are depleted by
species i through nutrient uptake rates Un,i and Up,i (.um=3.d-1). Algal growth is
achieved when the biomass production, performed at nutrient conversion efficiencies
Wh,i, and Wp,i (um3.mg?), exceeds the maintenance requirement (m; d*). Here, we
assumed that growth was nitrogen limited (i.e. We = 0) as the changes in phosphorus
were much smaller than the depletion of nitrogen (Fig. B1-B6). The monoculture data
of each species was used to estimate the remaining parameters. Due to the long lag
phase of cultures at 20°C (Fig. B1 & B2), the first 10 days were removed during the
data treatment of experiment 1.

The mean average percentage error (MAPE) was used as an objective function for
parameter estimation to ensure an equal fit of species densities when densities
differed by several orders of magnitude. First, optimal parameters estimates were
obtained using a simulated annealing algorithm. Next, credibility intervals were found
using Markov chain Monte-Carlo simulations. To ensure fast parameter convergence,
the parameter space was limited to a 50% deviation of the optimal parameter
estimates. Convergence of the three parallel Markov chains was assessed with the
Gelman-Rubin convergence criterion (Gelman and Rubin, 1992). Density predictions
for monocultures and mixed cultures were obtained using 1000 Monte-Carlo
simulation runs. Every run, parameters were randomly drawn from the posterior
probability distributions. The global performance of the model was assessed by
comparing the observed species densities to median predicted species densities. All
calculations were done in R using the packages deSolve (Soetaert et al., 2010),
abind (Plate and Heiberger, 2011), and GenSA (Xiang et al., 2013).

3. Results
3.1 Monoculture growth

The magnitude of macronutrient concentrations, obtained by adding 1:10 fractions
of the regular L1 nitrate and phosphate levels and called concentration factors (CF),
affected the growth rates and carrying capacities of all three species. Growth rates
were highest at CF10 which, according to the parameters of our MacArthur model,
coincided with an increase in nutrient consumption rates, rather than changes in
resource efficiency or maintenance requirements (Table 3.1; Table B1). As a result,
the carrying capacities at CF10 were roughly a tenfold smaller than those at CF100.
No exponential growth was, however, observed below CF10. Nutrient stoichiometry
(i.e. N:P ratio) had little effect on the growth rate of each species (Table B1). Carrying
capacities, on the other hand, increased with N:P ratios (Fig. B1 & B3).
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Table 3.1: Performance of A. minutum, P. reticulatum and P. micans at various N:P ratios
and temperatures across two large-scale, multifactorial batch culture experiments.

u K Un Up Wi m
d?t) (108 pm3.mlt) (107 L.um=3.d) (107 L.um=3.d?) (108 um3.mg™?)  (10“d?)

A. minutum

Exp.1: CF10 0.32+0.01 1.36+0.02 23.5 19.8 1.74 0.06

Exp.1: CF100 0.24+0.01 15.1+0.85 2.25 0.09 1.50 0.05

Exp.2: 20°C 0.12+0.01 3.93+0.50 2.56 7.00 0.76 87.9

Exp.2: 24°C 0.47+0.02 5.72+0.28 15.0 5.04 0.72 0.01
P. reticulatum

Exp.1: CF10 0.20+0.01 0.74+0.03 27.1 19.9 0.90 0.05

Exp.1: CF100 0.16+0.01 9.43+0.90 2.24 0.13 1.02 0.05

Exp.2: 20°C 0.07+0.01 0.49+0.09 1.86 4.60 0.93 505

Exp.2: 24°C 0.25+0.01 6.34+0.46 3.76 8.14 1.10 9.00
P. micans

Exp.1: CF10 0.38+0.01 0.58+0.11 71.7 15.3 0.70 0.04

Exp.1: CF100 0.28+0.01 4.23+0.11 7.50 0.12 0.53 0.05

Exp.2: 20°C 0.12+0.01 3.40+0.25 4.40 21.7 0.55 392

Exp.2: 24°C 0.59+0.07 2.98+0.22 17.3 37.3 0.43 3.13

*Dinoflagellates were grown in two experiments under similar conditions: 20°C, initial density
of 100 cells.ml* and a N:P ratio of 16 (exp.1) vs. 14 (exp.2). In addition, a ten-fold decrease
in absolute nutrient concentrations (CF10 vs. CF100; exp.1) and an increase in temperature
(20°C vs 25°C; exp.2) were included. Growth rate (u£SD) and carrying capacity (K+SD) were
estimated from exponential (20°C; exp.1) or logistic equations. The uptake of nitrogen Uy
and phosphorus Upg, nitrogen conversion efficiency Wy and maintenance requirement m were
based on MacArthur’'s consumer-resource equations (ref. 2.4).
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As different N:P ratios were obtained by adjusting the nitrate concentration, the
link between N:P ratios and carrying capacities supports the underlying assumption
that our cultures are predominantly nitrogen-limited (see section 2.4). Growth rates
and nitrogen consumption rates increased with temperature (Table 3.1; Table B2).
20°C growth rates were slightly lower in the first experiment, which could be related
to the light conditions (see methods). During the second experiment, no growth was
observed in the P. reticulatum cultures with an initial density of 10 cells.ml* (Fig B3).
The parameter distributions of the monocultures with 100 cells.mI’* were therefore
used to predict the community dynamics of this species.

3.2 Community dynamics

MacArthur’s resource competition model, tailored to nitrogen, explained 89% of
the variation in density data of the first experiment, and 72% (20°C) and 90% (24°C)
of the variation in the second experiment (Fig. 3.2). P. micans had the highest growth
rate and nitrogen consumption rate under all abiotic conditions (Table 3.1; Table B2),
and dominated 54 out of the 64 cultures to which it was added. A. minutum had the
highest nutrient conversion efficiency and, hence, the highest carrying capacities of
all three species (Table 3.1). A. minutum outcompeted P. micans when started at a
numerical advantage (i.e. 100 vs. 10 cells.ml?; Fig B4&5 1:2; Fig B6 1:1:2 & 1:2:2).
P. reticulatum is the weakest competitor, but it is nonetheless able to produce higher
densities when given higher initial start densities than its competitors.
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Figure 3.1: Example of the application of our MacArthur's consumer-resource model.
Parameterisation was optimized on monocultures of A. minutum (A), P. reticulatum (B) and
P. micans (C) and used to predict multispecies competition (D). Full lines represent the mean
prediction, dashed lines the 95% confidence interval. All species were added at 100 cells.ml?
under a N/P ratio of 14 and 24°C (experiment 2). Complete set of graphs in Figures B1-B6.

53



Chapter 3

A B 20°C 24°C
S I z2_ S Iz as, S fRres
g " R?=0.894 g~ R?=0.721 N “W 3 - 7 R*=0898 X :‘ﬁ
S o« S .\n.‘;' e £ © Y
T S T S . ’~“}y‘i L2l B S . e oy s
5 5 - /‘ﬁa ] ekl T e
2o 2 o SRR e e
T ] - - - 4 e
v o g © : - S ] (=} . - _“ﬁ,‘“
= = . b = ®. N
o . @ PR © YTy -
g 3 A . A DI Il O g 3 ERTRP
el e he} Soa kSt e o Aaher w5
@ Q s . P iy 7 Rk,
g o § o [2oshaiBha S oo R
3 ° . B C | etngtieE 3 ° '1.
u £, A s . "
=T ] b oo | paldent e & o |
e 'I T T T T T < T T T T T T e T T T T T T
0.0 0.2 04 06 038 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
Observed relative abundance Observed relative abundance Observed relative abundance
m A minutum e P reticulatum A P. micans ~ A, minutum (2) « A. minutum (3) » P. reticulatum (2) « P. reticuiatum (3) 4 P. micans (2) = P. micans (3)

Figure 3.2: Evaluation of MacArthur's consumer-resource model applied to the mixed
batch cultures of the first (A) and second experiment (B) of this study. Each species is
represented by a unique colour. In (B), triangles represent mixtures of two species while dots
represent cultures with all three species.

4. Discussion

Interspecific competition between HAB and non-HAB species is understudied
(Wells et al., 2015). Even though we identified several processes that may determine
HAB development (e.g. grazer resistance, nutrient competition, allelopathy), we still
need to understand the relative importance of these elements during all stages of a
bloom cycle. While many studies have investigated the physiological responses of
individual HAB species to environmental conditions, few have added environmental
variability when looking at interactions between two or more species. Here, we show
that temperature and nutrient availability affect communities through direct effects on
the nutrient competition, which is the key determinant of bloom development in mixed
cultures of dinoflagellates. We also show that small competitive differences can be
overcome through changes in the the relative initial densities.

4.1 Nutrient availability, nutrient stoichiometry & temperature

Anthropogenic nitrogen and phosphorus inputs are linked to the global increase in
frequency and severity of marine HABs (Anderson et al., 2012; Hallegraeff, 1993).
Cultural eutrophication is found in nearly all long-term coastal monitoring records
(Brush, 2008; Clarke et al., 2006; Cloern, 2001). The excess availability of nutrients
affects the interspecific competition of phytoplankton, enabling the proliferation of one
or more species (Anderson et al., 2002; Davidson et al., 2014; Granéli et al., 2008b;
Heisler et al., 2008; Hodgkiss and Ho, 1997; Paerl et al., 2014). There is, however,
doubt that eutrophication favours HABs per se, as the nutrient requirements of
harmful algae are no different from those of non-HAB species (Wells et al., 2015).
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Here, the availability of nitrate and phosphate — varied as a percentage of regular
L1 medium concentrations (i.e. concentration factors or CFs) — had a clear effect on
the performance of each species, changing the growth rates and carrying capacities
through the nutrient uptake rates and nitrogen conversion efficiencies (Table 3.1),
which was expected as N-limitation is known to upregulate nitrogen transporters
(Sciandra, 1991; Zhuang et al., 2015). Regardless, CFs did not alter the competition
between our dinoflagellates, as each dinoflagellate responded in a similar fashion.
Likewise, the N:P ratio did not influence species dominance, as it had no influence on
the growth rate of all species despite small changes in nitrogen uptake rate (Un) and
nitrogen conversion efficiency (Wn; Table B1).

Temperature determines the growth rate as well as key physiological processes
(e.g. motility, germination, photosynthesis, nutrient uptake) of algae (Eppley, 1972)
and is, hence, a key determinant of HAB development. Here, higher temperatures
were associated with higher growth rates and improved nitrogen consumption rates
(Table 3.1, Table B2), though some parameter estimates were biologically impossible
(e.g. Table B2 P. micans NP 14 20°C: Wn 4.72 vs. 0.55.10% pm3.mg?) due to the
limited resolution of the nutrient data. Overall, though, temperature did not change
the outcome of our communities, as all species had similar responses to this change.
In situ, however, climate change is expected to broaden the windows of opportunity
for HABs (Smayda and Smayda, 2015; Wells et al., 2015), as most algae live outside
their optimal temperature niche (Karentz and Smayda, 1984, 1998).

4.2 Stochasticity, allelopathy & community dynamics

Apart from nutrient availability, temperature and other environmental conditions,
phytoplankton communities are structured by species interactions and stochasticity
(Armstrong, 1979; Eppley, 1972; Huisman and Weissing, 1994; Legrand et al., 2003;
Margalef, 1978; Richerson et al., 1970; Smayda, 2008; Tilman, 1977). As HA often
compete poorly for nutrients, toxin-mediated interactions such as grazer deterrence
and allelopathy are often seen as the key to HAB development. Yet, while allelopathy
is commonly believed to give a competitive advantage during bloom development
(Cembella, 2003; Legrand et al., 2003), this may require inhibitory effects which are
disproportional to the likelihood of cell-cell interactions and the concentrations of
toxins at low densities (Jonsson et al., 2009). To date, however, there is a substantial
lack of experimental evidence for exclude either hypothesis.
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All of the dinoflagellates used here (A. minutum, P. micans and P. reticulatum)
have been shown to produce allelochemicals which reduce the fitness of other algae
(Arzul et al., 1999; Fistarol et al., 2004; Ji et al.,, 2011; Sala-Pérez et al., 2016).
Despite of this, we managed to accurately predict the dynamics of each community
using only the nutrient consumption rates, conversion efficiencies and maintenance
requirements of monocultures (Fig 3.2). While the inclusion of allelopathic interaction
terms may mathematically improve the model even further, there is little biological
sense to do this exercise. During the initial stages of the mixed cultures, the growth
of each species is near identical to their performance in monoculture for all nutrient
(CF & N:P ratio) and temperature scenarios. While initial densities had little effect on
the parameter estimates (Tables B1 & B2), they could change species dominance
(e.g. mixtures of A. minutum and P. micans), which demonstrates the importance of a
sufficient holo- or meroplanktonic inoculum to seed HABs (Granéli and Turner, 2006).
Still, allelochemicals are common in HA (Granéli et al., 2008a; Legrand et al., 2003).
Based on our results, the prevailing species is first decided by nutrient competition,
which does allow slow species to outcompete faster species when given a head start,
before densities are reached where allelopathic interactions start to play a vital role.
Allelopathy may, however, be used to maintain established blooms and prevent the
long-term competitive exclusion of HA within a given phytoplankton community
(Chakraborty et al., 2015; Granéli et al., 2008a; Jonsson et al., 2009; Lewis, 1986;
Roy, 2009; Roy and Chattopadhyay, 2007; Smayda, 1997; Solé et al., 2005).

4.3 Remarks & recommendations

Due to the static nature of controlled laboratory conditions and the lack of grazing
(mixotrophy and zooplankton) in this experiment, it is clear that competitive outcome
of our experiments do not necessarily represent the dynamics of similar assemblages
in the wild. It is, for instance, known that P. micans is readily consumed by copepods
(Gill and Harris, 1987; Guisande et al., 2002) which can increase their uptake rates
after exposure to grazer deterrents released by both A. minutum and P. reticulatum
(Barreiro et al., 2006; Guisande et al., 2002; Huntley et al., 1987). Mixotrophy is also
a crucial mechanism to attain higher growth rates under nutrient limited conditions
(Burkholder et al., 2008). Moreover, it is known that most HAB species prefer NH4*
and urea (Glibert et al., 2008; Kudela et al., 2008a; Lomas and Glibert, 1999, 2000;
Zielinski et al., 2011). While nitrate is most common in marine ecosystems, and the
uptake rates of NOs", NH4™ and urea rarely differ by more than a factor 3 in laboratory
cultures (Chang et al., 1995; Fan et al., 2003; Kudela et al., 2008b; Smayda, 1997),
the inclusion of nutrient variation into the design is still recommended.
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This study uses a simple model, which requires a minimum of density and nutrient
data to accurately predict the competition in exponentially growing mixed cultures of
dinoflagellates. However, the utility of the model is limited to the initial growth phase.
Due to its underlying assumptions, this model is ill suited to investigate quiescence
and transient growth dynamics. Here, the model is already prone to underestimate
densities when nutrient concentrations were rapidly declining. Dinoflagellates are
known to “luxury consume”, storing nutrients in intracellularly for times of deficiency
(Cembella et al., 1984; Dortch et al., 1984). Growth is, in fact, based on the internal
concentration of nutrients (Droop, 1974). Yet, as the model coupled growth to media
concentrations, the densities cannot increase in the absence of external nutrients.
Future work may resolve this, by coupling growth to internal nutrient concentrations
that are replenished through the uptake of external nutrients (John and Flynn, 2000).
This, however, requires data on the internal nutrient concentrations of each species,
which need to be measured. Future experiments can also extend the experiments
passed the stationary phase. To the best of our knowledge, no studies have recorded
allelopathic interactions throughout the entire bloom cycle.

5. Conclusions

Despite decades of experimental research, we were still unable to unravel the key
mechanisms behind interspecific competition in mixed cultures of dinoflagellates.
Crucially, this hampers our understanding of the importance of resource competition,
allelopathy and mixotrophy, which undermines our ability to forecast the risk of HABs
in changing environments like the North Sea. By analysing the growth of mixed batch
cultures, this study demonstrates that nutrient competition and not allelopathy is the
driving force behind the interspecific competition between dinoflagellates. In addition,
this study demonstrates how the relative densities of competing algae and, hence,
seed beds can initiate blooms, and shows how abiotic variability e.g. temperature,
nutrient stoichiometry and nutrient availability can affect HABs through changes in
resource uptake rates and resource efficiencies. This study provides further support
to the opinions of Davidson et al. (2012) and Flynn (2010), i.e. that summer nutrient
concentrations should be favoured over nutrient ratios, as the latter provides little to
no information about the risk of HABs. To validate this study, we recommend using
monitoring data to predict HAB development with nutrient consumption and grazing
pressure alone. To this end, the work of Sourisseau et al. (2017) - that predicts the
interannual variability of HABs in a French estuary using only nutrient competition
and abiotic forcing — may provide a solid basis for future work.
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Abstract

Lipophilic marine biotoxins (LMBT) are produced by several cosmopolitan algae,
e.g. Dinophysis spp., Prorocentrum spp., Alexandrium spp. and Protoceratium spp.,
which may become more abundant due to global change. The most common vector
of lipophilic marine biotoxins (LMBT) to humans is seafood. Shellfish are particularly
important, as they can quickly accumulate LMBT and create esterified metabolites.
Yet, despite risks to human health, little is known about the absorption, distribution,
metabolization and excretion (ADME) of LMBT in shellfish. With the emergent mussel
farming projects inside the Belgian EEZ, this information is needed to reduce the risk
of shellfish poisoning in consumers and prevent the destruction of the new produce.
For this reason, this study investigates the ADME kinetics of two groups of LMBT -
okadaic acid analogues (OA) and spirolides (SPXs) - in Mytilus edulis. To this end,
adult blue mussels were exposed to two of their respective producers, the harmful
dinoflagellates Alexandrium ostenfeldii and Prorocentrum lima, in either a single or
combined two-week laboratory exposure. At the same time, mussels were exposed
to the natural concentrations of toxic phytoplankton in Ostend harbour (Belgium).
During both experiments, the toxin profiles of the mussel tissues were recorded by
ultra-high performance liquid chromatography coupled to high-resolution Orbitrap
mass spectrometry (UHPLC-HR-Orbitrap MS). Overall, both experiments found a
rapid accumulation of OA analogues and SPXs in the visceral tissues of M. edulis.
Biotransformation of multiple toxins, in particular of the OA analogues, occurred in
less than 3 days. Within 15 days of exposure, some fatty esters such as 14:1 DTX-2,
14:0 OA and 16:2 OA were found at concentrations up to 80 ug/kg, exceeding the
EU regulatory limit for OA analogues by a large margin. This, hence, demonstrates
the potential risk that seafood exposed to mixtures of LMBT poses to human health
and urges research into the toxicological effects of LMBT mixtures.

60



Toxin metabolization

1. Introduction

Harmful algal blooms have increased in frequency and intensity on a global scale.
Blooms of potentially toxic dinoflagellates such as Dinophysis spp., Alexandrium spp.
and Prorocentrum spp. have become more prevalent due to regional climate change
(Anderson et al., 2012; Hallegraeff, 2010). During certain “windows of opportunity”,
i.e. specific and often unknown combinations of ideal biotic and abiotic conditions,
these species bloom, which entails enormous economic costs in the aquaculture,
tourism and, crucially, public health sectors (Hoagland et al., 2002; Shumway, 1990).
A significant fraction of this impact is caused by the toxins that these cosmopolitan
microalgae produce. Lipophilic marine biotoxins (LMBT), e.g. azaspiracid (AZA),
yessotoxins (YTX), spirolides (SPX), okadaic acid (OA) and dinophysistoxins (DTX),
readily accumulate in marine biota and create a risk for severe human poisoning
(FAO, 2004; Lawrence et al., 2011). To prevent human poisoning incidences, most
European countries (Portugal, Ireland, UK, Denmark, France, the Netherlands, etc.)
set up costly, extensive routine monitoring programs which screen edible shellfish,
phytoplankton and other biota for LMBT.

Two toxin groups of particular interest are OA analogues and SPXs. OA is related
to diarrhetic shellfish poisoning (DSP), the most common type of seafood poisoning
(Reguera et al., 2014). It is produced by Dinophysis spp and Prorocentrum spp., two
well-spread genera of dinoflagellates. Its mode of action is well-known. It is a potent
phosphatase inhibitor which causes inflammation of the intestinal tract and diarrhoea.
For this reason, the amount of OA in seafood is checked against legal limits for safe
consumption by institutions such as the Food and Drug Administration (FDA) and the
European Food Safety Authority (EFSA). SPXs, on the other hand, are produced by
Alexandrium ostenfeldii, i.e. another cosmopolitan species (Cembella et al., 2000).
Despite recent reports of high concentrations in shellfish, little is known about SPXs.
While SPXs are highly neurotoxic in mice, where they are able to cross the protective
blood-brain barrier, no human illness has ever been associated with spirolid ingestion
(Alonso et al., 2013; Sleno et al., 2004). Still, the lack of a known effect on humans
can result from the poor recognition and underreporting of moderately adverse health
conditions such as gastric distress and tachycardia (Daneshian et al., 2013). There is
mounting evidence that SPXs inhibit muscarinic acetylcholine receptors and activate
transmembrane calcium channels which disrupt human neuroblastoma cells in vitro
(Kantiani et al., 2010; Munday et al., 2011; Wandscheer et al., 2010). The absence of
regulatory limits for safe consumption should, hence, be seen as a severe risk for
acute and chronic intoxications.
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The lack of knowledge on the occurrence and effects of toxin mixtures poses another
risk towards the health of human consumers. As the mouse bioassay was replaced
by liquid chromatography coupled to mass spectrometry (LC-MS) as the principle
monitoring tool for LMBT in European shellfish (Commission Regulation No 15/2011),
unknown toxins and synergistic mixture toxicity below regulatory levels are effectively
undetectable. Still, the use of powerful analytical tools such as LC-MS has greatly
improved our detection of LMBT and LMBT metabolites in all kinds of matrices.
Through this approach, more than 50 OA analogues have been found in natural
phytoplankton communities (Diaz et al., 2013; Vale and Sampayo, 2002), cultures of
Prorocentrum lima and Dinophysis spp. (Bravo et al., 2001; Nascimento et al., 2005;
Nielsen et al.,, 2013; Suzuki et al., 2009; Vale et al.,, 2009) and higher-order
organisms (Orellana et al., 2017; Trainer et al., 2013; Vale and Sampayo, 2002).
Similarly, over 16 SPX esters have been described from toxic strains of A. ostenfeldii
(Almandoz et al., 2014; Cembella et al., 2000; Kremp et al., 2014; Medhioub et al.,
2011; Salgado et al., 2015; Tillmann et al., 2014), and the tissues of other marine life
(Garcia-Altares et al., 2014; Medhioub et al., 2012; Orellana et al., 2017; Rundberget
et al., 2011; Silva et al., 2013). Now, the next step in the detection and quantification
of LMBT and LMBT metabolites, is the use of high-resolution mass spectrometry
(HRMS) to explore the absorption, distribution, metabolization and excretion (ADME)
of marine toxins in seafood upon HAB exposure.

Despite the substantial amount of available literature on the occurrence and
effects of LMBT in shellfish, surprisingly little is still known on ADME processes of
marine toxins in common shellfish species. Usually, this knowledge gap results from
the inability to reliably identify or (accurately) quantify the amount of absorbed and
metabolized LMBT. High-resolution mass spectrometry (HRMS) is a promising new
instrument to explore the ADME kinetics of marine toxins in seafood. This technique
has already been used successfully on shellfish and algae (Doménech et al., 2014;
Garcia-Altares et al., 2014; Gerssen et al., 2011; Orellana et al., 2014, 2015). Now,
we use this promising technique to study ADME processes of lipophilic marine toxins
in a keystone species. To the best of our knowledge, this is the first study to expose
blue mussels M. edulis to A. ostenfeldii and P. lima in a mixed exposure experiment
to study the ADME of OA and SPXs through state-of-the-art LC-HRMS analyses. In
addition, this study demonstrates through fieldwork that similar processes occur
when mussels are exposed to the natural phytoplankton of the Belgian Part of the
North Sea (BPNS), an understudied area in the North Sea region.
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2. Material and Methods
2.1 Chemicals and standards

A multitoxin standard was made from several certified reference materials, i.e. OA
(CRM-OA-c 14.3 + 1.5 pug ml?), DTX-1 (CRM-DTX-1 15.1 + 1.1 pg ml?), PTX-2
(CRM-PTX-2 8.6 £ 0.3 ug mL-1), AZA-1 (CRM-AZA-1 1.24 + 0.07 ug mlY), 13-SPX C
(CRM-SPX-1 7.0 £ 0.4 pug mlt), and YTX (CRM-YTX 5.6 + 0.3 pug ml?), as described
in detail by Orellana et al. (2015). All certified reference materials were obtained from
the National Research Council (Institute for Marine Bioscience, Halifax, Canada).
Analytical grade solvents (for extractions) and LC-MS grade solvents for UHPLC-MS
applications were obtained from VWR International (Merck, Darmstadt, Germany).
Ultrapure water was made in-house by means of a Milli-Q water purification system
(VWR International, West Chester, Pennsylvania, USA). Millex-GV syringe filters
(PVDF 0.22 pm) were obtained from Millipore (Merck, Darmstadt, Germany) and
glass beads of 0.5 mm were purchased from Thistle Scientific Ltd. (Glasgow, UK).

2.2 Algal cultures

Alexandrium ostenfeldii (CCAP 1119/45), Prorocentrum micans (CCAP 1136/20)
and P. lima (CCAP 1136/9) were obtained from the Culture Collection of Algae and
Protozoa (Scottish Marine Institute, Oban, UK). In addition to these dinoflagellates,
in-house strains of the nutritional algae Tetraselmis suecica and Isochrysis galbana
were kindly provided by the Laboratory of Aquaculture and Artemia Reference center
(Ghent University, Belgium). All of these algae were grown in L1 medium, prepared
from autoclaved and filtered seawater (30 + 2 PSU; pH 8.0 + 0.5) from the Belgian
part of the North Sea (BPNS) in accordance with Guillard and Hargraves (1993).
Prorocentrum spp. and A. ostenfeldii were grown in 500 ml Erlenmeyer flasks, while
T. suecica and I|. galbana were cultured in bags of 5 litre. Both the Erlenmeyer flasks
and the bags were placed in the same room, which had a constant temperature of
20+1.0 °C and a 12:12 h irradiance of 100 ymol m2 s*. The growth of stock cultures
was monitored through frequent cell counts, which were performed frequently using a
Sedgewick-Rafter counting cell and an inverted microscope (40x). Cultures were
harvested semi-continuously during the late-log or early-stationary phase for feeding
M. edulis and for performing toxin analysis.
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2.3 Mussel culture and depuration

Two months before carrying out the experiments, wild adult mussels (M. edulis)
were picked from breakwaters along the BPNS, cleaned by hand and placed in a
recirculating, filtered aquarium (15°C, 32 PSU) in the laboratory. During this time,
mussels could depurate any toxins that may have accumulated during their time in
the sea. To keep them healthy, they were fed daily ad libitum with a commercial algal
paste (Shellfish Diet 1800®, Varicon Aqua Solution, UK). The artificial seawater of
the tank (Instant Ocean™, Belcopet, Belgium) was replaced on a weekly basis.

2.4 Experimental design
2.4.1 Artificial exposure

After the depuration period, 280 mussels were randomly distributed into nine 30l
glass aquaria, i.e. around 30 animals per aquarium. Mussels were constantly fed with
either A. ostenfeldii, P. lima or both simultaneously during 15 days. Each of the three
treatments was carried out in triplicate during this experiment. To ensure a realistic
scenario, i.e. there are nutritious non-HAB algae present during natural algal blooms,
two non-toxin producers (T. suecica and |. galbana) were continuously added to the
aquaria as well. A concentration of 2 x 102 cells mlI* was added to the mussels by a
regimen of 8 automated-feedings per day, using fully automated peristaltic pumps
(Ismatec SA, Switzerland). As a control treatment, two aquaria were added in which
the mussels were only fed with T. suecica and I. galbana. Samples of mussels were
collected on days 3, 5, 10 and 15 of the exposure to the experimental treatments. At
each time, 7 or 8 mussels were removed from the aquaria. Additionally, faeces and
pseudofaeces (mix) and water samples were collected during harvest days.

2.4.2 Field study

A North Sea field study was conducted in Ostend harbour and the adjacent sluice
dock called the “Spuikom” (51.226328, 2.931137) during July 2015. 160 depurated
mussels were placed into 8 cages, i.e. 20 mussels per cage, at different stations
around the harbour. Similar to the lab study, five mussels were collected from each
cage on day 3, 5, 10 and 15 for toxin analysis.
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2.5 Toxin extraction
2.5.1 Pre-treatment

Samples of the stock cultures of the dinoflagellates were treated as described by
Orellana et al. (2015). Samples were poured into PVC tubes with a 10 um nylon net
filter at the bottom, and washed with ultrapure water to remove salts. The filters were
subsequently placed into a centrifuge tube and backwashed with 3 mL of methanol.
A similar procedure was used for the (pseudo)faeces, but the mesh size was adapted
to 80 um. Mussel meat samples were treated as described by Orellana et al. (2014),
but the method was adapted to separate visceral and non-visceral tissues. In short,
the in and outside of the shells was rinsed with ultrapure water to remove any debris.
Next, mussels were removed from the shell and left to drain on a 100 um sieve. The
visceral (hepatopancreas) and non-visceral tissues (gills, mantle, gonads etc.) were
then carefully dissected and weighed.

2.5.2 Water and culture media

Solid phase extraction (SPE) protocols were adopted from De Rijcke et al. (2015)
(ref. chapter 6) to determine concentrations of toxins in watery phases. This method
was used on both the culture media of P. lima and A. ostenfeldii, as well as the water
samples taken from the experiment to determine concentrations of toxins eliminated
from mussels. Samples of 2 mL were placed preconditioned Strata-X polymeric
reversed phase cartridges (100 mg / 3 mL; Phenomenex, Utrecht, the Netherlands).
Each column was washed with 8 mL of ultrapure water and subsequently eluted with
2 ml of 70% acetonitrile. Extracts were then reduced to 1 ml under a gentle stream of
nitrogen gas at 40°C, transferred to LC-MS vials and stored at —20°C until analysis.

2.5.3 Algae and faeces

As done by Orellana et al. (2015), intracellular toxins were extracted from algae by
a repeated liquid-liquid phase extraction and simultaneous glass bead disruption.
The method was adapted to faecal samples by adding a two minute homogenization
step in a ultra turrax™ homogenizer (IKA, Staufen, Germany) prior to the start of the
phytoplankton protocol. The resulting internal toxin extracts were dried at 40°C under
a gentle stream of nitrogen at 40°C. The residues (1 ml) were transferred into vials
and stored at —20°C prior to analysis.
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2.5.4 Mussel tissues

To extract toxins from the tissues of mussels, we adopted the extraction steps
from Orellana et al. (2014). In short, 1 g of visceral or non-visceral tissue was placed
in a centrifuge tube. Next, toxins were extracted with 3 ml of methanol by vortexing
and centrifuging (12,000xg) for 3 min and 10 min, respectively. After the supernatant
was removed, the entire extraction process was repeated two more times. The total
extracted volume of 9 ml was again dried under a gentle stream of nitrogen at a
temperature of 40°C until a residue of 1 mL could be transferred into a vial.

2.6 UHPLC-HRMS

Liquid chromatography used a Thermo Fisher Scientific Accela UHPLC pump,
coupled to an Accela autosampler and degasser and fitted with a Nucleodur C18
Gravity column (1.8 pm, 50x2 mm, Macherey-Nagel, Duren, Germany) for compoud
segregation. Mass spectrometry occurred inside an Exactive™ benchtop Orbitrap
mass spectrometer (Thermo Scientific, San Jose, CA, USA), equipped with a heated
electrospray ionization probe (HESI-Il). The instrument was operated in switching
polarity mode. All instrument settings were adopted from Orellana et al. (2015).

The operational performance of the UHPLC-HRMS instrument was verified using a
CRM mixture of OA, DTX-1, 13-SPX C, PTX-2, AZA-1, YTX and PTX-2 (section 2.1).
Prior to the analyses of samples, these toxins were first identified by the mass and
retention time of their respective certified standard solutions, and their identity was
verified with the 13C/12C isotopic ion ratio (as recommended by CD 2002/657/EC).
Peaks of toxins in experimental samples were compared to the listed CRM standard.
After the identification of parent compound peaks, metabolites were identified using
the Thermo ToxFinder software package and the work of Gerssen et al. (2011) and
Torgersen et al. (2008). Based on the strong resemblance between newly detected
metabolites and parent ions, and the excellent selectivity and separation the Orbitrap
MS provides, metabolites were (semi)