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General introduction

1.1 Global environmental change
Climate change is proceeding at a rate that is unprecedented over mil-

lennia as a result of anthropogenic activities (IPCC 2014). Over the last 
10 million years the atmospheric partial pressure of CO2 (pCO2) has 
generally stayed below 300 ppm, with fluctuations during the glacial-in-
terglacial cycles between 180-300 ppm (Pearson & Palmer 2000; Petit et 
al. 2004; Lüthi et al. 2008). Since the industrial revolution, greenhouse 
gas emissions have led to an increase in atmospheric pCO2 from roughly 
280 ppm to 400 ppm today (Fig. 1.1; IPCC 2014), thereby already ex-
ceeding the upper limit from the past million years. This increase in 
greenhouse gas emissions is coupled to a rise in global temperatures. 
During the past century, the global mean temperature has already in-
creased by 0.85 ˚C and will continue to rise by another 3 to 5 ˚C over the 
next hundred years if emissions are not reduced (RCP scenario 8.5; 
IPCC, 2014).

Figure 1.1 Atmospheric CO2 concentrations over the past 800,000 years, with 
clear fluctuations in pCO2 during the glacial-interglacial cycles. Data is pro-
vided by NOAA NCEI Paleoclimatology Program and based on EPICA (ice 
core) data (Lüthi et al. 2008).

These alterations in the Earth's climate can lead to a range of envi-
ronmental changes. For instance, increases in global temperatures may 
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cause a lowering of average wind speeds, which already decreased by 
5-15% over the past decades (Vautard et al. 2010; McVicar et al. 2012), 
while at the same time storms may become more frequent (Seneviratne 
et al. 2012). Global warming may lead to enhanced evaporation as well, 
thereby increasing the intensity and duration of drought (Sheffield & 
Wood 2008; Dai 2011). With a higher amount of water vapor in the at-
mosphere, however, extreme precipitation events can also ensue more 
often (Trenberth 2011). In addition, due to sea level rise, seawater may 
more frequently enter freshwater systems in coastal regions, causing sa-
linization of inland waters (Werner & Simmons 2009).

Next to changing climatic conditions, anthropogenic activities have led 
to other environmental perturbations as well. Compared to pre-indus-
trial and pre-agricultural levels, the export of phosphorus to freshwa-
ter and coastal marine ecosystems has increased 3-fold, while nitrogen 
fluxes have increased even more dramatically over the last few decades, 
with regional increases of more than 10-fold (Caraco 1995; Smil 2001). 
These alterations in nutrient loading, nutrient ratios and nutrient com-
position have an enormous impact on organisms living in rivers, estu-
aries and coastal areas (Anderson et al. 2002; Smith & Schindler 2009). 
Specifically primary producers, such as phytoplankton, that stand at the 
base of aquatic food webs and are responsible for approximately half 
of all primary production on Earth (Field 1998), are severely impacted. 
Eutrophication can lead to the build-up of high algal biomass in surface 
waters and may cause shifts in phytoplankton community composition.  

Climate change has already been shown to affect marine phytoplank-
ton as well (Hare et al. 2007; Anderson et al. 2012b; Gobler et al. 2017). 
For instance, oceanic primary productivity declined over the past de-
cades through an increase in upper ocean temperature and stratifi-
cation at lower latitudes, which leads to nutrient depletion of surface 
waters (Behrenfeld et al. 2006; Polovina et al. 2008; Boyce et al. 2010; 
Gómez-Ocampo et al. 2018). Since the 1980s, nearly 70% of the glob-
al decadal decline in productivity occurred at the high latitudes, which 
represent a net sink of atmospheric carbon (Archer et al. 2000). This has 
major implications for the global carbon cycle, as this may point towards 
a reduced sink of carbon to the deeper oceans via photosynthetic path-
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ways as well (Gregg et al. 2003). Climate change was also responsible for 
major shifts in phytoplankton community composition, such as a de-
cline in diatoms and larger phytoplankton cells on the northern side of 
the western Antarctic Peninsula (Montes-Hugo et al. 2009). 

1.2 Harmful algal blooms
Some phytoplankton species can become a nuisance for the environ-

ment through the formation of harmful algal blooms (HABs). HABs 
are known for their adverse effects on ecosystems, fisheries, tourism 
and human health (Hallegraeff 1993; Anderson et al. 2002). Through 
the production of toxic compounds that can accumulate in the food 
chain, HAB species were even shown to be responsible for massive fish 
kills and the deaths of seabirds and marine mammals (Mortensen 1985; 
Cembella et al. 2002; Durbin et al. 2002; Doucette et al. 2006). Some 
of these HAB toxins also threaten human health, and may cause severe 
shellfish poisoning syndromes upon ingestion of seafood (Wang 2008). 
HAB species that do not produce toxins may still be detrimental for the 
environment, as dense algal blooms can lead to the depletion of oxy-
gen in sheltered water bodies (Peperzak & Poelman 2008; Hallegraeff 
2010), or can physically clog and damage fish gills (Homer et al. 1997). 

HAB incidences have been increasing over the last few decades, main-
ly as result of ongoing eutrophication (Smayda 1997; Anderson et al. 
2002; Parsons & Dortch 2002; Trainer et al. 2003; Glibert et al. 2005; 
Glibert & Burkholder 2006). In recent years, effects of climate change 
on marine ecosystems have also become apparent, leading to decreased 
ocean productivity, altered food web dynamics, reduced abundance of 
habitat-forming species, shifting species distributions, and a greater in-
cidence of disease (Hoegh-Guldberg & Bruno 2010; Poloczanska et al. 
2013). Moreover, several studies have already attributed some increases 
in the severity of HAB outbreaks to climate change (Hayes et al. 2001; 
Trainer et al. 2003; Dale et al. 2006; Edwards et al. 2006). Especially in 
combination with eutrophication, climate change may provide a potent 
catalyst for the further expansion of HABs on a global scale (Paerl & 
Huisman 2009). 



6

General introduction

1.3 Alexandrium 
Members of the dinoflagellate genus Alexandrium are widespread no-

torious HAB formers in marine coastal waters (Cembella et al. 2002; 
Durbin et al. 2002; Anderson et al. 2012a). Alexandrium species can syn-
thesize several types of potent neurotoxins. The group of neurotoxins 
that is most commonly produced by Alexandrium are the paralytic shell-
fish poisoning (PSP) toxins (Anderson et al. 2012a). PSP syndrome can 
occur in humans through the consumption of contaminated shellfish 
and it is responsible for severe neurologic and gastrointestinal problems 
(Wang 2008). These symptoms are caused by saxitoxin, which is one of 
the most toxic PSP analogues with an LD50 value in mice of ~8 µg kg-1. 
The addition of a sulfate group to the saxitoxin structure in analogues 
GTX 1-6 will reduce cellular toxicity by 40% and subsequent addition 
of another sulfonyl group in analogues C1-4 will cause a reduction in 
toxicity up to 99% (Wiese et al. 2010). Some Alexandrium species are able 
to produce other potent neurotoxins as well. For instance, the species 
A. ostenfeldii can produce the cyclic imine compounds gymnodimines 
(GYM) and spirolides (SPX). GYM and SPX are fast acting neurotoxins 
like PSP toxins, with LD50 values (i.p. mice) of 96 µg kg-1 and 6.9 µg kg-1, 
respectively (Munday et al. 2004, Munday et al. 2012).   

Although Alexandrium toxins are responsible for outbreaks of PSP in 
humans and deaths of fish, seabirds and marine mammals, these events 
do not reflect the functional importance of these compounds for the 
organisms that produce them (Cembella 2003). One of the most like-
ly explanations with regard to the function of PSP toxins is grazer de-
terrence. The response of grazers towards PSP toxins, however, varies 
widely, from absent (Teegarden & Cembella 1996; Colin & Dam 2003), 
to changes in swimming behavior (Turriff et al. 1995), decreased feeding 
(Teegarden 1999), reduced fecundity and delayed development (Frango-
pulos et al. 2000; Guisande et al. 2002a) and direct mortality (Colin & 
Dam 2003). Although results are very grazer-specific, evolutionary his-
tory between grazer and prey seems to play a role in toxin production, 
as well as the effects of toxins on the grazer (Senft-Batoh et al. 2015). 
The tolerance of some grazers towards PSP toxins may therefore be a 
co-evolutionary adaptation. 
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In addition to neurotoxins, some Alexandrium species and strains are 
known to produce allelopathic compounds, which can lyse competing 
phytoplankton species as well as small protozoan grazers (Tillmann & 
John 2002; Tillmann et al. 2007). These allelopathic compounds consist 
of large macromolecular complexes that are mainly excreted and found 
outside the cells (Ma et al. 2009). Specialized functional traits, such as 
allelochemical and toxin production, can both significantly attribute to 
the success of Alexandrium species by facilitating growth for the entire 
population (John et al. 2015). 

Figure 1.2 Geographic locations where A. ostenfeldii was observed (♦) and where 
dense blooms took place (■).

An increasing amount of PSP outbreaks have been documented world-
wide over the last decades, which suggests incidences of Alexandrium 
blooms have been increasing as well (Anderson et al. 2012b). Indeed, 
massive A. ostenfeldii blooms have been recurring annually in a small 
creek in the Netherlands, since they were first observed in 2012 (Burson 
et al. 2014; Van de Waal et al. 2015). A. ostenfeldii is a cosmopolitan species 
and usually present in the phytoplankton community at low background 
numbers, but in recent years more high density blooms of this species 
have been reported worldwide (Fig. 1.2; Ciminiello et al. 2006; Kremp 
et al. 2009; Borkman et al. 2012; Hakanen et al. 2012; Tomas et al. 2012; 
Burson et al. 2014). This might be partially due to increased awareness 
and monitoring, but also due to changes in weather conditions and/or 
nutrient loading, as A. ostenfeldii is known to proliferate in calm, stable 
and nutrient rich waters (Borkman et al. 2012; Hakanen et al. 2012). 
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1.4 Intraspecific variation in populations
Different Alexandrium species and strains are known to produce tox-

ins and allelopathic compounds in varying relative amounts, leading to 
large inter- and intraspecific variations in toxicity (Maranda et al. 1985; 
Burkholder & Glibert 2006; Tillmann et al. 2009; Anderson et al. 2012a; 
Hakanen et al. 2014). Characterization of the Dutch A. ostenfeldii pop-
ulation also revealed large phenotypic variation in the production of 
PSP toxins, SPX, GYM and allelopathic compounds (Van de Waal et al. 
2015). Phenotypic trait variation in Alexandrium populations is accom-
panied by a high genetic diversity as well (Medlin et al. 2000; Masseret 
et al. 2009; Alpermann et al. 2010). Such a high intraspecific diversity 
and variation in traits most likely attributes to the success of Alexandri-
um, as it may enhance the complementarity of functional traits within 
populations, making them more resilient to environmental changes and 
providing the potential for rapid evolution (Bolnick et al. 2011; Violle et 
al. 2012). 

The maintenance of intraspecific variation in Alexandrium populations 
can partly be attributed to their life histories (Fig. 1.3, Erdner et al. 2011; 
Richlen et al. 2012). Next to vegetative growth, Alexandrium reproduces 
sexually and forms resting cysts, which sink to the benthos and hatch 
after an obligatory dormancy period when environmental conditions 
are favorable (Anderson et al. 2012a). Alexandrium species comprise a 
complex mating system with more than two mating types (Destombe & 
Cembella 1990). The sexual cycle allows recombination of genetic ma-
terial, making cyst beds a reservoir of genetic variability that may con-
tinuously supply new genotypes to the water column throughout the 
vegetative growth phase (Genovesi et al. 2009; Angles et al. 2012; Dia et 
al. 2014; Kremp et al. 2015). Sexual reproduction, a dormant phase, and 
multiple mating types, may all slow down directional selection and may 
act to maintain genetic variation when selection fluctuates (Hairston et 
al. 1996). It has even been proposed that sexual reproduction at the end 
of a bloom could erase any selective effects that have taken place in the  
vegetative growth phase (Dia et al. 2014). This would partly explain the 
high variation and apparent selection neutrality in seemingly important 
traits such as toxin and allelochemical production within Alexandrium 
populations.
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Figure 1.3 Alexandrium life cycle. Under distinct environmental conditions, a 
motile diploid planomeiocyte germinates from the resting cyst, which under-
goes meiosis and divides into haploid vegetative cells. These vegetative cells 
can 'seed' mass proliferations (blooms) by dividing asexually. At the end of a 
bloom, vegetative cells produce gametes that can fuse with a compatible mat-
ing type to form a diploid planozygote. This planozygote can subsequently 
differentiate into a resting cyst (hypnozygote) that sinks unto the sediment. 

 1.5 Thesis outline
In this thesis, my aim was to 1) assess the environmental drivers behind 

the formation of natural Alexandrium blooms, 2) determine the extent 
of phenotypic trait variation between and within Alexandrium popula-
tions and reveal putative intraspecific trade-offs, 3) assess how climate 
change may affect phenotypic trait expression, and lastly 4) evaluate the 
impact of climate change on the proliferation of HABs, and whether it 
may attribute to an increase in HAB incidences. In order to reach these 
aims, I applied a combination of approaches, including fieldwork, sin-
gle-strain laboratory experiments and a global scale meta-analysis.  
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In chapter 2 of this thesis, I used the Dutch A. ostenfeldii population as 
a case study and assessed how different environmental drivers influ-
ence the development of Alexandrium blooms. Alexandrium populations 
are sensitive to disturbances, and I therefore hypothesized that calm 
and stable weather conditions, with sufficient nutrients and low grazer 
pressure will lead to a higher magnitude and duration of blooms. 

Thereafter in chapter 3, I used isolates from the Dutch A. ostenfeldii 
population, and isolates from a genetically similar Baltic Sea A. ostenfeldii 
population to assess the extent of phenotypic trait variation. I expected 
to find considerable trait variation, both within and between popula-
tions, and to reveal trade-offs between defensive and competitive traits. 

To assess possible effects of climate change on phenotypic trait expres-
sion in A. ostenfeldii, I tested in chapter 4 how elevated pCO2 affected an 
array of traits in three different strains of the Dutch A. ostenfeldii popu-
lation. Here, I hypothesized that higher CO2 availabilities will result in 
faster growth rates and a higher toxin content of the cells, particular-
ly the carbon based cyclic imines, with differential responses between 
strains.

In order to determine how climate change may affect the growth and 
toxicity of a multitude of HAB species, and to what extent it may attri-
bute to more HAB outbreaks worldwide, I performed a meta-analysis 
in chapter 5 including single species laboratory studies that tested the 
effects of warming or elevated pCO2 on HAB species. I expected both 
elevated pCO2 and warming to enhance growth and toxin production 
across species. 

In chapter 6 I will summarize the findings of my thesis, present my 
results in the broader context of HAB ecology, and provide an outlook 
for future research opportunities.
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Abstract
Harmful algal blooms (HABs) are globally expanding, compromising 

water quality worldwide. HAB dynamics are determined by a complex 
interplay of abiotic and biotic factors, and their emergence has often 
been linked to eutrophication, and more recently to climate change. The 
dinoflagellate Alexandrium is one of the most widespread HAB genera 
and its success is based on key functional traits like allelopathy, mixotro-
phy, cyst formation and nutrient retrieval migrations. Since 2012, dense 
Alexandrium ostenfeldii blooms (up to 4,500 cells mL-1) have recurred an-
nually in a creek located in the southwest of the Netherlands, an area 
characterized by intense agriculture and aquaculture. We investigated 
how physical, chemical and biological factors influenced A. ostenfel-
dii bloom dynamics over three consecutive years (2013-2015). Overall, 
we found a decrease in the magnitude of the bloom over the years that 
could largely be linked to changing weather conditions during summer. 
More specifically, low salinities due to excessive rainfall and increased 
wind speed corresponded to a delayed A. ostenfeldii bloom with reduced 
population densities in 2015. Within each year, highest population den-
sities generally corresponded to high temperatures, low DIN:DIP ratios 
and low grazer densities. Together, our results demonstrate an import-
ant role of nutrient availability, absence of grazing, and particularly of 
the physical environment on the magnitude and duration of A. ostenfeldii 
blooms. Our results suggest that predicted changes in the physical envi-
ronment may enhance bloom development in future coastal waters and 
embayments.

2.1 Introduction
Global change is occurring at an unprecedented rate (Stocker et al. 

2013), impacting ecosystems worldwide. In addition to climatic changes, 
anthropogenic activities have accelerated the rate and extent of eutro-
phication of many aquatic environments as well. These changes greatly 
affect phytoplankton, standing at the base of aquatic food webs. Over 
the past few decades, some phytoplankton species have become an in-
creasing nuisance by forming harmful algal blooms (HABs; Anderson 
et al. 2002; Heisler et al. 2008). The global expansion of HABs has very 
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often been attributed to eutrophication of coastal regions. Changes in 
nutrient loading, nutrient ratios and nutrient composition have a tre-
mendous impact on phytoplankton communities living in rivers, estu-
aries and coastal zones (Anderson et al. 2002; Smith & Schindler 2009). 
For instance, enhanced use of urea as a fertilizer and increases in the 
nitrogen and phosphorus to silicate ratios may promote proliferation of 
toxic dinoflagellates over diatoms (Riegman 1995; Glibert et al. 2001). In 
addition, further changes in climate involving temperature shifts and 
subsequent weather changes, may lead to an expansion of the ecological 
niche of many HAB-forming species (Hallegraeff 2010; Anderson et al. 
2012b; Wells et al. 2015).

HABs are known for their adverse effects on ecosystems through their 
cascading impact on higher trophic levels (Hallegraeff 1993; Anderson 
et al. 2002). For instance, HABs can produce toxic compounds that may 
accumulate in the food chain, leading to the death of fish, seabirds and 
marine mammals. Moreover, toxins accumulated in seafood may cause 
shellfish poisoning syndromes in humans (Wang 2008). Proliferations 
of HABs can thus have far reaching ecological and economic conse-
quences. The dinoflagellate Alexandrium ostenfeldii is a globally wide-
spread toxic HAB-forming species (Balech, 1995; Fraga and Sánchez, 
1985; Gribble et al., 2005; John et al., 2003; Levasseur et al., 1997; Mack-
enzie et al., 1996; Okolodkov and Dodge, 1996; Wang et al., 2006). Al-
though it used to occur in low numbers in phytoplankton assemblages, 
in recent years dense blooms of this species have been reported (Kremp 
et al. 2009; Borkman et al. 2012; Hakanen et al. 2012; Tomas et al. 2012; 
Burson et al. 2014). A. ostenfeldii is also known to produce various tox-
ins, including Paralytic Shellfish Poisoning (PSP) toxins and the cyclic 
imines gymnodimines and spirolides (Anderson et al. 1990; Cembella et 
al. 2000; Kremp et al. 2014; Harju et al. 2016). In addition to these toxins, 
A. ostenfeldii produces extracellular allelochemicals, which can lyse com-
peting phytoplankton species and small protozoan grazers (Tillmann 
& John 2002; Tillmann et al. 2007; Tatters et al. 2012b; Van de Waal et 
al. 2015). Production of toxins and lytic compounds are key traits sup-
porting Alexandrium proliferation (Wohlrab et al. 2010, 2016; John et al. 
2015), particularly since dinoflagellates are typically poor competitors 
in terms of growth and nutrient uptake (Smayda 2002; Litchman et al. 
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2007). Other important traits include heterotrophic feeding, cyst for-
mation, and nutrient retrieval migrations (Smayda 1997). 

Although these traits are effective for supporting growth, the abiotic 
environment also plays a crucial role in HAB initiation and subsequent 
development. Dinoflagellates reside as resting cysts in the sediment 
and, besides using endogenous clocks observed in some species (An-
derson & Keafer 1987), require various environmental stimuli in order 
to germinate (Anderson et al. 2005). Specifically, temperature, oxygen 
concentration and light play a role in cyst germination (Dale 1983; An-
derson et al. 1987). Therefore, cyst resuspension induced by wind mix-
ing may facilitate bloom initiation. Once emerged from the cystbank, 
however, dinoflagellates are very sensitive to turbulence (Wyatt & Hor-
wood 1973; Berdalet & Estrada 2005; Berdalet et al. 2007), and their 
blooms are often associated with calm weather and water column stabil-
ity (Wyatt & Horwood 1973; Margalef et al. 1979; Berman & Shteinman 
1998). Other physical controls, such as temperature and salinity, as well 
as chemical controls, such as nutrient availability are also important in 
determining the development of HABs. Thus, a combination of envi-
ronmental  conditions will set the window of opportunity for HABs to 
develop (Anderson et al. 2012a). 

Massive annual recurring A. ostenfeldii blooms only recently emerged 
in a Dutch brackish water creek (Burson et al. 2014), and were first ob-
served in 2012. The inflow of water is derived from the agricultural 
hinterlands, subsequently supplying the creek ample nutrients. The 
outflow is regulated by a pumping station, which discharges into the 
Eastern Scheldt, an estuary with the main shellfish farming areas of the 
Netherlands (Van Der Heijden 2007). Discharge of creek water with 
high A. ostenfeldii population densities thus forms a potential threat to 
the public health. Little, however, is known about the drivers underly-
ing the proliferation of A. ostenfeldii in this creek. Therefore, we investi-
gated how various physical, chemical and biological factors affected the 
timing and magnitude of A. ostenfeldii blooms in these brackish waters. 
To this end, we closely followed an A. ostenfeldii population for three 
consecutive years, together with temperature, wind speed, rainfall, sa-
linity, nutrients, and zooplankton. 
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2.2 Material & Methods
The brackish water creek "Ouwerkerkse kreek" (51 6̊2'N, 3˚99'E) is lo-

cated in the Rhine-Muesse-Scheldt delta of the Netherlands (Fig. 2.1A; 
Burson et al. 2014,Van de Waal et al. 2015). It has a mean depth of 5 m 
with a maximum depth of 8 m, covering roughly 0.12 km2. 

Field data was collected for three consecutive years, starting in April 
2013. At three locations in the creek (Fig. 2.1B), samples were taken for 
A. ostenfeldii population densities, toxin concentrations (2014-2015), and 
bacterial abundances (2015) once every week or every two weeks from 
spring until autumn. In the same period, additional monthly samples 
were taken at two locations for phytoplankton and zooplankton deter-
mination. Moreover, monthly samples were taken each year for salinity, 
inorganic nutrient concentrations and chlorophyll-a concentrations 
(Fig. 2.1B). Hourly meteorological data, i.e. temperature, wind speed 
and precipitation, was derived from the weather station in Vlissingen, 
approximately 20 km from our study site (with very similar meteorolog-
ical conditions) and a moving average was calculated. 

Figure 2.1 Location of A) the "Ouwerkerkse kreek" in the Netherlands, and B) 
sampling points in the "Ouwerkerkse kreek", where the triangle (northern 
part) and square (southern part) represent the sample locations for all mea-
surements and the circle (middle part) the extra sample location for A. ostenfel-
dii abundances and toxins.
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2.2.1 Alexandrium ostenfeldii abundances 
An integrated water sample was taken of the upper 1 m of the water 

column at all sample locations (Fig. 2.1B), from which a 50 mL subsa-
mple was fixed with Lugol's iodine solution (Lugol) to a final concen-
tration of 1% and stored in the dark at 4˚C until analysis. A. ostenfeldii 
cells were counted in an Utermöhl chamber on an inverted microscope 
(DMI 4000B; Leica Microsystems CMS GmbH, Mannheim, Germa-
ny). A. ostenfeldii population densities were determined by counting at 
least 200 cells or 100 fields of view (200× magnification). Earlier mor-
phological and molecular analyses showed that 20 isolated clones from 
this population belonged to Group 1 of A. ostenfeldii (Kremp et al. 2014; 
Van de Waal et al. 2015). The start and end of a bloom in each year was 
set when A. ostenfeldii population densities reached 10% of its maximum. 

2.2.2 Chlorophyll-a
Chlorophyll-a extractions were performed with 80% ethanol accord-

ing to Nusch (1980). Samples were subsequently analyzed spectrophoto-
metrically at 665 and 750 nm (UV-VIS Spectrophotometer UV1650-PC, 
Shimadzu Europe, Duisburg, Germany), with an additional measure-
ment at both wavelengths after addition of 0.4 M HCl to a final con-
centration of 4 mM for phaeopigment correction. Calculations were 
performed after Nusch and Palme (1975), using a chlorophyll-a extinc-
tion coefficient of 8.16 L g-1 mm-1, and a ratio between chlorophyll-a and 
phaeopigment extinction coefficients of 1.7.

2.2.3 Zooplankton
For zooplankton determination, a 5 L integrated water sample was fil-

tered over a 100 µm mesh and fixed with 96% ethanol. The sample was 
settled in a large sedimentation chamber with a cuvette and analyzed 
with an inverted microscope (DMI 4000B; Leica Microsystems CMS 
GmbH, Mannheim, Germany). Zooplankton was counted and iden-
tified up to genus level. Zooplankton dimensions were assessed using 
image analysis, and organism volume was subsequently calculated from 
these dimensions assuming a most similar geometric shape (typically a 
sphere). Biovolume was subsequently calculated by multiplying the or-
ganism volume with its counts. 
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2.2.4 Salinity 
Salinity was calculated using water temperature and conductivity from 

surface water (<1 m) according to the Standard Methods for the Exam-
ination of Water and Wastewater (20th edition, 1999). For further details 
on the salinity gradient we refer to Martens et al. (2016).

2.2.5 Nutrients
Field samples of 15 mL for inorganic nutrients were taken (Fig. 2.1B) 

and stored at -20˚C until analysis. Dissolved inorganic nitrogen (DIN) 
and dissolved inorganic phosphorus (DIP) were subsequently measured 
using continuous flow analysis coupled with spectrophotometric de-
tection (San++ Automated Wet Chemistry Analyzer, Skalar Analytical 
B.V., Breda, the Netherlands) according to the  ISO 13395:1996 and the 
ISO 15681-2:2003 protocol, respectively.

2.2.6 Toxin measurements
Subsamples for toxin analyses were taken from the integrated water 

sample by filtration of 20-60 mL over glass fiber filters (GF/F, What-
man, Maidstone, UK), which were stored at -20˚C until further analy-
sis. 

Analysis of PSP toxins
PSP toxins were determined by ion pair liquid chromatography cou-

pled to post-column derivatization and fluorescence detection, as de-
scribed in Krock et al. (2007) and Van de Waal et al. (2015).

Analysis of cyclic imine toxins by triple quadrupole mass 
spectrometry

The cyclic imine toxin measurements were performed on an Agilent 
1100 LC liquid chromatograph (Waldbronn, Germany) coupled to a 
4000 Q Trap triple-quadrupole mass spectrometer (AB-Sciex, Darm-
stadt, Germany) with a Turbo V ion source. Toxins were quantified by 
external calibration curves of SPX-1 and GYM A with standard solu-
tions ranging from 10 to 1000 pg µL-1, each. Other SPX and GYM for 
which no standards are available were calibrated against the SPX-1 
and GYM A calibration curve, respectively, and expressed as SPX-1 or 



21

Combined factors shape Alexandrium ostenfeldii blooms

GYM A equivalents. For further details, please also see Van de Waal et 
al. (2015). 

2.2.7 Statistical analysis
In order to assess the correlation between A. ostenfeldii abundances and 

different environmental variables, we used Spearman's rho (ρ), as a lin-
ear relationship could not be assumed. The relationships between the 
significant environmental variables were also determined with Spear-
man's rho (ρ) to test for collinearity among variables.  

2.3 Results
2.3.1 Bloom development 

An A. ostenfeldii bloom was observed in all three years. The magni-
tude of the bloom varied greatly between the years (Fig. 2.2). In 2013, 
the highest densities were observed, with values up to 4,500 cells mL-1. 
Population densities in 2014 were somewhat lower, reaching 3,200 cells 
mL-1. In 2015, population densities were substantially lower than previ-
ous years, only reaching 800 cells mL-1. The duration of the bloom also 
varied greatly between the years, with the longest bloom period in 2014, 
where it lasted a total of 139 days from the 17th of July until the 4th of Oc-
tober, followed by 2013, with 79 days from the 4th of June until the 21st 
of October. In 2015, the bloom lasted only 35 days from the 23rd of June 
until the 27th of August.  

2.3.2 Physical environment
A. ostenfeldii abundances corresponded strongly to changes in tempera-

ture (ρ=0.74, P<0.001; Table 2.1). During bloom periods temperatures 
were generally above 15˚C, corresponding to summer conditions (Fig. 
2.3A). And some collinear relationships between temperature and oth-
er environmental factors were also found, namely wind speed (ρ=-0.56, 
P<0.001), salinity (ρ=0.40, P<0.05), and DIP concentrations (ρ=0.85, 
P<0.001; Table 2.1).
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Figure 2.2 Seasonal dynamics of A. ostenfeldii population densities, where sym-
bols (triangle the northern part, square the southern part and circle the middle 
part of the creek) represent the population densities at the three sample loca-
tions and the black line indicates the average.  

We observed a negative correlation between A. ostenfeldii abundances 
and wind speed (ρ=0.51, P<0.001; Table 2.1). Average wind speed was 
generally lower during the blooms of 2013 and 2014 compared to the rest 
of the year (around 5 m s-1 against 7 m s-1), with increases in the middle 
and at the end of the 2014 bloom period (Fig. 2.3B). In 2015, however, 
wind speed remained relatively high during the bloom period with only 
a brief decline towards the end of the bloom.

Table 2.1 Spearman's rank correlation coefficients (ρ) describing relationships 
between A. ostenfeldii abundances and temperature (** P<0.001, * P<0.05).

A. ostenfeldii Temperature Salinity

Temperature 0.74**

Salinity 0.42* 0.40*

Week 0.43** 0.41** 0.07
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A. ostenfeldii Temperature Salinity

Wind speed -0.51** -0.56** -0.38*

Precipitation 0.16 0.13 -0.41*

DIN -0.11 -0.57** -0.54*

DIP 0.64* 0.85** 0.47*

Copepods -0.38 -0.11 0.17

Rotifers -0.17 0.39 0.35

Week 0.43** 0.41** 0.07

Precipitation fluctuated strongly throughout the year, including the 
bloom periods. Distinct peaks in precipitation could be recognized at 
the end of the bloom in 2013, in the middle of the bloom in 2014 and 
during the bloom period of 2015 (Fig. 2.3C). A. ostenfeldii abundances 
did not show a correlation with precipitation (Table 2.1). Precipitation 
did, however, show a negative correlation with salinity (ρ=0.41, P<0.05; 
Table 2.1).

Figure 2.3 Seasonal dynamics of A) temperature, B) wind speed, C) precipita-
tion, and D) salinity, where the black lines represent the moving average. The 
light grey areas in the background of each graph indicate the occurrence of an 
A. ostenfeldii bloom event.
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Over the course of a year, large fluctuations were observed in salinity 
(Fig. 2.3D), with high values up to 23 in summer and low values down 
to 4.9 in winter. During the bloom periods of 2013 and 2014 salinities 
were largely above 15, while in 2015 salinities remained below 15 with 
extremely low values down to 3.7 at the end of the bloom. A. ostenfel-
dii abundances generally increased with salinity (ρ=0.42, P<0.05; Table 
2.1).

2.3.3 Chemical environment
Dissolved inorganic nutrients showed a clear annual cycle (Fig. 2.4A, 

B). Nitrogen concentrations were high in winter (~150 µmol L-1), decline 
in spring (down to ~6 µmol L-1) and subsequently increased again in au-
tumn (Fig. 2.4A). This pattern was reversed for phosphorus, with con-
centrations becoming high in summer (up to ~20 µmol L-1) and low in 
winter (down to ~1 µmol L-1; Fig. 2.4B). Consequently, DIN:DIP ratios 
during the A. ostenfeldii blooms were low, with an average around 0.5 
(Fig. 2.4C). Towards the end of each bloom, DIN:DIP ratios increased 
again. A. ostenfeldii abundances showed a positive correlation with DIP 
(ρ=0.63, P<0.05), while no correlation with DIN and DIN:DIP ratios 
was observed (Table 2.1). 

2.3.4 Biological environment
Chlorophyll-a concentrations generally showed two distinct peaks, 

with a phytoplankton spring bloom in all three years, and another bloom 
during the summer or autumn (Fig. 2.5). The spring blooms were dom-
inated by green algae and were followed by diatoms and subsequently 
dinoflagellates (data not shown). Cyanobacteria were not prominently 
present in 2014, but reached high population densities in 2013 and 2015 
during spring and autumn. 

Each year, copepods were most abundant prior to the A. ostenfeldii 
blooms, reaching total biovolumes of 6.88 mm3 L-1 (Fig. 2.5). Copepod 
densities started to decline rapidly at the onset of each bloom and re-
mained low throughout the bloom period. Other grazers, particularly 
rotifers, were also abundant in the creek. Rotifers reached biovolumes 
of 6.22 mm3 L-1 prior to each bloom, and showed subsequent steep de-
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Figure 2.4 Seasonal dynamics in A) DIN, B) DIP and C) DIN:DIP ratios. The 
light grey areas in the background of each graph indicate the occurrence of an 
A. ostenfeldii bloom event.
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clines during the 2013 and 2014 blooms (Fig. 2.5). In 2015, rotifer densi-
ties remained generally low, with average biovolumes around 1.9 mm3 L-1 
during the bloom period. A correlation between A. ostenfeldii abundanc-
es and grazer densities was not found.  

Figure 2.5 Seasonal dynamics in the abundances of copepods (black line) and 
rotifers (black dotted line), and in the concentrations of chlorophyll-a (grey 
line). The light grey areas in the background of each graph indicate the occur-
rence of an A. ostenfeldii bloom event.

2.3.5 Toxins
PSP toxins, gymnodimines and spirolides were measured during the 

blooms of 2014 and 2015. In both years, the amount of cell-bound toxins 
corresponded to A. ostenfeldii population densities, being highest at the 
peak of the blooms reaching average values of 37.2 and 35.9 µg L-1 for 
PSP toxins, 3.0 and 1.8 µg L-1 for gymnodimines and 3.2 and 5.1 µg L-1 for 
spirolides, in 2014 and 2015, respectively (Fig. 2.6). In 2014, toxins were 
only measured from June 19th until August 28th.  

No major changes in toxin composition were observed between and 
within the years (data not shown). For PSP toxins, C1/C2 analogues 
comprised most of the toxin profile (80%), and relative contributions of 
saxitoxin and GTX2/3 were comparable with ~10% each. The cyclic 
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imine toxin profile consisted for gymnodimines of gymnodimine A, 
and for spirolides of 13-desmethyl spirolide C. 

Figure 2.6 Seasonal dynamics in PSP toxins (black line), spirolides (grey line) 
and gymnodimines (grey dotted line) during the A. ostenfeldii blooms of 2014 
and 2015. The light grey areas in the background of each graph indicate the 
occurrence of an A. ostenfeldii bloom event.

2.4 Discussion
Since the detection of high abundances of the dinoflagellate A. ostenfel-

dii in 2012 (Burson et al. 2014), annual blooms recurred in the Ouwerk-
erkse Kreek. Yet, the dynamics of the blooms varied strongly between 
the monitored years (2013-2015). Our results indicate that the combina-
tion of physical, chemical, and biological factors determines the occur-
rence of A. ostenfeldii blooms, while physical factors play a crucial role in 
the magnitude and duration of a bloom. 

Nutrient dynamics were largely comparable between the three years, 
with low DIN concentrations around 10 µmol L-1 and high DIP con-
centrations around 20 µmol L-1 during each bloom (Fig. 2.4A, B). DIN 
concentrations were low as a result of an earlier phytoplankton spring 
bloom consisting primarily of green algae, while DIP concentrations 
were presumably high due to anoxic conditions near the bottom of the 
creek leading to the release of phosphate from the sediment (Mortimer 
1941; Fig S2.1, Appendix). Such anoxic conditions, in turn, may be the 
result of increased surface temperatures (ρ=0.85, P<0.001; Table 2.1).  
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A. ostenfeldii abundances showed a significant correlation with DIP con-
centrations (ρ=0.66, P<0.05; Table 2.1), although this might be due the 
collinearity between DIP and temperature, corresponding to summer 
conditions. Alexandrium species have previously been shown to prolif-
erate independently of inorganic nutrient concentrations, also when 
nitrogen concentrations were low (Vila et al. 2005; Collos et al. 2007; 
Hakanen et al. 2012; Laanaia et al. 2013). Despite these low nitrogen con-
centrations, and the generally poor competitive ability of dinoflagellates 
in terms of growth and nutrient uptake (Tang 1996; Smayda 1997; Litch-
man et al. 2007), dense A. ostenfeldii blooms did occur each year. Several 
Alexandrium species were shown to utilize organic substrates (Jacobson 
& Anderson 1996; Collos et al. 2004, 2007; Anderson et al. 2012a). Such 
heterotrophic feeding strategies would allow A. ostenfeldii to reach high 
population densities under nutrient limited conditions, and further-
more gain advantage over strictly autotrophic growing phytoplankton. 
Future studies should include the assessment of organic substrates to 
further elucidate the role of mixotrophy in the formation of HABs.

Top-down control on the A. ostenfeldii population was also largely com-
parable between the three years. Grazer biovolumes increased in spring 
and sharply declined just before or at the onset of the A. ostenfeldii bloom 
(Fig. 2.5). Grazer biomass was likely supported by the phytoplankton 
spring bloom, and grazing may have caused chlorophyll-a concentrations 
to rapidly decline (Fig. 2.5). Consequently, chlorophyll-a concentrations 
were relatively low at the onset of the A. ostenfeldii blooms, and may have 
resulted in food limitation for zooplankton. This, in turn will reduce 
grazing pressure, which possibly facilitated the development of the A. 
ostenfeldii blooms. Alternatively, A. ostenfeldii may have reduced grazer 
abundances due to functional traits such as toxins and allelochemical 
production, which were shown to play a role in grazer deterrence (Tee-
garden 1999; Tillmann & John 2002; Colin & Dam 2003; Selander et al. 
2006; Tillmann et al. 2007; Wohlrab et al. 2010; Sopanen et al. 2011). In 
2014 and 2015, concentrations of PSP toxins, as well as gymnodimines 
and spirolides largely followed A. ostenfeldii dynamics and were compa-
rable between both years. This is remarkable since cell densities were 
substantially different in 2014 and 2015, which implies that cells from 
the population of 2015 contained more toxins. The production of these 
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toxins as well as of allelopathic compounds by this A. ostenfeldii popula-
tion may have benefitted bloom development (Tillmann & John 2002; 
Tillmann et al. 2007; John et al. 2015).

Temperatures were generally above 15˚C during the bloom period, 
ranging up to 25˚C, and may very well be a requirement for bloom devel-
opment, as a strong correlation was found with A. ostenfeldii abundances 
(ρ=0.74, P<0.001; Table 2.1). Temperatures of 15˚C were sufficient to al-
low growth rates of 0.22 d-1 for various isolates from the Dutch A. osten-
feldii population (Van de Waal et al. 2015), and higher temperatures may 
further promote growth. A. ostenfeldii isolates from other populations 
indeed showed higher growth rates at temperatures of 20-24˚C (Kremp 
et al. 2012; Bill et al. 2016). However, temperatures were largely compara-
ble between years and can therefore not explain the observed variations 
in the magnitude and durations of the blooms. 

Salinities in the creek showed clear seasonal dynamics, presumably as 
a result of variations in precipitation (ρ=-0.41, P<0.05; Table 2.1) and 
associated drainage via a pumping station. High A. ostenfeldii abundanc-
es corresponded to summer conditions with increased salinities, where 
highest cell numbers were reached at salinities above 11 (Fig. 2.3C). Re-
cent experiments with a Dutch A. ostenfeldii strain showed a broad salin-
ity tolerance with largely comparable growth rates over a salinity range 
of 10 to 35 (Martens et al. 2016). Their findings suggested that A. ostenfeldii 
is a euryhaline species, growing best at higher salinities, which is sup-
ported by the correlation between salinity and A. ostenfeldii population 
densities that was found (ρ=0.42, P<0.05; Table 2.1). Indeed, population 
densities were highest in 2013 and 2014, when salinities remained above 
15 during the bloom period. Lower salinities in 2015 could have contrib-
uted to reduced bloom densities. The sharp drop in salinity at the end 
of the 2015 bloom period, caused by excessive rainfall (Fig. 2.3D) and 
drainage via the pumping station, was likely responsible for the sudden 
bloom termination. Salinities dropped to 3.7, and these low values were 
shown to cause mortality among several A. ostenfeldii strains (Jensen & 
Moestrup 1997; Maclean et al. 2003; Lim & Ogata 2005; Gu 2011; Suik-
kanen et al. 2013), including a Dutch strain from the same population 
(Martens et al. 2016). Similarly, a large drop in salinity in October 2013, 
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may have terminated the A. ostenfeldii bloom in that particular year (Fig. 
2.3D). 

Higher temperatures are also related to reductions in wind speed (ρ=-
0.56, P<0.001; Table 2.1) and together both factors contribute to a more 
stable water column, which may benefit A. ostenfeldii bloom formation. 
In addition, A. ostenfeldii is sensitive to turbulence, and minimal distur-
bances of the water column by wind may affect its growth and bloom 
development (Berdalet et al. 2007). A negative correlation between A. 
ostenfeldii abundances and wind speed was indeed observed (ρ=-0.51, 
P<0.001; Table 2.1). Specifically, in 2013 and 2014 blooms of A. ostenfeldii 
developed when wind speed was low. In the middle of the bloom period 
in 2014, wind speed drastically increased, which may have attributed 
the subsequent drop in cell densities at the end of July. In 2015, wind 
speed was generally not lower compared to the rest of the year. Con-
sequently, the combination of relatively high wind speed and excessive 
precipitation with resulting reduction in salinity presumably led to the 
lower bloom densities as well as the shorter bloom period in 2015. How-
ever, a temporary disturbance in the water column may be crucial for A. 
ostenfeldii bloom initiation. Oxygen and light are considered to play a key 
role in cyst germination (Anderson et al. 1987), but values are low near 
the sediment of the creek (Fig. S2.1; Appendix). Thus, in order to ger-
minate, cysts need to be re-suspended in the water column. Influences 
from tides, upwelling and stream flows are absent within the creek, and 
resuspension of the sediment is therefore mainly depended on wind 
events. Indeed, higher wind speed was observed just before the start of 
the bloom during all three years (Fig. 2.3B). 

Overall, changes in the physical environment over the years, particu-
larly wind speed and salinity, may largely explain the observed differ-
ences in magnitude and duration of the A. ostenfeldii blooms. Various lab-
oratory experiments showed that temperature, salinity and turbulence 
can substantially affect Alexandrium growth (White 1976; Jensen & 
Moestrup 1997; Juhl et al. 2001; Grzebyk et al. 2003; Lim & Ogata 2005; 
Laabir et al. 2011; Bill et al. 2016), and thereby form important constraints 
on bloom development. Our results indeed indicate that the most ben-
eficial combination of physical factors for A. ostenfeldii blooms includes 
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higher temperatures and salinities (above 15˚C and salinities above 10), 
and calm and stable weather conditions with reduced wind speed, and 
indirectly precipitation. These conditions were observed in 2013, which 
also corresponded to highest population densities reaching up to 4,500 
cells mL-1. Several field studies also found that physical factors, which 
promote water column stability, play a crucial role in the development 
of Alexandrium blooms. For instance, a correlation between higher tem-
peratures and A. ostenfeldii bloom development was found in the Baltic 
Sea (Hakanen et al. 2012). Similarly, both salinity and wind speed were 
strongly related to Alexandrium bloom development in the Estuary and 
Gulf of St. Lawrence, Canada (Weise et al. 2002). In addition, a  study 
from Thau Lagoon found that particularly wind speed and temperature 
play an important role in Alexandrium bloom development, where wind 
events allowed bloom initiation by resuspension of cysts, and low wind 
speed in combination with high and stable temperatures facilitated sub-
sequent vegetative growth (Laanaia et al. 2013). 

Even though we only studied one system, our results do indicate how 
the physical environment may shape HABs. This not only supports 
our current understanding, but also provides an example of how cli-
mate-driven changes in the physical environment may favor HAB de-
velopment. Earlier studies have suggested that global rising tempera-
tures may lead to a range expansion of HAB species (Thomas et al. 2012; 
Wells et al. 2015). Other consequences of global temperature increases 
are lower wind speeds (McVicar et al. 2012), which have already de-
creased globally by 5-15% over the last decades (Vautard et al. 2010). Such 
low wind speeds in combination with higher temperatures will enhance 
water column stability, which is generally favorable for HAB develop-
ment (Hallegraeff et al. 1995; Hallegraeff 2010). Furthermore, salt wa-
ter intrusion is becoming an increasing global threat through sea level 
rise (Werner & Simmons 2009). This allows euryhaline HAB species, 
such as A. ostenfeldii to disperse into these waters imposing an increasing 
health risk particularly to densely populated areas such as the Nether-
lands. Our results suggest that predicted changes in the physical envi-
ronment may enhance bloom development in future coastal waters and 
embayments.
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Appendix chapter 2

Figure S2.1 Seasonal dynamics in depth profiles of A) light (PAR) and B) oxygen 
(mg/L) in the creek from May to October 2015, and on top the A. ostenfeldii cell 
densities in the creek through time.
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Abstract 
Intraspecific trait diversity can promote the success of a species, as 

complementarity of functional traits within populations may enhance 
its competitive success and facilitates resilience to changing environ-
mental conditions. Here, we experimentally determined the variation 
and relationships between traits in 15 strains of the toxic dinoflagellate 
Alexandrium ostenfeldii derived from two populations. Measured traits 
included growth rate, cell size, elemental composition, nitrogen up-
take kinetics, toxin production and allelochemical potency. Our results 
demonstrate substantial variation in all analyzed traits both within and 
across populations, particularly in nitrogen affinity, which was even 
comparable to interspecific variation across phytoplankton species. We 
found distinct trade-offs between maximum nitrogen uptake rate and 
affinity, and between defensive and competitive traits. Furthermore, 
we identified differences in trait variation between the genetically sim-
ilar populations. The observed high trait variation may facilitate devel-
opment and resilience of harmful algal blooms under dynamic environ-
mental conditions.

3.1 Introduction
Ecosystem functioning is often linked to biodiversity, with enhanced 

productivity and stability in systems with higher species richness (Car-
dinale et al. 2006; Ptacnik et al. 2008; Cardinale 2011; Schindler et al. 
2015). By increasing the number of species in the community, comple-
mentarity of functional traits within the system may increase, resulting 
in higher resource use efficiencies, enhanced resistance to consumers, 
and resilience to environmental changes (MacArthur 1955; Hooper et al. 
2005; Bolnick et al. 2011; Cardinale 2011). Similarly, a high intraspecific 
trait diversity, as well as variation within traits may facilitate population 
growth by enhanced complementarity (Violle et al. 2012). Moreover, 
high standing genetic and trait variation within populations allows 
species to adapt more quickly to changes in the environment (Barrett 
& Schluter 2008). This variation is ultimately responsible for the diver-
sification and evolutionary adaptation of species, which can even hap-
pen on ecological time scales (Carroll et al. 2007; Pelletier et al. 2009). 
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Especially with respect to climate change, intraspecific trait variation 
could modulate species' responses to changing environments and buf-
fer biodiversity losses (Reusch et al. 2005; Albert et al. 2010; Sjöqvist & 
Kremp 2016). 

Phytoplankton populations can possess a very high genetic diversity 
with substantial intraspecific trait variation (Maranda et al. 1985; Medlin 
et al. 2000; Burkholder & Glibert 2006; Alpermann et al. 2010; Godhe 
et al. 2016). Specifically, harmful algal bloom (HAB) populations have 
been shown to exhibit a high variation in the expression of traits (Till-
mann et al. 2009; Hakanen et al. 2014; John et al. 2015). HAB species are 
known to possess specialized functional traits, including toxin produc-
tion, as well as N2 fixation and mixotrophy (Fogg 1969; Hallegraeff 1993; 
Burkholder et al. 2008), which are expected to contribute to the success 
of HAB populations (Paerl & Huisman 2009; Litchman et al. 2010; Car-
ey et al. 2012). Among common HAB forming phytoplankton groups are 
dinoflagellates, a ubiquitous group of protists that particularly contrib-
utes to primary production in coastal waters (Falkowski & Knoll 2007). 
The toxic dinoflagellate genus Alexandrium is among the most common 
HAB species, imposing an eminent threat to human health and ecosys-
tem functioning by causing shellfish poisoning and fish kills (Cembella 
et al. 2002; Durbin et al. 2002; Anderson et al. 2012a). Like most HAB 
species, Alexandrium populations possess a high functional trait diversi-
ty (Ogata et al. 1987; Cembella et al. 2002; Masseret et al. 2009; Tillmann 
et al. 2009; Alpermann et al. 2010). Indeed, strains can substantially 
differ in the production of paralytic shellfish poisoning (PSP) toxins, 
with some strains even lacking the ability to produce these toxins (John 
et al. 2014; Murray et al. 2015). Furthermore, some Alexandrium species 
and strains can produce two additional types of neurotoxins; gymnod-
imines (GYM) and spirolides (SPX; Cembella et al. 2000; Kremp et al. 
2014; Van de Waal et al. 2015), as well as allelopathic compounds that 
are excreted from the cell and can lyse competing phytoplankton spe-
cies and small protozoan grazers (Tillmann & John 2002; Tillmann et 
al. 2007). 

The high functional trait variation within Alexandrium populations 
can partly be attributed to their life histories. In addition to vegetative 
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growth, Alexandrium reproduces sexually and forms resting cysts, allow-
ing recombination of genetic material (Anderson et al. 2012a). Cysts may 
hatch continuously throughout the vegetative growth season and there-
by supply novel genotypes to the water column (Genovesi et al. 2009; 
Angles et al. 2012; Kremp et al. 2015). This mechanism may contribute to 
a high genotypic diversity, and support a high variation of traits within 
a population (Alpermann et al. 2009). High trait variation is further en-
hanced by shifting selection pressures that can occur during toxic algal 
blooms (Driscoll et al. 2015). For instance, before the onset of a bloom, 
interactions occur mainly interspecifically, and competition with other 
phytoplankton species together with a high grazing pressure may se-
lect for defensive traits, such as toxin and allelochemical production. 
During the development of a bloom, however, when population densi-
ties increase and nutrients become depleted (Brandenburg et al. 2017), 
intraspecific interactions become more important, and selection may 
shift towards higher resource use efficiencies. Such low nutrient condi-
tions may support the success of non-toxic or non-allelopathic strains, 
as production of secondary metabolites involves biochemical and en-
ergetic costs (Pohnert et al. 2007). Consequently, populations may ex-
hibit intraspecific trade-offs, for instance between defensive and com-
petitive traits. Trade-offs between functional traits stand at the base of 
eco-evolutionary dynamics, and are key drivers underlying phenotypic 
diversity and variation, as they constrain trait evolution and thereby 
prevent selection for a 'super-clone'. Trade-offs furthermore facilitate 
coexistence of species and strains, and are important for maintaining 
diversity (Tilman 1982; Grover 1997; Kneitel & Chase 2004; Blows & 
Hoffmann 2005; Van de Waal et al. 2011). The variation in selection 
pressures during a bloom can concede and maintain a high genetic and 
functional diversity within a population, and result in genetic differen-
tiation over very short time scales (Richlen et al. 2012). However, empir-
ical data on intraspecific trade-offs in HAB populations is still lacking.  

Here, we assessed the variation of eight traits in 15 isolates from two 
geographically distinct toxic Alexandrium ostenfeldii populations. A. os-
tenfeldii is a globally widespread dinoflagellate species that can pro-
duce several types of neurotoxins (PSP, GYM, and SPX), as well as al-
lelochemicals (Kremp et al. 2009; Van de Waal et al. 2015). It generally 
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occurs in background levels, but may also cause dense harmful blooms 
in brackish waters including embayments, creeks and coastal marine 
ecosystems (Kremp et al. 2009). One of the studied populations is rela-
tively large and already established between 8000-3000 BP in the Baltic 
Sea (Tahvanainen et al. 2012). The other population is much smaller and 
only established recently in a small creek in the Netherlands (Burson 
et al. 2014; Van de Waal et al. 2015). For all isolates, we first determined 
general traits such as growth rate, cell size, and stoichiometry, nitrogen 
(N) acquisition traits including the maximum N uptake rate and af-
finity (since N is the limiting nutrient during summer blooms at both 
locations), and defensive traits including production of toxins (i.e. PSP 
toxins, GYM, and SPX), as well as allelopathic potency, and afterwards 
tested for putative trade-offs. We aim to assess how different environ-
ments affect diversification of traits, and how physiological constraints 
lead to intraspecific trade-offs. Specifically, we expect a higher trait 
variation in the longer established Baltic Sea population as this popu-
lation had more time to diversify, and we predict selection of defensive 
traits (i.e. toxin quota and allelochemical potency) in the recently estab-
lished Dutch population as this would support its colonization. More-
over, we anticipate distinctive trade-offs between traits that scale with 
size, such as growth rate and cell volume, as well as between defensive 
and competitive traits. Lastly, we expect a positive relationship between 
relative P content and growth rate following the growth rate hypothesis, 
which predicts that cells require more P in order to grow faster (Elser et 
al. 1996, 2003; Sterner & Elser 2002). 

3.2 Material & Methods
3.2.1 Culturing 

A. ostenfeldii strains from the Netherlands were isolated in summer 
blooms from the Ouwerkerkse Kreek (51 6̊2'N, 3˚99'E) in 2015 and 2016. 
A. ostenfeldii strains from the Föglö Archipelago (Åland) in the Northern 
Baltic Sea (60°05'N, 20°31'E) were isolated from a late summer bloom in 
2015. Both geographic populations are phylogenetically closely related 
(Van de Waal et al. 2015) representing a distinct group of estuarine A. 
ostenfeldii (group I;  Kremp et al. 2014). Clonal isolates were genotyped 
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using 6 microsatellite markers (Nagai et al. 2014), which confirmed that 
strains represented different haplotypes (Table S3.1, Appendix). We 
randomly selected 15 A. ostenfeldii strains (five from the Netherlands 
2015, five from the Netherlands in 2016, and five from the Baltic Sea), 
which we cultured in ½K – medium (after Keller et al. 1987) with 0.2 
µm sterilized North Sea water adjusted to a salinity of 10. Cultures were 
grown at a temperature of 18 ˚C and an incident light intensity of 85 
µmol photons m-2 s-1, with a light:dark cycle of 16:8 h. First, the cultures 
were acclimated to experimental conditions for two weeks (approxi-
mately five generations), after which they were transferred to 500 mL 
Erlenmeyer flasks using four biological replicates. Cultures were grown 
as batch starting at a cell density of 400 cells mL-1. Each replicate was 
grown for three to five generations, and cultures were harvested for the 
assessment of traits while in exponential growth phase at densities of 
approximately 5.0 × 103 cells mL-1. 

3.2.2 Growth rate and cell size
To estimate cell densities, 5 mL samples were taken every second or 

third day and fixed with neutral Lugol's iodine solution (Lugol) to a fi-
nal concentration of 1%. Samples were stored in the dark at 4 ˚C until 
analysis. A. ostenfeldii cells were counted on an inverted microscope 
(DMI 4000B; Leica Microsystems CMS GmbH, Mannheim, Germa-
ny). Maximum growth rates (µ) were calculated for each replicate by fit-
ting an exponential function through cell counts over time (excluding 
potential lag phases; see also Fig. S3.1 and Table S3.2, Appendix), fol-
lowing:

where Nt refers to the cell concentrations at time t, and N0 to the cell 
concentrations at the start of each experiment (or exponential growth 
phase). 

To establish cell size data, Lugol fixed samples from the last day were 
analyzed using a FlowCam (Fluid Imaging Technologies, Yarmouth, 
USA), where surface area was measured and used to calculate cell vol-
ume based on a sphere. For each replicate, at least 100 cells were mea-
sured.  

Nt = N
µt
0
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3.2.3 Elemental composition
Cellular carbon (C), nitrogen (N) and phosphorus (P) were deter-

mined at the end of the experiment in 20 mL of culture material col-
lected on a prewashed (100 mL distilled water) glass microfiber filter 
(Whatman GF/F, Maidstone, UK). Filters were dried overnight at 60 
˚C and stored in the dark until further analyses. For C and N analyses, a 
subsample (14%) of each filter was folded into a tin cup and analyzed on 
a FLASH 2000 organic elemental analyzer (Brechbueler Incorporated, 
Interscience B.V., Breda, the Netherlands). Cellular P was analyzed by 
combusting the remainder of the filter (86%) for 30 min at 550 ˚C in Py-
rex glass tubes, followed by a digestion step with 5 mL persulfate (2.5%) 
for 30 min at 120 ˚C. This digested solution was measured for PO4

3- on a 
QuAAtro39 AutoAnalyzer (SEAL Analytical Ltd., Southampton, UK). 

3.2.4 Allelopathic potency
The allelopathic potency of the A. ostenfeldii cultures was determined 

after Tillmann et al. (2009), using a short-term bioassay with the crypto-
phyte Rhodomonas salina as target species. Lytic effects were quantified 
by adding A. ostenfeldii filtrate to an R. salina culture at concentrations re-
flecting different cell densities, and subsequently assess the A. ostenfeldii 
cell densities required to reduce the R. salina abundance by 50%.

To collect the filtrate, 200 mL of A. ostenfeldii culture from the end 
of the experiment was centrifuged at 168 × g for 10 minutes (Thermo 
Scientific SL16, Thermo Fisher Scientific, Langenselbold, Germany). 
Hereafter, the cell pellet was used for the N uptake bioassays (see below) 
and the filtrate was filtered over a sterile 0.2 µm cellulose acetate filter 
and stored at -20 ˚C until further analyses. 

Cell counts from the end of the experiment were used to estimate the 
cell densities of A. ostenfeldii associated with the filtrate. From the fil-
trate, 8 dilutions were made corresponding to a range of 0.3 to 8 × 103 
cells mL-1 in vials of 4 mL. Medium without filtrate was used during 
each run as a control.

For the bioassays, 0.1 mL of R. salina culture was added to each vial 
containing A. ostenfeldii filtrate reaching a final concentration of 10 × 103 
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cells mL-1. The samples were incubated for 24 hours under the same cul-
ture conditions as the experiment. 

At the end of the incubations, R. salina populations were counted using 
an automated cell counter (Beckman Coulter Multisizer 3, Indianopo-
lis, USA). 

In order to estimate the EC50 for each strain (i.e. the A. ostenfeldii cell 
density leading to a 50% decline in R salina cell densities), the following 
function was fitted through R. salina counts as a function of log-trans-
formed A. ostenfeldii cell concentrations associated to the filtrate (Fig. 
S3.2):        

where Nfinal is the final target cell density of R. salina using A. ostenfeldii 
filtrates, Ncontrol is the final target cell density of R. salina in control sam-
ples, x is the log-transformed A. ostenfeldii cell density, and EC50 and h 
are fitted parameters, where h is the Hill coefficient.

3.2.5 Nitrogen uptake kinetics
Determination of the N uptake kinetics of the different A. ostenfeldii 

strains was done using 15N bioassays, after Moschonas (2015). Centri-
fuged cell pellets of A. ostenfeldii were re-suspended in medium lacking 
N and incubated under experimental culture conditions for 24 hours.

Hereafter, samples for cell counts were taken and the A. ostenfeldii cul-
ture was divided and transferred to 7 × 50 mL tubes. Afterwards, 15N 
labelled NO3

- (Sigma Aldrich, 10 atom % 15N) was added to yield the fol-
lowing concentrations: 0.1, 0.3, 0.6, 1, 3, 10 µmol L-1. For every A. osten-
feldii strain, a control without addition of 15N labelled NO3

- was taken in 
order to estimate background 15N values. The samples were incubated for 
1 h under the same culture conditions, and afterwards filtered through 
glass microfiber filters (GF/F, Whatman, Maidstone, UK). Filters were 
dried overnight at 60 ˚C and stored in the dark until further analyses.

A subsample (14%) of every filter was folded in a tin cup and analyzed 

Nfinal =
Ncontrol

1 +

(

x
EC50

)h
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on an elemental analyzer (Flash 2000, Thermoscientific, Germany) 
coupled to an isotope ratio mass spectrometer (IRMS, Thermoscientif-
ic, Germany), and δ15N values were calculated as the difference in 15N 
abundance between the sample and a reference gas (with 0.366 atom% 
15N).

The δ15N values were subsequently used to calculate N uptake rates by 
using the equation from Dugdale and Wilkerson (1986):

where ρ is the absolute N uptake rate (in µmol N L-1 h-1), 15N(t0)source is 
the isotopic ratio of the enriched dissolved N pool (in atom%), 15N(t0)sink 
is the natural abundance of 15N (in atom%), 15N(t)sink is the abundance 
of 15N in the sample after the incubation (in atom%), t is the incubation 
time (in hours), and PON the particulate organic nitrogen concentra-
tion (in µmol N L-1).

The absolute N uptake rates calculated for each concentration of NO3
- 

can then be used to estimate the N uptake kinetics for each A. ostenfeldii 
strain. To this end, a Michaelis-Menten function was fitted through all 
data points within the bioassays for each replicate of each strain:

where ρ (in µmol N L-1 h-1) is the N uptake rate, Vmax the maximum up-
take rate (in µmol N L-1 h-1), K1/2 the half saturation constant (in µmol N 
L-1), and NO3

- the nitrate concentration. 

3.2.6 Toxin sampling and analyses
Samples for toxin analyses (PSP toxins and cyclic imines) were tak-

en by filtration of 20 mL of A. ostenfeldii culture over glass microfiber 
filters (GF/F, Whatman, Maidstone, UK), which were stored at -20 ˚C 
until further analysis. PSP toxins were determined by ion pair liquid 
chromatography coupled to post-column derivatization and fluores-
cence detection, as described in Krock et al. (2007) and Van de Waal et 

ρ =

15
N(t)sink −

15
N(t0)sink

(15N(t)source −15 N(t0)sink)× t
× PON

ρ =
Vmax × NO

−

3

K1/2 + NO
−

3
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al. (2015). The cyclic imine toxin measurements (SPX and GYM) were 
performed on an Agilent 1100 LC liquid chromatograph (Waldbronn, 
Germany) coupled to a 4000 Q Trap triple-quadrupole mass spectrom-
eter (AB-Sciex, Darmstadt, Germany) with a Turbo V ion source. Tox-
ins were quantified by external calibration curves of SPX-1 and GYM 
A with standard solutions ranging from 10 to 1,000 pg µL-1, each. Other 
SPXs and GYMs for which no standards are available were calibrated 
against the SPX-1 and GYM A calibration curve, respectively, and ex-
pressed as SPX-1 or GYM A equivalents. For further details, also see 
Van de Waal et al. (2015).  

3.2.7 Statistical analyses
Statistical analyses were performed in R version 3.2.2 (R Core Team 

2015). For the measured traits across all strains, coefficients of varia-
tion (CV) were calculated as the ratio of the standard deviation to the 
mean. Significant differences in the expression of traits between the 
three groups of A. ostenfeldii strains were determined using a one-way 
ANOVA, including all replicates, followed by post-hoc comparison of 
the means using Tukey's HSD. Trade-offs and relationships were rec-
ognized using a linear regression between the log-transformed trait 
values, including all replicates. Differentiation of traits within the dis-
tinct populations was assessed with the R package "vegan" (Oksanen et 
al. 2017), where the multivariate homogeneity of group dispersions was 
analyzed. Significant differences between the groups were determined 
using a permutation test.  

3.3 Results
We observed substantial variation of the analyzed traits among the 15 

studied A. ostenfeldii strains within and among their corresponding pop-
ulations. Maximum growth rates ranged from 0.12 to 0.39 d-1 in differ-
ent strains (Fig. 3.1; Fig. 3.2a), and cell volumes from 7.5 to 32.4 × 103 µm3 
(Fig. 3.2d), with CVs of 0.32 and 0.38, respectively. PSP toxin quotas 
varied from 1.1 to 81.7 pg cell-1 (CV 0.73) and cyclic imine toxin quotas 
from 18.8 to 443 pg cell-1 (CV 0.66; Fig. 3.2g-h; Fig. S3.3, Appendix). 
Allelopathic potencies also varied strongly between the strains, with es-
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Figure 3.1 Maximum growth rates of the different A. ostenfeldii strains (n=4), 
isolated from the Netherlands (2015, light grey; 2016, dark grey) and the Baltic 
Sea (white). 

Figure 3.2 Overview of traits assessed for the different A. ostenfeldii populations 
(n=20), showing variation in a) maximum growth rates, b) C:P ratios, c) N:P 
ratios, d) cell sizes, e) Vmax, f) K1/2, g) PSP toxin quotas, h) cyclic imine toxin 
quotas, and i) EC50, isolated from the Netherlands (2015, light grey; 2016, dark 
grey) and the Baltic Sea (white). Significance differences between the popula-
tions are indicated by the asterisks (*** P<0.001, ** P<0.01, * P<0.05).
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timated EC50 values from 0.9 to 33.5 × 103 A. ostenfeldii cells mL-1
 (CV 1.09; 

Fig. 3.2i). For N uptake kinetics, K1/2 values ranged from 0.3 to 11.9 µmol 
N L-1 (CV 0.8), and Vmax values from 3.6 to 5.4 pmol N cell-1 day-1 (CV 
0.74; Fig. 3.2e-f). Moreover, we also observed variation in the elemental 
stoichiometry of the different strains, ranging from 5.4 to 7.2 for cellular 
C:N ratios (CV 0.08; data not shown), from 50.9 to 154.6 for cellular C:P 
ratios (CV 0.21), and from 7.6 to 18.5 for cellular N:P ratios (CV 0.23; Fig. 
3.2b-c).

Significant differences in the expression of traits between the Dutch 
and Baltic Sea A. ostenfeldii populations were found for growth rate 
(P<0.001), cell size (P<0.001), C:P ratio (P<0.001), N:P ratio (P<0.001), 
PSP toxin quotas (P<0.001), cyclic imine toxin quotas (P<0.001) and al-
lelopathic potencies (P<0.01; Fig. 3.2). Differences were less pronounced 
for N uptake kinetics, with significant differences only between the 
Baltic Sea population and the 2016 Dutch population for K1/2 (P<0.01; 
Fig. 3.2). Strains from the Dutch population isolated in different years 
were generally similar in their trait expression. Significant differences 
were only found for PSP toxin quotas (P<0.01), cyclic imine toxin quotas 
(P<0.05), and K1/2 (P<0.05; Fig. 3.2). 

Using non-metric multidimensional scaling in an ordination plot we 
could define two distinct clusters that clearly separated the two geo-
graphically distinct A. ostenfeldii populations (Fig. 3.3a). There was more 
variation in the expression of traits within the Baltic Sea population as 
compared to the Dutch population from both years together (Fig. 3.3b; 
P<0.001).

The analyzed selection of traits showed various distinct relationships. 
For instance, we observed strongest positive correlations between cell 
size and toxin quota and between PSP toxins and cyclic imines, while 
we observed negative correlations between growth rate and cell size as 
well as between growth rate and toxin quota, which may represent pu-
tative trade-offs (Table 3.1). We note that these trade-offs were mainly 
driven by clustering of the two distinct A. ostenfeldii populations (Fig. 
S3.4, Appendix). Interestingly, we observed a very distinct trade-off 
between Vmax and K1/2, both within and across populations (Fig. 3.4).
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Figure 3.3 Observed variation between all analyzed traits of A. ostenfeldii pop-
ulations illustrated by a) non-metric multidimensional scaling ordination, 
where symbols denote the Dutch (2015, light grey; 2016, dark grey) and Baltic 
Sea (white) populations for each replicate, and the arrows indicate which traits 
vary along the axes, and b) differences in total variation between the Dutch 
and Baltic Sea populations.  

Figure 3.4 Trade-off between Vmax and K1/2 across the different A. ostenfeldii 
strains. Symbols indicate strains isolated from the Netherlands (2015, light 
grey; 2016, dark grey) and Baltic Sea (white).
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 Growth 
rate

Cell 
size

N:P C:P C:N Vmax K1/2 CI 
toxins

PSP 
toxins

Cell size -0.49c

N:P -0.13a 0.41c

C:P -0.20c 0.40c 0.91c

C:N -0.10b -0.36c -0.10b

Vmax 0.17c 0.20c 0.17c

K1/2 -0.14a 0.27a 0.11a -0.43c

CI toxins 0.86c 0.45c 0.46c -0.082a 0.15b 0.30b

PSP toxins 0.59c 0.29c 0.23c -0.14b 0.41c 0.64c

EC50  0.051a -0.22c -0.30c -0.23c -0.20c  -0.064a  -0.29c -0.34c

Table 3.1 R2 values derived from linear regressions between log-transformed 
trait values of A. ostenfeldii. Only significant regressions are presented and sig-
nificance levels are indicated by the superscript (c P<0.001, b P<0.01, a P<0.05).  
CI stands for cyclic imine.

3.4 Discussion
Our results reveal large intraspecific variation in trait expression with-

in one phytoplankton species at two different levels, namely across and 
within two distinct populations. In fact, even within the recently estab-
lished Dutch population we found substantial variation in trait expres-
sion, which may point towards rapid diversification. We also observed 
distinct differences in the analyzed traits between the two populations. 
Overall, the Baltic Sea strains grew faster, were smaller, contained rela-
tively more P, and produced less toxins and allelopathic compounds than 
the Dutch strains (Fig. 3.2). These particular traits are closely linked, 
and exhibit fundamental relationships and trade-offs. 

The observed intraspecific trade-off between growth rate and cell size 
is in line with earlier findings on interspecific trade-offs, where smaller 
phytoplankton cells typically grew faster than larger cells (Banse 1976; 
Finkel et al. 2010). Furthermore, in order to grow faster, the growth 
rate hypothesis predicts that organisms should contain relatively more 
P, as more P-rich rRNA is required (Elser et al. 1996, 2003; Sterner & 
Elser 2002). The applicability of the growth rate hypothesis for phyto-
plankton, however, has been debated (Flynn et al. 2010). Phytoplankton 
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may accumulate P under non-limiting growth conditions, as well as at 
limitations other than P (Elrifi & Turpin 1985; Hillebrand et al. 2013). 
Thus, the relationship between growth rate and the relative cellular P 
contents will strongly depend on the growth controlling factors. Our re-
sults show intrinsic differences in growth rate between strains cultured 
under the same non-limiting conditions, with a close association to the 
relative P contents (i.e. C:P ratio, Table 3.1). This was further confirmed 
by a positive correlation between growth rate and cellular P contents 
corrected to cell volume (R2= 0.16, P<0.01). Our results thus revealed an 
ideal test for the growth rate hypothesis, showing that the Baltic Sea A. 
ostenfeldii cells contained relatively more P, and could indeed grow faster 
than Dutch isolates.

Faster growth and smaller cells were also associated with lower toxin 
quota in A. ostenfeldii (Table 3.1). Interestingly, the negative relationships 
between growth rate and PSP (R2 = 0.21, P<0.001) as well as cyclic imines 
(R2 = 0.52, P<0.001) remained significant after correcting for cell size. 
This may represent a trade-off between toxin synthesis and growth, as 
the production of these secondary metabolites has certain biochemical 
and energetic costs (Pohnert et al. 2007). Cellular toxin content also pos-
itively correlated with C:P and N:P ratios (Table 3.1), suggesting that a 
relatively lower P content is associated with higher toxin quota. This re-
lationship, however, might as well be caused by differences in cell size, 
where larger cells contain relatively less P and more toxins. 

Toxin production may have developed in dinoflagellates as an adapta-
tion to offset the ecological disadvantage of low nutrient uptake affini-
ties by reducing grazing pressure (Smayda 1997; Guisande et al. 2002b; 
Frangopulos et al. 2004). Consequently, there may be a trade-off be-
tween toxin production and species' competitive ability for nutrients. 
Indeed, a higher PSP toxin content was associated with a lower affinity 
for P for several Alexandrium species (Frangopulos et al. 2004). Similar-
ly, we observed a higher toxin content (PSP toxins and cyclic imines) 
with a lower N affinity (i.e. a higher K1/2, Table 3.1), also after correcting 
for cell size (PSP: R2=0.36, P<0.001; cyclic imines: R2=0.27, P<0.01). PSP 
toxins have been associated with grazer defense (Teegarden 1999; Colin 
& Dam 2003; Wohlrab et al. 2010, 2017), however their exact function is 



51

Intraspecific trait variation within and across populations of a dinoflagellate

still under debate. Allelochemicals have been shown to act as a defense 
against competing phytoplankton species as well as grazers (Tillmann 
& John 2002; Tillmann et al. 2007; John et al. 2015). Yet, the putative 
trade-off between allelopathic potency and affinity for N is very weak 
(R2=0.062, P=0.099). Excretion of allelochemicals can potentially play 
a role in heterotrophic feeding, as lysis of other algal species results in a 
release of organic compounds (Place et al. 2012). Thus, allelochemicals 
may not only act as a defensive trait, but possibly also as an offensive 
trait, particularly in mixotrophic algae such as A. ostenfeldii (Jacobson & 
Anderson 1996; Gribble et al. 2005). 

Nutrient uptake in phytoplankton is based on fundamental relation-
ships between cell surface to cell volume scaling, and enzyme kinetics 
(Aksnes & Egge 1991; Litchman et al. 2007). Only a small area of the cell 
surface is available for nutrient uptake, and here the uptake sites with 
a small active area per site (resulting in a higher Vmax and higher K1/2) 
compete with uptake sites with a relatively large active area (resulting in 
a lower Vmax and lower K1/2; Raven 1981). This trade-off between faster 
rates (i.e. higher Vmax) and higher affinities (i.e. lower K1/2; note the in-
verse correlation) for N uptake was observed earlier for different phyto-
plankton species (Litchman et al. 2007). Here, we demonstrate that this 
trade-off occurs intraspecifically, both within and across the tested A. 
ostenfeldii populations (Fig. 3.4). 

Most of the analyzed traits were relatively conserved within A. ostenfel-
dii. Specifically, the observed intraspecific variation in growth rate, cell 
size, Vmax for nitrogen, and elemental composition across the tested A. 
ostenfeldii strains was lower as compared to the interspecific variation 
across phytoplankton species (Fig. S3.5, Appendix). This is presumably 
caused by the vast range in cell size across species, that affects growth 
rate, nitrogen acquisition and elemental composition (Finkel et al. 2010; 
Edwards et al. 2015b, a). The intraspecific variation in K1/2 values for ni-
trogen, however, was comparable to the earlier reported interspecific 
variation across marine phytoplankton species (Fig. 3.5; Edwards et al. 
2015). These ranged from high K1/2 values (i.e. low affinities) observed 
for larger phytoplankton groups such as dinoflagellates, down to low 
values (i.e. high affinities) observed for small phytoplankton groups 
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such as coccolithophores. This emphasizes that trait variation occurring 
in a single phytoplankton species can be substantial, and may have im-
portant implications for its ecological functioning. Indeed, K1/2 largely 
determines the competitive ability for a resource (Tilman 1982; Litch-
man et al. 2007; Edwards et al. 2011). Consequently, low K1/2 values may 
support strains under low nutrient conditions, while high K1/2 values 
associated to high nutrient uptake rates (Fig. 3.4; Litchman et al. 2007; 
Edwards et al. 2011) may increase the competitive ability of strains under 
nutrient replete conditions. 

Figure 3.5 Variation in K1/2 across marine phytoplankton species (white; Ed-
wards et al. 2015a) and A. ostenfeldii strains (grey; this study).

Both of the studied A. ostenfeldii populations are phylogenetically close-
ly related, belonging to the same ribotype, but live in different habi-
tats (Kremp et al. 2014; Van de Waal et al. 2015). The Baltic Sea isolates 
showed more pronounced trait variation than the Dutch isolates (Fig. 
3.3). Besides habitat constraints, this might be explained by the presum-
ably different histories of the populations in their respective habitats. 
Colonization of the Baltic Sea by marine organisms is estimated to have 
occurred after the postglacial opening of the North Sea, approximately 
8000 – 3000 BP. The population genetic structure of A. ostenfeldii in the 
Baltic Sea, together with long plankton records, supports this early colo-
nization scenario (Björck 1995; Tahvanainen et al. 2012). In contrast, the 
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A. ostenfeldii population in the Netherlands was first reported in 2012 
(Burson et al. 2014). The Dutch population has presumably colonized 
the small creek very recently, and may have only started with a small 
inoculum through the bottleneck effect selecting for functional traits 
supporting the establishment of an invasive species in a new environ-
ment (Carson 1959; Nei et al. 1975; Olden et al. 2004). For instance, the 
Dutch population exhibited a stronger expression of defensive traits 
such as the production of toxins and allelopathic compounds, which 
might be more important in novel environments with high interspecific 
competition. The recent establishment of the Dutch population is sup-
ported by genetic analysis of the A. ostenfeldii isolates using microsatel-
lites. The applied markers could not differentiate between all the differ-
ent Dutch genotypes, suggesting that the tested strains were genetically 
very similar while showing a high variation in phenotypic trait expres-
sion, which is consistent with rapid evolution. The same microsatellite 
markers clearly differentiated the Baltic Sea isolates and thus indicate 
larger genetic differences (Table S3.1, Appendix). The observed differ-
ence in intraspecific variation between the Baltic Sea and Dutch popu-
lation might thus represent an example of established and founder pop-
ulations, respectively (Carson 1959; Dlugosch & Parker 2008). 

The differences in trait expression between both populations may not 
only derive from different evolutionary histories, but also from distinct 
environmental conditions. Both populations occur in relatively calm and 
shallow water bodies, with high nutrient inputs from the surrounding 
land. Yet, the environmental conditions in the Föglö area of the Baltic 
Sea are likely more stable than in the creek where the Dutch A. ostenfeldii 
population resides, which is strongly influenced by nutrient and salin-
ity fluctuations caused by rainfall (Brandenburg et al. 2017). In contrast 
to the Dutch creek, nutrient conditions quickly become limiting at the 
Föglö bloom site in the Baltic Sea (Hakanen et al. 2012). The cell densi-
ty of competing phytoplankton species or abundance of grazers during 
the blooms in the Dutch creek appears higher than during blooms in 
the Föglö area (Fig. S3.6, Appendix). The more stable conditions in 
the Föglö area together with a relatively weaker competition with oth-
er algal species, lower grazing pressure and stronger nutrient limitation 
may have selected for smaller and faster growing, and thereby less toxic 
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genotypes. In contrast, the more intensive competition, the higher graz-
ing pressure and the higher availability of nutrients in the Dutch creek 
may have selected for more toxic and allelopathic, and thereby larger but 
slower growing genotypes. In addition, a higher genetic diversity and 
trait variation within populations can be attained through gene flow 
(Slatkin 1987; Sexton et al. 2014). In the northern Baltic Sea bloom areas, 
multiple differentiated local A. ostenfeldii populations have established 
in close proximity due to a highly fragmented coast line (Tahvanainen 
et al. 2012). Gene flow between these different populations allows for 
genetic exchange, which is in a strong contrast to the isolated bottleneck 
population from the Dutch creek. This may explain the higher degree 
of differentiation in the Baltic Sea isolates. We note that the described 
traits were derived from cultures grown under a constant salinity and 
temperature, while both factors can vary substantially during a bloom 
and may affect the expression of traits. 

Overall, we found considerable intraspecific trait variation within and 
across populations of A. ostenfeldii, which was for one trait even com-
parable to the interspecific trait variation across marine phytoplank-
ton species. Such large trait variation can be achieved and maintained 
through shifting selection pressures during toxic algal bloom periods, 
which can possibly contribute to their prevalence and success (Driscoll 
et al. 2015). Varying ecological pressures may thus result in high func-
tional trait variation within populations, and lead to intraspecific trade-
offs between, for instance, defensive and competitive traits. Moreover, 
our results suggest the importance of evolutionary history that may 
have led to the higher trait variation in the Baltic Sea population. We 
here report a high functional trait variation within A. ostenfeldii popula-
tions that allows for rapid diversification, as was observed for the Dutch 
population. This intraspecific trait variation may facilitate bloom devel-
opment under dynamic environmental conditions and promote the suc-
cess of HABs under global environmental change.
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Appendix chapter 3

Figure S3.1 A. ostenfeldii cell densities over time presented for each replicate of 
each strain. Lines denote exponential fits for each replicate (n=4) of all strains, 
providing the mean growth rate during the exponential growth phase. See Ta-
ble S3.2 for the fit parameters and significances. 
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Figure S3.2 Results of the allelopathy assay with Baltic Sea R. salina on strain 
AOB3098, where the abundance of R. salina decreased with increasing A. os-
tenfeldii cell density. Each line denotes a replicate of the assay (n=4). 

 Strains analyzed Total different alleles 

Baltic Sea 2015 5 15

Netherlands 2015 28 8

Netherlands 2016 15 6

Table S3.1. Summary of the microsatellite analysis of A. ostenfeldii with 6 dif-
ferent microsatellite markers from Nagai et al. (2015). Strains from the Dutch 
population were randomly selected for this study.
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Figure S3.3 Toxin profiles of the different strains, where a) shows the GYM 
toxin content per strain, b) the SPX toxin content, and c) the PSP toxin content.
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Figure S3.4 Trade-offs between different traits across the different A. ostenfeldii 
strains, where a) represents the trade-off between maximum growth rate and 
cell size, b) represents the trade-off between maximum growth rate and PSP 
toxins, c) represents the trade-off between maximum growth rate and C:P ra-
tio, and d) represents the trade-off between maximum growth rate and cyclic 
imine toxins. Symbols indicate strains isolated from the Netherlands (2015, 
light grey; 2016, dark grey) and Baltic Sea (white).
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Figure S3.5 Variation in the growth rate, cell size, stoichiometry and maximum 
N uptake rate (Vmax) across marine phytoplankton species (grey; data from 
Edwards et al. 2015a, b; Garcia et al. 2018) and A. ostenfeldii strains (white; this 
study).  
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Figure S3.6 Overview of the sites where A. ostenfeldii clones were isolated with 
a) Phytoplankton cell densities in the summer 2015 in the Föglö area of the 
Baltic Sea (light grey) and in the Dutch creek (2015, dark grey; 2016, black). b) 
Zooplankton densities in the summer 2015 in the Föglö area of the Baltic Sea 
(light grey) and in the Dutch creek (2015, dark grey; 2016, black).
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Table 3.S2 Model output from the exponential fit for each replicate of all strains. 
µ denotes growth rate, and N0 indicates initial population density.

Strain µ se (µ) N0 se (N0) R2 p-value F

A0B3029 0.27 0.02 340 0.18 0.99 0.001 171

A0B3029 0.26 0.04 419 0.35 0.95 0.008 40

A0B3029 0.25 0.02 499 0.19 0.97 0.001 100

A0B3029 0.25 0.02 500 0.12 0.99 0.000 251

A0B3046 0.28 0.03 647 0.20 0.96 0.001 72

A0B3046 0.29 0.03 608 0.16 0.98 0.000 120

A0B3046 0.28 0.03 658 0.20 0.96 0.001 74

A0B3046 0.28 0.03 668 0.19 0.96 0.001 77

A0B3065 0.35 0.02 600 0.11 0.99 0.001 206

A0B3065 0.37 0.03 591 0.12 0.99 0.001 182

A0B3065 0.37 0.03 591 0.12 0.99 0.001 182

A0B3065 0.37 0.03 585 0.12 0.99 0.001 195

A0B3079 0.20 0.01 296 0.10 0.99 0.000 532

A0B3079 0.20 0.01 292 0.15 0.98 0.000 210

A0B3079 0.19 0.01 337 0.15 0.98 0.000 206

A0B3079 0.21 0.02 245 0.24 0.96 0.000 94

A0B3098 0.26 0.02 290 0.15 0.98 0.000 181

A0B3098 0.24 0.03 353 0.23 0.97 0.003 74

A0B3098 0.26 0.02 331 0.18 0.98 0.000 126

A0B3098 0.25 0.05 319 0.46 0.92 0.019 22

AON13 0.15 0.02 544 0.15 0.96 0.000 86

AON13 0.16 0.02 487 0.18 0.94 0.001 60

AON13 0.15 0.03 540 0.26 0.92 0.004 35

AON13 0.15 0.02 519 0.16 0.95 0.000 71

AON14 0.19 0.01 586 0.09 0.98 0.000 219

AON14 0.19 0.01 577 0.11 0.98 0.000 169

AON14 0.20 0.01 580 0.10 0.98 0.000 189

AON5.48 0.17 0.02 795 0.12 0.98 0.003 81
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Strain µ se (µ) N0 se (N0) R2 p-value F

AON14 0.19 0.01 588 0.10 0.98 0.000 188

AON15 0.17 0.02 353 0.20 0.96 0.000 85

AON15 0.16 0.02 375 0.18 0.96 0.000 98

AON15 0.16 0.03 395 0.25 0.93 0.003 42

AON15 0.15 0.02 481 0.23 0.93 0.003 38

AON16 0.13 0.02 692 0.16 0.93 0.001 50

AON16 0.12 0.02 729 0.18 0.93 0.003 42

AON16 0.13 0.02 624 0.14 0.95 0.000 72

AON16 0.12 0.02 757 0.24 0.89 0.008 23

AON27 0.16 0.02 559 0.16 0.96 0.000 94

AON27 0.14 0.03 671 0.27 0.92 0.005 33

AON27 0.15 0.02 532 0.22 0.93 0.001 50

AON27 0.16 0.02 508 0.22 0.93 0.001 53

AON3.13 0.23 0.02 479 0.11 0.98 0.003 87

AON3.13 0.26 0.04 464 0.18 0.95 0.009 37

AON3.13 0.25 0.04 490 0.16 0.96 0.007 45

AON3.13 0.23 0.03 508 0.15 0.96 0.007 45

AON3.41 0.16 0.02 287 0.18 0.97 0.000 112

AON3.41 0.15 0.02 322 0.24 0.95 0.002 53

AON3.41 0.14 0.03 405 0.31 0.90 0.007 27

AON3.41 0.17 0.03 288 0.29 0.93 0.003 42

AON5.26 0.15 0.01 809 0.11 0.97 0.000 152

AON5.26 0.14 0.01 770 0.12 0.98 0.000 169

AON5.26 0.14 0.01 827 0.10 0.97 0.000 167

AON5.26 0.13 0.02 881 0.18 0.93 0.001 50

AON5.4 0.20 0.02 586 0.15 0.97 0.000 113

AON5.4 0.23 0.08 502 0.47 0.82 0.038 9

AON5.4 0.22 0.03 522 0.23 0.95 0.002 55

AON5.4 0.23 0.06 527 0.37 0.88 0.032 14

AON5.48 0.17 0.02 795 0.12 0.98 0.003 81
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Strain µ se (µ) N0 se (N0) R2 p-value F

AON5.48 0.17 0.03 653 0.17 0.92 0.005 33

AON5.48 0.22 0.01 681 0.06 0.99 0.000 380

AON5.48 0.21 0.01 673 0.03 1.00 0.000 1160

AON5.48 0.17 0.02 795 0.12 0.98 0.003 81
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Abstract
Dissolved oceanic CO2 concentrations are rising as result of increas-

ing atmospheric partial pressure of CO2 (pCO2), which has large con-
sequences for phytoplankton species living in the ocean surface layers. 
To test how higher CO2 availability affects different traits of the toxic 
dinoflagellate Alexandrium ostenfeldii, we exposed three strains from 
the same population to 400 and 1000 µatm CO2, and measured traits 
including growth rate, cell volume, elemental stoichiometry, 13C frac-
tionation, PSP toxin content and cyclic imine toxin content. All strains 
increased their growth rate and particulate organic carbon (POC) and 
nitrogen (PON) production with higher pCO2. Toxin quota remained 
unaltered, expect for one strain that showed a significant decrease in 
both PSP and cyclic imine content and thereby in cellular toxicity. Frac-
tionation against 13C increased in all three strains in response to elevat-
ed pCO2, which may point towards enhanced CO2 acquisition and/or a 
downscaling of their carbon concentrating mechanisms. Such reduced 
costs for inorganic C acquisition may possibly have led to reallocation 
of energy and resources towards faster growth and higher net C and N 
assimilation. Besides consistent responses in some traits, other traits 
showed large variation in both direction and strength of responses to-
wards elevated pCO2. The observed intraspecific variation in phenotyp-
ic plasticity of important functional traits within the same population 
may help A. ostenfeldii to buffer the effects of immediate environmental 
fluctuations, and allow populations to adapt more quickly to a changing 
environment. 

4.1 Introduction
The atmospheric partial pressure of CO2 (pCO2) is increasing at an 

unprecedented rate due to anthropogenic activities (Stocker et al. 2013). 
The oceans act the world's largest exogenic carbon reservoir and will 
take up more CO2 as atmospheric concentrations rise (Post et al. 1990; 
Riebesell et al. 2009). This will result in a change in the speciation of 
dissolved inorganic carbon (DIC) in the upper ocean layer, and a sub-
sequent drop in pH values. This ocean acidification is expected to have 
considerable consequences for marine life (Falkowski et al. 1998; Doney 
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et al. 2009).

Marine phytoplankton can be impacted by a change in carbonate 
chemistry, as they utilize CO2 for photosynthesis. CO2 fixation in phy-
toplankton is catalyzed by ribulose-1,5-bisphosphate carboxylase/oxy-
genase (RubisCO), which possesses a low affinity for CO2 (Badger et 
al. 1998). To compensate for the inherent low affinity of this enzyme 
and to ensure effective carboxylation, phytoplankton species have de-
veloped so-called carbon concentrating mechanisms (CCMs), which 
increase CO2 concentrations in the vicinity of RubisCO (Badger et al. 
1998; Thoms et al. 2001). CCMs include, for instance, active uptake of 
CO2 and HCO3

-, the use of carbonic anhydrase (CA) to accelerate the 
interconversion between CO2 and HCO3

-, and minimization of CO2 ef-
flux from the cell (Giordano et al. 2005; Reinfelder 2011).

Dinoflagellates possess the very inefficient type II RubisCO, which 
among all eukaryotic phytoplankton exhibits the lowest affinity for its 
substrate CO2 (Morse et al. 1995; Badger et al. 1998). However, studies 
suggest dinoflagellates are not carbon (C) limited at present atmospher-
ic CO2 levels due to the operation of effective CCMs (Rost et al. 2006; 
Ratti et al. 2007; Fu et al. 2008; Eberlein et al. 2014). They could none-
theless benefit from higher CO2 concentrations by downscaling their 
CCMs (Rost et al. 2008). For instance, in Alexandrium fundyense elevat-
ed pCO2 caused a downregulation of genes expressing CA homologues, 
which implies CA was less active and energy could potentially be spent 
on other cellular processes (Van de Waal et al. 2014a). 

Alterations in oceanic carbonate chemistry could thus lead to changes 
in the expression of various phytoplankton functional traits. Specifi-
cally species that possess flexible CCMs may reallocate energy towards 
other cellular processes. For instance, nitrogen (N) limitation com-
bined with elevated pCO2 resulted in reduced N stress in A. fundyense 
and Scrippsiella trochoidea presumably due to reallocation of energy from 
C to N assimilation as a consequence of lowered costs in C acquisition 
(Eberlein et al. 2016). Moreover, growth rates and toxicity increased in 
response to elevated pCO2 in dinoflagellate species Karlodinium venefi-
cum and A. catenella (Fu et al. 2008; Tatters et al. 2013). In contrast, un-
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altered growth rates and a decrease in cellular toxicity were observed 
for two strains of A. fundyense due to higher CO2 concentrations (Van 
de Waal et al. 2014a). Trait responses may also vary within populations, 
as several A. ostenfeldii strains from the Baltic Sea responded differently 
to CO2 (Kremp et al. 2012). Slower growing strains generally showed an 
increase in growth rate, while faster growing strains did not respond 
or responded negatively. However, alterations in toxin production were 
more consistent, as all tested strains increased their toxicity (Kremp et 
al. 2012). 

Harmful algal bloom (HAB)-forming species, and specifically dinofla-
gellates, are known to possess a high genetic and phenotypic variation 
within populations, and this is thought to contribute to their success 
(Brandenburg et al. 2018; Maranda et al. 1985; Medlin et al. 2000; Bur-
kholder and Glibert 2006; Alpermann et al. 2010; Godhe et al. 2016). 
Functional trait variation within populations enhances complemen-
tarity of traits, which can result in higher resource use efficiencies, 
enhanced resistance to consumers, and resilience to environmental 
changes (Hooper et al. 2005; Bolnick et al. 2011; Violle et al. 2012). In 
addition to standing variation in populations that is mainly beneficial 
for the longer term selection and adaptation (Barrett & Schluter 2008), 
phenotypic plasticity in trait responses can buffer the immediate effects 
of environmental fluctuations and allow individual strains to persist by 
widening their ecological niche (Charmantier et al. 2008; Litchman et al. 
2012). Strains may differ in their trait plasticity ranges, where low trait 
plasticity can reflect stronger specialization under more stable environ-
mental conditions, while higher plasticity may be favorable in dynamic 
environments (Nicotra et al. 2010).  

Here, we assess how the expression of various functional traits change 
in response to elevated pCO2 in three strains of A. ostenfeldii derived 
from a single population. A. ostenfeldii is a notorious producer of vari-
ous neurotoxins, including paralytic shellfish poisoning (PSP) toxins, 
and cyclic imine toxins, such as gymnodimines (GYM) and spirolides 
(SPX). A. ostenfeldii usually occurs in low background numbers in phyto-
plankton assemblages, though blooms of this species have become more 
prominent in recent years (Kremp et al. 2009; Borkman et al. 2012; To-
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mas et al. 2012; Burson et al. 2014). The three studied strains were isolat-
ed from a small creek in the Netherlands, where dense blooms annually 
recur since 2012 (Burson et al. 2014; Van de Waal et al. 2015; Branden-
burg et al. 2017). Microsatellite analysis of this population revealed that 
strains were genetically very similar, presumably due to a bottleneck 
effect, but possessed considerable phenotypic trait variation (Bran-
denburg et al. 2018). Consequently, we also expect a large intraspecific 
variation in trait responses to alterations in carbonate chemistry. Spe-
cifically, we expect elevated pCO2 to affect the elemental composition 
of A. ostenfeldii as more C may be taken up, possibly also resulting in a 
change in 13C fractionation. Moreover, we expected strains to increase 
their growth rates due to their RubisCO type with an inherently low 
affinity for CO2. An increase in growth rate, in turn, is expected to lead 
to a decrease in cell volume and toxin content (PSP, GYM and SPX). 

4.2 Material & methods
4.2.1 Culturing 

The three A. ostenfeldii strains (AON13, AON15, AON5.26) used in this 
experiment were isolated from the Ouwerkerkse Kreek, the Nether-
lands (51 6̊2'N, 3˚99'E), a brackish water creek, during summer blooms 
in 2015 (AON5.26) and 2016 (AON13; AON15). The strains were cul-
tured at the Netherlands Institute of Ecology in ½K – medium (after 
Keller et al. 1987), using 0.2 µm sterilized North Sea water adjusted to 
a salinity of 10 by dilution with demineralized water. Culture medium 
was pre-aerated with air containing pCO2 of 400 µatm (ambient CO2 
treatment) and 1000 µatm (high CO2 treatment). These concentrations 
were obtained by mixing pressurized air with CO2 (100%) using mass 
flow controllers (SLA5800 series, Brooks Instruments, Hatfield, US). 
CO2 concentrations were verified by a nondispersive infrared analyzer 
system (LI-820, LI-COR Biosciences, Bad Homburg, Germany). Before 
the experiment, cultures were first acclimated to the experimental CO2 
concentrations for 14 days, representing at least 3 generations. Cultures 
were subsequently grown in 2 L round bottom flasks in triplicates, at a 
temperature of 18 ˚C and an incident light intensity of 85 µmol photons 
m-2 s-1, with a light dark cycle of 16:8 h. Cultures were harvested in ex-
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ponential growth phase at densities of approximately 4.0 × 103 cells mL-1 

for the assessment of traits described below. 

4.2.2 Carbonate chemistry
The pH of the cultures was measured each second or third day using a 

2-point calibrated pH meter (Multi 350i, WTW, Weilheim, Germany). 
Samples for dissolved inorganic carbon (DIC) were also taken simul-
taneously over the course of the experiment and analyzed with a TIC/
TOC analyzer (TOC-LCPH FA, E200 Total Organic Carbon Analyser; 
ASI-L Autosampler, Shimadzu, Kyoto, Japan). The carbonate chemis-
try was subsequently calculated with CO2sys (Pierrot et al. 2006) us-
ing pHNBS (National Bureau of Standards) and DIC of each time point. 
Equilibrium constants of Mehrbach et al. (1973), refitted by Dickson 
and Millero (1987) were chosen.

4.2.3 Growth rate and cell size
Cell densities were estimated by taking a sample for cell counts every 

two or three days. A sample of 5 mL was taken and fixed with Lugol's 
iodine solution (Lugol) to a final concentration of 1% and stored in the 
dark at 4 ˚C until analysis. A. ostenfeldii cells were counted on an invert-
ed microscope (DMI 4000B; Leica Microsystems CMS GmbH, Mann-
heim, Germany). Specific growth rates (µ) were calculated for each rep-
licate of each strain by fitting an exponential function through all cell 
counts over time, following:    

where Nt refers to the cell concentrations at time t, and N0 to the cell 
concentrations at the start of each experiment. 

Lugol fixed samples from the last day were used for cell measurements 
(diameter) with an inverted microscope (DMI 4000B; Leica Microsys-
tems CMS GmbH, Mannheim, Germany), and software Cell D̂ (Im-
aging software for Life Sciences Microscopy, Olympus, Tokyo, Japan). 
The diameter data was then used to calculate cell volume assuming a 
sphere. For each replicate, at least 100 cells were measured.  

Nt = N
µt
0
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4.2.4 Elemental composition
Particulate organic carbon (POC), particulate organic nitrogen (PON) 

and particulate organic phosphorus (POP) were determined in 20-40 
mL of culture material collected on a pre-combusted glass microfiber 
filter (Whatman GF/F, Maidstone, UK). Filters were dried overnight at 
60˚C and stored in the dark until further analyses. For POC and PON 
analyses, and δ13CPOC, a subsample (14%) of every filter was folded into 
a tin cup and analyzed on an elemental analyzer (Flash 2000, Thermo 
Scientific, Karlsruhe, Germany) coupled to an isotope ratio mass spec-
trometer (IRMS, Thermo Scientific, Karlsruhe, Germany). δ13CPOC was 
reported relative to the Vienna PeeDee Belemnite standard (VPDB). 
POP was analyzed by first combusting the remainder of the filter (86%) 
for 30 min at 550˚C in Pyrex glass tubes, followed by a digestion step 
with 5 mL persulfate (2.5%) for 30 min at 120˚C. This digested solution 
was measured for PO4

3- on a QuAAtro39 AutoAnalyzer (SEAL Analyt-
ical Ltd., Southampton, UK). 

4.2.5 Toxin sampling and analyses
Samples for toxin analyses (PSP toxins and cyclic imines) were taken 

by filtration of 20-40 mL of A. ostenfeldii culture over glass microfiber 
filters (GF/F, Whatman, Maidstone, UK), which were stored at -20˚C 
until further analysis. PSP toxins were determined by ion pair liquid 
chromatography coupled to post-column derivatization and fluores-
cence detection, as described in Krock et al. (2007) and Van de Waal et 
al. (2015). The cyclic imine toxin measurements (SPX and GYM) were 
performed on a 1100 LC liquid chromatograph (Agilent, Waldbronn, 
Germany) coupled to a 4000 Q Trap triple-quadrupole mass spectrom-
eter (SCIEX, Darmstadt, Germany) with a Turbo V ion source. Toxins 
were quantified by external calibration curves of SPX-1 and GYM A 
with standard solutions ranging from 10 to 1,000 pg µL-1, each. Other 
SPXs and GYMs for which no standards are available were calibrated 
against the SPX-1 and GYM A calibration curve, respectively, and ex-
pressed as SPX-1 or GYM A equivalents. For further details, also see 
Van de Waal et al. (2015).   
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4.2.6 13C fractionation
For isotopic measurements of the dissolved inorganic carbon (δ13CDIC), 

every two or three days 4 mL of culture suspension was filtered through 
sterile 0.2 µm cellulose acetate filters (VWR International, Amsterdam, 
the Netherlands) and stored at 4 ˚C. 0.7 mL of the filtrate was then 
transferred to 8 mL vials, which contained three drops of 102% H3PO4 
solution, and headspaces filled with helium. After equilibration, the 
isotopic composition in the headspace was measured using a Gas-
Bench-II coupled to a Thermo Delta-V advantage isotope ratio mass 
spectrometer, with a precision of ±0.1‰, at Utrecht University.13C frac-
tionation (εp) was calculated relative to the isotopic composition of dis-
solved CO2 in the water (δ13CCO2) with an equation modified after Free-
man and Hayes (1992):

In order to calculate the isotopic composition of CO2 (δ13CCO2) from 
δ13CDIC, we calculated the isotopic composition of HCO3

- (δ13CHCO3
-) 

based on δ13CDIC according to a mass balance relation following Zeebe 
and Wolf-Gladrow (2001) and the temperature-dependent fraction-
ation factors between CO2 and HCO3

- and CO3
2- and HCO3

-, as deter-
mined by Mook et al. (1974) and Zhang et al. (1995), respectively. For 
further details see also Van de Waal et al. (2013).

4.2.7 Statistical analyses
Data was tested for normality using a Shapiro-Wilk test, and data was 

log-transformed if this improved normality. Significant differences 
between CO2 treatments of the strains were confirmed by a Student's 
T-test, while significant differences between the three strains in the 
ambient treatment were assessed using a one-way ANOVA, followed by 
Tukey's HSD. The significance of the relationship between 13C fraction-
ation and the concentration of CO2 in the water ([CO2]), as well POC 
production/[CO2] was tested using a hyperbolic regression following 
(Hoins et al. 2015). The log response ratios (RRΔ) for all measured traits 
with elevated CO2 were calculated for the different strains, following:

εp =
δ13CCO2

− δ13CPOC

1 +
δ13CPOC

1000
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where X represents the mean of a specific trait, SD the standard devia-
tion of that mean and n the sample size. 

4.3 Results
The average ambient and high CO2 treatments were significantly dif-

ferent for all three strains during the experiment (Table 4.1; P<0.01), de-
spite a drift in pH due to biomass build-up. Specifically, average pCO2 in 
the ambient CO2 treatment ranged between 213 and 357 µatm and in the 
high CO2 treatment between 479 and 676 µatm.

Several differences between the strains were apparent in the ambient 
CO2 treatment. For instance, AON13 grew slower than the other two 
strains with 0.17 d-1, whereas both AON15 and AON5.26 had an average 
growth rate of 0.22 d-1 (Fig. 4.1). AON13 also contained more C and N 
than AON15 and AON5.26, with averages of 306 against 228 and 192 
pmol C cell-1, and 40.3 against 31.5 and 27.0 pmol N cell-1, respectively 
(Fig. 4.2). Moreover, AON13 tended to be larger than both other strains, 
though this difference in cell volume was not significant (Table 4.2). εp 
values were lower for AON13 in the ambient CO2 treatment compared 
to AON15 and AON5.26, with 1.37 against 5.87 and 6.18 ‰. Toxin con-
tents also varied between the strains, with different cyclic imine toxin 
concentrations of 4.25, 5.74 and 3.02 pg cell-1, for AON13, AON15 and 
AON5.26 respectively (Fig. 4.1). Total PSP toxin content did not vary 
significantly between the strains, but differences in the amounts of PSP 
toxin analogues were observed (Fig. S4.1, Appendix). For instance, 
AON5.26 contained more saxitoxin (STX) than the other two strains, 
with 1.75 against 1.03 and 1.16 pg cell-1 for AON13 and AON15, respective-
ly. Total cellular toxicity therefore also differed remarkably between the 
strains, with averages of 4.60, 7.94 and 5.99 pg STXeq cell-1, for AON13, 
AON15 and AON5.26, respectively (Fig. 4.1). 

RR∆
= ln

Xelevated

Xambient

V ar(RR∆
) =

SD2

elevated

nelevated ·Xelevated

−

SD2

ambient

nambient ·Xambient
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Figure 4.1. a) growth rate, b) PSP toxin content, c) cyclic imine toxin content and 
d) cellular toxicity of the three strains in the low (light grey) and high (dark 
grey) CO2 treatments (n=3). Significance level is indicated by the asterisks 
(̇ <0.1, *<0.05, **<0.01).
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CO2 
treat-
ment 

Strain pH DIC 
(µmol L-1)

pCO2 
(µatm)

εp (‰)

mean sd mean sd mean sd mean sd

400 AON13 8.23 0.02 1188 14 213 11 1.39 1.34

400 AON15 8.07 0.07 1120 21 357 36 5.92 1.97

400 AON5.26 8.17 0.05 1085 15 286 13 6.21 1.23

1000 AON13 7.82 0.01 1168 56 527*** 30 11.17** 5.30

1000 AON15 7.75 0.08 1117 10 676** 55 15.42 7.09

1000 AON5.26 7.86 0.03 1126 2 479*** 18 11.08˙ 2.77

Table 4.1. Carbonate chemistry and 13C fractionation (εp) for the different CO2 
treatments per strain, showing the average over the course of the experiment. 
Values for DIC, pH and εp indicate the mean of triplicate incubations and pCO2 
was calculated based on pH and DIC of each incubation, using equilibrium 
constants by Mehrbach et al. (1973), refitted by Dickson and Millero (1987). 
Significance levels for pCO2 and εp between the low and high CO2 treatments 
are indicated by the asterisk (*** P<0.001, ** P<0.01, * P<0.05, ˙ P<0.1).

CO2 
treat-
ment

Strain Cell 
volume 
(×103 

µm3)

C:N 
(molar)

C:P 
(molar)

N:P 
(molar)

mean sd mean sd mean sd mean sd

400 AON13 216 19 7.6 0.6 96.2 14.0 12.7 2.8

400 AON15 207 17 7.2 0.3 62.3 12.0 8.6 1.5

400 AON5.26 221 29 7.1 0.0 56.1 7.1 7.9 1.0

1000 AON13 223 7 7.4 0.0 102.6 3.5 13.9 0.6

1000 AON15 202 31 6.7 0.1 92.6 25.4 13.9 3.6

1000 AON5.26 232 22 6.8* 0.1 90.0** 5.9 13.2** 1.0

Table 4.2. Cell volume and elemental ratios for the different CO2 treatments per 
strain (n=3). Significance levels between the low and high CO2 treatments are 
indicated by the asterisk (*** P<0.001, ** P<0.01, * P<0.05).
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Figure 4.2. a) POC content, b) PON content, c) POC production rate, and d) 
PON production rate of the three strains in the low (light grey) and high (dark 
grey) CO2 treatments (n=3). Significance level is indicated by the asterisks 
(̇ <0.1, *<0.05, **<0.01, ***<0.001).

All strains showed an increase in growth rate with elevated CO2 con-
centrations, although this was less pronounced for AON13 (P=0.07; Fig. 
4.1). PON content, PON production, and POC production increased 
with higher CO2 concentrations as well, and AON13 and AON5.26 fur-
thermore showed a significant increase in POC content (P<0.01; Fig. 
4.2). In AON5.26, POP production tended to increase in response to el-
evated pCO2 (P=0.08), while C:N, C:P and N:P ratios showed a signifi-
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cant decrease (P<0.05; Table 4.2). εp values increased for both AON13 
(P<0.01) and tended to increase for AON5.26 (P=0.07) with elevated 
pCO2, but the increase was not significant for AON15 (P=0.13; Table 
4.1). Across strains, εp values increased with the CO2 concentration in 
the water (Fig. 4.3a). Moreover, when corrected for C demand, εp 
showed a negative hyperbolic relationship with POC production/[CO2] 
(i.e. C demand over supply; Fig. 4.3b). AON15 showed a decrease in all 
toxin quotas (PSP, GYM and SPX) and in overall toxicity in response to 
elevated CO2 concentrations (P<0.05; Fig. 4.2, Fig. S4.1, Appendix), 
while saxitoxin (STX) content decreased in both AON15 and AON5.26 
(P<0.05). Overall, we observed clear differences in the direction and 
strength of the trait responses across strains, with AON15 and AON5.26 
responding overall more strongly to elevated CO2 concentrations than 
AON13 (Fig. 4.4).      

Figure 4.3. 13C fractionation based on CO2 of the three strains (AON13 is dark 
grey, AON15 is light grey, and AON5.26 is white) as a function of a) CO2, and 
b) C demand over supply (POC production/[CO2]). Trend lines represent the 
relationships between 13C fractionation and CO2 (a) and POC production/
[CO2] (b).
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Figure 4.4. Natural log response ratios (RRΔ) of the measured traits with ele-
vated pCO2 for a) the three strains separately (AON13 is dark grey, AON15 is 
light grey, and AON5.26 is white) and b) the summarized effect on all strains. 
Significance level is indicated by the asterisks (**<0.01, *<0.05).
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4.4 Discussion
Elevated pCO2 affected multiple phenotypic traits of the tested A. os-

tenfeldii strains, with consistent changes in growth rate, carbon and ni-
trogen quota, and εp values. The strength of these trait responses varied 
between strains, while for other traits, including toxin content, both the 
strength and direction of responses varied with no consistent change 
with more available CO2.

Over the course of the experiment, pH drift did occur as a result of 
biomass build-up (Table 4.1; compare pCO2 with CO2 treatment). In na-
ture, pH and pCO2 may vary substantially during the formation of an 
algal bloom, with severe reductions in CO2 concentrations and associat-
ed increases in pH at the peak of a bloom. By allowing pH drift to occur, 
the experiment represents bloom scenarios under ambient and elevated 
CO2 conditions, especially since the experimental cell densities are in 
the same order of magnitude as natural bloom densities (Brandenburg 
et al. 2017).

The A. ostenfeldii strains increased their growth rate in response to ele-
vated pCO2, although the strength of the response varied. The growth 
rate of AON13 seemed to increase from 0.17 to 0.18 d-1 (P=0.072), where-
as the growth rate of AON15 and AON5.26 showed a clear increase from 
0.22 to 0.25 and 0.31 d-1 (P<0.05), respectively (Fig. 4.1). All strains also 
increased their POC production rate in response to elevated pCO2 (Fig. 
4.2c). The higher growth and POC production rates imply that strains 
were C limited in the ambient treatment and/or that strains could 
downscale their CCMs in the high CO2 treatment and reallocate energy 
towards growth and C assimilation. 

13C fractionation increased for all strains under elevated pCO2, al-
though not significantly for AON15, presumably due to substantial 
variation in εp for this strain (P=0.14). εp values are expected to increase 
with elevated pCO2 as RubisCO discriminates against 13C (Roeske & 
O'Leary 1984; Guy et al. 1993). Since CO2 is depleted in 13C relative to 
HCO3, higher CO2 availabilities may thus allow RubisCO to better ex-
press its preference for 12C by acquiring more CO2 relative to HCO3

-, 
thereby leading to an increase in εp. It thus seems that all three strains 
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acquired more CO2, which possibly also led to changes in the regulation 
of CCMs.

Although we did not measure CCM activity in A. ostenfeldii, several 
other studies have revealed effective and flexible CCMs in various Al-
exandrium species (Toulza et al. 2010; Eberlein et al. 2014; Van de Waal 
et al. 2014a; Hoins et al. 2015). It is therefore conceivable that A. ostenfeldii 
also possesses effective and adjustable CCMs. This apparent posses-
sion of CCMs is supported by the hyperbolic relationship between εp 
and POC production/[CO2], describing the dependency of εp on both C 
demand (POC production) and supply (CO2 concentration; Fig. 4.3b). 
13C fractionation is higher when the C demand is low and the C sup-
ply high, as RubisCO can better discriminate between C isotopes un-
der such conditions. When cells solely depend on diffusive CO2 uptake, 
one would expect an inverse linear relationship between εp and POC 
production/[CO2], as εp changes directly as a function of CO2 supply or 
C demand (i.e. changes in growth rate or cell size). Consequently, any 
deviation from such an inverse linear relationship between εp and POC 
production/[CO2] indicates that cells can alter their C uptake through 
operation of a CCM, as CCMs may influence HCO3

- uptake and the 
amount of leakage (i.e. the amount of CO2 diffusing out of the cell rela-
tive to C uptake; Fig. 4.3; Burkhardt et al. 1999). 

Carbonic anhydrase (CA) may play an important role in the CCMs of 
dinoflagellates, as it accelerates the interconversion between HCO3

 and 
CO2, both inside the cell and at the cell's outer surface (Nimer et al. 1999; 
Dason et al. 2004; Reinfelder 2011). Several studies have shown CA ac-
tivity or gene expression to be downregulated in dinoflagellates when 
exposed to high CO2 concentrations (Ratti et al. 2007; Van de Waal et al. 
2013a, 2014a). CA activity may however not directly influence εp values, 
as it may also fractionate against 13C-enriched HCO3

- at the cell's surface 
as well. Moreover, in A. fundyense the relative contribution of HCO3

 as 
a C source was quite low and did not change with higher CO2 concen-
trations, which may also be the case for A. ostenfeldii (Eberlein et al. 2014; 
Hoins et al. 2016). 

Higher εp values in response to CO2 could also have been obtained 
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through an increase in leakage, which replenishes the internal C pool 
and prevents accumulation of 13C (Hoins et al. 2015, 2016). Indeed, an 
increase in leakage with higher CO2 concentrations was found for sev-
eral dinoflagellate species (Ratti et al. 2007; Eberlein et al. 2014; Hoins et 
al. 2016). The contributions of relative HCO3

- uptake and leakage on 13C 
fractionation in A. ostenfeldii can also be estimated using a single com-
partment model after Sharkey & Berry (1985) and Burkhardt et al. (1999):

Where RHCO3
- is the fraction of HCO3

- to total C taken up by the cell, 
εs represents the equilibrium discrimination between CO2 and HCO3

- 
(-10‰; Mook et al. 1974), εf represents the kinetic fractionation associ-
ated with the CO2 fixation of RubisCO and L represents the leakage 
out of the cell (ratio efflux over influx). εf depends on the type of Ru-
bisCO, and is here assumed to be 28‰ after Raven & Johnston (1991). 
Large shifts in εp (i.e. variations of up to 28‰) can thus be explained by 
an increase in leakage. Shifts of such magnitude did, however, not occur 
in any of the strains, with the largest shift going from 3.9‰ to 22.7‰ in 
AON15. On average, εp values did not change more than 10‰ between 
the low and high CO2 treatments, implying shifts can be fully explained 
by changes in leakage. However, with small changes in leakage, shifts 
can be explained through changes in HCO3

- uptake relative to CO2. 

Strains varied in their εp values at ambient CO2 conditions, as well as in 
the strength of the shifts in εp with elevated pCO2, particularly when cor-
rected for the carbon demands. For instance, εp values at ambient pCO2 
ranged between 0.1-2.8‰ for AON13, between 3.9-7.8‰ for AON15, and 
between 4.9-7.3‰ for AON5.26. This may suggest some slight differenc-
es in the mode of CCMs between the strains, where the relative contri-
bution of HCO3

- may be higher in AON13, or there may be more leakage 
in AON5.26 and AON15. With elevated pCO2, εp values increased for all 
strains, but were weakest and not significant for AON5.26. Also when 
correcting for carbon demands (i.e. POC production), AON5.26 seems 
less sensitive due to a strong increase in both POC production as well as 
εp values with elevated pCO2. Exactly which mode of CCMs A. ostenfel-
dii employs and if this can possibly vary between strains remains to be 

εp = R
HCO

−

3

× εS + εf × L
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determined. However, an increase in relative CO2 uptake, a downregu-
lation of active C uptake and subsequent reallocation of energy would 
explain the observed increase in εp, growth and C assimilation. 

In addition to higher POC quota and POC production, the A. ostenfeldii 
strains also increased their PON quota and PON production with more 
CO2 (P<0.05; Fig. 4.2). Higher POC and PON quota may suggest that 
cells have become larger, but no consistent increase in POP quota and 
cell volume was found (Table 4.2). This suggests that A. ostenfeldii cells 
increased both their C and N assimilation with elevated pCO2, which 
may be explained by the close coupling of these respective assimilation 
pathways (Flynn 1991; Turpin 1991). A similar increase in C and N as-
similation in response to more CO2 was found in A. fundyense, although 
this experiment was performed under N-limiting conditions (Eberlein 
et al. 2016).

PSP toxin quotas showed varying responses with elevated pCO2 in the 
different strains. No significant change was observed for AON13 and 
AON5.26, while PSP toxins decreased with higher CO2 in AON15. Var-
ious responses of PSP toxins have been observed for different Alexan-
drium species and strains with increasing pCO2 levels. In A. fundyense a 
decrease in toxin quotas, and particularly cellular toxicity was reported 
(Van de Waal et al. 2014a; Eberlein et al. 2016). The latter was explained 
by a shift in sulfur metabolism with elevated pCO2, as PSP toxin com-
position shifted from the toxic non-sulfated STX towards its less toxic 
sulfated analogues (Van de Waal et al. 2014a). Non-sulfated STX and 
neoSTX are highly toxic, with LD50 values in mice of approximately 8 
µg kg-1. Addition of a sulfate group in gonyautoxins (GTX) reduces tox-
icity by roughly 40%, and further addition of a sulfonyl group in C1/
C2 toxins reduces toxicity by 99% (Wiese et al. 2010). In both AON15 
and AON5.26, total STX quotas decreased with 30-60% in response to 
elevated pCO2 (Fig. S4.1, Appendix), but only in AON5.26 the relative 
contribution of STX to the total toxin composition also declined (Fig. 
S4.2, Appendix), which may point to a similar change in sulfur me-
tabolism as observed for A. fundyense. Elevated pCO2 can also positively 
affect toxicity, as was observed for A. catenella and several A. ostenfeldii 
strains from the Baltic Sea (Kremp et al. 2012; Tatters et al. 2013). These 
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shifts were attributed to changes in toxin composition, with an increase 
in STX and GTX relative to C1/C2, which we also observed for AON15 
(Fig. S4.2, Appendix). Changes in CO2 concentrations may thus cause 
differential shifts in toxicity though altered toxin composition. The ex-
act mechanisms causing these shifts in PSP toxin composition, howev-
er, remain to be determined. 

Cyclic imine toxins also decreased with elevated pCO2 in AON15, 
while no changes were observed for the other two strains. These toxins 
are C-rich polyketides, and synthesis pathways of these compounds are 
closely coupled to cellular C acquisition (Staunton & Weissman 2001). 
We therefore anticipated an increase in cyclic imine toxins with ele-
vated pCO2. A possible explanation for the lack of response or negative 
response could be the dilution effect through higher growth rates. Yet, 
cyclic imine toxin production rate significantly increased for AON5.26 
(P<0.05), while no significant effect could be observed for cyclic imine 
production by the other two strains (P>0.05). Apparently, cells regulate 
the synthesis of cyclic imine toxins independently of the availability of 
CO2, possibly due to the operation of effective CCMs allowing contin-
uous fueling of C to downstream processes.   

Although the tested A. ostenfeldii strains are genetically very similar, 
they showed phenotypic variation within trait values (Brandenburg et 
al. 2018), as well as within trait responses towards elevated pCO2. The 
intraspecific variation in trait responses to higher CO2 availabilities was 
most pronounced in the toxin content, which decreased for both PSP 
and cyclic imines in AON15, and stayed largely unaltered in AON13 and 
AON5.26. While all strains increased their growth rates and POC and 
PON production rates, we observed distinct differences in the strength 
of the responses between the strains (Fig. 4.4). Traits appeared to be 
more plastic in strains AON5.26 and AON15 under elevated pCO2 than in 
AON13, as growth rates increased the most in these strains and changes 
in the amount of toxins per cell were more pronounced. Consequently, 
AON5.26 and AON15 may thrive better under dynamic inorganic car-
bon conditions than AON13, for instance during bloom development 
with strong changes in CO2 availabilities, while AON13 may be more 
specialized and thereby perform better under more stable inorganic car-
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bon conditions, for instance during the period prior to a bloom.  

Our findings are in line with other studies that showed considerable 
phenotypic variation in traits within algal populations (Maranda et al. 
1985; Burkholder & Glibert 2006; Alpermann et al. 2010), as well as dif-
ferences in strain responses towards environmental stressors (Wang 
et al. 2006; Kremp et al. 2012; Band-Schmidt et al. 2014). Both standing 
phenotypic trait variation in populations and phenotypic plasticity in 
trait responses contribute to species resilience and adaptation towards 
changing environmental conditions (Litchman et al. 2012).  A. ostenfeldii 
populations possess a high intraspecific trait variation (Brandenburg et 
al. 2018), and this coupled with considerable phenotypic plasticity in im-
portant functional traits, such as growth rate, towards climate change 
may allow Alexandrium to persist and become even more prominent in 
future coastal waters. 
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Appendix chapter 4

Figure S4.1. Toxin profiles of the different strains under the ambient and high 
CO2 treatment, where a) shows the GYM toxin content per cell, b) the SPX 
toxin content, and c) the PSP toxin content.
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Figure S4.2. Relative PSP toxin composition of the different strains under am-
bient and high CO2, where a) presents the C1/C2 analogues, b) the GTX ana-
logues, and c) the STX analogues
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Abstract
Climate change is expected to enhance the frequency, magnitude, and 

duration of harmful algal blooms (HABs). Specifically, elevated pCO2 
and warming may promote algal growth and toxin production, there-
by supporting the proliferation and toxicity of HABs. Here, we tested 
whether empirical data supports this hypothesis using a meta-analytic 
approach and investigated the responses of growth rate and toxin con-
tent or toxicity of numerous marine and estuarine HAB species to ele-
vated pCO2 and warming. Most of the available data on HAB responses 
towards the two tested climate change variables concerns dinoflagel-
lates, as many members of this phytoplankton group are known to cause 
HAB outbreaks. Toxin content and toxicity did not reveal a consistent 
response towards both tested climate change variables, while growth 
rate increased consistently with elevated pCO2. Warming also led to 
higher growth rates, but only for species isolated at higher latitudes. The 
observed gradient in temperature growth responses shows the poten-
tial for enhanced development of HABs at higher latitudes. Increases 
in growth rates with more CO2 may present an additional competitive 
advantage for HAB species, particularly as CO2 was not shown to en-
hance growth rate of other not harmful algal bloom-forming species. 
However, this may also be related to the difference in representation of 
dinoflagellates and diatoms in the respective HAB and non-HAB phy-
toplankton groups. Since the proliferation of HAB species may strongly 
depend on their growth rates, our results warn for a greater potential of 
dinoflagellate HAB development in future coastal waters, particularly 
in temperate regions. 

5.1 Introduction
The atmospheric partial pressure of CO2 (pCO2) has been rising rapid-

ly since the industrial revolution. Due to anthropogenic activities pCO2 
has already increased from roughly 280 µatm in pre-industrial times to 
~400 µatm today (IPCC 2014). If greenhouse gas emissions are not re-
duced, they are expected to cause an increase in global mean tempera-
tures of 3 to 5 ˚C by the end of this century (RCP scenario 8.5; IPCC 
2014). These changes in the Earth's climate will also impact the oceans, 
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leading to ocean acidification and warming of the surface layers, which, 
in turn, greatly affect marine life (Doney et al. 2009; Fabry et al. 2008; 
Poloczanska et al. 2013). Specifically organisms living in the surface lay-
er of the oceans, such as phytoplankton, already experience the conse-
quences of climate change (Hare et al. 2007; Gobler et al. 2017).

Phytoplankton can become a nuisance for the environment through 
the formation of harmful algal blooms (HABs) that adversely affect 
ecosystems, fisheries, tourism and human health (Anderson et al. 2002; 
Hallegraeff 1993). Some HAB species produce potent toxins that can ac-
cumulate in the food chain, leading to death of fish, seabirds and ma-
rine mammals. These toxins may additionally accumulate in seafood 
and can cause severe shellfish poisoning syndromes in humans (Wang 
2008). Non-toxic algal blooms may also be detrimental for the environ-
ment, since they can be responsible for major reductions in oxygen con-
centrations in sheltered coastal areas (Zingone & Oksfeldt Enevoldsen 
2000). Over the last decades, the frequency, magnitude and duration of 
HABs has increased, which may partly be attributed to climatic chang-
es (Dale et al. 2006; Edwards et al. 2006; Hayes et al. 2001; Trainer et 
al. 2003). An increase in global temperatures may enhance algal growth 
rates and lead to a geographic redistribution of HABs (Anderson et al. 
2012; Baumann & Doherty 2013; Hallegraeff 2010). Especially at high-
er latitudes, where the growth optima of marine phytoplankton lie well 
above the annual mean temperatures, warming can be expected to cause 
an increase in phytoplankton growth (Thomas et al. 2012). In addition, 
climate change may generate longer lasting seasonal temperature win-
dows for blooms to occur (Hallegraeff 2010). Several studies have used 
model simulations to link the occurrence of HABs to global tempera-
tures, and predicted HABs to become more prominent in response to 
warming (Glibert et al. 2014; Kibler et al. 2015; Moore et al. 2015). Higher 
sea surface temperatures (SST) were also shown to be one of the facili-
tating factors for an increase in HAB events in both the North Atlantic 
and North Pacific oceans (Gobler et al. 2017). However, changes in the 
occurrence and magnitude of HABs could not be explained solely by 
temperature and depend on additional physical, chemical, and biologi-
cal factors as well (Smayda 1997; Brandenburg et al. 2017). Moreover, in 
regions where HAB species already grow at their temperature optimum, 
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warming may lead to decreases in HAB events (Kibler et al. 2015). 

An increase in atmospheric pCO2 may potentially stimulate phyto-
plankton growth indirectly, through warming, but also directly as CO2 
is required for photosynthesis (Beardall et al. 2009). Species vary in 
their inorganic carbon acquisition due to differences in the operation of 
their carbon concentrating mechanisms (CCMs; Giordano et al. 2005). 
These CCMs are responsible for increasing the concentration of CO2 in 
the vicinity of RubisCO to ensure effective carboxylation (Badger et al. 
1998; Thoms et al. 2001). Species that rely mostly on diffusive CO2 up-
take alone are likely to show an increase in photosynthesis and growth 
in response to elevated CO2, as they are presumably carbon limited un-
der current pCO2 (Beardall et al. 2009; Raven et al. 2005). Species that 
utilize HCO3

- or rely on active CO2 uptake can nonetheless benefit from 
higher CO2 concentrations by downregulating their CCMs and reallo-
cating energy and resources (Eberlein et al. 2016; Rost et al. 2008; Van 
de Waal et al. 2019). If HAB species are to become more prominent as a 
direct consequence of elevated pCO2 will thus depend on their mode of 
carbon acquisition and the ability to regulate their CCMs.

Risks attributed to HABs depend on the magnitude and duration of 
blooms, which is governed by growth controlling factors as well as de-
fensive traits that reduce mortality. Moreover, human health risks are 
strongly determined by bloom toxicity, which in turn depends on toxin 
production by the bloom forming species (Anderson et al. 2012). HAB 
species produce different types of toxic compounds, with distinct syn-
thesis pathways, that may not respond similarly to climate change (Fu et 
al. 2012). For instance, domoic acid (DA) production in Pseudo-nitzschia 
spp. has been shown to increase significantly under high CO2 condi-
tions (Sun et al. 2011; Tatters et al. 2012), whereas paralytic shellfish poi-
soning (PSP) toxin content has been shown to decrease in Alexandrium 
fundyense in response to elevated pCO2 (Van de Waal et al. 2014). Fur-
thermore, the toxicity of Protoceratium reticulatum attributed to yesso-
toxins has been shown to increase with higher temperatures (Guerrini 
et al. 2007; Paz et al. 2006) whereas Karenia brevis has demonstrated a 
higher toxicity at lower temperatures (Lamberto et al. 2004). Thus far, 
it remains unclear if there is a consistent response in toxin quota and 
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toxicity of HABs under warming and elevated pCO2, and how this may 
depend on the type of toxin. 

A large number of studies have tested the responses of single HAB spe-
cies to elevated pCO2 and warming. Here, we combined these studies 
using a meta-analysis to assess the consistency of responses, and test 
whether marine and estuarine HAB species will grow faster and become 
more toxic in response to climate change. Phytoplankton species that 
are classified as potential HAB-formers belong to different taxonomic 
groups. Between and within these different groups are species that can 
strongly differ in their physiological properties and ecological charac-
teristics. We therefore also analyzed climate change responses within 
the different phytoplankton groups. This analysis was performed for 
HAB as well as non-HAB species in order to test whether HAB species 
might be selectively favored by elevated pCO2 and warming. Lastly, we 
assessed whether the response of HAB species to warming may change 
along a latitudinal gradient. 

5.2 Material & Methods
We compiled a database containing data on growth rates and toxin con-

tent or toxicity of numerous harmful algal species under various tem-
perature and CO2 conditions. A literature review was first performed 
in Web of Science (https://www.webofknowledge.com/) using the 
query ("phytoplankton" OR "algae" OR "microalgae" OR "picoplankton") 
AND ("climate change" OR "global warming" OR "warming" OR "tem-
perature" OR "ocean acidification" OR "CO2" OR "carbon dioxide" OR 
"global change" OR "pCO2") AND ("harmful algal bloom*" OR "harmful 
alga*" OR "HAB*" OR "toxic" OR "toxin" OR "toxigenic"), yielding a total 
of 2927 results on 22-02-2018. If the authors of the publication classi-
fied the studied species as a potential HAB-forming phytoplankton spe-
cies, the publication was selected for further reviewing. From these re-
sults, first titles and subsequently abstracts were reviewed, which lead 
to a selection of 144 publications for screening. After careful screening 
for suitability, a total of 86 publications, containing 169 unique datasets, 
were included in our database. From these datasets, data on growth rate, 
cellular toxin concentration and/or toxicity under different tempera-
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ture and CO2 conditions were extracted, including standard deviations, 
using Engauge software when needed (Mitchell et al. 1991). In addition, 
information on experimental conditions (irradiance, light dark cycle, 
salinity, temperature), type of culture (batch, chemostat, etc.), and the 
site of isolation for each strain was extracted for each experiment as 
well. Studies with a small sample size (n<2), or unreported sample size, 
were excluded from the analysis. The database includes only marine 
and estuarine HAB species, with data acquired through single species 
culture experiments. 

5.2.1 Response ratios
For each unique dataset, log response ratios of growth rates and/or 

toxin data were calculated for paired observations of ambient and el-
evated pCO2 or temperature. The ambient pCO2 treatment was catego-
rized as concentrations ranging between 300-500 µatm. The elevated 
pCO2 treatment corresponded to concentrations more than 1.5 times 
higher than the ambient treatment, with the highest concentrations at 
1000 µatm, all representing realistic future scenarios. On average, pCO2 
ranged from 377 ± 30 to 812 ± 118 µatm, for the ambient and elevated 
treatments, respectively. As it appeared difficult to define ambient tem-
perature treatments in experimental systems, temperature treatments 
were defined using two alternative approaches. In the 'background 
temperature' approach, the temperature (± 1˚C) at which stock cultures 
were kept (i.e. the background temperature) was used as the ambient 
treatment. The elevated treatment was subsequently defined as 3-5 ˚C 
higher than the background temperature. In the 'SST temperature' ap-
proach, the long-term average spring and summer temperature from the 
isolation site of each strain was obtained using a high resolution SST 
dataset (NOAA long-term mean 1982-2010; Reynolds et al. 2007). This 
temperature (± 1˚C) was then used for the ambient treatment, and the 
elevated treatment was defined as 3-5 ˚C higher than the ambient. This 
selection process yielded a total of 26 datasets from 12 publications for 
CO2, and a total of 60 datasets from 24 publications for the background 
temperature approach and 34 datasets from 14 publications for the SST 
temperature approach (Table 5.1). 
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Log response ratios for growth rate under ambient and high pCO2 
were additionally calculated for non-HAB phytoplankton species us-
ing the database compiled for the initial use of analyzing the effects of 
climate change variables on phytoplankton stoichiometry (see Supple-
ment 1, Appendix for further details). The database was filtered to in-
clude only data on pCO2 responses for non-HAB phytoplankton species 
under non-limiting growth conditions. On average, CO2 concentrations 
ranged from 379 ± 28 to 877 ± 245 ppm, for the ambient and elevated 
treatments, respectively. The selection process yielded a total of 24 pub-
lications with 53 unique datasets. 

Bias corrected log response ratios (RRΔ) were calculated according to 
Lajeunesse (2015): 

where X represents the mean of the fixed factor of interest (growth 
rate, toxin content or toxicity), SD the standard deviation of that mean 
and n the sample size. 

5.2.2 Statistics
Statistical analyses were performed in R version 3.5.0 (R Core Team 

2018). In order to calculate the overall natural log response ratio (RRΔ), 
mixed effect models were fitted to the dataset, yielding specific re-
sponse ratios and their variances using the function rma.mv (package 
'metafor' version 2.0-0; Viechtbauer 2010). To correct for dependency 
of experiments carried out within the same study and/or on organisms 
from the same genus and/or species, the factors reference, genus and 
species were modelled as random effects. To attain response ratios per 
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phytoplankton group, separate runs of the model were analyzed using 
phytoplankton group as moderator. To confirm that the variation in ex-
perimental pCO2 and temperature ranges did not influence the strength 
of the responses, a linear model was fitted between the response ratios 
and the difference between pCO2 and temperature in the ambient and 
elevated treatments. This analysis confirmed that the applied ranges in 
pCO2 and temperature did not have an effect on response strength. 

To assess the potential role of latitude on species' responses to warm-
ing, a linear model was fitted to the RRΔ (for both temperature ap-
proaches) and the latitude at which isolations took place. The database 
was additionally used to determine the optimal growth temperature 
(Tµmax) for each strain, where only studies were included that measured 
growth rates at three or more different temperatures. The difference 
between Tµmax and the long-term average spring and summer SST at the 
isolation site describes the growth potential of HAB species in response 
to warming.

5.3 Results
Most of the HAB species that could be used for the analysis were dino-

flagellates, and summarized HAB responses to climate change variables 
therefore mostly reflect the dinoflagellate responses (Table 5.1; Fig. 5.1; 
Fig. S5.1, Appendix). Elevated pCO2 led to a 20% increase in growth 
rates of HAB species, which was mainly driven by the similar increase 
in dinoflagellate growth rates (19%; Fig. 5.1a). Moreover, the diatoms, 
represented by two datasets on Pseudo-nitzschia, also showed a signifi-
cant increase in growth rate with elevated pCO2 (by 32%), while the sin-
gle raphidophyte Heterosigma akashiwo tended to increase (Fig. 5.1a; Fig. 
S5.2a, Appendix). The non-HAB phytoplankton species were mostly 
represented by diatoms and haptophytes, while only two dinoflagellate 
species were included (Fig. 5.2). Both within and across the different 
phytoplankton groups no significant response of growth rate to elevat-
ed pCO2 was found (Fig. 5.2).  

Overall toxin content did not show a significant response towards 
higher pCO2 (P>0.05; Fig. S5.1b, Appendix). Generally, PSP toxins 
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produced by Alexandrium spp. decreased, while karlotoxins produced 
by Karlodinium veneficum and DA produced by Pseudo-nitzschia spp. in-
creased with elevated pCO2 (Fig. S5.2b, Appendix). Toxicity responses 
across dinoflagellate species were also inconsistent and strongly varied 
(Fig. S5.1c, Appendix). Specifically, both increases and decreases in 
toxicity were observed across species and strains (Fig. S5.2c, Appen-
dix).

Growth responses towards warming were very variable and remained 
inconsistent across the different HAB groups, species and strains, inde-

Figure 5.1. The natural log response ratios (RRΔ) for growth rate, shown for the 
different phytoplankton groups, with (a) elevated pCO2 and temperature, fol-
lowing (b) the background temperature approach and (c) the SST temperature 
approach. Asterisks indicate the level of significance (** P<0.01, *** P<0.001) 
and error bars represent the 95% confidence intervals.  
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pendent of the applied temperature approach (P>0.05; Fig. 5.1b,c). Tox-
in content and toxicity of dinoflagellate HAB species were also highly 
variable in the temperature treatments, and did not respond significant-
ly to warming. Toxicity could only be assessed for the SST temperature 
approach, and tended to decrease with higher temperatures (P<0.05; 
Fig. S5.1, Appendix). We note, however, that this was only based on 
palytoxin and PSP toxin data from two studies (Fig. S5.3, Appendix). 
Changes in toxin content could only be assessed based on the back-
ground temperature approach (Fig. S5.1, Appendix). PSP toxin content 
was highly variable, where A. tamiyavanichii, A. minutum and some A. 
ostenfeldii strains showed an increase with higher temperatures, while 
A. tamarense and other A. ostenfeldii strains showed a decrease. Diarrhet-
ic shellfish poisoning (DSP) toxins produced by Dinophysis acuminata 
and brevetoxins produced by K. brevis also showed a slight decrease with 
temperature, whereas gymnodimines (GYM) produced by Karenia selli-
formis increased (Fig. S5.4, Appendix). 

Although growth rates did not show a consistent response to warming, 
we did observe a temperature growth response that depended on lati-
tude. With both the background temperature approach (R2=0.18, 
P<0.001) and the SST temperature approach (R2=0.18, P<0.05) the re-
sponse of growth rate toward warming increased with latitude (Fig. 

Figure 5.2. The natural log response ratios (RRΔ) for growth rate with elevated 
pCO2 for non-HAB phytoplankton species, shown for the different phyto-
plankton groups. Error bars represent the 95% confidence intervals.
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5.3). In other words, HAB species at higher latitudes generally respond-
ed positively and more strongly to warming as compared to HAB species 
at lower latitudes that generally did not respond or responded negative-
ly. This is also reflected in the difference between the optimum growth 
temperature of each strain and the long-term average spring and sum-
mer SST at the isolation site (Fig. 5.4). HAB species originating from 
higher latitudes grew more often below their temperature optimum 
than species isolated at lower latitudes. 

Figure 5.3. The natural log response ratios (RRΔ) for growth rate of individual 
HAB species and strains plotted against the absolute latitude of the isolation 
site for (a) the background temperature approach, and (b) the SST temperature 
approach. 

5.4 Discussion
Most of the available data on the response of HAB species towards 

climate change concerns dinoflagellates, as many members of this 
phytoplankton group are responsible for HAB outbreaks. Our analy-
sis revealed a general increase in the growth rate of dinoflagellate HAB 
species with elevated pCO2. These findings suggest that these species 
are either carbon limited under current atmospheric pCO2 or possess 
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flexible CCMs (Beardall et al. 2009; Rost et al. 2008). Dinoflagellates 
possess a very inefficient form of RubisCO (type II) with a low spec-
ificity toward CO2 (Badger et al. 1998; Tortell 2000), and therefore de-
veloped highly active CCMs to ensure effective carboxylation (Ratti et 
al. 2007; Rost et al. 2006). More active CCMs, particularly those of di-
noflagellates, were also shown to be downregulated with elevated pCO2 
(Eberlein et al. 2016; Raven et al. 2011; Rost et al. 2008; Van de Waal et 
al. 2019). Earlier findings suggested that elevated pCO2 may lead to re-
allocation of energy and/or resources from the operation of CCMs to 
nitrogen acquisition in two dinoflagellates, resulting in increased quota 
of nitrogen-rich functional compounds such as PSP toxins and chloro-
phyll-a (Eberlein et al. 2016). Thus, the observed CO2-driven increas-
es in growth rate of dinoflagellates may possibly have resulted from 
down-regulation of their CCMs, where energy and/or resources were 
reallocated to growth related processes. 

Besides dinoflagellates, some other HAB species with distinct carbon 
acquisition characteristics were included in our analysis as well. For in-
stance, the raphidophyte Heterosigma akashiwo was shown to depend on 
diffusive CO2 uptake alone, and its seemingly higher growth rate under 
elevated pCO2 is thus likely caused by direct fueling of photosynthesis 
with more CO2 (Fu et al. 2008; Nimer et al. 1997). Diatoms generally pos-
sess CCMs with lower activity and plasticity (Van de Waal et al. 2019; 
Badger et al. 1998; Tortell 2000). However, both Pseudo-nitzschia species 
increased their growth rate under higher pCO2. This suggests that de-
spite lower CCM activity and plasticity, Pseudo-nitzschia is able to regu-
late its carbon acquisition and promote cellular growth (Burkhardt et al. 
2001; Trimborn et al. 2008). The haptophyte Phaeocystis globosa showed 
no significant change in growth rate with more CO2. This may be ex-
plained by its possession of effective CCMs saturating photosynthetic 
carbon fixation at present day CO2 levels. Moreover, P. globosa appears 
unable to adjust its CCMs, as carbon uptake affinities did not change 
as a function of CO2 (Rost et al. 2003). We note, however, that for HAB 
species other than dinoflagellates, the number of studies is limited, and 
future studies on more species from these phytoplankton groups are re-
quired to better assess their responses to elevated pCO2.
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These observed increases in HAB growth rates in response to elevat-
ed pCO2 may potentially warn for more HAB events in future coastal 
waters. However, whether HABs will become more prominent not only 
depends on their own growth rates, but also on their interactions within 
the food web. Loss rates, either through grazing or by parasite infec-
tions, and alterations in these loss rates through climate change, will im-
pact future HAB development as well (Salomon & Umai 2006; Schultz 
& Kiørboe 2009; Wells et al. 2015). Zooplankton grazing rates may, for 
instance, increase as a result of warming (O'Connor et al. 2009; Sommer 
& Lengfellner 2008). This may lead to a reduction in HAB frequency, 
magnitude and/or duration, as a direct consequence of increased graz-
ing rates, but can also lead to an increase in HAB development, if selec-
tive grazing more strongly affects competing non-toxic phytoplankton 
species. 

Climate change may also alter growth rates of competing phytoplank-
ton species, which in turn may impact potential HAB development. 
Here, we also assessed the effects of elevated pCO2 on non-HAB phy-
toplankton species, where no significant change in growth rate was ob-
served (P>0.05; Fig. 5.2). Most of the non-HAB species included in this 
analysis were diatoms or haptophytes, and both these phytoplankton 
groups were shown to possess CCMs with lower activity and plasticity 
(Raven et al. 2011; Reinfelder 2011; Van de Waal et al. 2019). This differ-
ence in representation of phytoplankton groups in the HAB and non-
HAB CO2 analyses may explain the differences in their general growth 
responses. However, the two harmful diatom species did increase their 
growth rates, while the two non-harmful dinoflagellate species did not 
respond to more pCO2. Although these sample sizes are too small to 
draw conclusions, they do raise the question whether toxin-producing 
phytoplankton species may somehow benefit more from elevated pCO2 
than their non-toxic counterparts. Higher growth rates in response to 
CO2 may nonetheless present a competitive advantage for dinoflagel-
lates in a future ocean, which may also lead to more dinoflagellate relat-
ed HAB events. 

There was no significant overall response in growth rate to higher tem-
peratures for both temperature approaches (Fig. 5.1). We did, however, 
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observe a significant correlation between latitude and RRΔ (Fig. 5.3). 
More specifically, HAB species from higher latitudes responded mostly 
positive to higher temperatures, while isolates from lower latitudes re-
sponded more negative (Fig. 5.3). These findings are in line with earlier 
work across marine phytoplankton species, showing that species from 
the tropics grow at their temperature optimum, while species at higher 
latitudes grow below their temperature optimum (Thomas et al. 2012). 
Consequently, phytoplankton species at higher latitudes might benefit 
from warming. To assess the role of latitude on the potential of HAB 
species to increase growth with warming, we compared their optimum 
growth temperature to the average spring/summer SSTs at the site of 
isolation (Fig. 5.4). The growth optimum lies well above the average 
SST at higher latitudes, while this is mostly not the case for lower lati-
tudes. HAB species therefore have a greater potential to proliferate with 
warming at higher latitudes, where temperature increases will also be 
most pronounced (IPCC 2014). 

Figure 5.4. Map presenting the isolation sites of the individual HAB species and 
strains. The difference between temperature growth optima and the long-
term spring/summer SST are indicated with the color gradient. Different phy-
toplankton groups are indicated with different symbols.

The temperature response of HAB species seems to be comparable 
with the response of other phytoplankton species (Thomas et al. 2012). 
It is therefore unlikely that growth of HAB species will be selectively 
favored by warming as compared to non-toxic phytoplankton species. 
Modelling studies, however, have projected more intense and longer 
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lasting HABs in response to warming, particularly at higher latitudes 
(Glibert et al. 2014; Gobler et al. 2017; Moore et al. 2015). Moreover, a 
modelling study from the Caribbean predicts that shifts in the phyto-
plankton community composition may stabilize or slightly lower the 
risks of ciguatera fish poisoning in the Caribbean Sea, but increases its 
risk in more Northern regions (Kibler et al. 2015). Tropical HAB spe-
cies may thus respond negatively to warming at their current locations, 
yet can impose risks at higher latitudes. Changes in the proliferation of 
HABs will not only depend on growth responses of HAB species with-
in existing communities, but also on shifts in phytoplankton commu-
nity composition, which will change as the distribution of ocean tem-
peratures changes (Anderson et al. 2012; Hallegraeff 2010; Heisler et al. 
2008). Indeed, various studies have highlighted potential range shifts 
of HAB species, generally from tropical to temperate regions (Kibler et 
al. 2012; Kibler et al. 2015; Tester et al. 2010). Furthermore, not all ocean 
regions may experience warming as a result of climate change (Bakun 
1990). In the South American Pacific, for instance, considerable cooling 
occurred over the last few decades (Baumann & Doherty 2013). This 
may also alter phytoplankton community composition, with putative 
shifts in the proliferation of HABs.  

Responses of toxin production and toxicity to higher temperatures and 
elevated pCO2 were highly variable (Fig. S5.1). This is possibly due to the 
variety of toxins included in the analysis, but can also be attributed to 
the lack of data. Our data collection particularly revealed a knowledge 
gap regarding the effects of warming on toxin content and toxicity. Tox-
in content and toxicity showed increases and decreases with warming 
and elevated pCO2, but very little is known about the metabolic path-
ways underlying these changes. The observed decrease in PSP content 
under elevated pCO2 may be related to a downregulation of amino acid 
transport and metabolism (Van de Waal et al. 2014), as arginine is an 
important precursor for PSP toxins (Shimizu 1996). This may, however, 
not always be the case as some Alexandrium species showed an increase 
in toxicity with more CO2 (Pang et al. 2017; Tatters et al. 2013). Higher 
toxin content as a function CO2, as observed for karlotoxin and DA, 
may be a consequence of excess carbon supply that is shunted towards 
synthesis of these carbon-rich compounds (Fu et al. 2010; Fu et al. 2012; 
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Sun et al. 2011; Van de Waal et al. 2014).      

Toxin content, and particularly that of PSP toxin, was shown to be 
inversely related to growth rate, where slower growing cells tend to be 
larger and contain more toxins (Proctor et al. 1975; Cembella 1998, but 
see Van de Waal et al. 2013). We did not find a significant correlation be-
tween the RRΔ of Alexandrium growth rates and PSP toxin contents when 
changes were a function of temperature (R2=0.10, P=0.19). However, it 
was significant when the changes were a function of CO2 (R2=0.20, 
P=0.046). Thus, CO2-driven increases in Alexandrium growth rates may 
be accompanied by increases in their toxin content as well, potentially 
resulting from CO2 dependent increases in nitrogen acquisition (Eber-
lein et al. 2016). Although warming-induced changes in growth rates 
were not accompanied by consistent shifts in toxin content, tempera-
ture was shown to alter toxin content directly through changes in toxin 
biosynthesis. For example, lower temperatures caused a decrease in PSP 
toxin content by suppressing toxin synthesis or a related process (Lim et 
al. 2006). In contrast, lower temperatures may cause an increased PSP 
toxin content by reducing protein synthesis, which may leave a surplus 
of arginine within the cell that can be used for toxin synthesis (Ander-
son et al. 1990; Usup et al. 1994). Predictions on how HAB toxicity may 
change in response to climate change remains a challenge, as responses 
not only vary between different types of toxins, but responses within 
toxin synthesis pathways vary between different species and strains as 
well.

Climate change will lead to elevated pCO2 concomitantly with higher 
temperatures. Here, we tested the effects of both factors separately, since 
only few studies performed interaction experiments with HAB species. 
In these experiments, growth rates were generally higher as compared 
to either the warming or the elevated pCO2 treatments, but were not ad-
ditive (Errera et al. 2014; Fu et al. 2008; Kremp et al. 2012; Tatters et al. 
2013). For example, an increase in elevated pCO2 was further stimulated 
with warming, while the effect of warming alone was stronger than this 
interactive effect (Kremp et al. 2012). Thus, the interactive effect of both 
climate change factors is generally in line with the effects of warming 
or elevated pCO2 alone, though the strength of the responses may vary.
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How phytoplankton species will ultimately respond to climate change 
cannot be directly extrapolated based on culture experiments. Although 
controlled single strain experiments may support our understanding 
on the potential response of a species towards a climate change vari-
able, it does not reflect the vast complexity of natural communities, as 
discussed above, nor that of populations. Single strain culture experi-
ments, for instance, do not account for intraspecific genetic and pheno-
typic variation in HABs. Indeed, various harmful algal populations were 
shown to possess a very high genetic and phenotypic variation (Alper-
mann et al. 2010; Brandenburg et al. 2018; Medlin et al. 2000), which will 
allow them to adapt to changing environmental conditions (Violle et al. 
2012). This potential for rapid evolution may even occur on ecological 
timescales (Carroll et al. 2007), and it remains to be tested whether this 
could lead to faster and/or stronger increases in growth of HAB species 
with elevated pCO2 and warming.

The empirical data presented here supports earlier findings that HABs, 
in particular caused by dinoflagellates, can potentially become more 
prominent as a consequence of climate change (Glibert et al. 2014; Gob-
ler et al. 2017; Kibler et al. 2015; Moore et al. 2015). However, the develop-
ment of HABs is not determined by climatic conditions alone. Bloom 
development depends strongly on nutrient availability, and eutrophica-
tion is an important driver for the observed increase of HAB outbreaks 
in coastal waters over the last decades (Anderson et al. 2002; Branden-
burg et al. 2017; Glibert et al. 2005; Glibert & Burkholder 2006; Parsons 
& Dortch 2002; Smayda 1997; Trainer et al. 2003). Continued nutrient 
inputs into the ocean will therefore contribute substantially to a higher 
frequency, magnitude and duration of HABs. The observed general in-
crease in growth rates as a result of elevated pCO2, and of warming at 
higher latitudes, may exacerbate the effects of eutrophication, and fur-
ther enhance the development of HABs. We furthermore showed that 
while temperature responses are comparable across phytoplankton spe-
cies, elevated pCO2 promoted the growth of dinoflagellate HAB species 
more strongly than other phytoplankton species. Thus, our findings 
highlight the potential for an increase in dinoflagellate HAB develop-
ment, particularly in temperate regions. 
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Appendix chapter 5
Supplement 1: non-HAB phytoplankton species

The growth data from non-HAB species in response to elevated pCO2 
are part of a larger database addressing the effects of elevated pCO2 on 
phytoplankton C:N:P stoichiometry (Velthuis et al. in prep). For this 
purpose, a systematic literature review was carried out in Web of Sci-
ence (https://www.webofknowledge.com/) on 19-02-2016 using the 
query (stoichiometry OR "nutrient stoichiometry" OR "CNP stoichiom-
etry" OR "chemical composition" OR "nutritional quality" OR "nutrient 
composition" OR "elemental composition" OR C:N:P OR carbon:nitro-
gen:phosphorus) AND (phytoplankton OR algae OR microalgae OR al-
gal OR picoplankton) AND ("climate change" OR "ocean acidification" 
OR CO2 OR "carbon dioxide" OR "global change" OR pCO2).  The re-
sulting publications were screened on titles, abstracts, graphs and ta-
bles. Freshwater species, macroalgal species and data from community 
studies were excluded from analysis, as well as studies carried out un-
der nutrient limited conditions (as described in the original paper) and 
studies where sample size was small (n<2), or not reported. From the re-
maining publications, data was extracted with use of Plotdigitizer (Hu-
waldt 2013) and Engauge (Mitchell et al. 2017). Standard deviations were 
either extracted from the papers or calculated from the data and sam-
ple size. Species names were checked with Algaebase (Guiry and Guiry 
2017) and updated to their latest taxonomy if necessary. This process 
rendered 24 publications with 53 independent studies that contained 
information on CO2 effects on growth rates and elemental composition 
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of phytoplankton.
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Supplemental figures

Figure S5.1. The natural log response ratios (RRΔ) for (a) toxin content, and (b) 
toxicity with elevated pCO2 and temperature, following the background tem-
perature approach and the SST temperature approach. Error bars represent 
the 95% confidence intervals.
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Figure S5.2. The natural log response ratios (RRΔ) for (a) growth rate, (b) toxin 
content, and (c) toxicity with elevated pCO2 for the individual HAB species 
and strains. Red indicates PSP producers, green DA producers, orange NSP 
producers, and dark blue karlotoxin producers. 
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Figure S5.3. The natural log response ratios (RRΔ) for (a) growth rate, and (b) 
toxin content using thebackground temperature approach for the individual 
HAB species and strains. Red indicates PSP producers, and purple palytoxin 
producers.
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Figure S5.4. The natural log response ratios (RRΔ) for (a) growth rate, and (b) 
toxicity using the SST temperature approach for the individual HAB species 
and strains. Red indicates PSP producers, orange NSP producers, and light 
blue DSP producers.
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6.1 Introduction
The number of HAB outbreaks has increased dramatically world-

wide since the 1970s (Anderson et al. 2008, 2012b). This may partly be 
attributed to improved awareness and extended monitoring programs 
(Anderson et al. 2012b). However, global environmental changes, such 
as eutrophication of coastal zones and climatic changes, are expected to 
enhance the proliferation of HABs and may thus have contributed to the 
observed increase in HAB outbreaks over the last decades (Glibert et al. 
2005; Heisler et al. 2008; Hallegraeff 2010; Gobler et al. 2017). Especial-
ly HABs caused by dinoflagellates can have far-reaching consequences, 
as they are known to produce potent toxins that may be detrimental for 
the environment and human health (Hallegraeff 1993; Anderson et al. 
2012b). Although dinoflagellates are typically poor competitors in terms 
of growth and nutrient uptake compared to other phytoplankton groups 
(Smayda 1997; Litchman et al. 2007), they are still able to dominate the 
phytoplankton community and reach alarmingly high densities. More 
knowledge on HAB dynamics may eventually help to mitigate HAB as-
sociated risks.    

The aim of this thesis was to better understand HAB population dy-
namics and to assess the potential effects of climate change on harm-
ful algal growth and toxin production. To address this aim, I applied a 
multitude of approaches, using mostly the Dutch Alexandrium ostenfeldii 
population as a case study. Here, I will discuss my findings in the broad-
er context of HAB ecology, and provide potential future research di-
rections. First, I will address the importance of various environmental 
factors on the development of dinoflagellate HABs, including my find-
ings on the annually recurring A. ostenfeldii blooms in the Netherlands as 
highlighted in chapter 2. Then I will discuss how the intraspecific trait 
variation in A. ostenfeldii populations that I found in chapter 3 may attri-
bute to the success of this species, and explore the general role of intra-
specific trade-offs between functional traits in the maintenance of trait 
variation within phytoplankton populations. Lastly, I further elaborate 
on chapters 4 and 5 and discuss the potential effects of climate change 
on both intraspecific trait variation and HAB development. 
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6.2 Environmental drivers of bloom develop-
ment

One of the major drivers underlying the increase in the number of 
HAB outbreaks over the last decades is eutrophication. Phytoplankton 
species or groups can substantially differ in their preference for a type 
of nutrient regime, ratio or form through differential physiological ad-
aptations (Smayda 1997; Anderson et al. 2002; Glibert & Burkholder 
2006). For instance, certain dinoflagellates require more phosphorus 
for growth than other phytoplankton species, and changes in the ni-
trogen: phosphorus (N:P) loading may subsequently cause shifts in the 
phytoplankton assemblage (Tilman 1977; Smayda 1990, 1997; Carlsson 
& Granéli 1999). This was observed in some coastal regions, where hu-
man activities caused a drop in N:P ratios that presumably led to an in-
crease in dinoflagellate proliferations (Burkholder et al. 1997; Hodgkiss 
& Ho 1997; Heil et al. 2007; Ignatiades et al. 2007). Also in the Dutch 
creek, A. ostenfeldii blooms occurred during periods where N:P ratios 
were low (on average 0.5; chapter 2), which further supports the higher 
P requirement associated with dinoflagellates. 

In addition, eutrophication may change the form in which nutrients 
are supplied. Since some dinoflagellate species, including A. ostenfeldii, 
are mixotrophic (Jacobson & Anderson 1996; Stoecker 1999; Gribble 
et al. 2005), supplies of organic nutrients may stimulate dinoflagellate 
growth (Glibert & Burkholder 2006). This may possibly explain why 
de-eutrophication efforts in the North Sea, leading to a more severe re-
duction of inorganic P relative to N (Grizzetti et al. 2012; Passy et al. 2013), 
did not cause a reduction in dinoflagellate biomass (Burson et al. 2016). 
The dinoflagellate community present in this region consisted mainly 
of species that might be mixotrophic, and could thus have utilized alter-
native P sources. Especially in coastal regions that receive considerable 
input of riverine organic nutrients (Stepanauskas et al. 2002), mixotrop-
hic feeding strategies may greatly support dinoflagellate proliferation.  

The emergence of HABs cannot only be explained by a certain nutri-
ent regime or by nutrient ratios. Although some patterns may emerge, 
the large diversity of HAB species, and their associated traits, makes it 
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difficult to accurately predict HAB risks based on nutrient dynamics. 
On top of that, other abiotic and biotic factors may strongly modulate 
the magnitude and duration of HABs (see also chapter 2). Grazers and 
diseases (e.g. parasites or viruses) can be responsible for the sudden ter-
mination of a bloom (Brussaard et al. 2005; Chambouvet et al. 2008; 
Smayda 2008). Physical factors, such as temperature and salinity (par-
ticularly in coastal waters), also play an important role in the emergence 
and termination of HABs as they modify the physiology of the cells 
(Flynn et al. 1996; Parkhill & Cembella 1999; Lomas & Glibert 2000). 
For instance, large salinity fluctuations in the Dutch creek prevented 
A. ostenfeldii from growing (chapter 2), even though this species has an 
extensive salinity tolerance (Martens et al. 2016). Specifically for dino-
flagellates, wind speed may also play an important role in bloom devel-
opment. Where wind mixing may facilitate bloom initiation by resus-
pending resting cysts in the water column, once emerged from the cyst 
bank, however, it may disturb bloom development, as many dinoflagel-
late species are fragile and therefore sensitive to turbulence (Weise et 
al. 2002; Berdalet et al. 2007; Laanaia et al. 2013). Dinoflagellate HAB 
events may thus be stimulated by a combination of a short mixing event 
followed by stable weather conditions. 

It is a challenge to understand HAB development and assess risks in 
general, by focusing on single HAB species alone. Instead, a trait-based 
approach may provide a more mechanistic framework for understand-
ing which species occur under given environmental conditions (Litch-
man et al. 2010). By identifying phytoplankton functional traits and 
trade-offs that occur along environmental gradients, we may better 
understand the mechanisms driving species coexistence and the or-
ganizational structure of phytoplankton communities (Litchman & 
Klausmeier 2008). In addition, identification of the factors governing 
phytoplankton community assembly and dynamics, in turn, may allow 
us to better recognize HAB risks and understand community shifts un-
der changing climatic conditions (Litchman et al. 2012).
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6.3 Role of intraspecific trait variation in HAB 
dynamics

Specific functional traits and the ecological interactions of HAB spe-
cies in the phytoplankton community largely determine if and when 
HABs will form. Specifically for dinoflagellates that tend to have lower 
nutrient uptake rates and growth rates, specialized functional traits 
within populations may play a key role in bloom development (Paerl & 
Huisman 2009; Litchman et al. 2010; Carey et al. 2012). For instance, the 
production of toxins and allelopathic compounds may help to deter 
grazers and lyse competing phytoplankton species (Teegarden 1999; 
Tillmann & John 2002; Wohlrab et al. 2010). Mixotrophic feeding strat-
egies may also allow proliferation of dinoflagellate HAB species through 
the utilization of both inorganic and organic nutrients (Smayda 1997; 
Stoecker 1999). 

Figure 6.1. Cycle of Alexandrium bloom dynamics. When environmental condi-
tions are favorable, diploid cysts are able to germinate from the cyst bed, and 
form vegetative haploid cells that can divide asexually. Upon germination, Al-
exandrium cell densities are still low and selection for allelopathic and toxic 
strains may therefore take place to lyse competitors and deter grazers. If cells 
are able to reproduce rapidly, bloom formation can occur, which possibly leads 
to nutrient limitation that may select for more efficient resource users. At the 
end of a bloom, haploid cells form gametes that fuse to form the diploid plano-
zygotes, which further differentiate into resting cysts and sink to the sediment 
(Courtesy of Sylke Wohlrab).
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In chapter 3 of this thesis, I showed that A. ostenfeldii populations pos-
sess a very high intraspecific trait variation. Even across genetically sim-
ilar strains derived from the Dutch population, there was considerable 
trait variation. Besides the possession of specialized functional traits, 
intraspecific variation of traits in populations may also contribute to 
species success as it may increase resilience and provides the potential 
for rapid evolution (Violle et al. 2012). HAB species are typically known 
to possess high genetic as well as phenotypic trait variation within pop-
ulations (Maranda et al. 1985; Medlin et al. 2000; Burkholder & Glibert 
2006; Alpermann et al. 2010; Godhe et al. 2016), which may partly be 
attributed to their life cycle that includes a sexual reproductive stage 
(Richlen et al. 2012). Sexual reproduction may help to erase selective 
effects that have taken place in the vegetative growth phase (Dia et al. 
2014), which would preserve the high variation in seemingly important 
traits such as allelochemical and toxin production. 

An additional explanation for the maintenance of intraspecific genetic 
and phenotypic variation in HAB populations may be the shifting se-
lection pressures that can occur during the development of a toxic algal 
bloom (Driscoll et al. 2015). Before the onset of a bloom, interactions oc-
cur mainly interspecific, i.e. species compete with other species, with 
generally higher abundances of grazers and ample nutrients (chapter 2). 
This will result in selection for defensive traits, such as allelochemical 
and toxin production, as they may facilitate growth for the entire popula-
tion. At the peak of a bloom, when population densities of a certain spe-
cies are high and nutrients become depleted, interactions occur mainly 
intraspecific, i.e. strains compete with each other. This possibly leads to 
an increase in the competitive ability of non-toxic strains, as there are 
fewer interactions with competing phytoplankton species and grazers 
and production of secondary metabolites has certain biochemical and 
energetic costs (Pohnert et al. 2007). Selection during bloom formation 
will thus potentially shift from well-defended strains towards effective 
resource users (Fig. 6.1). Variation in selection pressures during a bloom 
event can therefore concede and maintain significant genetic and func-
tional trait variation within HAB populations, and allow genetic differ-
entiation to take place over very short time scales (Richlen et al. 2012; 
Dia et al. 2014). This potential for rapid evolution would allow HAB spe-
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cies to adapt more quickly to changing environmental conditions, for 
instance during seasonal dynamics or as a result of global environmen-
tal change. Several studies have already shown that genetic differentia-
tion can take place over the course of a bloom (Erdner et al. 2011; Richlen 
et al. 2012), and in accordance with the "shifting selection pressure" hy-
pothesis, this may very well be coupled to a shift in phenotypic traits. 

6.4 Role of intraspecific trade-offs in main-
taining trait variation 

A shift in the importance and prevalence of defensive and competitive 
traits during a toxic algal bloom would imply that populations exhibit 
intraspecific trade-offs between certain traits. Such trade-offs are key 
drivers underlying phenotypic diversity and trait variation, as they con-
strain trait evolution and thereby prevent selection for a 'super-clone', as 
a positive change in one trait is linked to a detrimental change in anoth-
er (Tilman 1982; Grover 1997; Kneitel & Chase 2004; Blows & Hoff-
mann 2005). This may be further supported by the putative trade-offs 
between defensive and competitive traits that were found for A. ostenfel-
dii (chapter 3). Further research is required to show whether these types 
of intraspecific trade-offs in phytoplankton populations are generally 
occurring and to what extent this can explain phenotype succession 
during algal blooms.

Particularly for bloom-forming phytoplankton communities, trade-
offs may play an important role in maintaining a high intraspecific trait 
variation. During the formation of an algal bloom, environmental con-
ditions change as a result of biomass build-up. Nutrients become deplet-
ed, light availability decreases and the amount of carbon in the surface 
waters, utilized for photosynthesis, is also reduced (Talling 1976; Huis-
man et al. 1999; Hansen 2002; Elser et al. 2007). Bloom-forming phyto-
plankton species therefore live in highly dynamic environments, where 
selection pressures for certain traits may rapidly change, or act simulta-
neously. High trait variation in populations inhabiting or creating dy-
namic environments may be favored, with selection taking place on dis-
tinct traits (Fig. 6.2; black arrows). As a consequence, selection for one 
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trait may come at the cost for another when there is a trade-off between 
both traits (Fig. 6.2; grey arrow). Moreover, with increasing intraspecif-
ic competition over the course of a bloom, disruptive selection may take 
place. This implies that conspecifics potentially specialize towards less 
frequent trait values, thereby moving away from the average trait value 
of the population (Roughgarden 1972; Bolnick 2004; Bürger & Gimel-
farb 2004; Svanback & Bolnick 2007). Trade-offs may further enhance 
this diversification, as a change in one trait is linked to a change in an-
other.  

Figure 6.2. Distribution of two trait values with a trade-off in a population un-
der varying selection pressures. Black arrows represent the selection pressures 
for each trait that may quickly alternate in a dynamic environment. Conse-
quently, selection occurs along the trade-off axis (grey arrows) and will sup-
port high trait variation in the population. Strains (represented by the colored 
circles) with a wide range of different trait values are present.   

In chapter 3, I described a physiological trade-off between Vmax and K1/2 
for nitrogen uptake across clones of A. ostenfeldii (Fig. 6.3a). Similarly, in 
the freshwater diatom Asterionella formosa, a trade-off between the max-
imum electron transport rate (ETRmax) and the light saturation point 
(Ik) was found (Fig. 6.3b). This implies that opposing nutrient and light 
acquisition strategies can be present in phytoplankton populations. For 
nitrogen uptake in A. ostenfeldii, both "storage" (high Vmax, lower growth 
rate), and "affinity" (low K1/2) strategies may exist within the same pop-
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ulation, with the "affinity" strategy providing an advantage under low 
nutrient conditions, and the "storage" strategy under high and dynamic 
nutrient conditions (Sommer 1984). The presence of strains with a high 
ETRmax and strains with a low Ik in an A. formosa population suggests 
that this population is adapted to a range of different light conditions. 
In addition, both species possessed an allometric trade-off between 
growth rate and cell volume (Fig. 6.3c-d). This is in line with the as-
sumption that metabolic rates scale with cell volume under non-limiting 
environmental conditions (Lopez-Urrutia et al. 2006; Finkel et al. 2010; 
Edwards et al. 2012), due to the size dependence of resource uptake rates 
and demands. Next to the putative trade-offs between defensive and 
competitive traits in A. ostenfeldii (chapter 3), a similar trade-off between 
competitive ability and grazer defense was also found in a multi-clonal 
culture of the chlorophyte Chlorella vulgaris (Yoshida et al. 2003). Thus, 
intraspecific trade-offs may be common in phytoplankton populations, 
and thereby play a key role in maintaining intraspecific trait variation. 
The observed intraspecific trade-offs are pairwise, but higher dimen-
sional trade-offs between multiple traits may also exist and would 
further support high trait variation within populations (Edwards et al. 
2011). 

The assessment of intraspecific trait variation and identification of 
trade-offs in A. ostenfeldii and other algal species was done under 
non-limiting growth conditions. Most physiological and ecological 
traits in phytoplankton are inherently plastic and can be strongly altered 
under different environmental conditions (Litchman et al. 2012). For in-
stance, nutrient uptake affinity may become orders of magnitudes 
greater under nutrient limitation, most likely due to activation of high 
affinity uptake systems (Rexach et al. 2002; Harrison et al. 2008; Mc-
Donald et al. 2010). The degree of phenotypic plasticity may, however, 
vary between strains, and also between different traits. To understand 
intraspecific variation in trait plasticity, future research should focus 
on how phenotypic plasticity may differ within and between popula-
tions (e.g. from low and high resource environments), and test whether 
there are trade-offs between strains and/or resources. For instance, 
trade-offs between the uptake of different resources might become ap-
parent under resource limitation, as only limited cell surface can be ded-
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icated to the uptake of a particular resource, and there is only limited 
cell volume to accommodate cellular machinery to process different re-
sources (Aksnes & Egge 1991; Litchman et al. 2007; Dao 2013). In addi-
tion, phenotypic trait plasticity may especially be favored in populations 
living in dynamic rather than stable resource environments. 

Figure 6.3. Intraspecific trade-offs in phytoplankton. a) Trade-off between Vmax 
and K1/2 for nitrate uptake in A. ostenfeldii. b) Trade-off between ETRmax and 
Ik for light acquisition in A. formosa. c) Trade-off between maximum growth 
rate and cell volume for A. ostenfeldii. d) Trade-off between maximum growth 
rate and cell volume for A. formosa. Data on A. formosa was kindly provided by 
Alena Gsell.
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6.5 Climate change effects on HAB develop-
ment

Changing climate conditions may generate different selection pres-
sures on phytoplankton communities that may strongly alter their 
structure and composition. In chapter 4, I assessed the effects of ele-
vated pCO2 on numerous traits of three A. ostenfeldii isolates from the 
Netherlands. Although the strains were genetically very similar, they 
showed different responses in terms of growth, toxin production, stoi-
chiometry, and 13C fractionation with more available CO2. Similarly, A. 
ostenfeldii strains from the Baltic Sea also showed considerable varia-
tion in their growth and toxicity responses to elevated pCO2 and high-
er temperatures (Kremp et al. 2012). Besides this variation in responses 
between strains, genotypes from both the Dutch and Baltic Sea popula-
tions also revealed relatively high trait plasticity towards climate change 
conditions. For instance, response ratios for PSP toxin content and 
growth with elevated CO2 were quite high for some A. ostenfeldii strains 
(Fig. 6.4). Phenotypic plasticity is important for buffering the imme-
diate effects of environmental fluctuations, while standing phenotypic 
variation in populations with a genetic basis influences the longer term 
selection (Barrett & Schluter 2008; Nicotra et al. 2010). As both factors 
play a crucial role in adaptation and resilience of species towards climate 
change, A. ostenfeldii populations are likely to prevail and may even be-
come more prominent. In addition, climate change is taking place over 
multiple decades and gradual adaptation over many generations may 
lead to new adaptive mutations as well (Collins & Bell 2004). 

Numerous studies have investigated the impact of climate change fac-
tors on growth and toxin production of HAB species, yet whether these 
responses are consistent across species is unclear. Therefore, I assessed 
responses of HAB species to warming and elevated pCO2 using a me-
ta-analysis approach (chapter 5). HAB species generally increased their 
growth rates in response to elevated CO2 concentrations most likely due 
to a downscaling of their CCMs. Moreover, HAB species originating 
from higher latitudes generally increased their growth rates with warm-
ing, while this was not necessarily the case for the lower latitudes. This 
finding is supported by modelling studies that predict warming may 
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lead to more frequent and denser HABs particularly at higher latitudes 
(Glibert et al. 2014; Moore et al. 2015; Gobler et al. 2017). 

Figure 6.4. The natural log response ratios (RRΔ) for growth rate (left) and PSP 
toxin content (right) with elevated pCO2 of eight different Baltic Sea strains 
(black; Kremp et al. 2012) and three different Dutch strains (grey; chapter 4), 
thereby representing all known responses for A. ostenfeldii toward elevated 
pCO2. 

It is, however, important to assess the effects of climate change fac-
tors on HABs together and not separately, to better understand what 
will happen in a future ocean. Interactive effects of these factors may 
be present and should be considered as well. For instance, combined ef-
fects of CO2 and temperature resulted in a significantly higher carbon 
fixation rate in the harmful algal species Heterosigma akashiwo (Fu et al. 
2008). Moreover, pCO2 and temperature are not the only environmen-
tal factors that will change in response to climate change. Warming of 
the ocean's surface waters will lead to enhanced thermal stratification, 
and thereby a shoaling of the upper mixed layer (Doney 2006). As a con-
sequence, the nutrient resupply from deep waters below will be severely 
reduced and this will result in more oligotrophic ocean regions, partic-
ularly in the tropics and mid-latitudes (Behrenfeld et al. 2006; Polovina 
et al. 2008; Boyce et al. 2010; Gómez-Ocampo et al. 2018). A shoaling of 
the upper mixed water layer also increases the total irradiance that phy-
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toplankton experience (Sarmiento et al. 2004). Such alterations in nutri-
ent and light availability strongly influence phytoplankton growth and 
community assemblages (Bopp et al. 2005; Behrenfeld et al. 2006; Bear-
dall et al. 2009; Steinacher et al. 2010; Moore et al. 2018). Over the past 
decades, global ocean annual primary production already decreased as a 
result of changes in sea surface temperatures and associated decline in 
nutrient supply (Gregg et al. 2003; Behrenfeld et al. 2006). 

Although higher temperatures and elevated pCO2 may stimulate 
harmful algal growth, increased nutrient limitation may prevent HAB 
formation. Moreover, reduced nutrient availabilities may lead to shifts 
in the phytoplankton assemblage towards effective resource users, pos-
sibly favoring N2-fixing cyanobacteria and mixotrophic dinoflagellates. 
There are, however, strong regional differences in the ocean's nutrient 
supply (Moore et al. 2013). Although a reduction in nutrient supply is 
expected for open ocean regions, nutrients may increase in coastal sys-
tems as result of ongoing eutrophication, and thus expose these systems 
to enhanced HAB risks (Paerl 1997; Anderson et al. 2002; Heisler et al. 
2008). Moreover, the spatial variability in precipitation will increase as 
result of warming, with a general reduction in rainfall in the subtrop-
ics and an increase at higher latitudes (IPCC 2014). With more rainfall, 
nutrient loadings in coastal systems at higher latitudes may increase due 
to more runoff, which could strongly favor HAB development (Peper-
zak 2003; Edwards et al. 2006; Paerl & Fulton 2006; Suikkanen et al. 
2007; Jeppesen et al. 2009). Thus, various climate change factors may 
very well exacerbate eutrophication effects and lead to more frequent 
and dense HABs, especially in temperate regions.       

6.6 Concluding remarks
The research presented here contributes to a better understanding 

of dinoflagellate HAB dynamics and the potential impacts of climate 
change on HAB development. Although the nutrient regime is an im-
portant predictor for HAB development, I showed that physical factors, 
in particular wind speed and precipitation, can strongly modulate the 
duration and magnitude of A. ostenfeldii blooms (chapter 2). In chapter 
3, I revealed a large intraspecific trait variation of different A. ostenfel-
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dii populations, including putative trade-offs between functional traits. 
Together with the possession of specialized functional traits, this may 
substantially contribute to the success of this species, as populations 
would be more resistant to environmental perturbations. Further-
more, different A. ostenfeldii strains expressed considerable phenotypic 
plasticity in some of their functional traits when exposed to elevated 
CO2 concentrations, which may further promote population resilience 
(chapter 4). Interestingly, all tested strains consistently increased their 
growth rates in response to elevated pCO2. This is in accordance with 
the general response of HABs to elevated pCO2 (chapter 5), which 
showed a consistent increase across HAB species with more CO2. I also 
found that warming may increase the growth rate of HAB species, par-
ticularly at higher latitudes. Faster growth rates in response to climate 
change factors, together with substantial intraspecific variation in HAB 
populations that may enhance species resilience, will likely allow HAB 
species to become more prominent in future coastal waters.  
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Summary
Since the industrial revolution, anthropogenic activities have caused a 

rapid increase in greenhouse gas emissions, such as CO2. More green-
house gasses in the atmosphere also led to a rise in global mean tempera-
tures. Next to changes in climate conditions, anthropogenic perturba-
tions also include the release of vast amounts of nutrients into coastal 
waters (i.e. eutrophication). These global alterations in environmental 
conditions have severe consequences for marine phytoplankton spe-
cies, which stand at the base of aquatic food webs and are responsible 
for half of all primary production on Earth. Some phytoplankton spe-
cies, however, can also become a nuisance for the environment through 
the formation of dense harmful algal blooms (HABs). Especially HABs 
caused by dinoflagellates can have far-reaching consequences, as they 
are known to produce potent toxins that may be detrimental for the en-
vironmental and human health. The number of HAB phenomena have 
been increasing over the last few decades as a result of ongoing eutro-
phication, where lower N:P ratios in coastal waters have been associated 
with shifts in the phytoplankton assemblage towards potentially toxic 
dinoflagellates. The aims of this thesis were to assess the environmental 
drivers behind HAB development, determine the extent of intraspecific 
trait variation in HAB populations, and to evaluate the impact of cli-
mate change on HAB proliferations. 

Although nutrient dynamics play a substantial role in the emergence 
of HABs, other biotic and abiotic factors may strongly modulate the 
magnitude and duration of bloom events. For instance, low salinities 
due to excessive rainfall and increased wind speeds led to significant 
reductions in Alexandrium ostenfeldii bloom densities in the Netherlands, 
while highest population densities generally corresponded to high tem-
peratures, low N:P ratios and low grazer densities (chapter 2). This 
demonstrates the important role of the combination of physical, chemi-
cal and biological factors in the development of HABs. 

Dinoflagellates HAB species are known to possess specialized func-
tional traits, such as mixotrophic feeding strategies, and toxin and al-
lelochemical production, allowing these species to dominate the phyto-
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plankton assemblage. Another factor that may contribute to the success 
of HAB species is the considerable intraspecific trait variation that can 
be found within populations (chapter 3). Strains derived from two A. 
ostenfeldii populations expressed substantial phenotypic variation in 
functional traits, such as growth rate, cell size, toxin production, allelo-
pathic potency, elemental stoichiometry, and nitrogen uptake kinetics. 
Distinct trade-offs between maximum nitrogen uptake rate and affini-
ty, and between defensive and competitive traits were also found. This 
observed high trait variation may facilitate development and resilience 
of HABs, especially under changing environmental conditions.

Different environmental variables may influence phenotypic trait ex-
pression. For instance, elevated CO2 concentrations caused an increase 
in growth rates in three A. ostenfeldii strains derived from the same 
population, although the strength of this response varied between the 
strains (chapter 4). Other differences between the strains included no 
response to significant reductions in toxicity with more CO2, and re-
sponses in elemental stoichiometry varied substantially as well. Pheno-
typic plasticity in trait responses, and variation therein, towards envi-
ronmental stressors may be important for species adaptation, especially 
on the short term. The observed plasticity of traits towards elevated 
pCO2, together with the intraspecific variation in this plasticity, may 
thus support A. ostenfeldii populations to proliferate in dynamic coastal 
environments.

Although substantial variation in trait responses of HAB species to-
wards climate change variables can be found, I did identify clear trends 
when combining data from a multitude of culture experiments (chap-
ter 5). Specifically, HAB growth rates showed an overall increase in re-
sponse to elevated pCO2. This may represent a competitive advantage 
for HAB species in future waters, particularly since a similar trend was 
not found for other phytoplankton species. In addition, elevated tem-
peratures also led to an increase in growth rates, but only for HAB spe-
cies isolated at higher latitudes. Toxicity and toxin content did not re-
veal a consistent response towards both tested climate change variables. 
Since the success of HAB species ultimately depends on growth rates, 
these findings warn for a greater potential of HAB development in fu-
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ture oceans, particularly in temperate regions.

Overall, the results of this thesis contribute to a better understanding 
of dinoflagellate HAB dynamics and the potential impacts of climate 
change on HAB proliferations. Although nutrient regime is an import-
ant predictor for HAB development, I showed that physical factors, 
in particular wind speed and precipitation, can strongly modulate the 
duration and magnitude of A. ostenfeldii blooms. In addition, the large 
intraspecific variation found in A. ostenfeldii populations, together with 
considerable plasticity in trait responses towards environmental stress-
ors, may substantially contribute to species resilience under changing 
environmental conditions. I also showed that HAB species may increase 
their growth rates in response to warming and elevated pCO2. Faster 
growth rates in response to climate change, together with high intraspe-
cific variation in HAB populations that provide the potential for rapid 
evolution, may allow HAB species to become more prominent in future 
oceans.
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Samenvatting
Sinds de industriële revolutie is de uitstoot van broeikasgassen, zoals 

CO2, flink toegenomen, met de opwarming van de aarde als gevolg. 
Naast deze veranderingen in het klimaat is de mens ook verantwoordelijk 
voor het lozen van grote hoeveelheden nutriënten in kustwateren 
(eutrofiëring). Deze wereldwijde veranderingen in de oceanen hebben 
grote gevolgen voor fytoplankton, welke aan de basis staat van het 
aquatische voedselweb en verantwoordelijk is voor de helft van alle 
primaire productie op aarde. Sommige fytoplankton-soorten kunnen 
ook voor overlast zorgen door het vormen van schadelijke algenbloeien, 
waarbij populaties hoge dichtheden behalen. Vooral algenbloeien 
veroorzaakt door dinoflagellaten zijn zorgwekkend, aangezien deze 
algen zeer potente gifstoffen kunnen produceren die schadelijk zijn 
voor het ecosysteem en een risico vormen voor de volksgezondheid. 
Incidenten met schadelijke algenbloeien zijn de afgelopen decennia 
enorm toegenomen door eutrofiëring, waarbij lagere N:P verhoudingen 
in kustwateren gepaard gingen met verschuivingen in de fytoplankton 
gemeenschap naar mogelijk giftige dinoflagellaten. Het doel van dit 
proefschrift was om de belangrijkste omgevingsfactoren vast te stellen 
die verantwoordelijk zijn voor de populatiedynamiek van een schadelijke 
algenbloei, om de mate van intraspecifieke variatie in celeigenschappen 
binnen een schadelijke algenpopulatie te bepalen, en om de effecten van 
klimaatsverandering op de mogelijke ontwikkeling van een schadelijke 
algenbloei te evalueren.

Hoewel nutriëntdynamiek een belangrijke rol speelt bij het ontstaan 
van een schadelijke algenbloei, bepalen andere biotische en abiotische 
factoren ook sterk de omvang en de duur van een algenbloei. Dit was 
het geval tijdens een algenbloei in een kreek in Nederland veroorzaakt 
door de giftige dinoflagellaat Alexandrium ostenfeldii. Lage zoutgehaltes 
door overmatige regenval en hoge windsnelheden veroorzaakten een 
flinke afname in de dichtheid van A. ostenfeldii, terwijl de hoogste 
populatiedichtheden werden gemeten bij een hoge temperatuur, lage 
N:P verhouding, en een lage dichtheid van zoöplankton die algen 
begrazen (hoofdstuk 2). Dit illustreert de belangrijke rol van zowel 
chemische, fysische, als biologische omgevingsfactoren bij het bepalen 



151

Samenvatting

van de populatiedynamiek van een schadelijke algensoort. 

Schadelijke dinoflagellaten staan erom bekend gespecialiseerde 
celeigenschappen te bezitten, zoals mixotrofie, en de productie van 
gifstoffen en allelopatische stoffen, welke het mogelijk maken dat deze 
algen de fytoplanktongemeenschap kunnen domineren. Een andere 
factor die bij kan dragen aan het succes van schadelijke algen is de enorme 
intraspecifieke variatie in celeigenschappen die aanwezig is binnen een 
populatie (hoofdstuk 3). Stammen afkomstig van twee verschillende A. 
ostenfeldii populaties vertoonden een enorme fenotypische variatie in 
celeigenschappen, waaronder groeisnelheid, celgrootte, de hoeveelheden 
gifstoffen in de cel, allelopatische potentie, elementensamentelling 
(stoichiometrie), en stikstofopnamekinetiek. Verscheidene Δtrade-offsΔ 
tussen celeigenschappen waren ook aanwezig, bijvoorbeeld tussen de 
maximale stikstof opnamesnelheid en affiniteit, en tussen defensieve 
en competitieve celeigenschappen. De geobserveerde hoge variatie 
in celeigenschappen kan bijdragen aan het ontstaan van schadelijke 
algenbloeien en de veerkracht daarvan versterken, omdat de populatie 
zich hierdoor sneller kan aanpassen aan een veranderende omgeving.

Celeigenschappen komen tot uiting bij verschillende 
omgevingsfactoren. Verhoogde CO2 concentraties waren bijvoorbeeld 
verantwoordelijk voor een toename in de groeisnelheid van drie 
verschillende A. ostenfeldii stammen uit dezelfde populatie, hoewel de 
mate van deze toename verschilde tussen de stammen (hoofdstuk 4). 
Er waren ook nog andere verschillen te vinden tussen de stammen met 
meer CO2, zoals geen tot significante afnames in giftigheid, en in de 
respons van de stoichiometrie van de cellen. Fenotypische plasticiteit 
in celeigenschappen, en de variatie hierin binnen populaties, als gevolg 
van veranderende omgevingsfactoren kan belangrijk zijn voor de 
adaptatie van soorten op de korte termijn. De gemeten plasticiteit in 
celeigenschappen door verhoogde CO2 concentraties, in combinatie 
met de intraspecifieke variatie in deze plasticiteit, kan dus bijdragen aan 
de verspreiding van A. ostenfeldii populaties in dynamische kustwateren.

Hoewel de celeigenschappen van verschillende soorten schadelijke 
algen anders kunnen reageren op klimaatsverandering, kunnen er toch 
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een aantal trends herkend worden wanneer de data van verschillende 
laboratoriumexperimenten wordt gecombineerd (hoofdstuk 5). Over 
het algemeen nam de groeisnelheid van schadelijke algen bijvoorbeeld 
toe met verhoogde CO2 concentraties. Hierdoor hebben schadelijke 
algen in de toekomst mogelijk een voordeel ten opzichte van andere 
onschadelijke soorten, omdat een soortgelijke trend niet aanwezig was 
voor het overig fytoplankton. Daarnaast leidden hogere temperaturen 
ook tot een toename van de groeisnelheid, maar alleen voor schadelijke 
algen afkomstig uit gebieden met een gematigd klimaat. Dezelfde 
klimaatsveranderingsfactoren veroorzaakten geen consequente 
toename of afname van de giftigheid van de algen of de hoeveelheden 
gifstoffen in de cellen. Het succes van schadelijke algen zal uiteindelijk 
vooral afhangen van de groeisnelheid, en daarom waarschuwen deze 
bevindingen voor een mogelijk hogere frequentie van schadelijke 
algenbloeien in de toekomst, met name in gematigde klimaatzones. 

De resultaten van dit proefschrift dragen bij aan de kennis over de 
dynamiek van schadelijke algenbloeien veroorzaakt door dinoflagellaten, 
en aan de potentiële effecten van klimaatsverandering op het 
ontstaan van schadelijke algenbloeien. Zo toonde ik aan dat fysische 
factoren, zoals windsnelheid en regenval, naast nutriëntdynamiek de 
omvang en duur van algenbloeien veroorzaakt door A. ostenfeldii sterk 
kunnen beïnvloeden. Daarnaast kan de intraspecifieke variatie in 
celeigenschappen, die aanwezig is in A. ostenfeldii populaties, samen met 
de fenotypische plasticiteit van celeigenschappen, sterk bijdragen aan 
de veerkracht van deze soort, met name in een veranderende omgeving. 
Verder toonde ik aan dat de groeisnelheid van schadelijke algen toe kan 
nemen met klimaatsverandering. Hogere groeisnelheden in combinatie 
met de hoge intraspecifieke variatie in celeigenschappen binnen 
schadelijke algenpopulaties, welke ervoor zorgen dat de algen zich beter 
kunnen aanpassen, geven schadelijke algen de mogelijkheid zich verder 
te verspreiden in de toekomst.  
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