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Summary
Atmospheric CO2 levels are rising rap-

idly due to anthropogenic influences. 
About 25-30% of the CO2 released due 
to anthropogenic activities over the last 
decades has already entered the surface 
oceans, causing changes in the aquat-
ic carbonate chemistry, a phenomenon 
also known as “ocean acidification”. 
Ocean acidification will have a huge 
impact on the different phytoplankton 
species living in the surface waters, as a 
lowering in the pH can negatively affect 
calcification and CO2 elevation can pro-
mote photosynthesis. Dinoflagellates are 
expected to be most sensitive to changes 
in CO2 availability due to their posses-
sion of form II RubisCO, which exhib-
its the lowest affinities for its substrate 
CO2 among all eukaryotic phytoplank-
ton. CO2 also acts as a greenhouse gas, 
which will cause future atmospheric and 
surface ocean temperatures to rise, and 
thus will enhance stratification. Under 
enhanced upper ocean stratification, 
upwelling will decrease and the nutrient 
resupply from below will become severe-
ly reduced. Effects of ocean acidification 
on the eco-physiology of phytoplankton 
have proven to be strongly modulated in 
combination with other environmental 
stressors. Decreased nitrate availabili-
ty could be especially important since 
N is the second most required nutrient 
for phytoplankton and the assimila-
tion of carbon and nitrogen are closely 
coupled. In view of elevated CO2 con-
centrations in a nitrate-depleted, future 
ocean, changes in C and N assimilation 
could strongly interact and lead to major 
eco-physiological shifts of phytoplank-
ton. For instance, the excess of energy 
from a down-regulation of the CCM 
could potentially be reallocated into N 
assimilation and thereby alter the nitrate 
use efficiency. To assess the effects of ele-
vated pCO2 under nitrogen limitation we 
investigated the marine dinoflagellate 

species Scrippsiella trochoidea in newly 
developed continuous culture mixing 
systems. Cultures were grown under 
three different CO2 treatments (300, 600 
and 800 µatm) with a starting nitrate 
concentration of 8 µmol l-1. The elemen-
tal composition of S. trochoidea did not 
show significant variations in response 
to different CO2 levels, but a change in 
resource use efficiency was observed. In 
the 800 CO2 treatment, the R* for nitrate 
decreased, which was in contrast with 
our expectations, since under elevated 
pCO2 more energy could be re-allocated 
towards N assimilation. One explanation 
for the observed response is that the low-
er pH in this treatment could have limit-
ed nutrient uptake. Shifts in resource use 
efficiency under future ocean conditions 
could eventually be the trigger for shifts 
in dominance of species with likely con-
sequences also for higher trophic levels. 
Strikingly, PON and Chl a content per 
cell remained unaltered when compared 
to N-replete cultures, but cell size and 
POC content per cell increased, which 
lead to the observed a 2.5 fold increase in 
C/N ratios in all CO2 treatments. Since 
PON and Chl a remained unaltered, the 
rate of photosynthesis could be largely 
unaffected, although production rates 
did decrease, and carbon fixation served 
as a major sink for the excess of ener-
gy within the cell, thus explaining the 
increases in cell size and POC content. 
The changes in elemental composition 
under N-limitation can have huge eco-
logical consequences, for instance on the 
food web. This study indicates that the 
eco-physiology of dinoflagellates will be 
strongly affected by future ocean condi-
tions. It is therefore of imperative impor-
tance to conduct further phytoplankton 
experiments using this multiple stressor 
approach in order to increase our knowl-
edge of phytoplankton responses to fu-
ture climate scenarios.
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Introduction

Earth’s climate
On geological time scales, the Earth’s 

climate has undergone major chang-
es, with processes such as Earth-orbital 
variations and tectonic activity being 
mainly hold responsible (Ruddiman, 
2008). One of the most important pro-
cesses currently influencing the climate 
system is anthropogenic forcing. Human 
agricultural and industrial activities, for 

instance, emit CO2 to the atmosphere at 
a rate which has no known precedent in 
the past (Jansen et al., 2007). It is gen-
erally argued that the atmospheric CO2 
levels have remained below 300 µatm 
over the past 10 million years, with fluc-
tuations between 180-300 µatm during 
the glacial-interglacial cycles over the 

last 400,000 years (fig. 1; Pearson & 
Palmer, 2000; Lüthi et al., 2008; Petit et 
al., 1999). However, due to anthropogen-
ic activity, atmospheric partial pressure 
of CO2 (pCO2) has already reached about 
390 µatm at present-day and from model 
calculations pCO2 is expected to rise up 
to 1,000 µatm by the end of this century 
(Solomon et al., 2007; Forster et al., 2007; 
Houghton et al., 2001).

Biological carbon pumps
The oceans are the largest active car-

bon reservoir on Earth, with a contem-
porary carbon exchange between the 
atmosphere and the ocean amounting 
to approximately 90 Gt C y-1 in both di-
rections (Suttle, 2005; Ruddiman, 2008). 
The CO2 transfer from atmosphere to 
ocean is driven by the solubility of CO2 

Figure 1. Atmospheric partial pressure of CO2 (pCO2) over time. 
The Vostok paleo-record of pCO2 shows the fluctuations over the last 420,000 years, the oscillations 
represent the glacial-interglacial cycles (Petit et al., 1999). The Mauna Loa record shows fluctuations 
of pCO2 from 1960 until 2000 (Keeling et al., 2005). Three possible scenarios are predicted for future 
pCO2: B2 represents the sustainability scenario, A1FI the worst case scenario and IS92a the business 
as usual scenario (Solomon et al., 2007).
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according to Henry’s Law. At high lati-
tudes, where temperatures is decreasing, 
more CO2 can be taken up by the ocean 
(IPCC, 2007) and seawater density is in-
creasing. Also, during the formation of 
sea ice, salinity of the surface water rises. 
Furthermore, sea ice formation causes an 
increase in the water density and the sur-
face water will sink deeper into the ocean 
interior. Consequently, there is a vertical 
gradient with increasingly dissolved in-
organic carbon (DIC) concentrations 
from the surface waters to the deeper 
ocean. However, this explains only 25 
% of the current vertical DIC gradient. 
The remaining 75% of the vertical DIC 
gradient can be explained by the phy-
toplankton-driven “biological pumps” 
(Sarmiento et al., 1995). Through bio-
logical processes, such as photosynthe-
sis and calcification, phytoplankton use 
DIC in the surface layers to form organic 
compounds (particulate organic carbon; 
POC) and calcite shells (particulate in-
organic carbon; PIC). These compounds 
sink more rapidly to the ocean interior 
compared to DIC, and partially reminer-
alise and dissolve during sedimentation 
(Jiao et al., 2010). In fact, of the organ-
ic material that sinks through the water 
column, only 0.5 to 2% eventually reach-
es the ocean floor, depending on water 
depth and variations in levels of primary 
production (Smith et al., 2008). Without 

the biological carbon pumps, model cal-
culations indicate that atmospheric CO2 
concentrations would be twice as high as 
that of today (Maier-Reimer et al., 1996), 
which illustrates the general importance 
of the pumps for the uptake capacity of 
the oceans as well as their potential role 
in climate regulation.

Direct CO2 effects on the ocean
The rising CO2 concentrations in the 

atmosphere have already proven to di-
rectly affect the carbonate chemistry 
in the surface ocean (Feely et al., 2008; 
Cai et al., 2011). This can be attributed 
to the ability of CO2 not only to dissolve 
in water, via equilibration of CO2 (g) and 
CO2 (aq), but also to further react with 
water molecules. Hence, dissolved CO2 
and water molecules form carbonic acid 
(H2CO3), which is an unstable compound 
and quickly dissociates into bicarbonate 
(HCO3

-) and carbonate ions (CO3
2-), ac-

cording to the first (K1) and second (K2) 
dissociation constants of H2CO3 (fig. 
2). During these reaction steps, pro-
tons (H+) are released (Zeebe & Wolf-
Gladrow, 2001). An increase in oceanic 
CO2 uptake will thus not only increase 
the DIC concentration in seawater, but 
will also result in a drop in pH. This phe-
nomenon is often referred to as “ocean 
acidification” (Caldeira & Wickett, 2003; 
Rost et al., 2008; Doney et al., 2009). As 

Figure 2. Schematic overview of the carbonate species in the surface ocean
Schematic overview of the relation between the carbonate species in the surface ocean and atmos-
phere, in equilibrium according to K0, K1 and K2, where K0 represents the solubility of CO2 in seawa-
ter according to Henry’s Law, dependent on salinity, pressure and temperature.

 CO2 (g) 

CO2 (aq) + H2O ⇆ H2CO3 ⇆ HCO3- + H+ ⇆ CO32- + 2H+ 
K1 K2 

K0 
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a consequence of the chemical reactions 
of CO2 with water (fig. 2), the oceans can 
hold up to a thousand times more CO2 
than either N2 or O2 (Garrison, 2007). 
The concentrations of the different DIC 
species vary, however.
From the CO2 emitted via anthropo-

genic activity, 25-30% already entered 
the surface ocean over the last decades, 
causing changes in the marine carbonate 
chemistry (Wolf-Gladrow et al., 1999; 
Ruddiman, 2008). Higher pCO2 already 
resulted in a drop in surface ocean pH 
from 8.21 to 8.10 between 1750 and 1994 
(Raven et al., 2005). pH is expected to 
drop even further in the future with in-
creasing pCO2. At current atmospheric 
CO2 levels and a pH of around 8.1 (fig. 
3, grey line), by far the largest portion of 
DIC in the ocean is composed of HCO3

- 
(~90%), followed by CO3

2- (9%) and CO2 
(<1%; fig. 3; Zeebe & Wolf-Gladrow, 
2001). By the year 2100, atmospheric CO2 
levels are expected to have tripled com-
pared to preindustrial values. Concomi-
tantly, CO2 (aq) and HCO3

- will increase 
by more than 300% and 10%, respective-
ly, while CO3

2- ions and pH will drop by 
70% and 0.4 units, respectively (fig. 3, 

red line) (Wolf-Gladrow et al., 1999).
Because of this enormous CO2-uptake 

capacity of the oceans, they are often re-
ferred to as a CO2-buffer and can con-
tain as much as 60 times more inorganic 
carbon than the atmosphere (Garrison, 
2007). However the carbonate system 
can be somewhat counter-intuitive as a 
doubling of the atmospheric CO2 con-
centration only leads to an increase in 
DIC of 10%. This effect is described by 
the Revelle factor (RF0), a quantitative 
expression for CO2-buffering, which 
describes the ratio between the relative 
change in CO2 and the relative change 
in DIC (Zeebe & Wolf-Gladrow, 2001): 

where T and S represent temperature 
and salinity, respectively. Thus when at-
mospheric CO2 concentrations increase, 
it will result in a relatively small change 
in DIC. At the same time, however, it 
will affect the ocean’s uptake capacity for 
CO2 is reduced since the Revelle factor 
itself is dependent on pCO2 (Sabine et al., 
2004).

Figure 3. The Bjerrum plot, carbon speciation over a pH range
The Bjerrum plot at a temperature of 25°C and a salinity of 35‰ (Zeebe & Wolf-Gladrow, 2001). 
Concentrations of the inorganic dissolved carbon species are given in mol kg-1 at different pH values. 
The grey line indicates the current oceanic pH and the red line the expected pH value over 100 years 
(ocean acidification). Even though pH is plotted on the x-axis, pH is not the forcing parameter of the 
carbonate system. 
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Besides salinity, temperature and pres-
sure, the carbon speciation and thereby 
the buffer capacity of the oceans is also 
influenced by alkalinity. The total buffer 
capacity of the oceans can therefore be 
expressed as total alkalinity (TA). Next 
to the different carbon species, which 
can function as a buffer, seawater also 
contains many dissolved anions, which, 
in turn, can take up protons and act as 
a buffer. Among the various definitions 
of TA (Dickson, 1981), the explicitly con-
servative is defined as a sum of the major 
ions in seawater and acid-base species 
(Wolf-Gladrow et al., 2007):

Changes in temperature, pressure and 
CO2 concentrations do not affect alka-
linity, as the charge balance remains 
unaffected. Biological processes however 
can cause changes in alkalinity. Calci-
fying species can significantly decrease 
alkalinity by taking up Ca2+ to form cal-
cite structures (CaCO3), which can result 
in a lowering of pH. In addition, uptake 
of nutrients can be responsible for alter-
ations in TA. However, organisms can 

compensate for this uptake by exchang-
ing non-nutrients, such as Cl- and H+ 
with their environment. 

Indirect CO2 effects on the ocean
Besides the direct effects of elevated CO2 

levels on the ocean (e.g. changes in car-
bonate chemistry), elevated CO2 levels 
also influence the marine environment 
in an indirect matter, as CO2 is the most 
important greenhouse gas after water va-
por and therefore a major driver of global 
warming (Crosson, 2008). Over geologi-
cal timescales, there is a strong correla-
tion between atmospheric CO2 concen-
trations and global average temperatures 
(Doney & Schimel, 2007). Since the late 
1800s, increasing CO2 concentrations 
have caused an increase in average glob-
al temperatures of 0.7 °C (Jones & Mann, 
2004). By the end of this century, tem-
peratures are expected to rise between 
2-6 °C, with changes being more pro-
nounced at high latitudes (IPCC, 2007). 
Rising atmospheric temperatures will 
also increase the sea surface temperature 
(SST; fig. 4). This, in turn, will cause a 
difference in densities between the upper 
water bodies, thus enhancing the strati-
fication of the water column as well as a 

Figure 4. Indirect CO2 effects on the future ocean 
Differences in sea surface temperature (SST), stratification, mixing depth, irradiance and nutrient 
input of today and in the year 2100, as a consequence of global warming (Rost et al., 2008).
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shoaling of the upper mixed layer (Gar-
rison, 2007). Under these conditions, the 
nutrient resupply from below will be se-
verely reduced which will result in more 
oligotrophic regions in the subtropics 
(Behrenfield et al., 2006). Due to the 
shoaling, irradiance will be higher in the 
upper mixed layer (fig. 4; Sarmiento et 
al., 2004). The marine ecosystem is thus 
undergoing major changes on a short 
timescale. Especially primary producers 
might be strongly affected, as they thrive 
in the euphotic zone where changes will 
be most pronounced (Rost et al., 2008). 

Marine phytoplankton groups
On average, phytoplankton accounts for 

almost half of all primary productivity 
on Earth, which is 49.3 Gt C yr-1 (Field 
et al., 1998; Wilhelm & Suttle, 1999). As 
it forms the basis of nearly every aquatic 
food web and plays an active role in bi-
ogeochemical cycles (Falkowski, 1994), 
this emphasizes the importance of un-
derstanding the impact of rising CO2 
levels on phytoplankton and hence its 
feedback on the biogeochemical cycles. 
Different phytoplankton species have 
varying ecological roles and contribute 
differentially to the net primary produc-
tion (NPP) of the oceans. Among phy-
toplankton, there is one main prokary-
otic group, namely cyanobacteria, and 
there are three main eukaryotic groups, 
namely coccolithophores, diatoms and 
dinoflagellates (Falkowski et al., 2004). 
Cyanobacteria are in numbers the largest 
phytoplankton group (Sumich & Mor-
rissey, 2004). Some are diazotrophs and 
able to fix nitrogen gas (N2), therefore 
providing a major source of new nitro-
gen to the water column, which becomes 
available for biomass production of other 
phytoplankton species (Karl et al., 1997; 
Capone et al., 2005). Coccolithophores 
have a cell wall covered with calcite 

disks, so-called coccoliths. Through the 
production and export of CaCO3, they 
cause strong gradients in DIC and in TA 
relative to other phytoplankton groups 
and thus play a significant role in the 
global carbon cycle (Falkowski & Knoll, 
2007; Garrison, 2007). Diatoms are the 
most productive phytoplankton species 
and contribute up to 50 % to the oceans 
primary production (Nelson et al., 1995). 
The last and often neglected group of 
phytoplankton are the dinoflagellates. 
They form a diverse group with complex 
interactions in the food web as some spe-
cies are mixotrophic and some species 
are known to produce toxins (Schnepf & 
Elbrächter, 1992; Smayda, 1997). Dino-
flagellates are known to produce cysts, 
which can either be vegetative, produced 
in the motile life stage, or resting cysts, 
that lay dormant and remain viable for 
up to a 100 years in the sediment (Hop-
penrath & Saldarriagga, 2012). Some 
dinoflagellates can produce resting cysts 
with calcite walls, such as Scrippsiella 
spp. (Olli & Anderson 2002; Wang et al., 
2007). Dinoflagellates can thrive in all 
aquatic environments and some are the 
photosynthetic endosymbionts of cor-
als (Hoegh-Guldberg et al., 2007). Ad-
ditionally some dinoflagellates are well 
known for causing harmful algal blooms 
(HABs), phenomena that seem to have 
become more frequent over the past dec-
ades due to eutrophication and climate 
change (Anderson et al., 2002; Glibert 
et al., 2005). HABs are often also called 
“red tides” due to the discoloration of the 
water these blooms cause at times. Some 
bloom-forming species, like the genus 
Alexandrium, produce paralytic shellfish 
poisoning toxins (PST), which can accu-
mulate in the food chain and have large 
ecological and economic consequences 
(Smayda, 1997; Anderson et al., 2002). 
HABs have been shown to be particular-
ly promoted by enhanced nutrient loads 
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and temperature. The impacts of ocean 
acidification on growth and toxicity of 
HABs, however, is not well understood.

Carbon acquisition in phytoplankton
In order to predict the effects of ris-

ing pCO2 on phytoplankton, an under-
standing of the photosynthesis and the 
subsequent downstream processes is re-
quired. Photosynthesis involves a chain 
of reactions that start with capturing 
light energy, transferring it into the en-
ergy-maintaining compounds NADPH 
and ATP, and subsequently use these 
compounds to fix CO2 in the Calvin 
cycle (Falkowsky & Raven, 2007). As a 
result photosynthesis and downstream 
processes are primarily light-dependent, 
but are also influenced by CO2 availabil-
ity (Rost et al., 2008). In the cell, CO2 is 
fixed by the carboxylating enzyme, rib-
ulose-1,5-bisphosphate carboxylase/oxy-
genase (RubisCO), which has a half-sat-
uration constant (Km) for its substrate 
CO2 ranging from 20 to 180 μmol kg-1 
(Badger et al., 1998). However typical 
seawater contains CO2 concentrations 
within a range of 10-25 µmol kg-1, there-
fore making RubisCO insufficient to en-
sure effective carboxylation when cells 
rely on diffusive CO2-uptake only. More-
over, at present day O2 levels, RubisCO 
can be prone to photorespiration. 
The inherent low affinity of RubisCO 

and the sensitivity towards O2 can be 
overcome by algae through the opera-
tion of so-called carbon concentrating 
mechanisms (CCM). It ultimately func-
tions to enhance the CO2 concentration 
in the vicinity of RubisCO (Badger et 
al., 1998), thereby allowing saturation in 
photosynthesis already at very low DIC 
concentrations in the water. CCMs can 
comprise active uptake of CO2 and/or 
HCO3

-, the use of carbonic anhydrase 
(CA) activity to accelerate the intercon-

version of CO2 and HCO3
-, and minimi-

zation of CO2 efflux from the cell (fig. 
5; Giordano et al., 2005). Efficiency to 
reach saturation, operational costs and 
the ability of regulation of the CCM dif-
fer among phytoplankton species and 
define the sensitivity of a species towards 
changes in pCO2 (Raven & Beardall 
2003; Rost et al., 2008). Species with an 
absent or inefficient CCM that mostly 
rely on diffusive CO2 uptake alone will 
benefit from future CO2 levels in a direct 
manner (Colman et al., 2004). In con-
trast, species with highly efficient CCMs, 
which are saturated at present-day CO2 
levels, can nonetheless benefit in a future 
“high CO2” ocean by down-regulation 
of their CCMs and subsequent alloca-
tion of energy and resources (Rost et al., 
2008). Different phytoplankton species 
can thus show a variety of responses to 
future CO2 levels as the applied mode 
of CCM is proven to be species-specific 
(Rost et al., 2003; Tortell & Morel, 2002). 

Eco-physiology of dinoflagellates 
Dinoflagellates are expected to be most 

sensitive to changes in CO2 availability 
due to their possession of form II Rubis-
CO, which among all eukaryotic phy-
toplankton exhibits the lowest affinities 
for its substrate CO2 (Morse et al., 1995, 
Badger et al., 1998). However several 
studies have indicated that ocean acidi-
fication alone had rather small effects on 
dinoflagellates (Rost et al., 2006; Eber-
lein et al., 2014). In dinoflagellate species 
Scrippsiella trochoidea and Alexandrium 
tamarense growth, elemental ratios and 
gross photosynthesis were not strongly 
affected under different CO2 concentra-
tions (Eberlein et al., 2014), suggesting 
that dinoflagellates are not carbon lim-
ited under current ocean conditions and 
have rather effective CCMs. However, 
the effects of ocean acidification on the 
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eco-physiology of microalgae might be 
strongly modulated when performing 
experiments with multiple stressors, 
such as temperature, light and nutrient 
availability. Several studies that combine 
ocean acidification with other factors 
have shown a strong modulation of CO2 
sensitivity, which affected phytoplank-
ton eco-physiology (Fu et al., 2007; Gao 
et al., 2012; Li et al., 2012; Li & Campbell, 
2013; Rokitta & Rost, 2012). As shown in 
fig. 4, alterations in oceanic CO2 uptake 
will not be the only factor with severe 
changes on a short timescale due to an-
thropogenic activities. 

Nitrogen limitation
Due to future warming and freshening 

of the ocean surface layers, increased 
seasonal stratification will be promoted 
in coastal regions and increased per-
manent stratification in the open ocean 
gyres (Hallegraeff, 2010; Fu et al., 2012). 
Phytoplankton relying on vertical mix-
ing and nutrient input from below may 
be strongly affected, as during periods 
of enhanced upper ocean stratifica-
tion NPP has been shown to decrease 
(Behrenfeld et al., 2006). Furthermore, 
with regard to ocean acidification, a low-
ering of the pH can inhibit nitrification. 
This could lead to a shift in N availa-
bility, for instance to more ammonium 
and organic N in the overall oceanic N 
inventory as compared to nitrate (Be-
man et al., 2011). Several physiological 
changes are to be expected when phy-
toplankton species are exposed to both 
CO2 elevation and nutrient limitation. 
After carbon, nitrogen is among the 
most required nutrients for phytoplank-
ton and it is often the limiting factor for 
primary production in the open ocean as 
well as in coastal regions (Tyrrell, 1999; 
Smayda, 1997; Elser et al., 2007). Addi-
tionally the assimilation pathways of C 

and N are very closely coupled (fig. 5) 
(Flynn, 1991; Turpin et al., 1991). Inor-
ganic N is assimilated into amino acids 
via the glutamine synthetase/glutamate 
synthase (GS/GOGAT) cycle. The back-
bone needed for the amino acid synthe-
sis is provided via the tricarboxylic acid 
cycle (TCA), which itself is supplied with 
phosphoglyceric acid (PGA) assimilated 
from CO2. In addition, both assimilation 
processes have a high energy demand 
and compete for reductive equivalence 
in the cell. In view of elevated CO2 con-
centrations in a nitrate-depleted future 
ocean, changes in C assimilation could 
strongly interact with N assimilation and 
lead to major eco-physiological shifts of 
the cells. For instance, the excess of ener-
gy from a down-regulation of the CCM 
could potentially be reallocated into N 
assimilation and thereby alter the nitro-
gen use efficiency (NUE). The NUE can 
be linked to the cellular C/N ratio, which 
indicates how much C has been incorpo-
rated per unit of N. Thus, an increase in 
cellular C/N ratio suggests an increase 
in NUE. Such an increase in NUE may 
not only cause an increase in population 
densities, but may also cause a further 
depletion of N. More specifically, an in-
crease in NUE may lower the R* for N, 
which is the concentration of N where 
growth equals mortality. Species with a 
lower R* will be the superior competitor 
for that resource (Tilman 1982; Sterner 
& Elser, 2002). Thus, differential changes 
in R* by elevated pCO2 may cause a shift 
in dominance of phytoplankton species. 
More specifically, some species might 
become better competitors under high 
CO2 and low nutrient conditions as their 
R* decreases to lower values as compared 
to other species. In view of the predicted 
changes in inorganic C and N availabili-
ty, responses in phytoplankton commu-
nity composition are thus to be expect-
ed in the future ocean. Especially for 
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bloom-forming dinoflagellates, which 
tend to flourish late in phytoplankton 
succession when nutrients are generally 
depleted, research is crucial in order to 
understand the interactive effects of nu-
trient limitation and ocean acidification. 

Working hypothesis
In this study the effects of elevated CO2 

concentrations in combination with N 
limitation will be determined for ma-
rine dinoflagellate species Scrippsiella 
trochoidea and Alexandrium tamarense, 
both isolated from the North Sea. S. tro-
choidea has the potential to form calcite 
cysts and is a cosmopolitan species that 
can form dense, non-toxic blooms, espe-
cially in stratified waters (Attaran-Fa-
riman & Bolch, 2012). The genus Alexan-
drium is one of the major HAB-formers 
with regard to the diversity, magnitude 
and consequences of blooms (Anderson 
et al., 2012). Both species were grown 
under N limitation at different CO2 lev-
els in order to assess their response to 
these combined conditions. An increase 
in nitrate use efficiency is expected in 
response to elevated pCO2, since C as-
similation will have a lower energy de-
mand and more energy could therefore 

be directed towards N assimilation. Fur-
thermore, the toxicity of A. tamarense is 
expected to decrease in response to our 
experimental conditions due to the high 
N content of the toxins. For an accurate 
determination of combined effects of el-
evated CO2 and N limitation, the dino-
flagellates will be grown in newly devel-
oped continuous culture system, which 
have been shown to cause no mechanical 
stress on these two species (Van de Waal 
et al., 2014b). The advantage of such a 
system is that once growth rates of the 
cultures are limited by a single nutrient, 
the growth rate will eventually equal the 
dilution rate and a physiological steady-
state in terms of nutrient concentration 
and biomass build-up is reached. There-
fore we have a considerable amount of 
control on growth and resource concen-
tration through the dilution rate com-
pared to batch cultures. The period of 
resource limitation can also be extended 
over a longer period of time compared 
to batch culture approaches, where the 
period of resource limited growth is, de-
pending on the growth conditions, gen-
erally short. 

Figure 5. Schematic overview of C and N assimilation pathways in a phytoplankton cell 
Schematic overview of the carbon (black) and nitrogen (green) assimilation pathways in a dinoflag-
ellate cell. Represented here are respiration, photosynthesis, carbon acquisition via the CCM and N 
acquisition. The two pathways are coupled through the 2-oxoglutarate backbone (orange). 



13

Material & Methods
Experimental conditions

Material & Methods

Experimental conditions
The dinoflagellate species S. trochoidea 

GeoB267 (University of Bremen, Germa-
ny) and A. tamarense Alex5 (Tillmann et 
al., 2009), both isolates from the North 
Sea, were cultured at 15°C in 0.2 µm fil-
tered North Sea water with a salinity of 
34. The sea water was enriched with vi-
tamins and trace metals according to the 
f/2 medium recipe (Guillard & Ryther, 
1962) with additional H2SeO3 (10 nM) 
and NiCl2 (6.27 nM) according to the 
recipe of K medium (Keller et al., 1987). 
Phosphate was added to a final concen-
tration of 6.25 µM. The medium for S. 
trochoidea was not enriched with nitrate, 
having a concentration of around 8 µM. 
For A. tamarense, the medium was en-
riched with 8 µM nitrate yielding a final 
concentration of around 16 µM. Cul-
tures were grown in specially designed 
glass tubes (370 mm length, 95 mm di-
ameter) closed by a Duran GLS80 cap at 
both ends yielding a working volume of 
2100 ± 50 mL. The glass tubes were po-
sitioned on a TL10 three-dimensional 
orbital shaker (Edmund Bühler GmbH, 
Hechingen, Germany), set at an angle 
of 9° with a shaking speed of 16 rpm, to 
allow gentle homogenous mixing (i.e. 
rocking) by means of a moving 55 mm 
diameter polyoximethylen (POM) ball 
and a 50-100 ml headspace (fig. 6; Van 
de Waal et al. 2014b). Light was provid-
ed from above by 18W/965 Biolux day 
light tubes (OSRAM GmbH, München, 
Germany) at a light-dark cycle of 16:8 
h with an incoming PFD (photon flux 
density) of 250±30 μmol photons m-2 s-1 
(Submersible Spherical Micro Quantum 
Sensor US-SQS/l, Heinz Walz GmbH, 
Germany). Medium was continuously 

supplied using a peristaltic pump and set 
to a dilution rate of 0.2 and 0.15 d-1 for S. 
trochoidea and A. tamarense, respective-
ly. At the same rate, culture medium was 
flowing out of the continuous cultures 
through overpressure.
In order to obtain high CO2 concentra-

tions in seawater, cultures are usually 
directly aerated with high pCO2. Dino-
flagellates, however, are very vulnerable 
to turbulence (Thomas & Gibson 1990). 
Therefore the medium was pre-aerated 
in a tank, before it was pumped into the 
chemostat (fig. 6). The pre-aeration was 
performed using air containing 2000-
3000 µatm pCO2 into the tank. Eleva-
tion of pCO2 can be omitted by mixing 
CO2 free air (<0.1 µatm pCO2; Domnick 
Hunter, Willich, Germany) with pure 
CO2 (Air Liquide Deutschland, Düssel-
dorf, Germany) using mass flow control-
lers (CGM 2000 MCZ Umwelttechnik, 
Bad Nauheim, Germany). CO2 concen-
trations were often verified by a disper-
sive infrared analyzer system (LI6252, 
LI-COR Biosciences, Bad Homburg, 
Germany). Tubes connecting the chemo-
stat with the culture vessels were made 
of Tygon in order to prevent degassing 
of CO2 from the high CO2 pre-aerated 
medium. Due to biomass build-up, and 
losses by transport of the medium to the 
culture vessel, these initially extremely 
high CO2 concentrations yielded reason-
able future CO2 concentrations predict-
ed for the end of this century, i.e. 600 – 
800 µatm (IPCC 2007). The ambient CO2 
treatment was obtained by equilibration 
of the medium with the atmosphere. 
All treatments were performed in bio-

logical duplicates. Prior to experiments, 
cells were grown in a dilute batch ap-
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proach for at least 5 generations. For the 
low and two high CO2 experiments, cells 
were acclimated to 400 and 1000 µatm 
pCO2, respectively. In continuous culture 
experiments with a fixed dilution rate 
(i.e. chemostat approach), cell densities 
reach a steady-state when cultures grow 
into resource limitation and growth rate 
eventually equals the dilution rate. In 
fig. 7, the development of biomass build-
up and resource depletion of a modelled 
chemostat run are represented. For more 
details on the culturing method, see also 
Van de Waal et al. (2014b). 

Sampling
Samples were taken daily or every other 

day, approximately 5-7h after the start of 

the light period, in order to determine 
population densities, carbonate chemis-
try and residual inorganic N concentra-
tions. When cultures grew into nitrate 
limitation, cell densities and carbonate 
chemistry reached a steady-state, which 
was sampled over a period of at least 
three generations and seven days, with a 
medium exchange of 200% of the total 
volume in the chemostats. Subsequently 
the entire culture vessels were harvest-
ed to determine additional parameters, 
such as chlorophyll a content and ele-
mental composition of the cells.

Population densities and growth 
rates
Population densities were determined 

Figure 6. Schematic overview of the continuous culture set-up (left)
Shematic overview of the continuous culture set-up. Culture medium is pre-aerated in 10 L reservoirs 
with humidified air, containing different pCO2. The pre-aerated medium is pumped into the chemo-
stats at a fixed rate (i.e. dilution rate). Cultures are homogeneously mixed by gentle rocking of the 
orbital shaker, which moves a ball and headspace in opposite directions. Through overpressure, cul-
ture seawater flows out of the vessels and into the waste tank (picture from Van de Waal et al., 2014b).

Figure 7. The chemostat concept with nitrate as a limiting resource (right)
A schematic diagram of a chemostat run, showing biomass build-up, behaving according to Monod 
kinetics, and resource depletion (NO3-) over time. The amount to which nitrate is depleted, when 
biomass build-up reached its maximum is called R* (dashed line).
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using a coulter counter (Multisizer 3 coul-
ter counter, Beckman Coulter GmbH, 
Germany), within a range of 10-60 µm of 
1 ml sample. Additionally, samples were 
fixed with 1 % v/v iodine-potassium io-
dide solution (i.e. Lugol solution) and 
counted using an Axiovert 40C inverted 
microscope (Carl Zeiss MicroImaging 
GmbH, Hamburg, Germany). Popula-
tion densities presented in this study 
were entirely based on microscopic cell 
counts, as this approach was found to be 
more reliable. Initial growth rates were 
subsequently determined at the start of 
the experiment, when the pump was still 
off, using an exponential fit function de-
scribing the change in population densi-
ty through time: 

where N(t) is the cell number, N(0) the 
initial cell number, µ the growth rate and 
t represents time in days. The cell surface 
was also measured with an inverted mi-
croscope, using the Axxiovert 200 M 
program. Please not that while the initial 
growth was likely not affected by NO3

- 
availability, the growth during steady-
state was fixed by the dilution rate.

Carbonate chemistry
The pH in the chemostates was deter-

mined with a three-point calibrated pH 
meter (826 pH mobile, Metrohm, Ger-
many). For determination of DIC, a 2 x 
4 ml sample of each culture was filtered 
through a 0.2 μm syringe filter (Nalgene, 
Denmark). Analysis of the DIC samples 
was performed in a QuAAtro high per-
formance microflow analyzer (Seal, Me-
quon, USA) with a mean accuracy of 8 
μmol kg-1. Samples for TA analysis were 
taken at the point of inoculation and 
the end of each experiment. 200 ml of 
suspended culture was filtered through 
cellulose nitrate filters (0.2 µm, What-
man Freiburg, Germany) and analyzed 
by a fully automated titration system 
(TitroLine Alpha plus, Schott-Geräte 
GmbH, Meinz, Germany) with an aver-
age precision of 13 μmol kg-1. pCO2 was 
subsequently calculated based on pHNBS 
(National Bureau of Standards) and 
DIC (table 1) using the CO2sys program 
(Pierrot et al., 2006) with equilibrium 
constants of Mehrbach et al. (1973), refit-
ted by Dickson and Millero (1987).

Nitrogen concentrations
N concentrations in the culture ves-

sels were closely monitored by sampling 

Table 1. Carbonate chemistry for each biological replicate during steady-state 
Carbonate chemistry for each biological replicate during steady-state. Values for DIC and pH indi-
cate the mean value during steady-state [four days, three generations] (± SD). TA values represent the 
mean of t(0) and t(end) (n=2, ±SD). pCO2 was calculated based on pH and DIC of each incubation, 
using the CO2sys program (Pierrot et al., 2006) with equilibrium constants of Mehrbach et al. (1973), 
refitted by Dickson and Millero (1987).
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every other day. 2 x 13 ml was sampled 
from the chemostats, filtered through 
a 0.2 μm syringe filter (Nalgene, Den-
mark) and stored in 15 ml acid-washed 
(overnight), milli-Q rinsed and with re-
spective culture medium rinsed vials. 
Samples were directly placed at -20°C. 
Samples were analyzed with a nanomo-
lar nutrient system (Ocean Optics Inc., 
USA). The system comprised of liquid 
waveguide capillary cells connected to a 
conventional segmented-flow auto-ana-
lyzer and using miniaturized spectro-
photometers. The analysis of NO3

- in-
volves reduction of NO3

- to NO2
-, usually 

using a copperised cadmium column. 
Subsequently NO2

- is determined spec-
trophotometrically (at 540 nm) follow-
ing formation of a highly coloured dye 
through diazotisation with sulphanil-
amide and coupling with N-(1-naph-
thyl)-ethylenediamine dihydrochloride. 
Thereby the sum of the NO3

- and NO2
- 

concentrations is determined. In order 
to calculate the NO3

- concentration, it is 
necessary to measure NO2

- separately in 
the sample (by omitting the reduction 
step) and subtract it from the combined 
NO2

- + NO3
- measurement. For more 

details on this methods, see Patey et al. 
(2008).
Chlorophyll a
Chl a samples were taken at the end of 

each experiment. More specifically, 2 x 
200 ml suspended culture was filtered 
through nitrate acetate filters (What-
man, Freiburg, Germany) and flash fro-
zen in liquid nitrogen. Filters were sub-
sequently stored at -80 °C until analysis. 
Extraction and determination of Chl a 
was done after Knap et al. (1996), using 
a TD-700 Fluorometer (Turner Designs, 
Sunnyvale, USA), and according to:

where Fm is the acidification coefficient 
(F0/Fa), F0 is the reading before acidifi-
cation, Fa is the reading after acidifica-
tion, Kx is the steepness of the regression 
curve from the calibration calculations, 
volex is the extraction volume, and volf-
ilt is the sample volume.

Elemental composition
The elemental composition of the cells, 

i.e. total particulate carbon (TPC), par-
ticulate organic carbon (POC), partic-
ulate inorganic carbon (PIC; difference 
between TPC and POC), and particulate 
organic nitrogen (PON), were deter-
mined with an Fison EA1108 elemental 
analyzer (Thermo Scientific, Waltham, 
USA). For this end, 2 x 200 ml sus-
pended culture was filtered through 
pre-combusted (400°C, 5 h) GF/F fil-
ters (Whatman, Freiburg, Germany). 
The filters were subsequently placed in 
pre-combusted glass Petri dishes. For 
determination of POC, 200 µl of 0.1M 
HCl was added to the filters in order to 
remove inorganic carbon. All samples 
were dried overnight at 40°Cand stored 
at -20°C. Filters contained approximate-
ly 1.8 µmol N and 40 µmol C. The gas 
stream from the elemental analyzer was 
passed through a split interface, which 
injected a portion of the flow directly 
into the ion source of a Finnigan Delta-S 
mass spectrometer for the isotope ratio 
measurement. The isotopic composition 
for each sample was measured contin-
uously as the C and N peaks from the 
elemental analyzer passed through the 
system (continuous-flow isotope ratio 
mass spectrometry). Each analysis was 
preceded by three injections of a work-
ing reference gas (ultra-high-purity N2, 
d15N= -8.09‰) and followed by a fourth 
injection to provide a highly accurate es-
timate of the difference in isotope ratios 
(15N/14N) and (13C/12C) between the sam-
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ple and the reference gas. The 13C and 15N 
content of the samples were expressed as 
δ15NPON and δ13CPOC:

For more details on the method, see 
Montoya et al. (1996).

Isotopic fractionation
In order to determine the isotopic com-

position of DIC (δ13CDIC), 3x4 ml of each 
culture was filtered through a 0.2 μm 
syringe filter (Nalgene, Denmark) and 
stored at 3°C. Prior to analyses, 0.7 ml 
of sample was transferred to 8 ml vials. 
For determination of δ13CDIC, the head-
space was filled with helium and the 
sample was acidified with three drops 
of a 102% H3PO4 solution. The isotopic 
composition of CO2 in the headspace 
was measured after equilibration us-
ing a GasBench-II coupled to a Thermo 
Delta-V advantage isotope ratio mass 
spectrometer with a precision of <0.1‰. 
The isotopic composition of CO2 (δ13C-
CO2) was calculated from δ13CDIC using 
a mass balance relation according to 
Zeebe & Wolf-Gladrow (2001), applying 
fractionation factors between CO2 and 
HCO3

- from Mook et al. (1974) and be-

tween HCO3
- and CO3

2- from Zhang et 
al. (1995). Subsequently the isotopic frac-
tionation during POC formation (p) was 
calculated relative to δ13CCO2 according 
to Freeman and Hayes (1992): 

For more details on this method, see 
also Van de Waal et al. (2013). 

Toxin measurements
In order to analyze the cellular paralytic 

shellfish poisoning toxin (PST) content 
of A. tamarense, 200 ml culture of each 
chemostat was centrifuged for 15 min at 
10,000 g and 4°C. The supernatant was 
transferred into an LC vial and analysed 
by liquid chromatography via fluores-
cence detection (LC-FD) with post-col-
umn derivatization (Krock et al., 2007). 
Different analogues of PSTs were ana-
lyzed and included the non-sulfated e 
neurotoxin saxitoxin (STX) and neosax-
itoxin (NEO), the mono-sulfated gon-
yautoxins GTX1/4 and GTX2/3, and the 
di-sulfated C1/C2. The cellular toxicity 
was estimated based on the cellular PST 
content and the relative toxicity of each 
PST analogue (Wiese et al., 2010; Van de 
Waal et al., 2014a). 

Results
The presented results are exclusively 

from S. trochoidea, as the data-set from 
A. tamarense is not completed yet. A pre-
view of the results from the experiments 
with A. tamarense can be found in the 
appendix.
The development of a so-called physi-

ological steady-state was reached after 
approximately 15 days, at which the re-
productive rate of a culture equaled its 

mortality rate imposed by dilution and 
the supply rate of nutrients is balanced 
its consumption (fig. 8; fig. 9). Cultures 
were subsequently kept in steady-state 
for three more generations to extend the 
period of exposition to nitrate limitation. 

Carbonate chemistry
The pCO2 in the chemostats was fol-

lowed over the course of the experi-
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ments (20-25 days; fig. 8, table 1). Due 
to biomass build-up in the chemostats, 
the pCO2 used for the aeration of me-
dium in the reservoir was set at high-
er concentrations to yield a reasonably 
high pCO2 in the chemostats (predict-
ed in a future ocean). A steady-state in 
carbonate chemistry was reached in all 
cultures after a period of approximate-
ly 15 days, with significantly different 
pCO2 concentrations between the three 
treatments. The treatments represent 
a pre-industrial scenario, with 298±27 
µatm pCO2, and two future scenarios 
with 601±24 and 793±42 µatm pCO2, 
respectively. At the start of the experi-
ments pCO2 concentrations were higher, 
with 428±96, 624±40 and 1225±90 µatm 
pCO2, respectively.

Population densities
Initial nitrate concentrations support-

ed a higher growth rate as compared to 
the dilution rate, resulting in an increase 
in population densities from days 0 to 
5. Once nitrate concentrations became 

limiting, a steady-state in population 
densities was reached around day 7. Ex-
periments lasted for more than 20 days 
and fig. 9. shows the population densi-
ties of S. trochoidea for the three differ-
ent CO2 treatments during this time.
After a period of approximately 7 days, 

population densities reached a steady-
state with only minor fluctuations in 
population densities thereafter. Even 
though cells were inoculated in the che-
mostat at the same density, the two lower 
CO2 treatments reached a steady-state 
earlier than the highest CO2 treatment, 
with higher initial growth rates (~0.55 
compared to ~0.4). The 300 and the 800 
CO2 treatments reached a steady-state 
with similar population densities of 
481±55 and 474±26 cells ml-1, respective-
ly. In the 600 CO2 treatment, population 
density were significantly higher with 
653±102 cells ml-1 (t-test, P = 0.0002). 

Cell size and elemental composition
Cell size and elemental composition 

of the cultures were determined in the 

Figure 8. Carbonate chemistry in the chemostats over time 
pCO2 over the course of the experiments for the three different CO2 treatments in duplicates. White 
circles represent the 800 CO2 treatments, grey triangles represent the 600 CO2 treatments and black 
diamonds represent the 300 CO2 treatments.
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steady-state covering at least 3 genera-
tions (fig. 10,11). In the different CO2 
treatments, POC and PON contents did 
not show much variations, with values 
varying between 3.86-4.37 and 0.19-0.27 
ng cell-1, respectively. The C/N ratios of 
S. trochoidea ranged between 18 and 25, 
being lowest in the high CO2 treatment. 
Chl a content per cell as well as cell sur-
face increased slightly over the applied 
pCO2 range, both being highest in the 
800 CO2 treatment. In order to illustrate 
the effects of N limitation, results from 
this study were compared to the results 
from Eberlein et al. (2014, black sym-
bols), which investigated the same strain 
of S. trochoidea under varying pCO2 at 
N-replete conditions. For a comparison 
of both datasets, see discussion. 

Residual nitrate
Once a steady-state was established for 

population densities and pCO2, with ni-
trate as the limiting resource, the resid-

ual nitrate concentrations in the cultures 
were determined (fig. 12). The 300 and 
600 CO2 treatments yielded similar re-
sidual nitrate concentrations of 118±50 
nmol l-1 and 126±46 nmol l-1, respective-
ly. While in the 800 CO2 treatments, re-
sidual nitrate concentrations were higher 
with 348±138 nmol l-1. A trend between 
the residual nitrate concentrations of the 
different CO2 treatments could be ob-
served, i.e. with increasing pCO2, resid-
ual nitrate concentrations also became 
higher (polynominal fit with a R2 of 
0.98, as a minimum to which cells can 
deplete N might be expected, see discus-
sion; Tilman, 1982). 
In order to assess whether R* is depend-

ent on the NUE, the C/N ratios were 
plotted against residual nitrate concen-
trations (fig. 13). An inverse correlation 
could be observed, with a R2 of 0.72 (lin-
ear regression, P = 0.032).

Figure 9. Population densities of S. trochoidea in the chemostats over time 
Population densities of S. trochoidea against time for the three different CO2 treatments (n=2). White 
circles represent the 800 CO2 treatments, grey triangles represent the 600 CO2 treatments and black 
diamonds represent the 300 CO2 treatments.
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Isotopic fractionation
δ13CDIC and δ13CPOC were measured and 

isotopic fractionation (εp) was subse-
quently calculated for the different CO2 
treatments (fig. 14). POC was depleted 
in δ13C relative to δ13CO2 by about 9.2 to 
12.1 ‰. A trend with increasing pCO2 

could not be recognized. εp does increase 
from 300 to 600 pCO2 (linear regression, 
with a R2 of 0.94, P = 0.031), but due to 
relatively large differences among the bi-
ological replicates under 800 pCO2, no 
further trend can be observed (linear re-
gression, with a R2 of 0.42, P = 0.36).

A B

C D

Figure 10. Chl a content (A), PON content (B), POC content against pCO2 (C) and C/N ratio (D) as 
a function of pCO2 for N-deplete and N-replete cultures  
Chl a content as a function of pCO2 (A). PON content as a function of pCO2 (B). POC content as a 
function of pCO2 (C). And the atomic C/N ratio as a function of pCO2 (D). For the N-deplete con-
ditions: black diamonds represent the 300 CO2 treatment, grey triangles the 600 CO2 treatment and 
white circles the 800 CO2 treatment. the light grey squares represent N-replete conditions, derived 
from Eberlein et al. (2014).
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Figure 11. Cell surface of N-deplete and N-replete cultures over a range of pCO2 (top left)
Cell surface against pCO2 for S. trochoidea under N-deplete (a black diamond for the 300 CO2 treat-
ment, a grey triangle for the 600 CO2 treatment and a white circle for the 800 CO2 treatment) and 
N-replete (light grey squares) conditions. N-replete data was obtained from Eberlein et al. (2014).

Figure 12. Residual nitrate concentrations in the chemostats during steady-state (top right)
Residual nitrate concentrations against pCO2 during physiological steady-state. White circles repre-
sent the 800 CO2 treatments, grey triangles represent the 600 CO2 treatments and black diamonds 
represent the 300 CO2 treatments. The polynominal trend line emphasizes the relation between the 
treatments with a R2 of 0.98 (equation represented in the graph).

Figure 13. C/N ratios against residual nitrate concentrations (bottom left)
White circles represent the 800 CO2 treatments, grey triangles represent the 600 CO2 treatments 
and black diamonds represent the 300 CO2 treatments. The linear trend line emphasizes the relation 
between the treatments with a R2 of 0.72 (equation represented in the graph).

Figure 14. Isotopic fractionation during POC formation (bottom right)
Isotopic fractionation during POC formation (εp) ‰ against pCO2 µatm for S. trochoidea. White 
circles represent the 800 CO2 treatments, grey triangles represent the 600 CO2 treatments and black 
diamonds represent the 300 CO2 treatments.
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Discussion 
In this study, the bloom-forming dino-

flagellate S. trochoidea was exposed to 
different CO2 concentrations in com-
bination with N limitation, in order to 
determine the modulation of the effects 
of ocean acidification under nutrient 
limitation. Experiments were performed 
with a newly developed continuous cul-
ture system (Van de Waal et al. 2014b). 
While the elemental composition of S. 
trochoidea grown under N-deplete con-
ditions did not show consistent changes 
in response to elevated pCO2, the in-
crease in the residual nitrate concentra-
tion suggested a shift in the resource use 
efficiency of S. trochoidea.

CO2 effects under nitrogen limita-
tion on dinoflagellates
Steady-state population densities were 

reached between 500 and 600 cells ml-1 
in all chemostats, which are representa-
tive for naturally occurring populations 
of S. trochoidea (Morales-Blake et al., 
2000). This is, however, not evident for 
chemostat experiments, as cultures are 
often grown into unrealistic high densi-
ties (Sciandra et al., 2003; Leornardos & 
Geider 2005; Bochard et al., 2011). Per-
forming experiments with unnaturally 
high population densities can influence 
the response of the cultures to the ex-
perimental conditions, and most of all, 
it renders it impossible to test OA effects. 
The elemental composition of S. tro-

choidea did not show an apparent re-
sponse to CO2 when grown under N-de-
plete conditions, and both the cellular 
POC and PON content remained largely 
unaltered over the applied CO2 range, 
and responses were comparable to N-re-
plete conditions (Eberlein et al., 2014). 
Chl a slightly increased with increasing 

CO2 levels over the tested range, which 
is in accordance with the findings of 
Eberlein et al. (2014). Earlier studies have 
implicated dinoflagellates to be severely 
CO2 limited due to their type II Rubis-
co and limited ability for HCO3

- utili-
zation (Colman et al., 2002; Dason et 
al., 2004). Thus, with increasing pCO2 
it is conceivable that growth and POC 
production will increase for this group 
of phytoplankton in particular. Recent 
studies, however, have shown that some 
dinoflagellate species are relatively in-
dependent from changes in CO2 availa-
bility due to their possession of effective 
modes of CCMs (Rost et al., 2006; Ratti 
et al., 2007; Fu et al., 2008; Eberlein et 
al., 2014). Furthermore, the dinoflagel-
lates Heterosigma akashiwo and Pro-
rocentrum minimum were shown to 
have high HCO3

- uptake rates (Fu et al., 
2008), and S. trochoidea was also found 
to have a high HCO3

- uptake (Eberlein 
et al., 2014). A preference for a certain 
carbon source can also be derived from 
the isotopic fractionation of POC, as 
HCO3

- is enriched in 13C relative to CO2 
(Rost et al., 2006). The observed εp val-
ues around 10‰, therefore also indicate 
S. trochoidea used both HCO3

- and CO2 
as a carbon source, with predominantly 
HCO3

- (Rost et al., 2006). 
A down-regulation of the CCM in re-

sponse to elevated pCO2, as has been 
shown in other phytoplankton species 
such as diatoms and coccolithophores 
(Trimborn, 2009; Rokitta & Rost, 2012) 
is thus very likely to also occur in dino-
flagellates. For instance, Rost et al. (2006) 
and Ratti et al. (2007) have shown a low-
ering of photosynthetic affinities for CO2 
and DIC in response to elevated pCO2, 
and Van de Waal et al. (2013) observed 
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a down-regulation of CA transcripts at 
high pCO2. A potential down-regulation 
of the CCM of S. trochoidea in this study 
could influence the N assimilation path-
way, as more energy might become avail-
able for other cellular processes. 

Nitrogen limitation effects on the 
elemental composition
There were no strong alterations in the 

elemental composition of S. trochoidea 
in response to elevated pCO2. Much 
stronger alterations were observed in 
response to N limitation, when com-
paring the N-deplete cultures with the 
N-replete cultures from Eberlein et al. 
(2014). Li et al. (2012) also observed N 
limitation had a greater effect on elemen-
tal stoichiometry than elevated pCO2 in 
the diatom species Phaeodactylum tri-
cornutum. Their results furthermore 
suggested that the combined effects of 
both factors could act synergistically on 
photosynthetic rates and elemental sto-
ichiometry, with highest C/N ratios in 
N limited and high pCO2 cultures. Ap-
parently, for S. trochoidea, N limitation 
had a stronger relative effect on the cel-
lular N content than elevated pCO2 had 
on the cellular C content. This relatively 
small effect of pCO2 may be a result of 
the effective mode of CCM, providing S. 
trochoidea with sufficient carbon at pres-
ent-day CO2 levels (Eberlein et al., 2014). 
A direct comparison between the N-de-

plete S. trochoidea cultures from this 
study and the N-replete S. trochoidea 
cultures from Eberlein et al. (2014) could 
be made, since experimental conditions 
between the studies were very similar. 
However, growing cultures in a dilute 
batch with ample nutrients, caused max-
imum growth rates under the imposed 
culture conditions, while in a chemostat 
approach, the growth rate is set by the 
dilution rate (and resembled approx-

imately 33% of the growth observed in 
the dilute batch experiments). In con-
trast to our expectations, the PON con-
tent remained largely unaltered under N 
limitation. Similarly, also the Chl a con-
tent of the cells did not change upon N 
limitation, which is in line with an un-
altered PON content as Chl a contains 
several nitrogen atoms and is generally 
considered a N-rich compound. Be-
cause cultures were severely N limited, 
with nitrate concentrations as low as 
110 nmol l-1 during steady-state, it was 
expected that both the PON and Chl a 
content would decrease. Litchman et al. 
(2002) also performed experiments with 
dinoflagellates under N limitation in 
semi-continuous cultures, with starting 
nitrate concentrations of 5 and 25 µmol 
l-1. The dinoflagellate species Akashiwo 
sanguinea and Gymnodinium cf. instri-
atum both showed a decrease in Chl a 
content, cell size and growth rate, how-
ever PON contents were not measured 
here. Li et al. (2012) also showed a decline 
in cell size, Chl a content and growth 
rates and C/N ratios increased under N 
limitation for diatom species Phaeodac-
tylum tricornutum. Increases in C/N ra-
tio under N limitation are expected to be 
primarily caused by a decrease in PON 
content. For S. trochoidea, however, the 
2.5 fold increase in C/N ratios observed 
in the N-deplete compared to the N-re-
plete cultures was mainly attributed to 
the increase in POC content. In fact, 
POC contents more than doubled under 
N-limitation while PON contents were 
comparable or showed a relatively small 
decrease, depending on the applied 
pCO2. This increase in POC content 
caused the C/N ratio of S. trochoidea to 
deviate strongly from the Redfield ratio 
(i.e. a C/N of 6.6) and indicates N lim-
itation (Redfield, 1934; Redfield, 1958; 
Sterner and Elser 2002). The unaltered 
PON and Chl a content in the N-deplete 
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cultures indicates S. trochoidea does not 
downscale its N metabolism and can 
maintain its photosynthetic machinery. 
As a consequence, cells may also main-
tain their photosynthetic rates, causing 
an excess of cellular carbon which can-
not be allocated to cell growth leading to 
an increased POC content.
Growth rates in this study were fixed by 

the dilution rate at 0.2 d-1, which is about 
33% of the maximum growth rates ob-
served in the N-replete dilute batch 
(Eberlein et al., 2014). Even though the 
cellular POC content increased upon N 
limitation, the POC production rates de-
creased from 1.06 ng cell-1 day-1 under N 
replete to around 0.82 ng cell-1 day-1 un-
der N limited conditions. Photosynthe-
sis is thus most likely not much affected 
if growth is considered, but nonetheless 
rates of POC production were lowered. 
Still, the energy derived via photosyn-
thesis is also needed for cell division, 
but as S. trochoidea in N-deplete con-
ditions divides three times slower, car-
bon fixation might serve as a sink for 
the excess in photosynthetic reduction 
equivalents, despite the lowered POC 
production rates. The apparent increase 
in cell size under N limitation also im-
plied that the cells stored more carbon in 
their reserves. Indeed, dinoflagellates are 
known to store large quantities of carbon 
in starch (up to 30% by cells dry weight) 
and in lipid granules within the cyto-
plasm (Loeblich, 1977; Seo & Fritz 2002). 
However, cell size and POC content per 
cell are only partially correlated and ap-
proximately 40% of the increase in POC 
content can be explained by the increase 
in cell size. 
A fraction of the high POC contents 

could also be explained by transparent 
exopolymer particles (TEP) production 
and its retainment on filters, depending 
on the filtered volume. Different phyto-

plankton species are known to excrete 
carbohydrates as a result of cellular car-
bon overflow, for instance when low nu-
trient concentrations limit growth but 
not photosynthesis, which can lead up 
to 40% of photosynthetically fixed car-
bohydrates being released as exudates 
(Baines & Pace, 1991; Corzo et al., 2000; 
Engel, 2002). These phytoplankton ex-
udates can accumulate and lead to the 
abiotic formation of TEP and dinoflag-
ellate species, as used in this study, have 
also been shown to contribute to TEP 
production (Engel, 2002; Passow, 2002; 
Claquin et al., 2008). TEP production, 
however, was not assessed in this study 
and so it remains unclear to what extent 
the increased POC content can be attrib-
uted to intracellular carbon stores and 
extracellular TEP. 

CO2 and nitrogen limitation effects 
on the resource use efficiency
As mentioned before, the NUE of a spe-

cies can be defined as the amount of C 
that is fixed per available amount of N 
(Sterner & Elser, 2002). This may be in-
dicated by the C/N stoichiometry of a 
cell as well, where an increasing NUE 
will result in an increase in C/N ratios. 
In addition, an increase in NUE may 
also lead to a higher biomass production, 
and may deplete the dissolved inorganic 
N concentration to a lower level. Thus, 
a high NUE may lead to a lower R* for 
nitrate (fig. 7), i.e. it will lower the con-
centration where growth equals the di-
lution rate under the predefined growth 
conditions (Tilman, 1982). The inverse 
correlation between NUE and R* was 
confirmed for this study, where the low-
est R* values corresponded to the highest 
C/N ratios, i.e. the highest NUE (fig. 13).
In our experiments, S. trochoidea cells 

were able to deplete nitrate concentra-
tions from initially 8 µmol l-1 to ~100 



25

Discussion 
CO2 and nitrogen limitation effects on the resource use efficiency

nmol l-1 in the two lowest CO2 treat-
ments. In the high CO2 treatment, how-
ever, nitrate concentrations were deplet-
ed to 300-400 nmol l-1 (fig. 10). Even 
though residual nitrate concentrations 
between the 300 and the 600 CO2 treat-
ments were similar, S. trochoidea was 
able to increase biomass production in 
the 600 CO2 treatment (yielding 600 cell 
ml-1 instead of 500 cell ml-1), indicating 
the nitrate use efficiency of S. trochoidea 
increased over this CO2 range. In the 
highest CO2 treatment, however, bio-
mass build-up was similar to the 300 CO2 
treatment, while residual nitrate concen-
trations were higher. Cells were thus not 
able to make use of the remaining ni-
trate and direct it towards biomass pro-
duction, suggesting a decrease in NUE 
rather than an increase. The hypothesis 
that NUE would increase with elevated 
pCO2 was based on the close coupling 
of the C and N assimilation pathways 
(fig. 5), and the competition for energy 
between both pathways. With elevat-
ed CO2 levels, carbon assimilation may 
have a lower energy demand, since more 
CO2 is taken up (through diffusion). An 
increase in diffusive CO2 uptake under 
elevated pCO2 was in fact shown for S. 

trochoidea (Eberlein et al., 2014). There-
fore the excess of energy could be direct-
ed towards N assimilation, assuming the 
rate of photosynthesis in the different 
CO2 treatments remains similar. Since 
photosynthetic rates were not measured 
in this study, it is not certain they remain 
unaltered in response to elevated pCO2. 
However, the elemental composition of 
the cells, including Chl a quotas, did 
not show much variation in response 
to the different CO2 treatments. This 
might indicate photosynthetic rates also 
remained largely unaltered over the ap-
plied CO2 range.  
According to the resource competition 

theory from Tilman (1982), Litchman et 
al. (2007) provided an equation which 
describes the dependency of the R*:

where R* represents the nutrient com-
petitive ability, K1/2 the half-saturation 
constant, Vmax the maximum uptake 
rate, Qmin the minimum internal nutri-
ent concentration and m the mortality 
rate of a species. The ratio of Vmax to K1/2 
is a commonly used measure of nutrient 

Figure 15. Vm against K1/2 of photosynthetic carbon fixation
Vm against K1/2 of photosynthetic carbon fixation for S. trochoidea (circles) and A. tamarense (trian-
gles). The different colors in the symbols implicate the CO2 treatment: white is 180 µatm, light grey is 
380 µatm, dark grey is 800 µatm and black is 1400 µatm (Eberlein et al., 2014). 
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acquisition capability, also called nutri-
ent uptake affinity. A high affinity in-
dicates a superior ability to acquire the 
specific nutrient (Healey 1980). Given 
the equation, an increase in affinity (a 
decrease in K1/2 and/or an increase in 
Vmax) or a decrease in Qmin and m would 
lower the R*. The affinity for photosyn-
thetic carbon fixation of S. trochoidea 
was shown to decrease with increasing 
pCO2 (fig. 15; Eberlein et al., 2014). Fur-
thermore, a general trade-off within the 
kinetic properties of C acquisition has 
been observed, namely between the Vmax 
and K1/2 for carbon, based on biochem-
ical constrains (Eberlein et al., 2014). A 
similar trade-off between Vmax and K1/2 
was observed for nitrate acquisition in 
eukaryotic phytoplankton groups, in-
cluding dinoflagellates (fig. 16; Litch-
man et al., 2007). Among the eukaryotic 
phytoplankton groups, dinoflagellates 
possess the lowest affinities for nitrate 
(Litchman et al., 2007). In the highest 
CO2 treatment under N limitation, the 
observed increase in the residual nitrate 
concentrations suggests that affinities for 
nitrate uptake in S. trochoidea decreased 
even further. It is possible that the low-
er pH, as a consequence of elevated CO2 

levels, restrains the cell’s nitrate uptake 
mechanism, as pH is suggested to affect 
the kinetics of nutrient uptake (Tilman 
et al., 1982; Button, 1985). The suggested 
inverse-bell shape of the trend line in fig. 
12 indicates S. trochoidea has an opti-
mum for nitrate uptake (minimal resid-
ual nitrate concentrations, i.e. lowest R*) 
over the applied pCO2 range (thus pH 
range). This optimum for nitrate uptake 
is also represented in the C/N ratio (fig. 
10), which was highest in the 600 CO2 
treatment. Temperature may also affect 
R* according to an inverse-bell shaped 
pattern, with a clear optimum in com-
petitive ability for different species (fig. 
17; Tilman, 1999). In this study, the opti-
mum pH range was most likely near the 
pH found in the 600 CO2 treatment, as 
residual nitrate concentrations remained 
low while yielding a higher steady-state 
biomass as compared to the 300 µatm 
CO2 treatment.
The observed increase in R* in the high-

est CO2 treatment may also be explained 
by the increase in cell size, which nega-
tively influences the NUE as the surface/
volume ratio of the cell decreases. This 
decrease will either directly influence 
the NUE by a reduction in nitrate up-

Figure 16. Vmax against KN of nitrate uptake
VmaxN in against KN of nitrate uptake for the different eukaryotic phytoplankton groups. The solid 
line indicates a linear correlation between VmaxN and KN (R2=0.72, P<0.0001; Litchman et al., 2007).  
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take or indirectly as C uptake may also 
become limited. However, the precise 
mechanisms behind the influence of 
different CO2 concentrations on nitrate 
uptake remains to be elucidated in fur-
ther experiments studying wider ranges 
of CO2 availability.
Responses towards the combination of 

high CO2 and nutrient limitation are 
most likely species-specific with dif-
ferent strategies behind the kinetics of 
their underlying physiology in order to 
optimize their competitive success. For 
instance, fig. 15 also shows affinities for 
C fixation for the dinoflagellate species 
A. tamarense. The concurring low Vm 
and K1/2 values for A. tamarense suggest 
it exhibits an ‘affinity’ strategy, with a 
competitive advantage under low carbon 
availability (Sommer 1984). Whereas S. 
trochoidea exhibits a ‘velocity’ strategy, 
with high Vmax and K1/2 values (Sommer, 
1984), which suggests a competitive ad-
vantage under high and dynamic carbon 
availability. Trade-offs in these differ-
ent strategies for adjusting assimilation 
pathways may allow species to coexist 
(Tilman, 1982; Hutchins et al., 2013; 
Eberlein et al., 2014)

Dinoflagellates in a future ocean
This study shows that elevated pCO2 

causes differential changes under N-de-
plete and N-replete conditions, and may 
reduce NUE of S. trochoidea. These 
shifts could eventually trigger changes 
in the dominance of species (Tilman et 
al., 1982). In other words, species bene-
fiting from future scenarios (e.g. higher 
growth rates, lower R*) can possibly out-
compete previously dominant species, 
which leads to alterations in the phyto-
plankton community composition. The 
decrease in R* observed for S. trochoidea 
would present a competitive disadvan-
tage for this species and populations of S. 
trochoidea might decline when N avail-
abilities are low (provided that other 
species, co-occurring with S. trochoidea, 
have a lower R*). Furthermore, a strong 
increase in C/N ratios was also observed 
under N limitation, which indicates the 
higher trophic levels of the food web will 
also be influenced in a future ocean as 
the nutritional value of primary produc-
ers will most likely decline (Van de Waal 
et al., 2010). 
With respect to their underlying physi-

Figure 17. A model of resource competition in a habitat where temperature fluctuates
A model of resource competition in a habitat where temperature fluctuates, the resource require-
ments of the four species illustrated here (R*) depend on temperature, with each species having its 
maximal competitive ability (minimal R*) at a particular temperature (Tilman, 1999). 
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ology, dinoflagellates seem poor compet-
itors as compared to other phytoplank-
ton groups (Smayda, 1997). For instance, 
dinoflagellates possess the low-affine 
form II RubisCO (Morse et al., 1995), 
have the least affine nitrate uptake mech-
anism and exhibit low growth rates in 
comparison with other phytoplankton 
groups (Litchman et al., 2007). As they 
are an important component of the phy-
toplankton communities, however, they 
must have found means to thrive despite 
these physiological caveats.
Dinoflagellates make use of other strat-

egies to persist in today’s ocean. In con-
trast to other phytoplankton groups, 
dinoflagellate species with a complete-
ly autotrophic lifestyle are rare (Sch-
nepf & Elbrächter, 1992). Most species 
lead a mixotrophic lifestyle, being able 
to photosynthesize, but also to ingest 
and digest food particles. Even though 
dinoflagellates are mostly mixotrophic, 
understanding their responses toward 
limitation of inorganic N is still impor-
tant, since there are huge variations in 
photosynthetic and heterotrophic capa-
bilities amongst dinoflagellate species 
(Jeong et al., 2010) and there may not 
always be food available. In addition, 
the vertical migratory behavior of dino-
flagellates also allows them to persist, as 
they can easily migrate from the nutri-
ent-rich deeper waters to the sunlit sub-
surface, where they also avoid grazing 
by zooplankton (Paerl & Scott, 2010). A. 
tamarense has been found in N-limited 
waters and is able to sustain growth and 
produce toxins by migrating to N-rich 
deeper ocean layers (MacIntyre et al., 
1997). Under future ocean scenarios, 
traits involved in mixotrophy and mi-
gration may be particularly beneficial, 
since stratification and nutrient limi-
tation likely become more pronounced 
(Paerl & Scott, 2010).

Dinoflagellates are also major causers of 
toxic HABs, and their toxicity is expect-
ed to be influenced by future pCO2 and 
its consequences, although very little is 
still known (Fu et al., 2012). Van de Waal 
et al. (2014a) showed that PST content per 
cell as well as relative toxicity of A. tam-
arense decreased under elevated pCO2. 
However, dinoflagellate species Karlod-
inium veneficum produced more toxic 
analogues of karlotoxins under elevated 
pCO2 (Fu et al., 2010). Predictions for the 
future toxicity of HABs and for the eco-
logical and economic consequences re-
main difficult, especially since toxin pro-
duction and toxicity will additionally be 
influenced by changes in other resourc-
es, such as light and nutrients (Granéli & 
Flynn, 2006; Fu et al., 2012; Van de Waal 
et al., 2014a). For instance, karlotoxin 
productivity of K. veneficum increased 
under both P and N limitation (Adolf et 
al., 2009) and in Dinophysis acuminate, 
okadaic toxin productivity increased 
solely under N limitation (Johansson et 
al., 1996). In addition, the genus Alexan-
drium demonstrated increased toxicity 
under P limitation (Siu et al., 1997). PST 
content of Alexandrium will decline un-
der N limitation, since these toxins are 
N-rich (Anderson et al., 1990; Flynn et 
al., 1994; Appendix). Furthermore the 
chemical speciation of nutrients can fur-
ther alter algal toxicity, which is relevant 
with regard to ocean acidification, as a 
lowering of the pH is known to inhibit 
nitrification. This could lead to an in-
crease in the concentration of reduced 
inorganic N species, such as ammonium, 
and on top of that, organic N is becom-
ing more dominant in the overall oce-
anic N inventory than nitrate (Beman et 
al., 2011). Several bloom-forming dino-
flagellates have proven to become more 
toxic when grown on reduced N species 
instead of nitrate, due to the difference 
in the costs of N assimilation (Fu et al., 
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2012). Dinoflagellates will thus be great-
ly impacted by all the future changes in 
the oceans in relation to climate change, 

but eco-physiological responses will be 
very species-specific and shifts in species 
composition can therefore be expected.

Conclusions & Outlook
This study on the combined effects 

of elevated pCO2 and N limitation on 
bloom-forming dinoflagellates showed 
that their eco-physiology was strongly 
affected. A change in NUE was observed 
for S. trochoidea in response to differ-
ent levels of CO2. Even though elevated 
pCO2 did not show a strong effect on 
the elemental stoichiometry of the cells, 
provided that the areas and intensity of 
nutrient limitation are expanding, the 
alterations in phytoplankton cells due 
to N limitation will have a pronounced 
effect on the future ocean. The observed 
changes in elemental composition, i.e. 
higher POC content and C/N ratios, can 
have huge ecological consequences, for 
instance on the food web, as the nutri-
tional value of the primary producers is 
already changing and will thus continue 
to be changed in the future. Alterations 
in N assimilation processes in our exper-
iments are likely but remain unresolved 
since N uptake bio-assays and transcrip-
tomic analyses were not performed in 
this study. It will, however, be of imper-

ative importance to perform bio-assays 
in order to increase our understanding 
regarding the observed physiological 
changes and to assess phytoplankton 
responses to future ocean conditions 
(Rokitta & Rost, 2012; Van de Waal et al., 
2013). In addition, this study emphasiz-
es the importance of performing exper-
iments using multiple stressors as CO2 
will not be the only changing parameter 
in the future oceans and effects of elevat-
ed CO2 levels can be strongly modulated 
in combination with e.g. temperature, 
light and nutrient availability (Fu et al., 
2007; Gao et al., 2012; Li et al., 2012; Li 
& Campbell, 2013; Rokitta & Rost, 2012). 
Multiple stressor experiments need to be 
performed using different phytoplank-
ton species, as responses can be species- 
or even strain-specific (Fu et al., 2008; 
Brading et al., 2011). Furthermore, it 
would help to increase our understand-
ing of the physiological processes taking 
place within the cell and to better predict 
the structure of future phytoplankton 
communities.  

Appendix

A. tamarense population densities
Cultures of A. tamarense were grown at 

approximately 200 and 800 µatm pCO2 
in the chemostat during steady-state. 
Cultures in the low CO2 treatment were 
kept in the chemostats for a period of 22 
days, while the cultures of the high CO2 
treatment were kept in the chemostats 
longer than 35 days, since the biological 

duplicates did not reach a similar steady-
state. Fig. 18 shows the population den-
sities of A. tamarense for the two differ-
ent CO2 treatments over time according 
to microscopic cell counts. 
Population densities in the 300 CO2 

treatment reached a steady-state after ap-
proximately 10 days of ~550 cell ml-1 and 
were kept in a steady-state for another 
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10 days, which equals three generations. 
Population densities in the 800 CO2 
treatment had a lower initial growth rate 
than the low CO2 acclimation and only 
one of the duplicates was able to reach 
cell densities of more than 400 cell ml-1 
after ~15 days. The other high CO2 dupli-
cate was most likely unable to reach high 
cell densities because the volume within 
this chemostat was lower. As a result the 
dilution became higher and more cells 
were washed out of the chemostat. In 
the high CO2 chemostats, the biological 
duplicates did not reach a similar steady-
state and population densities started to 
decline after 25 days. An attempt to grow 
A. tamarense cultures at elevated pCO2 
again is currently in process. 

A. tamarense toxin production
For the 300 CO2 treatment toxins were 

already analyzed. The PST content per 
cell is represented in fig. 19. In order to 
emphasize the effects of N limitation on 
toxin production, results from this study 
were compared to the results from Van 
de Waal et al. (2014a), which investigated 
the same strain of A. tamarense (ALEX5) 

under N-replete conditions. Further ex-
perimental conditions between the stud-
ies were similar, except Van de Waal et 
al. (2014a) grew A. tamarense cultures in 
a dilute batch instead of chemostats and 
growth rates will therefore be different.
The total PST content of A. tamarense 

cells decreased as much as 85% under 
N limitation. This might be due to the 
N-richness of PSTs and due to the fact 
that amino acids form intermediates in 
toxin synthesis (Anderson et al., 1990; 
Flynn et al., 1994). This indicates an 
enormous decrease in cellular toxicity, 
although PST content does not solely 
determine cellular toxicity (Van de Waal 
et al., 2014a). The relative composition of 
the different PST analogues, with neu-
rotoxin saxitoxin (STX), neosaxitoxin 
(NEO), gonyautoxins (GTX1, 2, 3 and 4), 
C1 and C2 as the most abundant ones, 
also determines the cellular toxicity 
(Van de Waal et al., 2014a). Therefore, 
also the PST composition was analyzed 
for A. tamarense and subsequently com-
pared to the results from Van de Waal et 
al. (2014a; fig. 20). There are decreases 
in the STX and GTX2/3 analogues and 

Figure 18. Time-course of A. tamarense in a chemostat under ambient pCO2 (and N-depleted con-
ditions)
Population densities of A. tamarense cells ml-1 against time days for the two different CO2 acclima-
tions in duplicates. The white triangles represent the 800 CO2 acclimations and the black diamonds 
represent the 300 CO2 acclimations.
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there is a considerable increase in the 
GTX1/4 analogues under N-deplete con-
ditions. Non-sulfated analogues, such as 
STX and NEO are more toxic than the 
mono-sulfated analogues GTX1, 2, 3 and 
4 or di-sulfated analogues C1 and C2. The 
observed shift from non-sulfated STX 
towards mono-sulfated GTX1/4 suggests 
that the relative toxicity decreased under 
N limitation. This is also proven by the 

cellular toxicity calculated based on the 
content and relative toxicity of each PST 
analogue (fig. 21; Wiese et al., 2010). Un-
der future ocean conditions, the toxicity 
of A. tamarense is thus expected to de-
crease dramatically as PST content and 
relative toxicity both decrease under N 
limitation as well as under elevated pCO2 
(Van de Waal et al., 2014a).   

Figure 19. PST content of A. tamarense under N-replete and N-deplete conditions (bottom right)
PST content pg cell-1 for A. tamarense grown under N-replete (light grey) and N-deplete (dark grey) 
conditions. N-replete data was obtained from Van de Waal et al. (2014a).

Figure 20. Content of the different PST analogues under N-replete and N-deplete conditions (top)
Content of the different PST analogues (C1/C2, GTX1/4, GTX2/3, NEO and STX) ng cell-1 for A. tam-
arense under N-replete (light grey) and N-deplete (dark grey) conditions. N-replete data was obtained 
from Van de Waal et al. (2014a).

Figure 21. Cellular toxicity under N-replete and N-deplete conditions (bottom left)
Cellular toxicity pg STXeq cell-1 for A. tamarense grown under N-replete (light grey) and N-deplete 
(dark grey) conditions. N-replete data was obtained from Van de Waal et al. (2014a).
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