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1
GENERAL INTRODUCTION AND SYNOPSIS

CHAPTER I
1.1 The need for better CO2 reconstructions
The partial pressure of CO2 in the atmosphere (pCO2) has changed
considerably over geological timescales, influencing Earth’s climate and
ecosystems (e.g. Berner, 2006; Royer et al., 2006; Henderiks and Pagani,
2007; Beerling and Royer, 2011, Van der Meer, 2014). Human activities
have led to CO2 concentrations higher than at any other time during the past
800,000 years according to ice-core data (Lüthi et al., 2008), and likely
during the last 3 million years based on proxy records (Bartoli et al., 2011).
Assessing the climatological and environmental impacts of rising CO2 levels
is therefore among the major challenges for the scientific community today.
Laboratory experiments, field observations and numerical modeling
continuously improve insights in the complex interplay between the
different components of system Earth (IPCC, 2013; report working group
1). Inevitably, however, complex interactions are simplified in such studies,
which hinders precise and accurate projections of future change. Analysing
past events in Earth’s history associated with rapid CO2 perturbations
recorded in the sedimentary record increases our predicting capabilities as
they integrate all processes involved. Critical for such studies is our ability
to accurately reconstruct past conditions, which is typically achieved
through so-called proxies, relating a measurable variable to an
environmental parameter to be determined. Proxies exist for a wide variety
of environmental parameters such as past sea surface temperature, ocean pH
and biological productivity. Crucial for using sedimentary records to
reconstruct impacts of carbon cycle perturbations on climate is a proxy for
past pCO2 (Figure 1).
1.2 CO2 proxies
For the last 800,000 years reconstructions of past pCO2 primarily rely on
analyzing the CO2 concentration in bubbles captured in continental ice (Petit
et al., 1999; Siegenthaler et al., 2005; Lüthi et al., 2008). Reconstructions on
time-scales exceeding the ice-core records require a proxy approach, of
which several are available, including the boron isotopic composition of
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Figure 1 (from IPCC 2014): Estimates of past atmospheric CO2 concentrations
(ppm) for the last 65 Ma based on marine and terrestrial proxies. The blue
shading represents a 1-standard deviation uncertainty band (see IPCC 2014 and
references therein for details). While CO2 reconstructions based on proxy
records up to approx. 25 Ma BP give narrow ranges of possible values,
uncertainties in CO2 reconstructions from >25 Ma become increasingly large.

planktonic foraminifera (e.g. Spivack et al., 1993; Sanyal et al., 1996), the
stable carbon isotope fractionation (13C fractionation) of alkenones produced
by haptophyte algae, such as Emiliania huxleyi (Jasper et al., 1994; Bidigare
et al., 1997; Pagani et al., 2014), minerals characterized by CO2-dependent
stability fields (Eugster, 1966; Jagniecky et al., 2015) and stomatal densities
on plant leaves (e.g. Woodward, 1987; Van Der Burgh et al., 1993). Each of
these proxies is limited by the specific processes underlying the proxy
relationship, resulting in uncertainties in paleo pCO2 estimates. CO2–
dependent mineral stability fields provide good minimum and maximum
estimates, but also a wide range of possible values (Janiecky et al., 2015).
Although quite promising results have been obtained from marine boron
chemistry preserved in B/Ca and boron isotope ratios of marine calcite (e.g.
12
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Hönisch et al., 2009), the observed relationships are empirical and lack a
complete process-based understanding. Due to dissolution and secondary
overgrowth, interpreting proxy signals recorded in calcareous proxy signal
carriers can generally be troublesome, in particular when investigating
samples that were exposed to unsaturated conditions or have been in contact
with ground water (Schrag et al. 1999; Pearson et al. 2000). Moreover, the
sensitivity to changes in CO2 for most proxies is good below 500 or 1000
ppm depending on the proxy, but significantly drops at higher CO2 levels
(Zachos et al., 2008). Boron isotope ratios for instance provide relatively
narrow ranges of possible pCO2 concentrations below approx. 500 ppm,
while proxies based on organic material may be more precise at higher
pCO2 (Zachos et al., 2008; Pagani et al., 2014). Such aspects become
increasingly important when reconstructing pCO2 of time periods before the
Neogene for two reasons. First, carbonate proxy carriers may be absent or
poorly preserved in sediments deposited during periods of rapid CO2 rise
(Zachos et al., 2005; Hönisch et al., 2012) and, second, pCO2 levels likely
were at least 1000 ppm during much of the Phanerozoic (e.g. Van der Meer
et al., 2014). Collectively, constraints on pCO2 reconstructions, notably prior
to the ice core records, limit an accurate assessment of paleoclimate
sensitivity to variations in the global carbon cycle (Rohling et al., 2012).
1.3 Dinoflagellates
Dinoflagellates are abundant unicellular eukaryotic algae possessing two
flagella, which enable them to migrate through the water column by active
swimming (Fensome et al., 1996). While some species are heterotrophic
with ingenious feeding strategies, many species are photoautotrophic or
even mixotrophic (Stoecker, 2009). Dinoflagellates occur in all climate
zones and live mostly in open ocean or coastal settings (Zonneveld et al.,
2013), but also dwell in freshwater lakes and rivers and even occur in ice,
snow and sediments (Fensome et al., 1996). Some species are tolerant to a
wide range in environmental parameters such as pCO2 and nutrient
concentrations, salinity and temperature and occur quasi-globally, while
others have highly specialized ecologies (Zonneveld et al., 2013). When
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conditions are ideal, specific dinoflagellate species may form massive
blooms, potentially causing major threats to ecosystems if formed by toxic
species (Anderson et al., 2012; Ribeiro et al., 2012). The toxins produced in
such so-called ‘harmful algal blooms’ (HABs) cause serious diseases such
as paralytic shellfish poisoning (PSP; Clark et al., 1999). When such toxins
enter the food chain, they directly affect fisheries, tourism as well as human
health. Estimates for the economic impacts of HABs only in the United
States for the years from 1987-1992 sum up to ~50 Million US $ annually
on average (Anderson et al., 2000).
Dinoflagellates often possess very complex life cycles, making it difficult to
predict blooms. Reproduction can be both sexual via meiosis and asexual
via mitosis. About 10-15% of all known modern dinoflagellate species are
able to produce cysts (dinocysts), mostly during the sexual part of their life
cycle (Fensome et al., 1995). Dinocysts can be of calcareous, siliceous or
organic material, of which the latter comprise resistant macromolecular
structures (e.g. Kokinos et al., 1998; Versteegh et al., 2007), not susceptible
to dissolution and highly resistant to oxidation. Indeed, remains of their
cysts have been found in sediments as old as the Middle Triassic (i.e. ~240
Ma BP; see Sluijs et al., 2005 for references), underlining the resilience of
these cysts and evidencing the long geological range of dinoflagellates in
earth history.
Dinocysts are found in high abundances in sediments from many
oceanographic settings, covering all climate zones on Earth, but with highly
diverse relative abundances (Zonneveld et al., 2013). As such, their
ecological preferences have been linked to prevailing conditions as, e.g.
(human-induced) eutrophication, changes in sea surface salinity and
temperature, turbulence, ocean currents and nutrient/trace element content
and eventually changes in sedimentary conditions on various time scales
(e.g. Sluijs et al. 2005; Genovesi et al., 2011; Bringué and Rochon, 2012;
Mertens et al., 2012; Zonneveld et al., 2012, 2013).

14

CHAPTER I

Figure 2 (modified after chapter
IV): Major processes known to
13
C
fractionation
in
affect
dinoflagellates. CO2 leaving the cell
via diffusion in relation to total Ci
uptake (Leakage) refreshes the Ci
13
C
pool,
thereby
affecting
fractionation; changes in relative
uptake of CO2 and HCO3- affect 13C
fractionation as CO2 is 13C-depleted;
light availability and nitrogen
concentration can affect cellular
energy budgets and Ci fluxes and
thus also 13C fractionation (see
chapter IV for details).

1.4 Dinoflagellate physiology and its relation to 13C fractionation
This thesis aims to test whether CO2-dependent 13C fractionation of
photoautotrophic dinoflagellates may be developed into a CO2 proxy. This
idea builds upon a concept also applicable to other photoautotrophic algae,
which is used in for instance the 13C alkenone pCO2 proxy. In order to
produce biomass (particulate organic carbon; POC), photoautotrophes use
energy provided by sunlight to take up inorganic carbon (Ci) and ultimately
fix CO2 with the carboxylation enzyme ribulose-1,5-biphosphate
Carboxylase/ Oxygenase (RubisCO), which is located in the chloroplast
(Figure 2). Most of the C atoms are of the isotope 12C (98.89%), while 13C is
much less abundant (1.1%). Isotopic fractionation is expressed in per mille
relative to the inorganic carbon source, which is, in this respect, mostly
assumed to be CO2. Due to faster reaction times, CO2 molecules containing
12
C are preferably used by RubisCO, thereby resulting in a kinetic 13C
fractionation of ~22-30‰ (e.g. Roeske and O’Leary, 1984; Guy et al., 1993;
Scott et al., 2007). Therefore, the organic biomass built up by RubisCO is
depleted in the heavy carbon isotope 13C. However, overall 13C fractionation
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is typically lower than 13C fractionation associated with RubisCO (e.g.
Sharkey and Berry, 1985; Laws et al., 2002; Raven et al., 2002), which
implies that dinoflagellates take up considerable amounts of the more
abundant bicarbonate (HCO3-). Between the two Ci species is a temperaturedependent difference in the 13C composition, with CO2 being approximately
10‰ 13C-depleted relative to HCO3- at 15°C (Mook et al., 1974). Relative
uptake of Ci species thus affects the overall fractionation observed, with 13C
fractionation being higher in the case of enhanced CO2 uptake or lower in
the case of relatively high HCO3- uptake. Furthermore, relatively low overall
fractionation implies a certain accumulation of intracellular Ci, which is
related to leakage. Leakage means that a certain amount of the Ci taken up
from seawater passively leaves the cell in the form of CO2 by diffusion.
This diffusion out of cells is based on gradients depending on intra- and
extracellular CO2 concentrations and facilitated by high permeability of cell
membranes for CO2. The higher the leakage, the more the intracellular 12C
pool is ‘refreshed’, thereby enhancing carbon isotopic fractionation
(Sharkey and Berry, 1985; Figure 2). Species-specific and/or CO2 dependent
HCO3- uptake and leakage have been confirmed by various in vivo studies
measuring Ci-fluxes in marine phytoplankton, including dinoflagellates
(Rost et al., 2006; Eberlein et al., 2014).
The degree of 13C fractionation is a function of pCO2 in several
dinoflagellate species. Burkhardt et al. (1999a), for instance, investigated
the effects of growth rate, CO2 and cell size on 13C fractionation in one
dinoflagellate species and found a clear CO2-sensitivity. Similarly, pH/CO2dependent 13C-fractionation has been found in other dinoflagellate species,
both non-calcareous (Rost et al., 2006) and calcareous (Van de Waal et al.,
2013). In addition to CO2 concentrations, however, other environmental
factors such as light availability and nitrogen concentration in the growth
medium have also been found to significantly alter 13C fractionation in other
phytoplankton groups (e.g. Burkhardt et al., 1999b; Riebesell et al., 2000,
Rost et al., 2002). An ideal proxy would strongly depend on only one and, if
at all, only slightly on other environmental parameters.
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1.5 Hypotheses & Summary
The research reported on in this thesis is based on photoautotrophic
dinoflagellates. In particular, it was designed and carried out to particularly
test the following three major hypotheses on dinoflagellate 13C
fractionation:
1. 13C fractionation in dinoflagellates is positively correlated with CO2
concentration
2. CO2-dependent 13C fractionation in dinoflagellates can be explained
by CO2 dependent Ci-fluxes
13
3. C fractionation in dinoflagellates is influenced by CO2 and not, or
to a lesser degree, by other environmental factors
To test these hypotheses, I have carried out culturing experiments with
Gonyaulax spinifera, Protoceratium reticulatum, Alexandrium tamarense
and the potentially calcifying Scrippsiella trochoidea, of which the former
two have long geological records, going back in time >130 and >60 Ma BP,
respectively. Growth experiments were carried out under controlled
temperature, carbonate chemistry and growth medium characteristics (i.e.
salinity, nutrient and trace metal contents). Cell densities were kept low in
order to reduce changes in CO2, pH, Ci and total alkalinity.
In Chapter II, I test the first hypothesis and discuss whether there is, as
shown for other species before, a CO2-dependency of 13C fractionation in
the key species of this thesis. Generally, I found that 13C fractionation in all
four species increases with CO2, as expected. Responses were, however,
strongly species-specific. Additionally, 13C fractionation in the highest
pCO2 treatment dropped significantly in G. spinifera, probably due to a 2.5fold increase in particulate organic carbon content per cell (POC quota;
~cell size). To account for that, I looked at combined effects of 1) POC
quota and CO2 and 2) growth rates and CO2. Indeed, by considering these,
correlations between 13C fractionation and CO2 improved significantly,
thereby underlining the need to constrain these growth parameters when
applying dinoflagellate 13C fractionation as a proxy for past pCO2.
In Chapter III, I test the second hypothesis and present results of
physiological assays where Ci-fluxes of the key species were measured with
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respect to relative CO2 uptake and leakage. Applying my data to a simple
single-compartment model, I found that 13C fractionation in the four tested
species can be partly explained by Ci fluxes. However, in some cases, as in
G. spinifera, the measured 13C fractionation was significantly lower than the
one projected by the model. This discrepancy could be attributed to very
high leakage estimates, which were not reflected in 13C fractionation.
Mechanisms potentially responsible, and some other offsets observed, are
discussed. Former studies have found 13C fractionation of some
phytoplankton groups, including dinoflagellates, to be influenced by other
factors than CO2.
In Chapter IV, I therefore test the third hypothesis and discuss whether 13C
fractionation in the key species considered are influenced by light
availability and/or nitrogen concentration. While nitrate-limitation in A.
tamarense and S. trochoidea eliminated the CO2 dependency of 13C
fractionation found under nutrient replete conditions, light availability did
not affect CO2-dependency found in G. spinifera and P. reticulatum. Based
on these results and theoretical considerations on cellular energy budgets, I
developed a conceptual model which includes relevant cellular processes
affecting 13C fractionation.
To finally assess the full potential of CO2-dependent 13C fractionation in the
major phytoplankton groups dinoflagellates, diatoms, coccolithophores and
cyanobacteria for pCO2 reconstructions, I evaluated 287 data points relating
pCO2 and carbon isotopic fractionation and discuss the overall proxy
potential in Chapter V. Next to group-specific differences, I found a
general increase of εp with increasing CO2 concentrations and a decrease
with increasing combined effects of POC quotas and CO2.
1.6 Outlook for future work
C fractionation in Gonyaulax spinifera, Protoceratium reticulatum,
Alexandrium tamarense and Scrippsiella trochoidea has been found to show
species-specific CO2 dependency. Consequently, the question arises,
whether there are also intra-specific differences. In general, as in most other
laboratory studies, experiments of this thesis were performed with
13
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monoclonal cultures, hence there may be appreciable intra-specific
differences, which have not been tested here. Former studies on growth rates
and/or POC quota and particulate inorganic carbon quota of
coccolithophores have found that different E. huxleyii strains exhibit strainspecific responses to temperature and salinity (Brand, 1982; 1984) and
carbonate chemistry (Langer et al., 2009). Studies on different strains within
the same dinoflagellate species have also shown to be differently affected by
CO2 with respect to growth rates (Kremp et al., 2012) and toxicity
(Hattenrath-Lehmann, 2014). Additional studies focusing on 13C
fractionation differences in various strains and not just single clones are
therefore needed to quantify potential differences. The variability from such
studies can tell us, whether we have understood and identified correctly the
processes underlying fractionation and whether dinoflagellate εp is robust
enough to act as a proxy.
While intra-specific 13C fractionation challenges interpretation of the signal
recorded in sediments, we can potentially use the isotopic offsets between
species in those settings, where no ‘baseline’ can be assumed. In other
words, the isotopic offsets between species becomes especially interesting,
when the isotopic signal preserved in dinoflagellates cannot be related to the
isotopic signal of the Ci source, due to the absence of, for instance,
carbonates or model data.
Results of this thesis are based on studies carried out with dinoflagellate
cells, while the dinocysts are found in the sediments. Formation of a cyst
typically happens within a timespan of 10 minutes to one hour (Kokinos et
al., 1999; Rochon et al., 2008), hence most of the organic carbon must be
readily available in the cell and isotopic differences between cell and cyst
are presumably low. However, this assumption has not been verified yet and
the question remains whether there is still an isotopic fractionation during
cyst formation and, in case of an offset, whether this is constant or
dependent on species and/or environmental factors such as temperature,
light availability, nutrient concentrations and even pCO2.
Carrying out experiments to determine the isotopic differences between
cells and cysts are challenging. First, to induce cyst formation, two strains
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are usually needed, as cyst formation is typically associated with sexual
reproduction (Rochon et al., 2009). As strain-specific 13C fractionation has
not been investigated yet, interpretaion of a mixed εp signal may thus be
biased. Second, cyst formation is usually triggered by nitrate-limitation.
However, I found that nitrogen-limitation eliminates the CO2 dependency of
13
C fractionation in Alexandrium tamarense and Scrippsiella trochoidea
(chapter IV) and in cyanobacteria, diatoms and coccolithophores (chapter
V). Hence, it is questionable if testing 13C fractionation during cyst
formation is possible under conditions where 13C fractionation is not CO2dependent, and apply the findings when using the proxy in other settings, as
for instance under nutrient replete conditions. Third, even if cysts are
formed, cell and cyst material should be analyzed separately, as the cell
material may interfere with estimations on cyst δ13C. This is, because there
is no knowledge so far on how the isotopic composition of the cysts differs
from the one of the cells. Therefore, encystment should be triggered, ideally
simultaneously for all cells in order to be able to separate cell and cyst
material based on e.g. the differing sinking velocities of the empty cysts
versus the hatched cells. A different approach would be to isolate single
cysts containing cell material from the sediments. If cells would hatch from
these cysts, both could theoretically be analyzed separately by, for instance,
a nano-IRMS, and their isotopic offset identified. I planned such
experiments in collaboration with Prof. A. Rochon and went to ISMERUQAR (Institute des la sciences de la mer a universite Quebec a Rismouski,
Canada) to carry them out. Cells of P. reticulatum were stimulated to hatch
from their cyst (Operculodinium centrocarpum) to analyze both their stable
carbon isotopic composition. However, the cells did not hatch and the
experiments could not be performed. Apparently, chosen lab conditions
were not ideal. Alternatively, the time frame of the experiment was shorter
than the certain dormancy period, which may be only a few weeks, but can
also last for months (Nehring, 1996). In order to apply the proxy, however,
this offset needs to be quantified.
So far, it rather seems that the general εp of dinoflagellates is not sensitive
anymore when CO2 concentrations are above 20-40 μmol L-1 (chapter IV).
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Eventually, however, it remains to be tested whether this is true when
looked at species individually. 13C fractionation in A. tamarense and G.
spinifera under replete conditions seems to have reached its upper limit at
approximately 12-14‰, but εp in S. trochoidea, P. reticulatum, also under
replete conditions (chapter II) and G. spinifera under low light conditions
does not (chapter IV). Furthermore, in G. spinifera, the drop in 13C
fractionation observed in the highest pCO2 treatment is possibly due to the
extraordinarily big cells (chapter II), hence further investigations under
much higher pCO2 concentrations are needed.
Altogether, application of the newly proposed CO2 proxy based on 13C
fractionation in dinoflagellates is challenging and clearly requires better
mechanistic understanding and field calibration before it can be applied.
Yet, results of this thesis have demonstrated the considerable proxy
potential. Dinoflagellates are abundant in sediments worldwide and
developed far back in Earth’s history. Their cysts remain in sediments even
under conditions when other proxies may not be prevalent anymore. G.
spinifera showed CO2-dependent 13C fractionation, which was insensitive to
changing light conditions, thereby excluding the influence of at least one
major environmental parameter.
Results of this thesis show, that 13C fractionation in all here tested
dinoflagellate species is dependent on CO2, at least within a certain
concentration range. Results furthermore show that we have a basic
understanding of the underlying processes determining their 13C
fractionation, but also, that these cellular processes may be influenced by
light availability and nitrogen-limitation. As data of other phytoplankton
groups suggest significant influences of light:dark cycles, these may also
need to be included in the considerations. Finally, assessing offsets between
cell and cyst εp will be needed for further considerations regarding the
application of the potential proxy.
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2
STABLE CARBON ISOTOPE FRACTIONATION OF
ORGANIC CYST-FORMING DINOFLAGELLATES:
EVALUATING THE POTENTIAL FOR A pCO2 PROXY

CHAPTER II
Abstract
Over the past decades, significant progress has been made regarding the
quantification and mechanistic understanding of stable carbon isotope
fractionation (13C fractionation) in photosynthetic unicellular organisms in
response to changes in the partial pressure of atmospheric CO2 (pCO2).
However, hardly any data is available for organic cyst-forming
dinoflagellates while this is an ecologically important group with a unique
fossil record. We performed dilute batch experiments with four harmful
dinoflagellate species known for their ability to form organic cysts:
Alexandrium tamarense, Scrippsiella trochoidea, Gonyaulax spinifera and
Protoceratium reticulatum. Cells were grown at a range of dissolved CO2
concentrations characterizing past, modern and projected future values (~5–
50 µmol L-1), representing atmospheric pCO2 of 180, 380, 800 and 1200
μatm. In all tested species, 13C fractionation depends on CO2 with a slope of
up to 0.17‰ (µmol L)-1. Even more consistent correlations were found
between 13C fractionation and the combined effects of particulate organic
carbon quota (POC quota; pg C cell-1) and CO2. Carbon isotope
fractionation as well as its response to CO2 is species-specific. These results
may be interpreted as a first step towards a proxy for past pCO2 based on
carbon isotope ratios of fossil organic dinoflagellate cysts. However,
additional culture experiments focusing on environmental variables other
than pCO2, physiological underpinning of the recorded response, testing for
possible offsets in 13C values between cells and cysts, as well as field
calibration studies are required to establish a reliable proxy.
1.1
Introduction
Over the past decades, many studies have shown that stable carbon isotope
fractionation (13C fractionation) in marine unicellular autotrophs varies as a
function of dissolved CO2 concentrations (e.g. Degens et al., 1968; Hinga et
al., 1994; Pagani et al., 2014). This work, carried out on species of, e.g.,
cyanobacteria (Eichner et al., 2014), coccolithophores (Pagani, 2002a,b),
diatoms (Laws et al., 1997) and dinoflagellates (Burkhardt et al., 1999a;
Rost et al., 2006), generally shows an increase in 13C fractionation with
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higher CO2 concentrations. The observed CO2 responses are, however,
clearly species-specific.
The dominant physiological forcing factor of the CO2-dependent 13C
fractionation in primary producers is the kinetic fractionation by the carbonfixing enzyme RubisCO (e.g. Raven and Johnston, 1991). Experiments
based on RubisCO isolated from higher plants indicated values of 26-30‰
(e.g. Christeller et al., 1976; Roeske and O’Leary, 1984; McNevin et al.,
2007). This is somewhat higher than estimates for RubisCO in marine
phytoplankton that yields values of ~24‰ (e.g. Roeske and O’Leary, 1985;
Guy et al., 1993; Scott et al., 2007). A recent study on the coccolithophore
Emiliania huxleyi found a surprisingly low fractionation value of 11‰
(Boller et al., 2011), which might lead to re-evaluation of 13C data from
various (geo)biological fields. Along with the RubisCO type, 13C
fractionation is influenced by the relative uptake of CO2 and HCO3(Sharkey and Berry, 1985) as the equilibrium discrimination between these
carbon species is ~10‰ (Mook et al., 1974). Furthermore, the amount of
CO2 that is leaking out of the cell in relation to total inorganic carbon uptake
impacts 13C fractionation (Sharkey and Berry, 1985). More specifically, 13C
fractionation is high with high leakage because the intracellular 12C pool is
replenished at a higher rate.
The 13C fractionation of autotrophic dinoflagellates, abundant eukaryotic
unicellular algae, has been shown to vary with CO2. For instance, based on
culturing experiments, Burkhardt et al. (1999a) investigated the effects of
growth rate, CO2 and cell size on 13C fractionation in one dinoflagellate
species and found a clear CO2-sensitivity. Similarly, CO2-dependent 13C
fractionation has been found in other both non-calcareous (Rost et al., 2006)
and calcareous dinoflagellate species (Van de Waal et al., 2013). It has
furthermore been shown that dinoflagellates possess effective carbon
concentrating mechanisms (CCMs), including active uptake of both CO2
and HCO3-. The regulations of these CCMs were shown to be CO2 sensitive
(Rost et al., 2006; Eberlein et al., 2014), which may have consequences for
13
C fractionation.
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Here, we aim to evaluate how 13C fractionation compares between
dinoflagellate species. In addition, we quantify the dependency of 13C
fractionation to CO2 concentrations ranging from those prevailing during the
last glacial (180 μatm) to those projected for the beginning of the next
century (~1200 μatm). We performed dilute batch culture experiments with
Alexandrium tamarense, Scrippsiella trochoidea, Gonyaulax spinifera and
Protoceratium reticulatum and show that these species exhibit a clear, yet
specific 13C fractionation response to CO2. Notably, these dinoflagellate
species produce cysts (dinocysts) as part of their life cycle. The organic
dinocysts of G. spinifera and P. reticulatum (Spiniferites ramosus and
Operculodinium centrocarpum) are recorded ubiquitously in sediments
down to the early Cretaceous (~144-65 Ma BP) and early Cenozoic (~65 Ma
BP), respectively. Such CO2-dependent changes in 13C fractionation may
therefore be a first step in the development of a CO2 proxy based on cystproducing dinoflagellate species.
2. Material and Methods
2.1 Experimental setup
Cultures of Alexandrium tamarense (strain Alex5; Tillmann et al., 2009),
Scrippsiella trochoidea (strain GeoB267), Gonyaulax spinifera (strain
CCMP 409) and Protoceratium reticulatum (strain CCMP 1889), were
grown as dilute batch cultures in 2.4 L air tight borosilicate bottles at a
constant temperature of 15°C. Bottles were pre-aerated with air containing
pCO2 representing approximations of the Last Glacial Maximum (180
μatm), present-day (380 μatm), and distant past levels that could be
considered future scenarios as well (800 and 1200 μatm), representing a
range of dissolved CO2 concentrations of ~5-50 μmol L-1. These levels were
obtained by mixing CO2-free air (<0.1 μatm pCO2, Domnick Hunter,
Willrich, Germany) with pure CO2 (Air liquide Deutschland, Düsseldorf,
Germany) using mass flow controllers (CGM 2000, MCZ Umwelttechnik,
Bad Nauheim, Germany). Each pCO2 treatment was performed in triplicate.
Experiments were carried out at low cell densities with a final concentration
of up to 400 cells mL-1 in order to assure that changes in carbonate
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chemistry remained low (i.e. <3.5% with respect to dissolved inorganic
carbon; DIC). Cultures were grown at a salinity of 34 in filtered North Sea
water (cellulose acetate membrane, 0.2 μm pore size, Sartorius, Göttingen,
Germany), enriched with 100 μmol L-1 nitrate and 6.25 μmol L-1 phosphate.
Metals and vitamins were added according to f/2 medium (Guillard and
Rhyther, 1962), except for FeCl3 (1.9 μmol L-1), H2SeO3 (10 nmol L-1) and
NiCl2 (6.3 nmol L-1) that were added according to K medium (Keller et al.,
1987). To avoid sedimentation and aggregation, bottles were placed on a
roller table. Daylight tubes (Lumilux HO 54W/965, Osram, München,
Germany) installed above the roller table provided an incident light intensity
of 250 ± 25 μmol photons m-2 s-1 at a 16:8 h light:dark cycle.
2.2 Sampling and analyses
To monitor changes in the carbonate chemistry of each of the four tested
pCO2 treatments, pH was measured every other day using a WTW 3110 pH
meter equipped with a SenTix 41 Plus pH electrode (WissenschaftlichTechnische Werkstätten GmbH, Weilheim, Germany), which was calibrated
prior to each measurement on the National Bureau of Standards (NBS)
scale. To measure total alkalinity (TA), samples of 50 mL culture
suspension were filtered over cellulose acetate syringe filters (Thermo
Scientific, 0.2 μm pore size) and stored in gas tight borosilicate bottles at
3°C. Samples were then analyzed in duplicates using an automated
TitroLine burette system (SI Analytics, Mainz, Germany). For colorimetric
analysis of DIC, 4 mL of cell suspension was filtered over a 0.2 μm
cellulose acetate filter and stored in headspace free gas tight borosilicate
bottles at 3°C. Samples were measured in duplicates using a QuAAtro
autoanalyser (Seal Analytical, Mequon, USA). Both TA and DIC were
measured at the beginning and the end of each experiment to ensure together
with pH measurements a complete resolution of the carbonate chemistry.
The carbonate chemistry was assessed with the program CO2sys (Pierrot et
al., 2006), using TA and pH (average values of beginning and end of each
experiment), temperature, salinity and phosphate concentration. The
dissociation constants of carbonic acid and sulfuric acid were based on
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Mehrbach et al. (1973), refit by Dickson and Millero (1987) and Dickson
(1990), respectively.
Cells were acclimated to the pCO2 treatments for at least 7 generations (i.e.
>21 days) prior to each experiment. Duplicate samples of 1-20 mL culture
suspension were fixed with neutral Lugol’s solution (2% final concentration
in MilliQ) and counted every day or every other day with an inverted light
microscope (Axiovert 40C, Zeiss, Germany). Growth rates (μ; d-1) were
assessed separately for each biological treatment by fitting an exponential
function through the cell numbers over time according to:
Eq. 1

with B referring to cell number at time t, B0 to the cell number at the start of
the experiment, and μ referring to the specific growth rate. Particulate
organic carbon (POC) production (μc; pg C cell-1 day-1) is calculated by
multiplying growth rate with POC quota (pg C cell-1). To measure POC and
its carbon isotopic composition (δ13CPOC), 300-400 mL of culture
suspension was filtered over precombusted GF/F filters (6 h, 500°C). Filters
were stored in pre-combusted glass Petri dishes and 200 mL of HCl (0.1
mol L-1) was added to remove the inorganic carbon before they were dried
overnight and stored at -25°C. POC and δ13CPOC were then measured in
duplicate samples with an Automated Nitrogen Carbon Analyser mass
spectrometer (ANCA- SL 20-20, SerCon Ltd., Crewe, UK), with a precision
of ±0.5 μg C and 0.3‰, respectively. δ13CPOC is reported relative to the
Vienna PeeDee Belemnite standard (VPDB). For isotopic measurements of
the dissolved inorganic carbon (δ13CDIC), 4 mL of culture suspension was
sterile filtered over 0.2 μm cellulose acetate filters and stored at 3°C. 0.7 mL
of the filtrate was then transferred to 8 mL vials containing three drops of
102% H3PO4 solution, after which the headspace was filled with helium.
After equilibration, the isotopic composition in the headspace was measured
using a GasBench-II coupled to a Thermo Delta-V advantage isotope ratio
mass spectrometer, with a precision of <0.1‰.
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2.3 Carbon isotope fractionation
A mass balance relation following Zeebe and Wolf-Gladrow (2001) was
used to calculate δ13CCO2 from δ13CDIC. Fractionation factors between CO2
and HCO3- and between HCO3- and CO3- were applied according to Mook et
al. (1974) and Zhang et al. (1995), respectively. The isotopic fractionation
during POC buildup, εpCO2, was calculated relative to the isotopic
composition of dissolved CO2 in the water (δ13CCO2) according to Freeman
and Hayes (1992):
Eq. 2

Because dinoflagellates take up both HCO3- and CO2, the isotopic
fractionation during buildup was also calculated based on the isotopic
composition of all inorganic carbon species in the growth medium (i.e.
[CO2]aq, [HCO3-]aq, [CO23-]aq, [H2CO3]aq), here called εpDIC, according to:

Eq. 3

2.4 Statistical analysis
Holm-Sidak tests confirmed normality of the data. Linear and hyperbolic
regressions were used to determine the significance between the tested
variables and CO2. Significant differences between pCO2 treatments were
confirmed by one-way ANOVA followed by post hoc comparison of the
means using the Tukey HSD (α= 0.05; Table 1). Significances of
relationships between 13C fractionation and CO2 were tested by means of
linear regression and significances of relationships between 13C
fractionation and POC quota/CO2 and μc/CO2 were tested by means of
hyperbolic regression. Analytical errors were calculated using the law of
combination of errors (e.g. Barlow, 1989) and approximate 3%, 5%, 6% and
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Figure 1: 13C fractionation based on DIC (εpDIC, circles) and CO2 (εpCO2, triangles)
of the studied dinoflagellates as a function of CO2, and the respective linear
relationships. Linear trend lines represent relationships between εpDIC and CO2
(solid line) and εpCO2 and CO2 (dashed line). Trend lines for G. spinifera represent
the 180, 380 and 800 treatments only. Various pCO2 treatments are indicated by
open (180 μatm), light gray (380 μatm), dark gray (800 μatm) and black (1200
μatm) symbols. The combination of analytical errors for 13C fractionation
approximates 3% and 5% for CO2. Symbols show biological triplicates for each
treatment. For clarity reasons, treatment means and standard deviations are
provided in Table 1.
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8% for 13C fractionation, CO2 concentration, POC quota/CO2 and μc/CO2,
respectively.
3. Results
3.1 Growth parameters as a function of CO2
Growth rates, POC quota and POC production varied between the tested
species and were largely independent of CO2 for A. tamarense and P.
reticulatum. Although growth rates remained unaltered over the applied
CO2 range in S. trochoidea, significantly decreasing POC quotas resulted in
decreasing POC production (linear regression; P<0.05). Growth rates, POC
quota and POC production of the three lower pCO2 treatments of G.
spinifera did not vary significantly. Growth rates of the 1200 pCO2
treatment, however, were significantly lower and POC quota significantly
higher compared to the other pCO2 treatments, resulting in a significantly
increased POC production (ANOVA: P<0.05; Tab. 1). Note that CO2
concentrations of specific pCO2 treatments tend to have higher variations
under elevated pCO2, primarily due to the lowered buffering capacity under
these conditions (Egleston et al., 2010). Effective CO2 concentrations
nonetheless always differed significantly between the treatments for each
tested species (ANOVA; P<0.05; Tab. 1).
3.1 Carbon isotopic fractionation
C fractionation (εpDIC and εpCO2) of all tested species, except for G.
spinifera, show significant positive correlations with CO2 over the whole
range of applied CO2 concentrations (P<0.05; Figure 1). Slopes of the linear
relationship range from 0.05 to 0.17‰ (µmol CO2 L)-1 in A. tamarense, S.
trochoidea and P. reticulatum. 13C fractionation of G. spinifera is clearly
CO2-dependent in the three lower pCO2 treatments (Fig. 1c). Since the 13C
fractionation in the highest pCO2 treatment is very low, however, no linear
relationship can be obtained over the entire CO2 range tested. We found no
significant linear relationship between 13C fractionation and growth rate,
POC quota or POC production, except for S. trochoidea, for which 13C
fractionation is correlated to both POC quota and POC production (linear
13
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Figure 2: 13C fractionation based on CO2 (εpCO2, triangles) and DIC (εpDIC, circles)
of the studied dinoflagellates as a function of POC quota/CO2, and the respective
hyperbolic relationships. Trend lines represent relationships between εpCO2 and
POC quota/CO2 (solid line) and εpDIC and POC quota/CO2 (dashed line). Various
pCO2 treatments are indicated by open (180 μatm), light gray (380 μatm), dark
gray (800 μatm) and black (1200 μatm) symbols. The combination of analytical
errors for 13C fractionation approximates 3% and 6% for POC quota/CO2. Symbols
show biological triplicates for each treatment. For clarity rea sons, treatment means
and standard deviations are provided in Tab. 1.

regression; P<0.05; data not shown). To account for possible combined
effects of growth parameters and CO2 on 13C fractionation, we investigate
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Figure 3: 13C fractionation based on CO2 (εpCO2, triangles) and DIC (εpDIC, circles)
of the studied dinoflagellates as a function of μc/CO2, and the respective hyperbolic
relationships. Trend lines represent relationships between εpCO2 and μc/CO2 (solid
line) and εpDIC and μc/CO2 (dashed line). Various pCO2 treatments are indicated by
open (180 μatm), light gray (380 μatm), dark gray (800 μatm) and black (1200
μatm) symbols. The combination of analytical errors for 13C fractionation
approximates 3% and 8% for μc/CO2. Symbols show biological triplicates for each
treatment. Treatment means and standard deviations are provided in Tab. 1.

the relationship between

13

C fractionation and POC quota/CO2 or μc/CO2
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(Figs. 2, 3). In all tested species, significant relationships between 13C
fractionation and POC quota/CO2 or μc/CO2 were obtained (P<0.05; Figs. 2,
3). Generally, 13C fractionation is hyperbolically correlated to POC
quota/CO2 or μc/CO2. In A. tamarense and S. trochoidea, significant
hyperbolic correlations were also found between 13C fractionation and
μ/CO2 (P<0.05; data not shown).
4. Discussions
In this study, we investigated 13C fractionation of four different
dinoflagellate species over a wide range of pCO2. With the exception of one
treatment in G. spinifera, 13C fractionation increased linearly with
increasing CO2 levels. Since 13C fractionation may be related to changing
growthparameters, we moreover investigated their growth rates, POC quota
and POC production. Growth rates, POC quota and POC production
differed substantially between the tested species but remained generally
unaltered over the tested CO2 range. Highest CO2-dependent sensitivities in
13
C fractionation were observed under low POC quota and POC production
(i.e. low carbon demand) in combination with high CO2 concentrations (i.e.
high carbon supply).
4.1 Carbon isotope fractionation
In all tested dinoflagellate species, 13C fractionation is clearly CO2
dependent (Fig. 1). With linear slopes of 0.17‰ (µmol L)-1 for Gonyaulax
spinifera (for the range 180 – 800 μatm CO2) and 0.16‰ (µmol L)-1 for
Scrippsiella trochoidea, CO2 dependency of 13C fractionation was stronger
than the steepest of the various slopes observed for the coccolith-bearing,
alkenone producing algae Emiliania huxleyi (~0.13‰ (µmol L)-1; Riebesell
et al., 2000; Rost et al., 2002). In comparison, slopes of Alexandrium
tamarense (0.11‰ (µmol L)-1) and Protoceratium reticulatum (0.05‰
(µmol L)-1) were comparable or lower, respectively. The observed
relationships between 13C fractionation and CO2 are strongly speciesspecific (Fig. 1). This may be the result of differences in growth rates and/or
POC production, as observed in various phytoplankton species (Fry and
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Wainright, 1991; Laws et al., 1995, 1997; Rau et al., 1996; Rost et al.,
2002). Rau et al. (1996) and Popp et al. (1998) proposed species-specific
13
C fractionation to be related to cell morphology, which alters the POC
quota to surface area ratios. In this study, however, all species have
spherical cell geometry with little differences in size; therefore including
surface area does not reduce the observed species-specific differences in 13C
fractionation.
Including growth rates and POC production, however, indeed improved
relationships (i.e. higher R2 values for S. trochoidea, G. spinifera and P.
reticulatum; Figs. 2, 3), even though significant species-specific differences
in CO2-dependent 13C fractionation remain. Crucially, this shows that the
low fractionation factor recorded in G. spinifera in the 1200 μatm pCO2
treatment is in large part related to significantly increased POC quota and
decreased growth. Cells in this treatment were observed to be significantly
larger, and grew significantly slower, than cells in the 180, 380 and 800
μatm pCO2 treatments. At present there is no mechanistic explanation for
this offset.
The correlations between 13C fractionation and POC quota/CO2 or μc/CO2
were not linear but hyperbolic, possibly indicating the presence of CCMs in
the tested species. CCMs involve different components and processes, of
which two can in principle affect 13C fractionation: 1) the acquisition of not
only CO2 but also HCO3- through active uptake, and/or 2) changes in the
amount of CO2 leaking out of the cell. Since HCO3- is 13C-enriched relative
to CO2, a decrease in its uptake, e.g. with increasing CO2 concentrations,
may increase 13C fractionation. Increasing leakage may also increase 13C
fractionation since it replenishes the intracellular inorganic carbon pool and
thus decreases the 13C accumulation in the vicinity of RubisCO (Sharkey
and Berry, 1987; Francois et al., 1993; Rost et al., 2006). CCMs have been
reported to differ between A. tamarense, S. trochoidea and P. reticulatum,
with respect to the relative HCO3- uptake and leakage as well as to their
CO2-dependent regulation (Rost et al., 2006; Ratti and Giordano, 2007;
Eberlein et al., 2014). Further elucidation of the carbon acquisition
characteristics of the tested dinoflagellate species will help developing
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mechanistic models describing CO2-dependent
potential proxy species.

13

C fractionation for

4.2 Proxy application outlook
The CO2 dependency of 13C fractionation in dinoflagellates as described
here implies that 13C signatures may potentially be used for the
reconstruction of past CO2 concentrations. The experiments indicate that
variations in growth rates and POC quota and/or POC production may affect
13
C fractionation. However, G. spinifera is the only species that showed
CO2-dependent changes in these parameters (Tab. 1). Crucially, 13C
fractionation in G. spinifera correlates best to POC quota/CO2 (Fig. 2c),
rather than µc/CO2 (Fig. 3c), indicating a stronger effect of POC quota on
13
C fractionation than growth rates. While growth rates are difficult to
constrain for paleoreconstructions (Eppley, 1972; Popp et al., 1997), POC
quotas may be estimated based on cyst size. For instance, Menden-Deuer
(2002) reviewed previous and own data to infer carbon to volume
relationships in dinoflagellates and other protists. Although these
relationships also include species like S. trochoidea, estimated cell volumes
based on measured POC quotas were significantly overestimated for our
species, as shown as an example for G. spinifera in Fig. 4. As mentioned by
Menden-Deuer (2002), dinoflagellates have significantly higher carbon
contents per volume than e.g. diatoms. For some dinoflagellate species, the
carbon density may be even higher and result in the overestimation.
Deriving a carbon to volume relationship specific for certain dinoflagellate
species may solve the issue. In fact, microscopic measurements of some of
the here tested species suggest that cell size is directly proportional to POC
quota (radius (μm) ~ POC quota1/3 (pg C cell-1; Fig. 4). Consequently, such
simple relationships may be applied for reconstructing POC quota based on
cell volume. A complicating factor is the relationship between size of cells,
as described here, and the size of cysts, found in the sedimentary records.
Further work on the relationship between cell size and cyst size is required
to better assess POC quota during 13C fractionation. Alternatively, large
cysts, i.e. large cells with an extraordinarily high POC quota, as found in the
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Figure 4: Cell volumes of G. spinifera calculated based on microscope
measurements (black circles; n= 10-15; ±SD), calculated based on the simple
relationship between POC quota and cell volume, which is described by a
simple POC quota to volume relationship (open circles; n= 3; ±SD), and
averages of all relationships between POC quotas and cell volumes that are
provided by Menden and Deuer (2002; open triangles; n=6; ±SD).

1200 μatm pCO2 treatment of G. spinifera (Tab. 1), could be excluded from
paleoreconstructions. As POC quotas of all other tested species were in a
range between ~2000–4000 pg C cell-1 (Tab. 1), cells with extraordinarily
high carbon contents (~8000 pg C cell-1 and bigger) may relatively easily be
identified.
Although the experiments presented here suggest a rather negligible
influence of growth rates on 13C fractionation (cf. Figs. 2c, 3c), their
potential influence must be tested further. For instance, higher temperatures
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may lead to changes in growth rates that will depend on the species-specific
growth optima, while limitation by resources, for example light, may cause
a decrease in growth rate. This is especially important since other studies
have shown that environmental factors, including light availability, affect
13
C fractionation in diatoms, a haptophyte, as well as a dinoflagellate
species (Burkhardt et al., 1999b; Rost et al., 2002). Taking potential
influences of growth rates on 13C fractionation into account, estimations
could be made by preferentially choosing those study sites for
paleoreconstructions, where oceanographic settings stayed relatively
constant throughout the past.
The observed species-specific differences illustrate the complexity and
variety of physiological processes affecting 13C fractionation. In fact, the use
of multiple species in eventual proxy application could circumvent potential
biases caused by the influence of environmental factors as light, nutrients
and temperature. Additionally, the morphology of the cysts produced by
dinoflagellates is highly species-specific so that species-specific calibrations
can be confidently used to calculate paleo pCO2. Approximately 15% of the
modern dinoflagellate species produce resting cysts (dinocysts), mainly
during the sexual life cycle (Fensome et al., 1993). Sexual reproduction and
subsequent cyst formation is usually triggered when dinoflagellates grow
under nutrient (e.g. nitrogen or phosphorus) depletion at the end of blooms
(Ellegaard, 1998; Rochon et al., 2009) and can happen rapidly within few
minutes to an hour (Kokinos et al., 1995; Hallet, 1999; Rochon et al., 2009).
Most species produce cysts of organic matter, which are not susceptible to
dissolution and very resistant to oxidation relative to other organic
substrates. Consequently, dinocysts are typically found in sediments that are
not completely oxidized. Dinocysts are found in sediments as old as the
Triassic (~215 Ma) and have provided valuable biostratigraphic tools and
paleoenvironmental proxies on geological timescales (MacRae et al., 1996;
Sluijs et al., 2005). Furthermore, cysts of many dinoflagellate species,
including the ones of G. spinifera and P. reticulatum, can be found in
sediments of very different oceanographic settings; i.e., they have a high
tolerance for a range of nutrient concentrations and temperatures and can
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thus be considered as cosmopolitan (Zonneveld et al., 2012). As they range
in size between 20 and 150 μm, individuals can be identified and readily
isolated to the biological species level using light microscopy. Finally,
dinocysts contain sufficient carbon to determine their 13C fractionation, in
principle, on single cysts to few individuals.
Although cyst formation and early diagenesis (Zonneveld et al., 2008;
Versteegh et al., 2010) may affect the δ13C of dinocysts, sedimentary studies
have shown that dinocyst δ13C is related to the isotopic composition of
dissolved inorganic carbon in seawater (δ13CDIC; Sluijs et al., 2007). Cyst
formation in controlled growth experiments and core top calibrations are
needed to further constrain the relation between pCO2, dinoflagellate 13C
fractionation and dinocyst δ13C. Atmospheric pCO2 changed considerably
over geological timescales, varying between 180 μatm to several thousands
of μatm (e.g. Petit et al., 1999; Berner, 2006; Royer et al., 2006; Zhang et
al., 2013). Several proxies based on different organisms, shells and even
mineral occurrences have been suggested for quantitative CO2
reconstructions (e.g. Sanyal et al., 1996; Jasper et al., 1994; Bidigare et al.,
1997; Eugster, 1966; Lowenstein and Demicco, 2006; Van Der Burgh et al.,
1993). Since available proxies are affected by factors other than CO2, the
quest for additional constraints on past pCO2 remains important.
5. Conclusions
Dilute batch experiments have been performed with four dinoflagellate
species in order to quantify the relationship between their 13C fractionation
and CO2 concentrations. Clear relationships between 13C fractionation and
CO2 concentrations were found for all tested species. However, an offset
was found for the highest pCO2 treatment of G. spinifera, when cells
exhibiting extraordinarily high POC quotas yielded very low fractionation
factors. Apparently, changing cellular organic carbon content (POC quota)
relates to 13C fractionation in G. spinifera to a greater extent than variations
in growth rate. These results may be interpreted as a first step towards a
proxy for past pCO2 based on carbon isotope ratios of fossil organic
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dinoflagellate cysts, although a suite of biological and biogeological
experiments are required to establish a reliable proxy.
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CO2-DEPENDENT CARBON ISOTOPE
FRACTIONATION IN DINOFLAGELLATES RELATES
TO THEIR INORGANIC CARBON FLUXES

CHAPTER III
Abstract
Carbon isotope fractionation (εp) between the inorganic carbon source
and organic matter has been proposed to function as a potential proxy for
pCO2. To understand the CO2-dependency of εp and species-specific
differences therein, inorganic carbon fluxes in the four dinoflagellate
species Alexandrium tamarense, Scrippsiella trochoidea, Gonyaulax
spinifera and Protoceratium reticulatum have been measured by means
of membrane-inlet mass spectrometry. In-vivo assays were carried out at
different CO2 concentrations, representing a range of pCO2 from 180 to
1200 μatm. The relative bicarbonate contribution (i.e. the ratio of relative
bicarbonate uptake to total inorganic carbon uptake) and leakage (i.e. the
ratio of CO2 efflux to total inorganic carbon uptake) varied from 0.2 to
0.5 and 0.4 to 0.7, respectively, and differed significantly between
species. These ratios were fed into a single-compartment model and εp
was calculated and compared to carbon isotope fractionation measured
under the same conditions. For all investigated species, modeled and
measured εp values were comparable (A. tamarense, S. trochoidea, P.
reticulatum) and/or showed similar trends with pCO2 (A. tamarense, G.
spinifera, P. reticulatum). Offsets are attributed to biases in inorganic
flux measurements, an overestimated fractionation factor for the CO2fixing enzyme RubisCO, or the fact that intracellular inorganic carbon
fluxes were not taken into account in the model. This study demonstrates
that CO2-dependency in εp can largely be explained by the inorganic
carbon fluxes of the individual dinoflagellates. Since results further
indicate pronounced species-specific differences, it is also stressing the
importance to only consider monospecific samples when applying
dinoflagellate carbon isotope fractionation as a proxy.
1. Introduction
During photosynthetic carbon fixation, the lighter carbon isotope 12C is
preferred over the heavier carbon isotope 13C, thereby causing carbon
isotope fractionation (εp) between the inorganic carbon (Ci) source and
the organic carbon. Values for εp of marine phytoplankton have been
shown to be CO2-sensitive (e.g. Degens et al., 1968) and thus may serve
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as a proxy for past CO2 concentrations (Jasper and Hayes, 1990; Pagani
et al., 2014; Hoins et al., 2015). Large species-specific differences in εp
have been described, which are only poorly understood (e.g. Hinga et al.,
1994, Burkhardt et al., 1999). Moreover, irrespective of the
phytoplankton species investigated, most of these studies have solely
described the relationship between εp and CO2, and only few have
investigated the underlying physiological processes. Such mechanistic
understanding is, however, needed to identify the reasons for the CO2dependency of εp and thus to confirm the basic proxy concept.
Carbon isotope fractionation of phytoplankton is primarily driven by the
enzyme ribulose-1,5-bisphosphate Carboxylase/Oxygenase (RubisCO),
which is responsible for the fixation of CO2 into organic compounds. The
intrinsic fractionation associated with RubisCO (εf) has been estimated to
range between ~22 and 30‰ (e.g. Roeske and O’Leary, 1984; Guy et al.,
1993; Scott et al., 2007), even though a recent study obtained values as
low as 11‰ for the RubisCO of the coccolithophore Emiliania huxleyi
(Boller et al., 2011). While RubisCO principally sets the upper limit of
fractionation, other processes strongly determine the degree to which
RubisCO can express its fractionation (Sharkey and Berry, 1985;
Burkhardt et al., 1999; Rost et al., 2002). First, there is leakage, i.e. the
amount of CO2 diffusing out of the cell in relation to Ci uptake. With
higher leakage, the intracellular Ci pool is ‘refreshed’, thereby preventing
accumulation of 13C and allowing RubisCO to approach its upper
fractionation values. Second, the relative contribution of bicarbonate
(HCO3-) to total Ci uptake plays a role, as HCO3- is enriched in 13C by
~10‰ relative to CO2 (Mook et al., 1974). An increasing HCO3contribution thus lowers εp. The enzyme carbonic anhydrase (CA), which
accelerates the otherwise slow interconversion between CO2 and HCO3-,
can also influence εp under certain conditions, e.g. by influencing leakage
as well as the relative HCO3- contribution. All these processes play a role
in the carbon concentrating mechanisms (CCMs) of phytoplankton.
Assessing the mode of CCMs may therefore help to understand the
reasons for CO2-dependent changes in εp and species-specific differences
therein.
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Dinoflagellates are cosmopolitan unicellular algae that occur in many
different environments, including eutrophic coastal regions and
oligotrophic open oceans. Approximately 15% of all known
dinoflagellate species are able to produce cysts as a part of their life
cycle, of which some are highly resistant against degradation (Fensome
et al., 1996). As dinoflagellate cysts can be found in sediments as old as
the Triassic (~240 Ma), they offer the potential to function as proxies for
CO2 concentrations of the ancient past. In this study, we investigated
whether the CO2-dependency of εp, which was found in the dinoflagellate
species Alexandrium tamarense, Gonyaulax spinifera, Protoceratium
reticulatum and Scrippsiella trochoidea (Burkhardt et al., 1999a; Hoins
et al., 2015), can be explained by changes in their Ci fluxes. CCM
characteristics of these tested species, including their CA activities and
Ci fluxes, were measured by means of membrane-inlet mass
spectrometry (MIMS). Results were fed into a single-compartment model
that considers cellular leakage, the relative HCO3- contribution as well as
the carbon isotope fractionation of RubisCO (Sharkey and Berry, 1985;
Burkhardt et al., 1999). The calculated carbon fractionation (εp-mod) was
then compared to the measured carbon isotope fractionation (εp-meas).
2. Material and methods
2.1 Incubations
Cultures of the dinoflagellate species Alexandrium tamarense (strain
Alex5; Tillmann et al., 2009), Scrippsiella trochoidea (strain GeoB267;
culture collection of the University of Bremen), Gonyaulax spinifera
(strain CCMP 409) and Protoceratium reticulatum (strain CCMP 1889)
were grown in 0.2 µm filtered North Sea water (salinity 34), which was
enriched with 100 μmol L-1 nitrate and 6.25 μmol L-1 phosphate. Metals
and vitamins were added according to f/2 medium (Guillard and Rhyther,
1962), except for FeCl3 (1.9 μmol L-1), H2SeO3 (10 nmol L-1) and NiCl2
(6.3 nmol L-1) that were added according to K medium (Keller et al.,
1987). Each of the strains was grown in 2.4 L air-tight borosilicate
bottles at 15°C and 250 ±25 μmol photons m-2 s-1 at a 16:8 h light:dark
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cycle. Bottles were placed on roller tables in order to avoid
sedimentation and aggregation.
Dissolved CO2 concentrations ranged from ~5-50 μmol L-1 and were
reached by pre-aerating culture medium with air containing 180, 380,
800 and 1200 μatm pCO2. The carbonate chemistry was constrained by
pH and total alkalinity (TA), using the program CO2sys (Lewis and
Wallace, 2006). pH values were measured using a WTW 3110 pH meter
equipped with a SenTix 41 Plus pH electrode (WTW, Weilheim,
Germany), which was calibrated prior to measurements to the National
Bureau of Standards (NBS) scale. TA was determined using an
automated TitroLine burette system (SI Analytics, Mainz, Germany).
Dissolved inorganic carbon (DIC) was determined colorimetrically using
a QuAAtro autoanalyser (Seal Analytical, Mequon, USA). For more
details on the carbonate chemistry in the acclimations, please refer to
Eberlein et al. (2014) for A. tamarense and S. trochoidea and to Hoins et
al. (2015) for G. spinifera and P. reticulatum.
To determine εp values, the isotopic composition of the organic material
was measured using an Automated Nitrogen Carbon Analyser mass
spectrometer (ANCA- SL 20-20, SerCon Ltd., Crewe, UK) and the
isotopic composition of the DIC in growth medium was measured using
a GasBench-II coupled to a Thermo Delta-V advantage isotope ratio
mass spectrometer (see Hoins et al., 2015 for details on isotope analysis).
Prior to assays, cells were acclimated to the different CO2 concentrations
for at least 7 generations (i.e. >21 days). To prevent changes in the
carbonate chemistry, i.e. keeping drawdown of DIC <3%, incubations
were terminated at low cell densities (<400 cells mL-1).
2.2 MIMS assays
A custom-made membrane-inlet mass spectrometer (MIMS; Isoprime,
GV Instruments, Manchester, UK; see Rost et al., 2007 for details) was
used to determine CA activities and Ci fluxes of A. tamarense and S.
trochoidea acclimated to four different pCO2 (i.e. 180, 380, 800 and
1200 μatm; Eberlein et al., 2014), and of G. spinifera and P. reticulatum
acclimated to a low and high pCO2 (i.e. 180 and 800 μatm). Assays were
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performed in an 8 mL temperature-controlled cuvette, equipped with a
stirrer. Assay tests over ~1h confirmed that conditions during the assay
do not cause physiological stress (i.e. no decline in O2 production rates),
and subsequent microscopic inspection did not reveal any visual effects
on cell morphologies. Prior to the measurements, acclimated cells were
concentrated using a 10 μm membrane filter (Millipore, Billerica, MA)
by gentle vacuum filtration (<200 mbar) and stepwise transferred into Cifree medium buffered with a 4-(2-hydroxylethyl)-1-piperazineethanesulfonic acid (50 mmol-1 HEPES) solution at 15 ±0.3°C and a pH
of 8.0 ±0.1. Chlorophyll a (Chl-a) concentrations were determined
fluorometrically by using a TD-700 Fluorometer (Turner Designs,
Sunnyvale, CA, USA) and ranged between 0.15 and 1.70 μg mL-1 during
the assays.
To quantify activities of extracellular CA (eCA), the 18O depletion rate of
doubly labeled 13C18O2 in seawater was determined by measuring the
transient changes in 13C18O18O (m/z= 49), 13C18O16O (m/z= 47) and
13 16 16
C O O (m/z= 45) in the dark, following the approach of Silverman
(1982). If cells possess eCA, exchange rates of 18O are accelerated
relative to the spontaneous rate. To monitor the spontaneous rate,
NaH13C18O3 label was injected to the cuvette, waiting until the m/z= 49
signal reached a steady-state decline. This rate was then compared to the
steady-state decline after cells were added. Following Badger and Price
(1989), eCA activity is expressed as percentage decrease in 18O-atom
fraction upon the addition of cells, normalized to Chl-a. Consequently,
100 units (U) correspond to a doubling in the rate of interconversion
between CO2 and HCO3- per µg Chl-a.
Photosynthetic O2 and Ci fluxes were determined following Badger et al.
(1994). Making use of the chemical disequilibrium, this approach
estimates CO2 and HCO3- fluxes during steady-state photosynthesis. It is
based on the simultaneous measurements of O2 and CO2 concentrations
during consecutive light and dark intervals with increasing amounts of
DIC. O2 fluxes in the dark and light are converted into Ci fluxes by
applying a respiratory quotient of 1.0 and a photosynthetic quotient of
1.1 (Burkhardt et al., 2001; Rost et al., 2003). The light intensity in the
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cuvette was adjusted to the acclimation conditions (i.e. 250 ±25 μmol
photons m-2 s-1). Net CO2 uptake was calculated from the steady-state
decline in CO2 concentration at the end of the light period, corrected for
the interconversion between CO2 and HCO3-. HCO3- uptake was
calculated by subtracting net CO2 uptake from net Ci uptake. CO2 efflux
from the cells was estimated from the initial slope after turning off the
light. Rate constants k1 and k2 were determined based on temperature,
salinity and pH (Zeebe and Wolf-Gladrow, 2001; Schulz et al., 2006),
yielding mean values of 0.9241 (±0.0506) min-1 and 0.0085 (±0.0008)
min-1, respectively. For more details on the calculations, please refer to
Badger et al. (1994) and Schulz et al. (2007).
2.3 Single-compartment model
To calculate εp-mod, results for the relative HCO3- contribution and
leakage were fed into a single-compartment model after Sharkey and
Berry (1985) and Burkhardt et al. (1999):
εp-mod = RHCO3 × εs+ LCO2 × εf

Eq. 1

where RHCO3 represents the ratio of HCO3- to total Ci uptake, εs the
equilibrium fractionation between CO2 and HCO3- (-10‰; Mook et al.,
1974), LCO2 the ratio of CO2 efflux relative to total Ci uptake, and εf the
kinetic fractionation associated with the CO2 fixation of RubisCO, which
was here assumed to be 28‰ after Raven and Johnston (1991).
2.4 Statistical analysis
Shapiro-Wilk tests confirmed normality of the data. Significant
differences between CO2 treatments were confirmed by a one-way
ANOVA followed by post hoc comparison of the means using the Tukey
HSD (α= 0.05; Table 1).
3. Results
3.1 CA activity
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In A. tamarense and P. reticulatum, eCA activities were low with
maximum activities of 156 U (µg Chl-a)-1 and 44 U (µg Chl-a)-1,
respectively. In S. trochoidea and G. spinifera, eCA activities were
comparably high with up to 1600 U (µg Chl-a)-1 and 1100 U (µg Chl-a)1
, respectively. In neither of the species, eCA activities were responding
to changes in pCO2. Please note that for G.spinifera and P. reticulatum
no statistics could be applied due to the lack of replication.
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Figure 1: Relative HCO3- contribution, leakage and εp-mod and εp-meas in A.
tamarense. Each data point represents the mean ±standard deviation (n=3).
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Figure 2: Relative HCO3- contribution, leakage and εp-mod and εp-meas in S.
trochoidea. Each data point represents the mean ±standard deviation (n=3).
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Figure 3: Relative HCO3- contribution, leakage and εp-mod and εp-meas in G.
spinifera. Each data point represents the mean ±standard deviation (n=3).
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Figure 4: Relative HCO3- contribution, leakage and εp-mod and εp-meas in P.
reticulatum. Each data point represents the mean ±standard deviation (n=3).
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3.2 HCO3- contribution and leakage
Relative HCO3- contribution was around 0.2 in A. tamarense and G.
spinifera (Fig. 1A and Fig. 3A; Table 1), whereas S. trochoidea and P.
reticulatum showed higher values of ~0.5 (Fig. 2A and Fig 4A; Table 1).
In other words, in A. tamarense and G. spinifera approximately 80% of
the Ci taken up is in the form of CO2, whereas in S. trochoidea and P.
reticulatum this was 50%. There was a significant decrease in HCO3contribution with increasing CO2 concentration in S. trochoidea, while
no such CO2-dependency was observed in any of the other tested species.
Leakage differed significantly between the tested species, with values of
up to 0.7 at 800 µatm pCO2 in G. spinifera (Fig. 3A; Table 1) and lowest
average values of ~0.5 in S. trochoidea and P. reticulatum, respectively
(Fig. 2A and Fig. 4A; Table 1). Only in A. tamarense, leakage was
significantly CO2-dependent and increased from 0.44 to 0.63 (Fig. 1A;
Table 1). For details on the kinetics of O2, CO2 and HCO3- fluxes in A.
tamarense and S. trochoidea, please refer to Eberlein et al. (2014).
3.3 Ci flux based εp calculations
Estimates for εp-mod are in the same range as εp-meas in A. tamarense and
P. reticulatum (Fig. 1B and Fig. 4B; Table 1), while the model
overestimated the fractionation by up to 5‰ and 8‰ in S. trochoidea and
G. spinifera, respectively (Fig. 2B and Fig. 3B; Table 1). Except for S.
trochoidea, εp-mod generally matches trends observed in εp-meas. In A.
tamarense, for instance, εp-mod increased significantly from 10.1 to
15.3‰, thereby closely matching εp-meas values (Fig. 1B; Table 1). Also
in G. spinifera, εp-mod matches trends observed in εp-meas, if the highest
pCO2 treatment of εp-meas is not considered. In this treatment, carbon
isotope fractionation dropped significantly, most likely due to 2.5-fold
increased cellular carbon contents (see discussion in Hoins et al., 2015).
In S. trochoidea, neither the relative HCO3- contribution nor leakage
showed a CO2-dependency; hence εp-mod did not match the increase in εpmeas with increasing CO2 concentration (Fig. 2B; Table 1).
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4. Discussion
4.1 CA activity plays a minor role in Ci fluxes
By expressing CA, many marine algae species accelerate the otherwise
slow interconversion between CO2 and HCO3-, thereby possibly
facilitating the Ci uptake and internal Ci fluxes. In line with previous
studies on dinoflagellates (Rost et al., 2006; Ratti et al. 2007), A.
tamarense and P. reticulatum exhibit rather low eCA activities, even
under low CO2 concentrations. In view of this, eCA is not expected to
significantly influence Ci fluxes or εp in these species. In S. trochoidea
and G. spinifera, however, eCA activities were high at all tested CO2
concentrations, comparable to values observed for temperate diatoms
(Trimborn et al. 2009). Hence, the inhibition of eCA by the inhibitor
DBS during the MIMS assay might have biased the Ci fluxes, i.e.
underestimated CO2 uptake (Rost et al., 2003), thereby potentially
causing an underestimation of εp. However, as these were the species for
which the model overestimated εp values, it can be concluded that eCA
(and its inhibition by DBS during the Ci flux measurements) did not
influence the Ci fluxes much.
4.2 Species-specific differences in Ci fluxes
The HCO3- contribution differed considerably between the tested species.
While A. tamarense and G. spinifera showed a strong preference for
CO2, S. trochoidea and P. reticulatum used CO2 and HCO3- in equal
proportions. The latter contradicts with the findings of an endpoint pHdrift experiment, suggesting that P. reticulatum is not able to efficiently
use HCO3- (Ratti et al., 2007). Testing other dinoflagellates with a
modified pH-drift method, including the genus Protoceratium,
demonstrated that the high pH itself can affect growth and thus
interpretations about the used Ci source based on pH-drift experiments
must be considered with caution (Hansen et al., 2007). From an energetic
point of view, high CO2 usage would be of advantage as CO2 can be
taken up passively by diffusion, while HCO3- is charged and thus has to
be taken up by active pumping. And yet, the tested species covered a
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large part of their Ci demand by HCO3-, as observed in S. trochoidea and
P. reticulatum (Fig. 2A and Fig. 4A).
Similarly high HCO3- contributions were observed for other
dinoflagellate species (Rost et al., 2006) and cyanobacteria (Price et al.,
2008; Kranz et al., 2011). This preference for HCO3- has been associated
with the very low CO2-affinity of RubisCO type IB, which is expressed
in cyanobacteria, and RubisCO type II expressed in dinoflagellates
(Badger et al., 1998; Whitney & Andrews, 1998). To compensate for this
low affinity, high amounts of Ci have to be accumulated, which in
seawater can more easily be accomplished with the abundant HCO3- ion
rather than with CO2. In addition, HCO3- is about 1000-fold less
permeable to lipid membranes than CO2, making it the preferred Ci form
to be accumulated within the cell (Price et al., 2008). In the case where
species covered the majority of their Ci demand by CO2, as observed in
A. tamarense and G. spinifera (Fig. 1A and Fig. 3A), one could therefore
speculate about chloroplast-based Ci accumulation rather than pumping
of HCO3- at the cell wall (Badger et al., 1998). The observed differences
in the preferred Ci source and likely consequences for internal Ci fluxes
may also affect the overall leakage of cells.
Also leakage differed considerably among the species. A. tamarense
showed a relatively low leakage of 0.44 at 180 μatm pCO2, which
increased to 0.63 at 1200 μatm pCO2. Leakage in G. spinifera varied
between 0.60 at 180 μatm pCO2 and 0.70 at 800 μatm pCO2. Leakage
estimates in S. trochoidea and P. reticulatum were lower with ~0.50 and
remained constant over the applied range of pCO2. These differences
may be caused by different membrane permeabilities, which again
potentially relate to the preferred Ci source. In fact, A. tamarense and G.
spinifera both preferred CO2 over HCO3- and likewise showed the
highest degrees of leakage, thereby suggesting highly permeable
membranes with respect to CO2. In these species, also CO2-related
changes in the membrane permeability are indicated as they show
significantly increased leakage under higher pCO2 (see also Eberlein et
al., 2014 for A. tamarense).
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4.3 Patterns in carbon isotope fractionation can be explained by Ci
fluxes
Using results for HCO3- contribution and leakage obtained in this study,
carbon isotope fractionation was calculated and compared to previous
measurements (Fig. 1B- Fig. 4B; see also Hoins et al., 2015). Generally,
there is a good agreement as εp-mod and εp-meas values were in the same
range (A. tamarense, S. trochoidea, P. reticulatum) and/or followed the
same trend (A. tamarense, G. spinifera, P. reticulatum; Fig. 1B- Fig. 4B).
Despite the overall agreement between flux-based estimates and directly
measured carbon isotope fractionation, εp-mod was overestimated in S.
trochoidea and G. spinifera. Such offsets could principally be attributed
to biases in the Ci flux measurements, i.e. uncertainties in the estimation
of HCO3- contribution and/or leakage. It has been argued, however, that
the MIMS approach tends to overestimate the HCO3- contribution (due to
the constant pH of 8.0 during the assay, see Burkhardt et al. 2001), and
rather underestimates cellular leakage (due to fact that CO2 fixation does
not cease instantly upon darkening, see Badger et al., 1994). Hence, by
correcting for these potential biases, i.e. assuming slightly lower HCO3contribution and higher leakage values, we would actually overestimate
the fractionation even more for S. trochoidea and G. spinifera.
An alternative explanation for the overestimation by the model may be
attributed to the fractionation factor of RubisCO, which we assumed to
be 28‰ (Raven and Johnston, 1991). Recent studies have found lower
values, even as low as 11‰ as in the case of the coccolithophore
Emiliania huxleyi (Boller et al., 2011). Even though there are no
indications for such low fractionation values in the highly conserved type
II RubisCO, a lower fractionation would bring modeled and measured εp
values closer in S. trochoidea and G. spinifera. In A. tamarense and P.
reticulatum, however, it would lead to underestimated εp-mod. Hence, it
should rather be refrained from assuming much lower fractionation
values for RubisCO type II in dinoflagellates. Lastly, the fact that
internal Ci fluxes were not taken into account might have also
contributed to the offsets between εp-mod and εp-meas. Models that
incorporate internal Ci cycling have, however, caused even higher εp-mod,
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as these processes work against the 13C accumulation within the
chloroplasts (Cassar et al., 2006; Schulz et al., 2007) or the carboxysome
(Eichner et al., 2014). Therefore, although the values and trends in
carbon isotope fractionation are relatively well understood based on our
physiological experiments, differences between theory and
measurements are at present not all explained.
5. Conclusions
Our study demonstrates that carbon isotope fractionation in
dinoflagellates can, to a large degree, be explained by considering their
Ci fluxes. Relative HCO3- contribution and/or leakage were CO2dependent in A. tamarense, S. trochoidea and G. spinifera, which in turn
can explain the CO2-dependency of their εp observed in previous studies
(Eberlein et al., 2014; Hoins et al., 2015). To further advance our
understanding of the carbon isotope fractionation patterns in
dinoflagellates, Ci fluxes measurements should be performed at in situ
pH (Kottmeier et al. 2014) and ideally differentiate between 13C and 12C
fluxes (McNevin et al. 2006).

Table 1: Experimental conditions in dilute batch culture incubations (see also
Eberlein et al., 2014 and Hoins et al., 2015): Average CO2 concentrations (μmol
L-1), total alkalinity (TA; μmol L-1), dissolved inorganic carbon (DIC; μmol L-1)
and pH (NBS scale). HCO3- contribution, leakage, modeled carbon isotope
fractionation (εp-mod) and measured carbon isotope fractionation (εp-meas) was
derived under the same conditions. Values represent the mean of triplicate
incubations (n= 3; ±SD). Superscript letters indicate significant differences
between pCO2 treatments (P<0.05). For more details on the growth responses
and Ci fluxes, please refer to Eberlein et al. (2014) and Hoins et al. (2015).
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pCO2
μatm

CO2
μmol
L-1

TA
μmol
L-1

DIC
μmol
L-1

HCO3contribution

pH
NBS

Leakage

εp-mod
‰

εp-meas
‰

0.44
±0.01a
0.46
±0.02a
0.54
±0.02b
0.63
±0.05c

10.1
±0.2a
10.6
±0.5a
12.6
±0.6b
15.3
±0.8c

9.0
±0.3a
10.2
±0.5b
12.7
±0.4c
12.1
±0.2c

0.58
±0.06
0.56
±0.06
0.56
±0.01
0.51
±0.04

10.9
±1.6

6.0
±0.5a,b
5.0
±0.1a
7.1
±0.7b
11.8
±0.7c

A. tamarense
180
380
800
1200

5.9
±0.9a
11.5
±2.1b
25.9
±5.8c
36.5
±9.3d

2434
±3
2439
±1
2434
±2
2418
±1

1992
±10a
2117
±8b
2245
±8c
2283
±5d

8.50
±0.06a
8.27
±0.07b
7.97
±0.10c
7.83
±0.12d

6.6
±0.2a
13.1
±0.5b
28.8
±2.0c
41.5
±3.6d

2386
±1
2388
±2
2385
±1
2386
±4

1872
±2a
2096
±3b
2223
±3c
2268
±9d

8.45
±0.01a
8.21
±0.02b
7.91
±0.03c
7.77
±0.04d

6.0
±1.1a
11.7
±2.5b
27.9
±7.4c
42.4
±7.9d

2447
±5
2461
±12
2475
±13
2459
±4

1962
±15a
2083
±1b
2224
±9c
2293
±5d

8.50
±0.05a
8.27
±0.07b
7.96
±0.10c
7.78
±0.06d

7.1
±0.5a
13.9
±0.8b
31.0
±4.7c
45.2
±6.9d

2460
±8
2455
±2
2461
±12
2473
±19

2002
±2a
2121
±4b
2249
±23c
2288
±16d

0.22 ±0.03
0.24 ±0.04
0.24 ±0.04
0.23 ±0.08

S. trochoidea
180
380
800
1200

0.53
±0.03a,b
0.55 ±0.04a
0.48
±0.03b,c
0.46 ±0.04c

10.2 ±2
10.9 ±3
9.7 ±1

G. spinifera
180
380
800
1200

0.19 ±0.11

0.61
±0.01

15.6
±0.9a

7.8
±1.0a
9.4
±0.4a
11.7
±0.7b
8.1
±0.5a

-

-

-

0.19 ±0.11

0.71
±0.01

18.6
±1.7b

-

-

-

0.44 ±0.13

0.5
±0.06

9.58
±2.0

-

-

-

0.49 ±0.19

0.48
±0.09

9.2
±1.9

8.6 ±2.

-

-

-

9.9
±0.8

P. reticulatum
180
380
800
1200

8.43
±0.04a
8.21
±0.02b
7.88
±0.08c
7.75
±0.05d
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4
COMBINED EFFECTS OF OCEAN ACIDIFICATION
AND LIGHT OR NITROGEN AVAILABILITY ON
GROWTH AND 13C FRACTIONATION IN MARINE
DINOFLAGELLATES

CHAPTER IV
Abstract
Along with increasing oceanic CO2 concentrations, enhanced stratification
constrains phytoplankton to shallower upper mixed layers with altered light
regimes and nutrient concentrations. Here, we investigate the effects of
elevated pCO2 in combination with light or nitrogen-limitation on four
dinoflagellate species. We cultured Gonyaulax spinifera and Protoceratium
reticulatum in dilute batches under low-light (‘LL’) and high-light (‘HL’)
conditions and followed their particulate organic carbon (POC) production
(μc), Chlorophyll-a (Chl-a):POC ratios and 13C fractionation (εp). In G.
spinifera, LL resulted in lowered μc and enhanced Chl-a:POC ratios, thus
indicating light-limitation. The previously reported CO2-dependency of εp
under HL remained unaffected under LL. In P. reticulatum, enhanced Chla:POC ratios and yet unaffected μc indicate slight limitation by light under
LL. εp was CO2-dependent under both light conditions, with lower εp under
HL. This may reflect increased uptake of (13C-enriched) bicarbonate fueled
by increased ATP production under HL. To study combined effects of CO2
and nitrogen-limitation (‘LN’), we conducted continuous culture
experiments with Alexandrium tamarense and Scrippsiella trochoidea and
compared their μc, Chl-a:POC, POC:particulate organic nitrogen (PON)
ratios and εp to responses under nitrogen-replete dilute batch experiments
(‘HN’). In both species, μc was lower under LN, while Chl-a:POC ratios
remained unaltered. S. trochoidea showed increased POC:PON ratios under
LN, while POC:PON ratios in A. tamarense were higher only in the lowest
pCO2 treatment, indicating CO2-dependent changes in nitrogen acquisition.
In both species, εp was only CO2-dependent under HN. The generally higher
εp under LN may be associated with lower μc and/or higher ATP:NADPH
ratios. CO2-dependent εp under non-limiting conditions has been observed
in several dinoflagellate species, showing potential for a new CO2-proxy.
Our results yet demonstrate that light- and nitrogen-limitation also affect εp,
thereby illustrating the need to carefully consider prevailing environmental
conditions.
1. Introduction
Anthropogenic activities have caused the partial pressure of CO2 (pCO2) in
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the atmosphere and oceans to increase at an unprecedented rate (IPCC,
2014). This will shift marine carbon speciation towards increasing CO2 and
bicarbonate (HCO3-) concentrations, and decreasing carbonate ion (CO32-)
concentration and pH (Wolf-Gladrow et al., 1999). Along with these
changes in carbonate chemistry, global temperatures are expected to rise by
2 to 6°C within this century (IPCC, 2014), which likely leads to enhanced
(thermal) stratification for most oceanic regions (Boyd and Doney, 2002).
Enhanced stratification can cause primary production to decrease, as
observed in low-latitude oceans (Polovina et al., 1995), where the mixed
layer depth is already relatively shallow and upwelling of nutrient-rich
deeper water masses is suppressed. Alternatively, enhanced stratification
may increase primary production in regions with deep mixed layer depths,
such as in high latitude oceans. At such locations, phytoplankton is often
light-limited due to the deep convective turnover (Polovina et al., 1995).
Irrespective of the net effect on primary production, shoaling of the
thermocline causes phytoplankton to be more often restricted to the upper
layers of the water column, characterized by high irradiance and low
nutrient concentrations (Doney, 2006). Such changes in light intensity and
nutrient concentration may affect marine phytoplankton, including
dinoflagellates.
Dinoflagellates are unicellular eukaryotes and can reach high densities
under favorable environmental conditions, which may lead to harmful algal
blooms with adverse effects not only for the aquatic food web, but also for
human health [e.g. Cembella, 1989; Anderson et al., 2002). Strategies that
add to their success include toxin production, allelopathy, mixotrophy and
cyst formation (Wall and Dale, 1968Steidinger et al., 2008; Jeong et al.,
2010; John et al., 2015;). While studies have investigated how
dinoflagellates are influenced by changes in pH and/or pCO2 (Rost et al.,
2006; Hansen et al., 2007; Brading et al., 2011; Eberlein et al., 2014; Hoins
et al., 2015), less is known about the combined effects of CO2 and light
availabilities (as daylength, see Burkhardt et al., 1999a) or CO2 and
nitrogen-limitation (Eberlein et al., cond. acc.). Like all phytoplankton,
dinoflagellates fix CO2 with the carboxylation enzyme Ribulose-1,5bisphosphate Carboxylase/Oxygenase (RubisCO), which discriminates
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between carbon isotopes, favoring 12C over 13C (e.g. Roeske et al., 1984;
Raven and Johnston, 1991; Guy et al., 1993). The inorganic carbon (Ci)
species taken up by phytoplankton differ in their isotopic composition, with
CO2 being 13C-depleted compared to HCO3-. Under elevated CO2
concentrations, dinoflagellates may take up relatively more CO2, resulting
in higher 13C fractionation (εp; Sharkey and Berry, 1985; Rost et al., 2006).
Similarly, high CO2 efflux:total Ci uptake (i.e. leakage) prevents the
accumulation of 13C within the intracellular carbon pool, thereby increasing
εp (Sharkey and Berry, 1985; Rost et al., 2006). Indeed, εp values in
different phytoplankton groups, including dinoflagellates, were shown to
increase with elevated pCO2 (Burkhardt 1999a; Burkhardt et al., 1999b;
Rost et al., 2006; Van de Waal et al., 2013; Hoins et al., 2015).
Organic dinoflagellate cysts are ubiquitously preserved in marine sediments
(e.g. Fensome et al., 1993). The CO2 dependency of their isotopic
composition may be reflected in their cysts, thus potentially providing a
proxy for past CO2 concentrations. However, the CO2 dependency in εp may
be affected by other environmental conditions, such as the availability of
light and nutrients (e.g. Laws et al., 1997; Bidigare et al., 1997; Riebesell et
al., 2000; Rost et al., 2002). Here, we investigate the combined effects of
elevated pCO2 and low-light conditions or nitrogen-limitation on particulate
organic carbon (POC) production (μc), Chlorophyll-a (Chl-a):POC ratios
and εp in four marine dinoflagellate species. We grew Gonyaulax spinifera
and Protoceratium reticulatum under low-light conditions (LL) and
Alexandrium tamarense and Scrippsiella trochoidea under nitrogen-limiting
conditions (LN) and compared these responses to results from an earlier
study, where the same species were grown under high-light and nitrogenreplete conditions (HL and HN). By investigating the effects of these
different environmental conditions, this study helps to evaluate the
robustness of a potential dinocyst pCO2 proxy.
2. Material and Methods
2.1 Experimental Set-up
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For the high-light and nutrient-replete conditions, experiments were
performed as dilute batches with Gonyaulax spinifera (strain CCMP 409),
Protoceratium reticulatum (strain CCMP 1889), Alexandrium tamarense
(strain Alex5 (Tillmann et al., 2009) and Scrippsiella trochoidea (strain
GeoB267; culture collection of the University of Bremen). Each strain was
grown in 2.4 L air-tight borosilicate bottles at a constant temperature of
15°C and dissolved CO2 concentrations ranging from ~5-50 μmol L-1. CO2
levels of 180, 380, 800 and 1200 μatm were obtained by mixing CO2-free
air (<0.1 μatm pCO2, Domnick Hunter, Willrich, Germany) with pure CO2
(Air Liquide Deutschland, Düsseldorf, Germany) using mass flow
controllers (CGM 2000, MCZ Umwelttechnik, Bad Nauheim, Germany).
Each of the pCO2 treatments was performed in biological triplicates.
Experiments were carried out at low cell densities with final concentrations
<400 cells mL-1, ensuring negligible changes in carbonate chemistry of
<3.5% with respect to dissolved inorganic carbon (DIC).
As growth medium, filtered North Sea seawater (cellulose acetate
membrane, 0.2 μm pore size, Sartorius, Göttingen, Germany) with a salinity
of 34 and enriched with 100 μmol L-1 nitrate and 6.25 μmol L-1 phosphate
was used. FeCl3 (1.9 μmol L-1), H2SeO3 (10 nmol L-1) and NiCl2 (6.3 nmol
L-1) were added according to K medium (Keller et al., 1987), and metals
and vitamins were added according to f/2 medium (Guillard and Ryther,
1962). Bottles were placed on a roller table in order to avoid sedimentation
and aggregation. Daylight tubes (Lumilux HO 54W/965, Osram, München,
Germany) provided incident light intensities of 250 ± 25 μmol photons m-2
s-1 at a 16:8 h light:dark cycle. In order to determine the carbonate
chemistry, pH was measured every other day using a WTW 3110 pH meter
equipped with a SenTix 41 Plus pH electrode (Wissenschaftlich-Technische
Werkstätten GmbH, Weilheim, Germany), which was calibrated prior to
each measurement to the National Bureau of Standards (NBS) scale. The
precision of pH measurements is 0.02. Cells were acclimated to the pCO2
treatments for at least 7 generations (i.e. >21 days) prior to each experiment.
For the low-light treatments, the same conditions as the nutrient-replete
dilute batch conditions were applied, except that incident light intensities
were reduced to 55 ± 5 μmol photons m-2 s-1. In these incubations, CO2
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concentrations ranged between ca. 16 and 50 μmol L-1, according to pCO2
values of 380, 800 and 1200 μatm. Nitrogen-limited conditions were
achieved in gently mixed continuous cultures (Van de Waal, 2014). A.
tamarense was grown at a dilution rate of 0.15 ± 0.01 d-1 and S. trochoidea
was grown at a dilution rate of 0.2 ± 0.01 d-1, both with nitrate
concentrations below 0.8 μmol L-1. In these incubations, CO2 concentrations
ranged between ca. 8 and 40 μmol L-1, according to pCO2 values of 220,
800 and 1000 μatm (A. tamarense), and 280, 590 and 770 μatm (S.
trochoidea). For more details on the setup of the continuous culture
experiment we refer to Eberlein et al. (2015).
2.2 Sampling and Analyses
For total alkalinity (TA) analysis, 50 mL culture suspension was filtered
over cellulose acetate syringe filters (0.45 μm pore size, Thermo Scientific,
Waltham, Massachusetts, USA) and stored in gas tight borosilicate bottles
at 3°C. Samples were then analyzed in duplicates using an automated
TitroLine burette system (SI Analytics, Mainz, Germany) with a precision
of 13 μmol L-1. For colorimetric analysis of dissolved inorganic carbon
(DIC), samples of 4 mL cell suspension were filtered over cellulose acetate
syringe filters (0.2 μm pore size, Waltham, Massachusetts, USA) and stored
in headspace free gas tight borosilicate bottles at 3°C. Samples were
measured in duplicates using a QuAAtro autoanalyser (Seal Analytical,
Mequon, USA) with a precision of 8 μmol L-1. Certified Reference
Materials (CRMs) supplied by A. Dickson (Scripps Institution of
Oceanography, USA) were used to correct for inaccuracies of TA and DIC
measurements. Both TA and DIC were measured at the beginning and the
end of each experiment, and during steady-state conditions in the
chemostats. Low changes in TA over the course of the experiments
combined with the pH measurements every other day allowed for a
complete resolution of the carbonate chemistry. The carbonate chemistry
was assessed with the program CO2sys (Pierrot et al., 2006) using TA and
pH (following recommendations of Hoppe et al. 2012) as well as
temperature, salinity and phosphate concentration. We used the dissociation
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constants of carbonic acid and sulfuric acid of Mehrbach et al. (1973,
refitted by Dickson and Millero (1987) and Dickson (1990), respectively.
Duplicate samples of 20 mL culture suspension were fixed with neutral
Lugol’s solution (2% final concentration) and counted every day or every
other day with an inverted light microscope (Axiovert 40C, Zeiss,
Germany). Growth rates during the exponential phase of growth were
assessed separately for each biological treatment by fitting an exponential
function through the cell numbers over time according to:
Eq. 1
with N referring to cell number per mL at time t in days, N0 to the cell
number per mL at the start of the experiment, and μ referring to the specific
growth rate (d-1).
At the end of the experiment, when cells where still in exponential growth,
we took samples to analyze Chl-a, POC and its isotopic composition
(δ13CPOC). For the analysis of Chl-a, duplicate samples of 200 mL of culture
suspension were filtered over cellulose acetate filters (Whatman, Maidstone,
UK). Filters were rapidly frozen in liquid nitrogen and stored at -80°C. A
TD-700 Fluorometer (Turner Designs, Sunnyvale, CA) was used for
fluorometric determination of Chl-a. To measure POC and PON quota and
δ13CPOC, 300-400 mL of culture suspension was filtered over pre-combusted
GF/F filters (6 h, 500°C). Filters were stored in pre-combusted glass Petri
dishes and 200 μL of HCl (0.1 mol L-1) was added to remove any inorganic
carbon before they were dried overnight and stored at -25°C. POC quota
and δ13CPOC of dilute batch experiments were then measured in duplicate
with an Automated Nitrogen Carbon Analyser mass spectrometer (ANCASL 20-20, SerCon Ltd., Crewe, UK), with a precision of ± 0.5 μg C and
0.3‰, respectively. POC and PON quota and δ13CPOC of the continuous
cultures were measured with a Delta S (Thermo) isotopic ratio mass
spectrometer connected to an elemental analyzer CE1108 via an open split
interface (Finnigan Conflow II). δ13CPOC is reported relative to the Vienna
PeeDee Belemnite standard (VPDB). μc was calculated by multiplying μ
with POC quota.
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For isotopic measurements of the dissolved inorganic carbon (δ13CDIC), 4
mL of culture suspension was sterile filtered over 0.2 μm cellulose acetate
filters (Thermo Scientific, Waltham, Massachusetts, USA) and stored at
3°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 GasBench-II coupled to a Thermo Delta-V advantage
isotope ratio mass spectrometer, with a precision of <0.1‰. εp was
calculated relative to the isotopic composition of dissolved CO2 in the water
(δ13CCO2) with an equation modified after Freeman and Hayes (1992):
Eq. 2
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 WolfGladrow (2001) and the temperature-dependent fractionation factors
between CO2 and HCO3- and CO32- and HCO3-, as determined by Mook et
al. (1974) and Zhang et al. (1995), respectively. For further details on the
determination of carbon isotope fractionation we refer to Van de Waal et al.
(2013).
2.3 Statistical analysis and error propagation
Shapiro-Wilk tests confirmed normality of the data. Linear regressions were
used to determine the relations between the tested variables and CO2.
Significant differences between CO2 treatments were confirmed by one-way
ANOVA followed by post hoc comparison of the means using the Tukey
HSD (α= 0.05). A covariance analysis (ANCOVA) was used to determine
homogeneity of slopes. When slopes were significantly different, i.e. when
there were interactive effects of CO2 with light or nitrogen, the JohnsonNeyman technique (J-N; Johnson and Neyman, 1936) was applied to
identify the range of CO2 over which the investigated parameter was
different. To improve the homogeneity of variances, as tested by Levene’s
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test, we used log10 transformed data for analysis of POC quota, μc and Chla:POC ratios of G. spinifera, and for analysis of Chl-a:POC and εp of S.
trochoidea.
3. Results
3.1 Elevated pCO2 and light availability
In G. spinifera, μc did not change with CO2 availability under LL, but
increased under HL, which was mainly driven by increased POC quota in
the highest CO2 treatment (Fig. 1A; linear regression; R2= 0.60; P= 0.003)
[see also Hoins et al., 2015]. Moreover, μc was lower under LL (ANCOVA;
P<0.001; 95% CI [-0.635; -1.026]), which was due to decreased POC quota
in all CO2 treatments, and due to lowered μ in all but the highest CO2
treatment (Table 2). In P. reticulatum, μc was not affected by CO2 under
either LL or HL. Additionally, there was no interactive effect of CO2 and
light availability on μc. POC quota was unaffected by light in P.
reticulatum, and significantly lower under LL in G. spinifera (ANCOVA;
P<0.001; 95% CI [-1.024; 0.491]).
Ratios of Chl-a:POC increased with CO2 in P. reticulatum under LL (Fig.
1D; linear regression; R2=0.45; P=0.05), and were higher under
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Figure 1: Combined effect of elevated pCO2 and light-limitation. (A, B) POC
production, (C, D) Chl-a:POC ratios and (E, F) εp versus CO2 of G. spinifera (left)
and P. reticulatum (right). Linear trend lines, R2 and P-values represent statistically
significant relationships. Symbols indicate means of technical replicates. Means ±
SD for all treatments are provided in Table 1. Note that the trend line for G.
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spinifera under HL excludes the highest pCO2 treatment (see also Hoins et al.,
2015).
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Figure 2: Combined effect of elevated pCO2 and nitrogen-limitation. (A, B)
POC production, (C, D) Chl-a:POC ratios and (E, F) εp versus CO2 of A.
tamarense (left) and S. trochoidea (right) cultured under nitrogen-replete
conditions (HN; filled symbols) and nitrogen-limited conditions (LN; open
symbols). Linear trend lines, R2 and P-values represent statistically significant
relationships. Symbols indicate means of technical replicates. Means ± SD for all
treatments are provided in Table 2. POC production and Chl-a:POC ratios were
published in Eberlein et al. (2014) and Eberlein et al. (2015).
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LL for both G. spinifera and P. reticulatum (Fig. 1C, D; ANCOVA;
P<0.001; 95% CI [1.5; 1.1] and P<0.001; 95% CI [1.4; 1], respectively).
Moreover, CO2 and light availability showed interactive effects on the Chla:POC ratios (ANCOVA; F1,20= 9.453; P= 0.007 and F1,19= 9.149; P= 0.008,
respectively). In other words, the effect of CO2 depended on the light
availability, with P. reticulatum showing a significant increase in Chla:POC ratios with CO2 availability under LL only (linear regression;
R2=0.45; P=0.05). Similarly, under LL Chl-a:POC ratios were significantly
higher in the higher pCO2 treatments of G. spinifera (ANOVA; P<0.05).
Under LL, εp increased with CO2 in both G. spinifera and P. reticulatum
(Fig. 1E, F; linear regression; R2= 0.74; P= 0.003 and R2= 0.70; P= 0.005).
Similar trends were observed under HL in P. reticulatum (linear regression;
R2=0.39; P=0.04) and, for CO2 levels between 180 and 800 μatm, also for
G. spinifera (linear regression; R2= 0.79; P= 0.001; see also Hoins et al.,
2015). CO2 and light showed interactive effects on εp in G. spinifera
(ANCOVA; F1,20=10.968; P=0.004), and εp of cells grown under LL versus
HL were only significantly different in the highest CO2 treatment (>26; J-N;
R2= 0.56; P=0.02; Fig. 1E). In P. reticulatum, low-light resulted in higher εp
across the tested CO2 concentrations (ANCOVA; P<0.001; 95% CI [1.7;
3.6]), with an average offset of 2.7‰.
3.2 Elevated pCO2 and nitrogen-limitation
In A. tamarense, μc did not change with CO2 when grown under either LN
or HN. In S. trochoidea, μc was also independent of CO2 under LN, while it
decreased with CO2 under HN (Fig. 2B; linear regression; R2=0.61;
P= 0.003). In both A. tamarense and S. trochoidea, μc was lowered under
LN, independent of the CO2 concentration (Fig. 2A, B; Table 2; ANCOVA;
P<0.001; 95% CI [960; 1198] and P<0.001; 95% CI [-143; -321],
respectively). LN did not affect POC quota in A. tamarense, but resulted in
higher POC quota in S. trochoidea (ANCOVA; P<0.001; 95% CI [2591;
2261]).
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Chl-a:POC ratios were interactively affected by CO2 and nitrogen
availability in A. tamarense (ANCOVA; F1,17= 13.393; P= 0.003), and cells
grown under LN showed lower ratios at low CO2 concentrations (i.e. <30
μmol L-1; J-N; R2=0.73; P<0.001). In S. trochoidea, Chl-a:POC ratios were
slightly lower under LN at all tested CO2 concentrations (ANCOVA;
P= 0.041; 95% CI [0.02; 0.6]). Under LN, POC:PON ratios were
significantly higher in S. trochoidea in all tested pCO2 treatments and in the
lowest pCO2 treatment of A. tamarense (ANOVA: P<0.05). POC:PON
ratios were significantly lowered in the higher pCO2 treatments of both
species (ANOVA; P<0.05; Table 2; Eberlein et al., 2015).
Under LN, εp was independent of CO2 in both A. tamarense and S.
trochoidea (Fig. 2 E, F), while there were positive correlations under HN
(Fig. 2 E, F; linear regression; R2= 0.76; P<0.001 and R2= 0.77; P<0.001,
respectively; see also Hoins et al., 2015). In A. tamarense, CO2 and nitrogen
availability showed interactive effects on εp (ANCOVA; F1,17=17.359;
P= 0.001), with significantly higher εp values at lower CO2 concentrations
(i.e. <29 μmol L-1; J-N; R2= 0.82, P<0.001). When grown under LN, both
species show a relatively constant εp of around 13.0±0.6‰ in A. tamarense
and 10.5±1.3‰ in S. trochoidea. These values are similarly high as the
highest εp values obtained in the dilute batch cultures under HN (12.4±0.4
and 11.8±0.7‰, respectively).
4. Discussion

4.1 POC production, POC quota, Chl-a:POC and POC:PON ratios
Our results show differential effects of elevated pCO2 in combination with
light availability on growth, POC quota, μc and Chl-a:POC ratios in G.
spinifera and P. reticulatum (Fig. 1; Table 1). In G. spinifera, elevated
pCO2 resulted in increased POC quota and μc under HL, but sensitivities
towards elevated pCO2 were much lower under LL. Low-light furthermore
caused lowered POC quota and μc, while μ remained unaffected (Fig. 1 A,
B; Table 1). Thus, although CO2 assimilation seems to be limited by light, it
did not cause an overall reduction in growth. While LL resulted in lowered
POC quota and μc, cells increased their Chl-a contents, resulting in
enhanced Chl-a:POC ratios (Fig. 1 C, D; Table 1). Such higher ratios are
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needed to capture more light, which is a general response of phytoplankton
to light-limitation. For P. reticulatum, the low light conditions did not yield
changes in POC quota, μ and μc (Fig. 1 A, B; Table 1). This suggests a high
flexibility of P. reticulatum to deal with low-light conditions. Cells did
synthesize more Chl-a, thereby showing elevated Chl-a:POC ratios, which
were apparently sufficient to compensate for the low-light conditions. Both
species showed increasing Chl-a:POC ratios with increasing CO2
availability when grown under low-light. This suggests that CO2 influences
the ability of cells to synthesize Chl-a, and therefore their ability to respond
to low-light conditions. As there is no concomitant increase in μc with
increasing CO2 concentrations, the question remains why energy and
resources were invested in this increase.
We observed generally minor effects of elevated pCO2 under LN, while
nitrogen- limitation alone exerted a much stronger control (Fig. 2, Table 2).
Specifically, μc was lower in both A. tamarense and S. trochoidea, although
POC quota in S. trochoidea grown under LN was significantly higher.
Decreased μc was mainly a result of low μ (i.e. the imposed dilution rate set
at about 33% of the μ of the respective species obtained from experiments
under replete conditions). Nitrogen-limitation was confirmed by the higher
POC:PON ratios in S. trochoidea in all tested pCO2 treatments, while
POC:PON ratios of A. tamarense grown under LN were only higher in the
lowest pCO2 treatment (Table 2; Eberlein et al., 2015). The relative Chl-a
contents in LN were comparable to HN in S. trochoidea. In A. tamarense,
the relative Chl-a contents showed a CO2-dependent increase under LN, and
only differed between HN and LN under low CO2 concentrations. Thus,
although nitrogen was limiting μc and caused an increase in POC:PON
ratios, this did not strongly affect the relative Chl-a contents.
Irrespective of the light intensity or nitrogen concentration, CO2 effects on
growth rates, POC quotas and POC production in our study were either
absent or relatively minor, suggesting the presence of effective carbon
concentrating mechanisms (CCMs). Dinoflagellates possess RubisCO type
II with lowest CO2 affinities compared to all other eukaryotic algae [Badger
et al., 1998; Whitney and Andrews, 1998], which make effective CCMs a
prerequisite to maintain growth under low CO2 concentrations. Indeed,
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earlier work has shown that A. tamarense and S. trochoidea are able to
actively take up HCO3-, thus increasing their intracellular Ci pool (Eberlein
et al., 2014). Additionally, high extracellular activities of carbonic
anhydrase, the enzyme accelerating the otherwise slow interconversion
between CO2 and HCO3-, have been found in S. trochoidea (Eberlein et al.,
2014). Consequently, at least the investigated dinoflagellate species do not
seem to be CO2-limited in any of tested CO2 concentrations, irrespective of
the light or nutrient supply, explaining the general independencies of μ,
POC quotas and μc towards elevated CO2 concentrations.
In the cyanobacterium Trichodesmium and the coccolithophore Emiliania
huxleyi, limitation by light has been shown to cause enhanced sensitivity
towards elevated pCO2. The CO2-dependent stimulation of μc was most
pronounced under light-limitation, which was explained by larger CO2dependent benefits due to the CCM down-regulation and thus energy
reallocation under light-limitation (Kranz et al., 2010; Rokitta and Rost,
2012). In the tested dinoflagellate species, however, μc remained largely
unaltered over the applied CO2 range (Figs. 1A, B and 2A, B). Yet, we
observed a CO2-dependent increase in Chl-a:POC quota in G. spinifera and
P. reticulatum grown under low-light. Thus, with elevated pCO2 more
energy is acquired via photosynthesis, while the same level of μc is
maintained. It is further conceivable that their CCMs are down-regulated
with elevated pCO2, lowering the energetic costs for carbon acquisition. The
likely higher availability of energy with elevated pCO2 under low-light
conditions, however, seems not to be allocated to μc (Figs. 1C, D and 2C).
This suggests either a lower overall efficiency to convert energy to biomass
under these conditions, or a shunting of energy to alternative processes not
accounted for in our study. Similarly to the Chl-a:POC ratios in G. spinifera
and P. reticulatum under low-light conditions, Chl-a:POC ratios in A.
tamarense grown under nitrogen-limitation also increased at elevated CO2
concentrations. When grown under nitrogen-limitation, excess energy from
a down-regulation of CCMs may be shunted to nitrogen acquisition. Indeed,
POC:PON ratios decreased under elevated pCO2 for both A. tamarense and
S. trochoidea (Table 2) (see also Eberlein et al, 2015). Such higher relative
nitrogen quota may favor synthesis of nitrogen-rich biomolecules such as
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Chl-a. Overall, elevated pCO2 seems to have only minor effects on growth
and μc in the tested dinoflagellates, and yet it apparently causes intracellular
shifts in energy and resource allocation under light- or nitrogen-limited
conditions.
4.2 13C fractionation (εp)
The 13C fractionation of phytoplankton is influenced by the interplay
between 1) CO2 supply, 2) inorganic carbon demand (i.e. μc), and 3) active
uptake of CO2 and HCO3- (i.e. CCMs). If CO2 supply in the growth medium
increases, εp increases because more of the 13C-depleted CO2 may be taken
up in comparison to the 13C-enriched HCO3-. In contrast, εp may decrease
with increasing μc as CO2 is fixed at a higher rate than total carbon is taken
up, and the ability of RubisCO to express its full preference for 12CO2 is
reduced. CCMs can influence εp in various ways, e.g. as they determine the
relative uptake of CO2 and HCO3- as well as leakage (Fig. 3). Under HL and
HN conditions, εp shows a clear increase with CO2 supply in all four tested
dinoflagellate species (Hoins et al., 2015; Figs. 1 and 2). Under LL, similar
CO2 dependencies were observed, although εp shifted to higher values in P.
reticulatum. Under LN, εp was not CO2 sensitive, and remained relatively
high also at lower CO2 concentrations for both A. tamarense and S.
trochoidea.
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Figure 3: Conceptual model of a dinoflagellate cell and processes at
the thylakoid membrane of the chloroplasts. (A) high-light (HL) and
nitrogen-replete (HN) conditions, (B) low-light conditions (LL) and (C)
nitrogen-limitation (LN). Processes potentially influencing 13C
fractionation ([1]-[8]) are highlighted in red, while + and – refer to an
increase or decrease in 13C fractionation, respectively.

81

CHAPTER IV

Figure 3 (cont.): (A) Saturating light and nutrient-replete conditions: Light
provides the energy (= photons) needed for Photosystem II (PSII; in thylakoid
membrane) to oxidize water to O2, thereby producing electrons (e-) and protons
(H+). Electrons are transported by plastohydroquinone (PQ), thereby pumping
more protons into the lumen. The cytochrome b6f complex oxidizes PQ
molecules, thereby producing electrons, which are then transported to
Photosystem I (PSI) where they reduce NADP+ to NADPH. Protons are
transported to F-ATPase to synthesize ATP. (B) Under light-limitation, the
overall decreased amount of energy arriving at PSII causes a decrease in water
oxidation, thereby producing less electrons and protons, and thus also less ATP
and NADPH. (C) Under nitrogen-limitation, less NADPH is needed for NO3reduction, thus the excess electrons are transported back to PSII by cyclic
energy flow. Protons are still pumped by F-ATPase, thereby increasing the
amount of ATP synthesized.

Light- or nutrient-limitation cause changes in the availability of energy
(ATP) and reductants (NADPH) that in turn may affect μc and CCM
activity, eventually influencing εp. Under low-light conditions, for instance,
less photons arrive at the photosystems, thereby lowering the H2O splitting
and thereby the production of electrons and protons (Figure 3B). The
lowered electron and proton fluxes then result in lower amounts of ATP and
NADPH. ATP is required to operate the energetically costly CCMs, while
both ATP and NADPH are required for CO2 reduction in the Calvin Cycle
to produce biomass, and for reducing nitrate (NO3-) to ammonium (NH4+) to
eventually produce particulate organic nitrogen (PON). Thus, differences in
the availability of light but also nitrogen alter the availability of ATP and
NADPH, which may be one reason for the differences in εp responses
between species and types of incubations (e.g. Laws et al., 1995; Laws et
al., 1997; Rau et al., 1996; Rost et al., 2002).
The decrease in μc in G. spinifera in response to light-limitation did not
affect its εp (Figs. 1E, F and 3B). In P. reticulatum, growth rates and μc
were not lowered under LL, indicating no or only slight limitation by light.
High-light intensities may provide the cells with more energy than required
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for CO2 fixation, which will enhance the active uptake of Ci that in turn
serves as an energy sink for excess light (Tchernov et al., 1997). Depending
on how much Ci was taken up in relation to the amount of CO2 that is fixed,
a high Ci uptake may be accompanied by a high leakage (Tchernov et al.,
2003). A high Ci uptake by G. spinifera at both LL and HL, in concert with
high leakage, would explain its relatively high εp. In contrast to our
expectations, however, εp in P. reticulatum was substantially lower under
HL conditions. In this species, an increasing contribution of energetically
costly HCO3- uptake under HL may support the dissipation of excess
energy, avoiding damage to photosystem II. If this active HCO3- uptake
does not lead to higher leakage, it could in fact explain the lower εp under
HL. Uptake of HCO3- by the cyanobacterium Synechoccocus was indeed
supported under non-limiting growth conditions, as electrons are then
directly transferred from water to the final electron acceptors, i.e. linear
electron flow (Li and Canvin, 1998).
Comparable to light, also nitrogen availability may alter εp as it indirectly
changes cellular energy budgets. As mentioned, NADPH is used to reduce
CO2 to organic carbon, and NO3- to NH4+. As a consequence, less NADPH
is needed when μc is low and/or when NO3- is limiting. Under these
conditions, cyclic electron flow “around” photosystem I may be upregulated, thereby circumventing NADPH production while maintaining
ATP generation (Fig. 3C). Such a putative excess of ATP over NADPH, in
turn, may be used for active inorganic carbon uptake. As εp in both A.
tamarense and S. trochoidea was higher under nitrogen- limitation, CO2 and
not HCO3- may have been taken up actively. Alternatively, increasing
overall Ci uptake despite low μc may have increased leakage and thus εp.
Nonetheless, even the highest εp of ~14‰ in our study was low compared to
earlier studies investigating the effect of nitrogen-limitation on εp in other
algal species [Laws et al., 1995; Laws et al., 1997; Bidigare et al., 1997;
Popp et al., 1998]. This is in line with the generally high uptake of HCO3observed in earlier studies on CCMs of dinoflagellates [Rost et al., 2006;
Eberlein et al., 2006). Moreover, maximum 13C fractionation of RubisCO in
the tested dinoflagellate species may be lower than the typical 24-30‰, as
was also found for a RubisCO isolated from E. huxleyi (i.e. 11‰; Boller et
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al., 2011). Further physiological studies will be needed to fully elucidate the
combined effects of CO2 and resource limitation on εp in marine
dinoflagellates.
4.3 Proxy development
The CO2-dependency of εp in dinoflagellates can potentially serve in the
development of a proxy for past pCO2 in the atmosphere (Hoins et al.,
2006). As indicated before, however, additional experiments focusing on
environmental variables other than pCO2, physiological underpinning of the
recorded response, quantification of fractionation between dinoflagellate
cells and cysts, as well as field calibration studies are required to establish a
reliable proxy (Hoins et al., 2015). Here, we investigated the possible role
of environmental variables other than pCO2, including light and nitrogen
availability.
The results show that under low-light conditions, the general response of εp
towards elevated pCO2 remains largely unaltered in G. spinifera and P.
reticulatum, i.e. slopes remained largely similar. In contrast, εp becomes
insensitive to CO2 under nitrogen-limitation in A. tamarense and S.
trochoidea. Elevated pCO2 in the past was presumable accompanied by
water column stratification, thereby not only affecting the water depth at
which dinoflagellates fixed carbon, but also the potential upwelling of
nutrient-rich deeper water masses. Consequently, it is crucial to take into
account the light conditions and nutrient concentrations during the
dinoflagellate lifetime.
Application of an eventual proxy based on dinoflagellate εp would likely be
most valuable at study sites where nitrate concentrations are non-limiting
and stable through time. For such settings, the equilibrium between
dissolved (recorded in dinoflagellates) and atmospheric (the proxy target)
pCO2 is typically sub-optimal. This results in an interesting paradox since
study sites are required for which CO2 is equilibrated between the ocean and
atmosphere, and also bear sufficient nutrients to force a CO2 response in εp.
Moreover, intense blooms of dinoflagellates may deplete seawater not only
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in CO2 (Hansen et al., 2002; Hinga et al., 2002), but also in nutrients,
leading to a potential bias in εp.
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Table 1. Overview of the growth parameters in the HL and LL treatments. Growth
rate (μ, d-1), POC quota (pg C cell-1), Chl-a content (pg cell-1) and 13C fractionation
εp (‰) of G. spinifera and P. reticulatum grown under high-light and low-light
conditions. Values represent the mean of triplicate incubations (n= 3 ±SD).
Superscript letters indicate significant differences between pCO2 treatments
(P<0.05).
pCO2
μatm

μ
-1
d

POC quota
-1
pg C cell

Chl a
-1
pg cell

εp
‰

G. spinifera <LL>
380

0.19±0.03

1743±271

a

27.8±8.7

a

7.8±0.1

a

800

0.20±0.01

2572±227

b

66.2±3.3

b

11.9±0.8

b

1200

0.19±0.02

2224±221

ab

48.2±4.3

c

13.7±1.5

b

G. spinifera <HL>
180

0.22±0.02

a,[16]

3708±366

a,[16]

23.1±2.4

a

7.8±1.0

a,[16]

380

0.23±0.01

a,[16]

2758±583

a,[16]

19.1±1.7

a

9.4±0.4

a,[16]

800

0.23±0.04

a,[16]

3521±263

a,[16]

22.1±2.3

a

11.7±0.7

1200

0.15±0.01

b,[16]

8842±1044

32.6±6.0

b

8.0±0.5

b,[16]

b,[16]

a,[16]

P. reticulatum <LL>
380

0.25±0.01

2843±233

19.8±7.6

a

10.9±0.5

800

0.24±0.01

2256±436

26.6±3.9

b

12.8±1.3

1200

0.27±0.01

2552±204

26.9±2.8

b

13.7±0.6

a

ab
b

P. reticulatum <HL>
a,[16]

9.7±0.3

8.4±1.8[16]

ab,[16]

5.7±0.9

8.4±0.7[16]

b,[16]

5.5±0.4

8.6±2.3[16]

ab,[16]

6.2±0.7

9.9±0.8[16]

3099±119

180

0.28±0.00

380

0.28±0.01[16]

2494±356

800

0.29±0.02[16]

2351±694

1200

0.29±0.03[16]

2600±316

[16]
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Table 2. Overview of the growth parameters in the HN and LN treatments. Growth
rate (μ, d-1), POC quota (pg C cell-1), Chl-a (pg cell-1), POC:PON ratios (molar)
and εp (‰) of A. tamarense and S. trochoidea grown under nitrogen-replete
conditions and nitrogen-limitation. Values represent the mean of duplicate
incubations (n=2 ±SD). Superscript letters indicate significant differences between
pCO2 treatments (ANOVA; P<0.05; only applied when n>2).

pCO2
μatm

μ
-1
d

POC quota
-1
pg C cell

Chl-a
-1
pg cell

POC:PON
molar

εp
‰

A. tamarense <LN>
220

0.15±0.01

[18]

800

0.15±0.01

[18]

1000

0.15±0.01

[18]

3930±212

a,[18]

2709±253

b,[18]

3544±187

c,[18]

22.9±2.0

a,[18]

24.7±0.6

a,[18]

33.0±2.4

b,[18]

9.52±0.46

a,[18]

13.18±1.1

6.75±0.16

b,[18]

13.15±0.4

5.77±0.33

b,[18]

12.59±0.3

A. tamarense <HN>
a,b,[15;16]

3169±254[15;16]

36.3±1.5[15]

5.76±0.1[15]

9.0±0.3

a,[16]

ab,[15;16]

3620±308[15;16]

40.1±2.8[15]

5.77±0.3[15]

10.2±0.5

180

0.46±0.02

380

0.46±0.02

800

0.48±0.01

a,[15;16]

3455±153[15;16]

39.5±3.3[15]

5.73±0.1[15]

12.7±0.4

c,[16]

1200

0.45±0.01

b,[15;16]

3461±165[15;16]

36.4±5.8[15]

5.6±0.1[15]

12.1±0.2

c,[16]

b,[16]

S. trochoidea <LN>
4292±243[18]

280

0.2±0.01

[18]

590

0.2±0.01

[18]

4239±220

[18]

770

0.2±0.01

[18]

4065±254

[18]

180

0.61±0.03

380

0.61±0.05[15;16]

1762±15

800

0.61±0.04[15;16]

1787±223

1200

0.58±0.02[15;16]

1500±85

9.0±1.3

a,[18]

9.2±0.6

a,[18]

11.2±0.9

b,[18]

a,b,[18]

9.5±0.3

24.7±1.6

b,[18]

11.9±0.3

18.0±0.9

a,[18]

10.1±1.5

21.3±1.3

S. trochoidea <HN>
[15;16]

a,[15;16]

4.3±0.7

ab,[15;16]

7.6±1.2

1990±36

a,[15]

7.6±0.2

ac,[15]

6.0±0.5

ab,[15]

8.1±0.3

ab,[15]

5.0±0.1

a,[16]

b,[15]

7.1±0.7

b,[16]

c,[15]

11.8±0.7

ab,[15;16]

8.7±0.5

b,[15]

8.4±0.3

b,[15;16]

4.9±1.3

a,[15]

7.4±0.1
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CARBON ISOTOPE FRACTIONATION IN MARINE
PHOTOAUTOTROPHS: A REVIEW OF CULTURE
STUDIES ON DINOFLAGELLATES, CYANOBACTERIA,
DIATOMS AND COCCOLITHOPHORES

CHAPTER V
Abstract
Carbon isotope fractionation (εp) in marine phytoplankton has been shown
to depend on CO2, and may therefore be a potential proxy parameter for
pCO2 in the geological past. In this study, we review the CO2 sensitivity of
carbon isotope fractionation on the four major phytoplankton groups
cyanobacteria, diatoms, dinoflagellates and coccolithophores. Irrespective
of the large variability in the collected studies, we observed a consistent
increase in carbon isotope fractionation with increasing CO2 concentrations,
levelling off towards higher CO2 concentrations. εp was found to be groupspecific with relatively high average values in cyanobacteria and diatoms
and significantly lower values in coccolithophores and dinoflagellates
(P<0.05). This pattern could not be related to the intrinsic fractionation
factor of the carbon fixing enzyme RubisCO, which is one of the most
important factors influencing carbon isotope fractionation. These
differences must therefore originate from growth conditions affecting the
cellular carbon fluxes, including nutrient limitation and light conditions.
Nitrogen-limitation increased εp values in all of the tested phytoplankton
groups except for cyanobacteria, while the influence of light, i.e. daylength
and light intensities, had different effects. Irrespective of the type of
incubation, continuous light increased εp solely in coccolithophores
(P<0.05) and not in the other groups. When correcting for the particulate
organic carbon per cell (POC quota), εp and POC quota/CO2 were
negatively correlated. In other words, lower POC quota (carbon demand)
and/or higher CO2 concentrations (carbon supply) caused a higher carbon
isotope fractionation. We observed an overall increase in εp with pCO2 in all
phytoplankton groups, particularly in combination with POC quotas. Our
analysis demonstrates the role of confounding factors such as light, and
especially nitrogen-availabilities, which may interfere with the potential
application of phytoplankton εp as a pCO2 proxy. All in all, this study
highlights the need for careful consideration when using phytoplankton εp
as paleo-proxy.
1. Introduction
Anthropogenic fossil fuel burning causes an increase in atmospheric CO2
91

CHAPTER V
concentrations, thereby influencing the Earth’s climate and ecosystems
(IPCC, 2014). Predicting the impact of higher pCO2 may be supported by
proxy data for identification of similar high CO2 events in the geological
past. Whereas many proxies exist for past temperature and ocean pH,
reconstructing pCO2 remains one of the main challenges in paleoclimate
research. In this respect, several proxies have been proposed for CO2
reconstructions. Among them are the boron isotope composition of
planktonic foraminiferal calcite (e.g. Spivack et al., 1993; Sanyal et al.,
1996), minerals yielding CO2-dependent stability fields (Eugster, 1966;
Lowenstein and Demicco, 2006) and stomatal densities on plant leaves (e.g.
Woodward, 1987; Van Der Burgh et al., 1993).
Additionally, the carbon isotope fractionation (εp) of several phytoplankton
groups has been found to be CO2-dependent (Laws et al., 1997; Bidigare et
al., 1997; Burkhardt et al., 1999a, 1999b; Rost et al., 2006; Pagani et al.,
2014; Eichner et al., 2014). In phytoplankton cells, CO2 is fixed by the
carboxylation enzyme ribulose-1,5-bisphosphate Carboxylase/Oxygenase
RubisCO, which discriminates against 13C (Raven and Johnston, 1991). The
CO2-dependent isotope fractionation is expected to be related to inorganic
carbon (Ci) uptake and leakage (Sharkey and Berry, 1985). In other words,
CO2 availability may affect the uptake of HCO3- which is enriched in 13C
relative to CO2, while leakage describes the amount of CO2 efflux in
relation to total Ci uptake. Consequently, higher relative uptake of HCO3- is
accompanied by a higher uptake of 13C (i.e. a lower apparent fractionation)
while higher leakage prevents accumulation of 13C in the cell (i.e. higher
apparent fractionation). With higher CO2 concentration, relative HCO3uptake is expected to decrease, leading to enhanced 13C discrimination and
higher εp (Rost et al., 2002). εp not only depends on shifts in CO2 uptake and
leakage, which relate to the balance between CO2 supply and demand.
Specifically, a higher demand at an unaltered supply will reduce εp, while it
will increase when the demand becomes lower.
In previous studies, CO2-dependent increases in εp have been observed in
several dinoflagellate species (Burkhardt et al., 1999a, 1999b; Rost et al.,
2006; Van de Waal et al., 2013; Hoins et al., 2015). To test whether there is
a general quantitative CO2-dependency of εp, we now compare these results
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of dinoflagellates to εp patterns of other phytoplankton groups. To do so, we
re-evaluated literature data available on εp values for cyanobacteria,
dinoflagellates, coccolithophores and diatoms, pooled the data for each of
the groups and analyzed the effects of confounding factors including light
and nitrate (NO3-) availabilities. On top of that, we collected data on
particular organic carbon (POC) quotas to correct for cellular carbon
demands and putative CO2 effects on cell size.
2. Material and Methods
2.1 Culture settings
This quantitative review comprises 287 data points on εp, i.e. carbon isotope
fractionation relative to the isotopic composition of CO2, obtained from 12
experimental unicellular-algal studies on cyanobacteria, dinoflagellates,
coccolithophores and diatoms. These studies include data from dilute batch
experiments, and continuous as well as semi-continuous cultures. CO2
concentrations ranged from below 1 to 280 μM. Experiments were carried
out under replete conditions or nitrogen- or light-limitation and under
different light:dark (L:D) cycles including 12:12, 16:8, and 24:0 (i.e.
continuous light). Light availability ranged from approximately 13 to 250
μmol photons m-2 s-1. Collected data on cyanobacteria comprised 16 data
points on two species, i.e. Trichodesmium erythraeum (6 data points) and
Synechococcus sp. (10 data points). Synechococcus sp. was grown under
24:0 light:dark cycles in nitrogen-limited continuous cultures and
Trichodesmium was grown under 12:12 light:dark cycles in dissolved
nitrogen depleted as well as nitrate-enriched semi-continuous cultures.
Since Trichodesmium is a diazotroph, i.e. it can fix dinitrogen (N2), the
dissolved nitrogen depleted medium is considered non-limited. Results on
diatoms comprised 117 data points on seven species, i.e. Skeletonema
costatum (53 data points), Phaedactylum tricornutum (47 data points),
Thalassiosira weissflogii (4 data points), Prorosira glacialis (7 data points),
Thalassiosira punctigera, Asterionella glacialis and Coscinodiscus wailesii
(each 2 data points). Data is based on dilute batch experiments as well as
nitrogen-limited continuous cultures. L:D cycles from experiments on
diatoms varied from 12:12 to continuous light with light intensities ranging
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from approximately 22 to 250 μmol photons m-2 s-1. In the group of
dinoflagellates, 86 data points were collected on seven species, i.e.
Alexandrium tamarense (18 data points), Gonyaulax spinifera (15 data
points) and Protoceratium reticulatum (15 data points), Prorocentrum
minimum, Heterocapsa triquetra and Calciodinellum levatinum (each 2 data
points) and the calcifying species Scrippsiella trochoidea (20 data points)
and Thoracosphaera heimii (12 data points). These data were obtained
almost exclusively under 16:8 light:dark cycles, and mostly in dilute batch
experiments. 62 data points were obtained from for the group of
haptophytes, and these are all on one calcifying (50 data points) and one
non-calcifying (12 data points) strain of the coccolithophore Emiliania
huxleyi. Data were obtained under 12:12 and 16:8 light:dark cycles and
continuous light in both dilute batch experiments and in nitrogen-limited
continuous cultures. In our analyses, we defined nitrogen-replete conditions
under any light:dark cycle (i.e. 12:12 or 16:8 light) as ‘control’ conditions,
data obtained from nitrate-limited continuous culture systems as ‘nitratelimited’, and cultures grown under continuous light in dilute batch systems
as ‘continuous-light’ conditions. Data was pooled into the four
phytoplankton groups and analyzed accordingly. More details on species
and culture conditions are listed in Table 1.
2.2 Statistics
Significant differences between εp of the different groups were confirmed
by the Kruskal-Wallis and Dunn’s test (P<0.05). Significant correlations of
εp with CO2 concentration were confirmed by hyperbolic fits (P<0.05) and
of εp and POC quota/CO2 by logarithmic fits (P<0.05). Maximum values of
εp were estimated using the former, and minimum values by using the latter
fits. Significant differences between minimum εp and maximum εp of the
different groups were based on calculating 95% confidence intervals.
3. Results
3.1 Carbon isotopic fractionation
Our analysis shows a wide range of εp values for each phytoplankton group.
Cyanobacteria and diatoms have a significantly higher average εp, compared
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to dinoflagellates and coccolithophores (P<0.05; Figure 1). εp of
cyanobacteria scatters between highest and lowest values of 7.0‰ and
18.9‰, respectively and is, on average, 15.8 ±5.2‰ in data obtained under
control conditions and 17.3 ±1.2‰ in nitrogen-limited and continuous light
data. In diatoms, εp data show a broad range from 1.0‰ to 25.7‰ with an
average value of 14.8 ±3.9‰ in the control, 17.6 ±5.7‰ in nitrogen-limited
data and 12.7 ±4.1‰. Data obtained under nitrogen limitation is
significantly higher than control data (Dunn’s Test; P<0.05; Figure 1). A
more narrow range of εp with lowest values of -2.1‰ and maximum values
around 14.2‰, is shown in dinoflagellates, with average values of 9.8
±3.3‰ under control conditions, 11.7 ±1.6‰ under nitrogen-limitation and
8.2‰ under continuous light (Figure 1). Coccolithophore εp ranges from
4.9‰ to 24.9‰, with average values of 9.3 ±2.4‰ for data obtained under
control conditions, 21.0 ±2.3‰ under nitrogen-limitation and 17.7 ±2.7‰
under continuous light. εp was significantly enhanced under nitrogenlimitation and continuous light (Dunns Test; P<0.05; Figure 1). The data
shows significant hyperbolic correlations between εp vs. CO2 in
cyanobacteria under control conditions, in diatoms under control conditions,
nitrogen-conditions and continuous light, in dinoflagellates under control
conditions and in coccolithophores under nitrogen limitation (P<0.05).
Based on these fits, we calculated maximum εp values which are 25.1
±1.4‰ in cyanobacteria under control conditions, 17.0 ±0.8‰ under control
conditions, 24.0 ±1.2‰ under nitrogen-limitation and 15.1 ±1.0‰ under
continuous light in diatoms, 12.8 ±0.7 ‰ in dinoflagellates under control
conditions and 19.4± 1.5‰ in coccolithophores under control conditions.
Maximum εp values were significantly higher in data of cyanobacteria
(control), diatoms (nitrogen-limitation) and coccolithophores (nitrogenlimitation) than data of diatoms (control and continuous light) and
dinoflagellates (control).
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Figure 1: Pooled data of carbon isotope fractionation εp obtained from studies
under A) control conditions B) nitrogen-limitation and C) continuous light on
cyanobacteria (n= 16  control: n= 6; nitrogen-limitation: n= 10; cont. light:
n=10), diatoms (n=117  control: n=67; nitrogen-limitation: n= 13; cont. light:
n=37), dinoflagellates (n=86  control: n=73; nitrogen-limitation: n=12; cont.
light: n= 1) and coccolithophores (n= 62  control: n= 33; nitrogen-limitation:
n=9; cont. light: n=29). The middle line of the grey shaded areas represents the
median. The grey shaded area represents the data range, containing 50% of all
data, and the “whiskers” define the max. 1.5 fold interquartile range, i.e. the
other 50% of the data. Single dots in the plot, out of the “whisker area”, show
the outliers.

To account for differences in particulate organic carbon (POC) quotas
between phytoplankton, εp values were plotted against POC quota/CO2,
which approximates the carbon demand over the supply. εp generally
decreases with pCO2 corrected for carbon demand (i.e. POC quota/CO2) in
coccolithophores and especially in diatoms and cyanobacteria, while an
obvious trend is lacking in dinoflagellates (Figure 3).
4. Discussion
4.1 Carbon isotope fractionation differs between the phytoplankton
groups

96

CHAPTER V

Figure 2: Data obtained under nitrate-limitation and continuous light are
indicated by open and ‘x’ symbols, respectively. In total, 16 data points are
plotted for A) cyanobacteria (control: n= 6; nitrogen-limitation: n= 10; cont.
light: n= 10), 117 for B) diatoms (control: n= 67; nitrogen-limitation: n= 13;
cont. light: n=37), 86 for C) dinoflagellates (control: n=73; nitrogen-limitation:
n=12; cont. light: n=1) and 62 for D) coccolithophores (control: n=33; nitrogenlimitation: n= 9; cont. light: n= 29). Fits plotted through the data points are
hyperbolic and only shown when correlations were significant.

We have re-evaluated carbon isotope fractionation observed in pooled εp
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data of cyanobacteria, diatoms, dinoflagellates and coccolithophores.
Although the variability between the datasets is large, the present data show
distinct differences in average εp values between the groups (Figure 1).
Surprisingly, and in contradiction with earlier studies (Popp et al., 1998;
Hayes et al., 2001), cyanobacteria εp values including data on
Trichodesmium are -on average- not lower than εp values in diatoms and
even slightly higher than in coccolithophores and dinoflagellates.
Furthermore, maximum εp values of cyanobacteria were higher as compared
to those of diatoms and dinoflagellate under control conditions. The
observed differences in εp between the groups can be attributed to various
processes, which include differences in carbon uptake mechanisms, leakage,
and the cellular carbon demands, where high εp values are linked to high
CO2 uptake, high leakage, and smaller cells (please refer to chapter III). A
main factor determining carbon isotope fractionation in phytoplankton is the
fractionation factor of RubisCO, which sets the upper fractionation value for
εp. Two types of RubisCO exist in phytoplankton, type I with four forms
(IA, IB, IC and ID) and type II.
Diatoms and coccolithophores contain RubisCO ID and cyanobacteria
contain RubisCO IA, both forms with four dimers of large catalytic subunits
surrounded by eight small conformation-supporting subunits (Tabita, 2008).
Most dinoflagellate species contain RubisCO II (Morse et al., 1995) lacking
the small conformation-supporting subunits (Reinfelder, 2011). Carbon
isotope fractionation by RubisCO is assumed to be as high as 28-30‰,
based on several studies on various phytoplankton RubisCO types (Roeske
and O’Leary, 1984; Raven and Johnston, 1991; Guy et al., 1993). Different
types of RubisCO, however, may fractionate differently from the assumed
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Figure 3: εp versus POC quota/CO2 in A) cyanobacteria (n= 6), B) diatoms
(n= 41), C) dinoflagellates (n= 83) and D) coccolithophores (n= 46). Fits are
plotted through all available data points and are logarithmic, except for
cyanobacteria where we used a linear fit function.

value. Indeed, a broad range of mostly lower values have been measured for
maximum fractionation capabilities, as for instance 11.1‰ and 18.6‰ have
been measured for RubisCO ID in the haptophyte E. huxleyi and diatom S.
costatum, respectively (Boller at al., 2011; Boller et al., 2014) and 24‰ for
RubisCO IA in the cyanobacterium Prochlorococcus marinus (Scott et al.,
2007). Another cyanobacterium, Anacystis nidulans, contains RubisCO IB

99

CHAPTER V

Sensi ve

Not sensi ve

Sensi ve

Not sensi ve

Using species/group
specific differences
(when present in the
same sediment sample)

εp (‰)

εp (‰)

εpmax

εpmin
CO2 (μmol L‐1)

POC quota/CO2 (pg C cell‐1 L μmol‐1)

Figure 4: Conceptual diagram showing sensitive and not sensitive areas for εp
vs. CO2 (A) and εp vs. POC quota/CO2 (B). The red lines represent max. CO2
concentrations related to the sensitivity of εp and the max. εp (A) and min. εp
(B), respectively. In the left hand panel, we also show how the offset between
species may help in reconstructing pCO2, especially when no other proxy data
is available.

with maximum fractionation capabilities of 22‰ (Guy et al., 1993). Studies
on RubisCO II, as contained in dinoflagellates, have revealed fractionation
values between 18 and 22‰ (Roeske and O’Leary, 1984; Guy et al., 1993;
Robinson et al., 2003; Mc Nevin et al., 2007). All of these reported values
are lower than the generally assumed 28‰ and may thus be a hint for the
relatively low εp values observed in marine phytoplankton (Fig. 1).
RubisCO II fractionation, however, is not the lowest when compared to the
other groups, and thus cannot explain the low εp in dinoflagellates. RubisCO
ID fractionation of E. huxleyi is even much lower (Boller et al., 2011),
which is inconsistent with higher observed εp in the culturing experiments.
RubisCO IA and RubisCO II contained in cyanobacteria and
dinoflagellates, respectively, show the lowest CO2 affinities (Price and
Badger, 1989; Badger et al., 1998; Whitney and Andrews, 1989). As
cyanobacteria εp is higher than dinoflagellate εp, CO2 affinity of RusisCO is,
at least not visibly, related to carbon isotope fractionation in phytoplankton.
Studies investigating species-specific RubisCO fractionation capabilities
would certainly contribute to explaining the observed fractionation patterns.
These findings highlight the importance of cell physiological processes,
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such as leakage and preferred Ci source, as well as the cellular carbon
demands.
4.2 Carbon isotope fractionation is CO2-dependent
Although the data is highly variable, correlations between εp and CO2 are
positive under certain conditions for all tested groups (hyperbolic
correlation; P<0.05; Figure 2). However, as relationships were described
best by hyperbolic fits, this suggests that εp is CO2-sensitive only within a
certain range of CO2 concentrations (see conceptual model Figure 4A). This
range lies approximately between 0 and 20 μmol L-1 for cyanobacteria and
dinoflagellate εp and between 0 and ~30 μmol L-1 for diatom and
coccolithophore εp. CO2 concentrations above these values generally do not
seem to influence εp, probably due to maximum fractionation capabilities of
RubisCO and/or maximum leakage and/or maximum relative CO2 uptake.
These results, however, do not reflect species-specific responses under
certain conditions. CO2-dependency of εp at CO2 concentrations of >30
μmol L-1 was measured for instance in Trichodesmium spp. grown under
‘control’ conditions (Eichner et al., 2014), P. tricornutum and P. glacialis
grown under nitrogen-limitation (Laws et al., 1997 and Popp et al., 1998), S.
trochoidea grown under control conditions and G. spinifera grown under
decreased light availabilities (Burkhardt et al., 1999b; chapter IV) and E.
huxleyi grown under nitrogen-limitation (Bidigare et al., 1997). The
variation in εp response to CO2 within the phytoplankton groups may thus
exceed the difference between the groups, i.e. species-specific differences
may be higher than group-specific differences. Carbon acquisition, growth
rates and POC quotas are species-specific and even though their effects are
not always qualified and quantified, these traits do influence εp, probably
even more than CO2 (see Chapter II).
4.3 Enhanced εp under nitrogen-limitation for all phytoplankton groups
Nitrate limitation seems to have a considerable influence on carbon isotope
fractionation, as it results in enhanced εp in pooled data of all of the here
reviewed phytoplankton groups (Figure 2; open symbols). Studies of Schulz
et al. (2007) and Eichner et al. (2014) suggested that nitrate-limitation may
101

CHAPTER V
enhance intracellular ATP to NADPH ratios. ATP may in turn be used for
the internal cycling of Ci. A higher internal cycling will reduce the amount
of 13C that can accumulate in the vicinity of RubisCO, thereby potentially
increasing εp. In addition to, or instead of, internal Ci cycling, excess energy
in the form of ATP may also be used for active Ci pumping, thereby
increasing leakage and typically εp, as described by Riebesell et al. (2000)
for P. tricornutum grown under nitrogen-limitation (see chapter IV). In
cyanobacteria and dinoflagellates, εp obtained from nitrogen-limited
experiments is not only relatively high but also CO2-insensitive, possibly
due to reduced growth rates and/or POC quotas. Including POC quota next
to pCO2 clearly demonstrates its impact on εp, as this decreases with
increasing POC quotas, i.e. increasing carbon demand (Figure 3). Cells
containing high amounts of POC (i.e. large cells), fix relatively more Ci,
thereby decreasing leakage, provided that Ci uptake remains unaltered. As
εp of cyanobacteria, diatoms and coccolithophores depends on the combined
effects of POC quotas and CO2, this theory is supported by the reviewed
results. In dinoflagellates, however, this effect is only visible when each
species is looked at separately (see Chapter II). Due to their high POC
quotas, dinoflagellates have one of the highest carbon demands among the
here discussed phytoplankton groups. This, next to fractionation
characteristics of their RubisCO, may partly explain their relatively low εp.
In cyanobacteria and coccolithophores, continuous light provides high εp
values (Figure 2; cross symbols). The duration of the photoperiod thus
seems to have a considerable influence on pooled εp data. Continuous light
has also been observed to significantly increase εp in the diatom species S.
costatum, A. glacialis, C. wailesii and T. punctigera when compared to
results obtained from experiments under 16:8 light:dark cycles (Burkhardt
et al., 1999b). In a study on different phytoplankton species by Rost et al.
(2007), HCO3- contribution decreases strongly with increasing daylength,
thereby providing a possible explanation for high εp values observed in
some species when grown under continuous light. On the other hand, both
daylength and light intensity were shown not to affect εp in P. tricornutum
(Burkhardt et al., 1999b; Riebesell et al., 2000; see chapter IV). εp was
expected to increase with increasing daylength, as POC can be produced at
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any time, while it can only be produced during the light phases when cells
are grown under light:dark cycles. When POC production is limited to a
certain time period, more POC is being produced per unit of time. If this, as
a consequence, decreases leakage (provided that total Ci uptake remains
unaltered) and/or triggers the uptake of Ci in the form of HCO3- in relation
to CO2, this results potentially in a lowering of εp. This has also been
proposed to be the underlying mechanism for observed lower εp values in E.
huxleyi grown under light:dark cycle compared to continuous light (Rost et
al., 2002).
4.4 Data availability and comparability
Several potential complications should be considered regarding this data
compilation. First, studies providing the data were obtained over the past
two decades from different scientists in different labs using different
methods. Complications and variations in data outcome arising from
different culture conditions and methods on certain haptophyte algae (i.e.
for instance coccolithophores) have been extensively discussed by Laws et
al. (1997). Carbonate chemistry alone may have significantly biased
interpretability of the data, and for many studies no information on this
important parameter is available. Second, additional parameters as for
instance temperature and concentrations of nutrients other than nitrate may
influence εp, factors which were typically not tested in the selected datasets
or the ranges used are too small to observe changes. Third, data on some
phytoplankton groups consist of a single species only, while other comprise
data on many species. In the group of coccolithophores, for instance, only
data on E. huxleyi is available, while seven species were tested in the groups
of diatoms and dinoflagellates. Such an unbalanced distribution of results
complicates direct comparison. Furthermore, only a limited number of
studies reported POC quota, and reflect only a few species. In diatoms, for
instance, almost exclusively εp data obtained from experiments on P.
tricornutum could be plotted against POC quota/CO2. This reduces the
amount of data for diatoms from 117 data points covering seven species, to
48 data points covering only P. tricornutum, and one single point of S.
costatum. Fourth, some data have been obtained from experiments where
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more than one parameter was different from control conditions. In
cyanobacteria, for instance, results on Synechococcus were obtained under
both nitrogen-limitation and continuous light. Hence, the effects of
nitrogen-limitation or daylength on εp and its CO2 sensitivity cannot be
determined unequivocally.
4.5 Proxy Outlook
Species-specific differences in εp observed in this study imply that analysis
of individual species is required for proxy applications. Furthermore,
especially results on coccolithophores are interesting and underline the
influence of parameters other than CO2, as they show a large variation,
despite the fact that results are solely based on E. huxleyi (Figure 2D).
The variations within groups has implications for the use of multi-specific
samples as well as relatively general biomarkers for the reconstruction of
pCO2. For example, the biomarker phytane is a diagenetic derivative of
phytol, which is part of the molecule chlorophyll a, and consequently
produced by all photosynthetic primary producers, including terrestrial
plants and cyanobacteria. In a given time domain, hence, a shift in εp as
recorded in phytane may be caused by a shift in the sedimentary
contribution of one group to another rather than a change in pCO2.
Nevertheless, there are many studies that reconstructed paleo pCO2 through
assessments of highly branched isoprenoid biomarker produced by diatoms
or phytane and specific hopanes produced by algae and bacteria (e.g., Bice
et al., 2006; Sinninghe Damste et al., 2008; Schoon et al., 2011). Carbon
isotope signatures preserved in sulfur-bound phytane in sediments from the
Cenomanian (i.e. 100 Ma BP), for instance, have provided valuable insights
in pCO2 variations (Van Bentum et al., 2012). Furthermore, δ13C of
suspended particulate organic matter has been related to CO2 concentrations
in Northeast Atlantic Ocean surface waters (Rau et al., 1992). As these latter
examples are based mainly on biomarkers or bulk material produced by
assemblages of phytoplankton, one may conclude that some environmental
factors (other than CO2) and biology may average each other out, thereby
still exposing general overall trends related to CO2. Even the high scattering
of εp in E. huxleyi could be reduced by including an additional constant (i.e.
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the term “b”), which is related to E. huxleyi’s physiology and phosphate
concentration in the ocean, in combination with their alkenone εp, and used
for pCO2 reconstructions (e.g. Andersen et al., 1999; Benthien et al., 1999;
Pagani et al., 2002, 2005, 2011; Bijl et al., 2010). Consequently, regardless
of such potential problems, published proxy records show not only
reasonable trends and absolute numbers, but also consistency between
several paleoceanographic settings (e.g., Pagani et al. 2014).
Along with the discussed difficulties in interpreting the results and groupspecific differences in CO2-dependencies of εp, some of the discussed
phytoplankton groups may be more suitable for proxy applications than
others. The observed increased 13C-discrimination during carbon acquisition
with increasing CO2 concentrations in all phytoplankton groups, can, in
principle, be applied for proxy applications. However, our analyses also
demonstrated a general large variation in εp between and within groups.
Furthermore, εp was only sensitive to CO2 in a limited range, and thus may
indicate a potential constrain on their applicability as a proxy (Figure 4).
Monospecific analysis of dinoflagellates is not as challenging as it may be
for the other phytoplankton groups, as many species produce relatively large
organic microfossils (Fensome et al., 1993) that can easily be isolated from
bulk sediment samples. These dinoflagellate cysts are unique for their
resistance to degradation. Given this characteristic and the fact that they
occur in high abundances in many oceanographic settings makes them
easily applicable. Other factors than CO2 have been identified to influence
their εp, among them POC quotas and nitrogen as shown by our analysis. In
order to reduce the uncertainty coming from these additional factors,
additional proxy data is needed to draw a more complete picture of
environmental conditions corresponding to the dinoflagellate’s life time.
Alternatively, in sediment cores where no other proxies are around, the
distinct offsets between εp in the dinoflagellate species may be used to
estimate pCO2 (Figure 4). This may also help cancelling out potential
influences of other environmental factors. Most important, however,
possible offsets between cyst and cell isotopic signal still require
investigation. Once this has been unraveld, multiproxy approaches
including proxy data of several species and phytoplankton groups,
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combined with abiotic proxy data may additionally help establishing
certainty in pCO2 reconstructions.
5. Conclusion
Generally, εp of the here reviewed data is positively correlated with CO2 in
the tested phytoplankton groups under many conditions. Under control
conditions the average εp of cyanobacteria and diatoms are the highest, with
significantly lower εp values for coccolithophores and dinoflagellates.
Possible underlying reasons are different Ci uptake mechanisms and
preferences, but also group-specific differences in fractionation factors of
RubisCO. The CO2 sensitivity is often species-specific and modulated or
even masked by other parameters such as light and nutrients. Despite these
difficulties, this study reveals similar response patterns in all groups with
respect to increasing εp values within certain CO2 concentrations up to a
maximum and generally consistent responses of εp to nitrogen-limitation.
Furthermore, εp values are generally decreasing with increasing POC quotas
to a minimum, thereby partly diminishing effects of nitrogen-limitation and
daylength. G= Group; DB=Data points; L:D= Light:Dark cycles; LA= Light
availability; L= Limitation; A= Approach; CO2= Range of CO2
concentrations; Ref= Reference

Table 1 (next page): Details on culture conditions of data reviewed in this
study. N/A stands for not available or not applicable, N stands for nitrogen,
L for light, T for temperature, C for chemostat, DB for dilute batch and
semi-c for semi-continuous cultures.
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G

Species/Strain

DB

L:D

LA

L

A

Dinoflagellates

Haptophytes

E. huxleyi

Diatoms

Ref

B92/11

7

12:12

17-36

L?

DB

B92/11
B92/11
A. tamarense A5
S. trochoidea
S267
S. trochoidea NS
Isol.
G. spinifera
G409
P. reticulatum
P1889
C. levatinum
H. triquetra
P. minimum

11
35
18

16:8
16:8-24
16:8

150
15-150
250

NA
L?
(N)

DB
DB
DB; C

9.8312.49
21.09280.7
12.82109
1.1-53.5
5.3-33.8
6.1-39.4

18

16:8

250

(N)

DB; C

6.8-42.5

Hoins 2015

2

16:8-24:0

150

NA

DB

35.7

Burkhardt
1999a

15

16:8

55; 250

(L)

DB

6.4-44.7

Hoins 2015

15

16:8

55; 250

(L)

DB

7.6-43.0

Hoins 2015

2
2
2

16:8
16:8
16:8

250
250
250

N/A
N/A
N/A

DB
DB
DB

6.3-25.1
0.6-25.1
0.6-25.1

T. heimii

12

16:8

250

N/A

DB

Rost 2006
Rost 2006
Rost 2006
Van d. Waal
2013
Burkhardt
1999a

B92/11

4

24:0

N/A

N

C

BT6

5

24:0

N/A

N

C

P. tricornutum
1052/1A
P. tricornutum
1327
P. tricornutum
1052/1A
P. tricornutum
1327

Cyanobacteria

CO2

5.8-47.0
2.137.69
1.1630.21

Bidigare 1997
Bidigare 1997
Hinga 1994
Riebesell 2000
Rost 2002
Hoins 2015

12

16:8-24

150

N/A

DB

4

24:0

150

N/A

DB

5

16:8

?

N/A

DB

11.7

Johnston 1996

13

NA

250

N

C

0.7-37.3

Laws 1997

A. glacialis

2

16:8-24

150

N/A

DB

33.8

C. wailesii

2

16:8-24

150

N/A

DB

35.7

P. glacialis
CCMP980

7

24:0

NA

N/A

C

18.779.9

S. costatum

6

16:8-24:0

150

N/A

DB

2.6-25.5

S. costatum
SKEL

49

12:12

13-47.5

(L;T)

DB

6.3127.5

T. punctigera

2

16:8-24

150

N/A

DB

7.1-12.1

T. weisflogii

4

16:8-24

150

N/A

DB

3.5-25.8

Synechococcus
CCMP838

10

24:0

NA

N

C

6.1-18.4

Popp 1998

Trichodesmium
IMS101

6

12:12

150

N/A

semi-c

7-20

Eichner 2014
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Rationale en Samenvatting
1. De noodzaak voor betere CO2 reconstructies
De partiële druk van CO2 in de atmosfeer (pCO2) is aanzienlijk veranderd
tijdens het geologisch verleden, en dit beïnvloedde het klimaat en
ecosystemen (bv Berner, 2006 aarde; Royer et al, 2006;. Henderiks en
Pagani, 2007; Beerling en Royer, 2011, Van der Meer, 2014).
IJskerngegevens suggereren dat menselijke activiteiten ertoe hebben geleid
dat de CO2-concentratie hoger is dan op enig ander moment in de afgelopen
800.000 jaar (Lüthi et al., 2008). Uit reconstructies uit het verdere verleden
kunnen we stellen dat de CO2 concentratie waarschijnlijk hoger is dan
gedurende de laatste 3 miljoen jaar (Bartoli et al., 2011). Het beoordelen
van de klimatologische en milieueffecten van de stijgende CO2concentraties is dan ook een van de grootste uitdagingen voor de
wetenschappelijke
gemeenschap.
Laboratoriumexperimenten,
veldwaarnemingen en numerieke modellering verbeteren ons inzicht in de
complexe wisselwerking tussen de verschillende onderdelen van het
systeem Aarde (IPCC, 2013). Het is echter onvermijdelijk dat zulke
complexe interacties in dergelijke studies worden vereenvoudigd. Dit
belemmert accurate voorspellingen van toekomstige veranderingen.
Het analyseren van gebeurtenissen uit het verleden in de geschiedenis van
de Aarde die gepaard gingen met de snelle veranderingen in de CO2
concentratie met behulp van sedimenten verbetert ons voorspellend
vermogen. Dit is omdat alle processen en interacties in het geologisch
verleden van de Aarde een rol hebben gespeeld. Het is voor dergelijke
studies cruciaal om nauwkeurig de omstandigheden in het verleden te
reconstrueren. Dit wordt gedaan met behulp van zogenaamde proxies:
grootheden die gemeten kunnen worden in het sediment die fysische,
chemische of biologische parameters van het verleden benaderen. Er zijn
proxies voor uiteenlopende omgevingsparameters, zoals historische
temperatuur, pH en biologische productiviteit in de bovenste waterlaag van
de oceaan. Cruciaal voor het gebruik van sedimentaire archieven om de
effecten van verstoringen van de koolstofcyclus op het klimaat te
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reconstrueren is een proxy voor pCO2. Ondanks flinke vooruitgang in
verschillende proxies, zoals isotopenratio’s van Boor in het kalkskelet van
foraminiferen (Sanyal et al., 1996), zijn de onzekerheden nog erg groot. Dit
proefschrift verkent de mogelijkheden om isotopenratio’s van koolstof in
dinoflagellaten te gebruiken voor de reconstructie van pCO2 in het verleden.
2. Dinoflagellaten
Dinoflagellaten zijn eencellige eukaryoten met twee zweepharen (flagella),
die hen in staat stellen om actief door de waterkolom te zwemmen
(Fensome et al., 1996). Sommige soorten zijn heterotroof en hebben
ingenieuze voerstrategieën, daarnaast zijn veel soorten fotoautotroof of zelfs
mixotroof (Stoecker, 2009). Dinoflagellaten komen in alle klimaatzones
voor en vooral in de open oceaan en kustgebieden (Zonneveld et al., 2013).
Ook komen ze voor in zoetwatermeren en rivieren en zelfs in ijs, sneeuw en
sedimenten (Fensome et al., 1996). Sommige soorten tolereren een breed
scala van milieuparameters zoals pCO2, nutriëntenconcentraties, zoutgehalte
en temperatuur, en komen bijna overal ter wereld voor. Anderen soorten
hebben een zeer gespecialiseerde ecologie en lage tolerantiegrenzen
(Zonneveld et al., 2013). Wanneer de omstandigheden geschikt zijn, kunnen
sommige soorten dinoflagellaten massaal voorkomen (bloeien), wat kan
leiden tot grote risico’s voor ecosystemen als het giftige soorten betreft
(Anderson et al, 2012;. Ribeiro et al, 2012). Zulke zogenaamde 'harmful
algal blooms' (HABs) produceren gifstoffen en veroorzaken daarmee
ernstige ziekten zoals fatale verlammingen (Clark et al, 1999). Wanneer
dergelijke toxines in de voedselketen terechtkomen, zijn ze rechtstreeks van
invloed op de visserij, het toerisme en de menselijke gezondheid. De
economische gevolgen van de HABs werden alleen al in de Verenigde
Staten voor de jaren 1987-1992 jaarlijks geraamd op een gemiddeld bedrag
van ~50 miljoen dollar (Anderson et al., 2000).
Veel dinoflagellaten hebben een zeer complexe levenscyclus, waardoor het
moeilijk is om de bloei te voorspellen. Voortplanting kan zowel seksueel
plaatsvinden via meiose als ook ongeslachtelijk via mitose. Ongeveer 1015% van alle bekende moderne dinoflagellaat soorten kunnen cysten
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(dinocysten) produceren, meestal tijdens het seksuele deel van hun
levenscyclus (Fensome et al., 1995). Dinocysten bestaan uit kalk, silicaten
of organisch materiaal. Organische cysten bestaan uit bestendige
macromoleculaire structuren (Kokinos et al, 1998; Versteegh et al, 2007) en
zijn niet of nauwelijks vatbaar voor ontbinding en zeer goed bestand tegen
oxidatie. Deze dinocysten worden als gevolg daarvan gevonden in
sedimenten zo oud als het Midden-Trias (~ 240 Ma geleden; Sluijs et al,
2005), wat ook de lange geologische geschiedenis van dinoflagellaten
onderstreept.
Dinocysten worden in hoge dichtheden gevonden in sedimenten van vele
oceaanbekkens in allerlei klimaatzones op aarde, maar met zeer
uiteenlopende soortensamenstelling (Zonneveld et al., 2013). Op basis van
deze ruimtelijke patronen is de ecologische voorkeur van soorten gekoppeld
aan de heersende omstandigheden. Daarmee kunnen veranderingen in
sedimentaire condities op verschillende tijdschalen worden gereconstrueerd,
zoals (door de mens veroorzaakte) eutrofiëring, veranderingen in
zoutgehalte, temperatuur, turbulentie, zeestromingen, en concentraties
voedingsstoffen en sporenelementen (Sluijs et al 2005; Genovesi et al,
2011; Bringué en Rochon, 2012; Mertens et al, 2012; Zonneveld et al, 2012;
2013).
3. Dinoflagellatenfysiologie en 13C fractionatie
Dit proefschrift heeft als doel om te testen of CO2-afhankelijkheid van de
stabiele koolstofisotopenfractionatie (13C fractionatie) in foto-autotrofe
dinoflagellaten kan worden ontwikkeld tot een CO2-proxy. Dit idee is
gebaseerd op een concept dat ook voor andere autotrofe algen wordt
gebruikt, zoals 13C fractionatie in alkenonen van haptofiete algen, zoals
Emiliania huxleyi (Jasper et al, 1994;. Bidigare et al, 1997;.. Pagani et al,
2014). Om biomassa (particulate organic carbon; POC) te produceren,
gebruiken fotoautotrofe algen de energie van zonlicht om anorganisch
koolstof (Ci) op te nemen en dit uiteindelijk in de chloroplast als CO2 vast
te leggen met het carboxylatie-enzym ribulose-1,5-bisfosfaat carboxylase /
oxygenase (RubisCO).
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De meeste C atomen zijn van het isotoop 12C (98,89%); van 13C is veel
minder aanwezig (1,1%). Isotopenfractionatie wordt uitgedrukt in promille
ten opzichte van een hoge 13C houdende standaard (Pee Dee Belemniet).
CO2 moleculen met 12C reageren sneller in biologische reacties, en worden
dus bij voorkeur gebruikt door RubisCO. Daardoor is organisch materiaal
relatief arm aan 13C ten opzichte van de anorganische koolstofbron (ofwel
een lage δ13C), waarvoor in dit verband meestal CO2 wordt aangenomen.
Dit resulteert in een kinetische 13C fractionatie van ~ 22-30 ‰ (Roeske en
O'Leary, 1984; Guy et al, 1993; Scott et al. , 2007). Echter, de totale 13C
fractionatie is meestal lager dan de 13C fractionatie van RubisCO (Sharkey
en Berry, 1985; Laws et al, 2002;. Raven et al., 2002), hetgeen impliceert
dat dinoflagellaten aanzienlijke hoeveelheden van het in zeewater
overvloedige bicarbonaat (HCO3-) opnemen. Tussen de twee Ci bronnen is
een temperatuursafhankelijk verschil in 13C samenstelling; CO2 is ongeveer
10 ‰ verarmd in 13C ten opzichte van HCO3- bij 15°C (Mook et al., 1974).
Relatieve opname van het soort Ci is dus van invloed op de algehele
fractionatie. Bij opname van veel CO2 is de 13C fractionatie hoger en bij
veel HCO3- opname is de 13C fractionatie lager. Ook kan een relatief lage
totale fractionatie een accumulatie van Ci in de cel betekenen. Dit fenomeen
wordt lekkage genoemd. Lekkage betekent dat een bepaalde hoeveelheid
van het uit zeewater opgenomen Ci passief de cel verlaat als CO2 door
diffusie. Deze diffusie is afhankelijk van de gradiënt tussen de intra- en
extracellulaire CO2 concentratie en wordt bevorderd door de hoge
permeabiliteit van celmembranen voor CO2. Hoe hoger de lekkage, hoe
beter de voorraad intracellulair 12C wordt 'ververst', en hoe hoger de 13C
fractionatie (Sharkey en Berry, 1985).
Soortspecifieke en/of CO2 afhankelijke verschillen in 13C fractionatie als
gevolg van de differentiële opname van CO2 en HCO3- en lekkage zijn
gemeten in verschillende in vivo studies door het meten van Ci-fluxen
tijdens de groei van marien fytoplankton, zoals dinoflagellaten (Rost et al,
2006;
Eberlein
et
al,
2014.).
13
In verscheidene soorten dinoflagellaten blijkt de mate van C fractionatie
een functie te zijn van pCO2. Burkhardt et al. (1999a), bijvoorbeeld,
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onderzochten het effect van groei, CO2 en celgrootte op 13C fractionatie en
vonden een duidelijke CO2-gevoeligheid. Evenzo is pH/CO2-afhankelijke
13
C fractionatie gevonden in andere soorten dinoflagellaten, zowel soorten
die niet (Rost et al., 2006) of wel (Van de Waal et al., 2013) een kalkskelet
produceren. Naast de CO2-concentratie spelen andere omgevingsfactoren
zoals lichtbeschikbaarheid en stikstofconcentratie in het groeimedium ook
een rol in 13C fractionatie, zoals aangetoond in andere groepen fytoplankton
(Burkhardt et al, 1999b; Riebesell et al, 2000; Rost et al., 2002). Een ideale
proxy is echter alleen sterk afhankelijk van één milieuparameter, en zo niet,
dan slechts in kleine mate van andere.
4. Hypotheses & Samenvatting
Het onderzoek in dit proefschrift is gebaseerd op foto-autotrofe
dinoflagellaten. In het bijzonder werd het onderzoek ontworpen en
uitgevoerd om de volgende drie belangrijkste hypotheses over
13
dinoflagellaten
C
fractionatie
te
testen:
13
1. C fractionering in dinoflagellaten is positief gecorreleerd met CO2concentratie
2. CO2-afhankelijke 13C fractionatie in dinoflagellaten kan worden verklaard
door CO2-afhankelijkheid van Ci-fluxen
3. 13C fractionatie in dinoflagellaten wordt beïnvloed door CO2 en niet, of in
mindere mate, door andere omgevingsfactoren
Om deze hypotheses te testen, heb ik kweekexperimenten uitgevoerd met
Gonyaulax spinifera, Protoceratium reticulatum, Alexandrium tamarense
en de potentieel calcificerende soort Scrippsiella trochoidea. De twee
eerstgenoemde soorten hebben een lang geologisch bereik; ze komen
respectievelijk >130 en >60 miljoen jaar in de oceanen voor. Groeiexperimenten werden uitgevoerd onder gecontroleerde temperatuur,
carbonaat chemie en samenstelling van het groeimedium (zoutgehalte,
voedingsstoffen en sporenelementen). Celdichtheden werden laag gehouden
om veranderingen in CO2, pH, Ci en totale alkaliteit te minimaliseren.
In Hoofdstuk II test ik de eerste hypothese en bespreek ik of 13C fractionatie
afhankelijk is van de CO2 concentratie in de vier bestudeerde soorten
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dinoflagellaten. Over het algemeen neemt 13C fractionatie in de vier soorten
inderdaad toe met CO2, zoals verwacht. De respons was echter sterk soortspecifiek. Bovendien daalde de 13C fractionatie in G. spinifera in de hoogste
pCO2 behandeling , waarschijnlijk door een 2.5-voudige toename in
celgrootte (uitgerukt in biomassa (POC) per cel). Om hiermee rekening te
houden keek ik vervolgens naar de gecombineerde effecten van 1) POC
quota en CO2 en 2) groeisnelheden en CO2. Deze factoren verbeterden de
correlaties tussen 13C fractionatie en CO2 aanzienlijk. Met name de
celgrootte moet dus worden meegenomen bij de toepassing van 13C
fractionatie van dinoflagellaten als proxy voor het pCO2.
In Hoofdstuk III test ik de tweede hypothese en presenteer de resultaten van
fysiologische experimenten waarbij Ci-fluxen (de relatieve CO2-opname en
lekkage) van de bestudeerde soorten werden gemeten. Vervolgens vergeleek
ik mijn gegevens met eenvoudige modelberekeningen waardoor de
verschillende processen die een rol kunnen spelen in veranderende 13C
fractionatie konden worden gekwantificeerd. Ik vond dat 13C fractionatie in
de vier geteste soorten deels kan worden verklaard door Ci-fluxen. In
sommige gevallen, zoals in G. spinifera, was 13C fractionatie significant
lager dan de ramingen van het model. Deze discrepantie kan worden
toegeschreven aan zeer sterke lekkage die niet volledig is weerspiegeld in
13
C fractionatie.
Voorgaande studies hebben laten zien dat 13C fractionatie van bepaalde
fytoplankton groepen, zoals dinoflagellaten, worden beïnvloed door andere
factoren dan CO2. In Hoofdstuk IV, test ik daarom de derde hypothese en
bespreek ik of 13C fractionatie in de testsoorten ook beïnvloed wordt door
lichtbeschikbaarheid en/of stikstofconcentratie in het groeimedium.
Stikstof-beperking elimineerde de CO2-afhankelijkheid van 13C fractionatie
die in Hoofdstuk I werd gevonden in A. tamarense en S. trochoidea. De
beschikbaarheid van licht had geen invloed op de CO2-afhankelijkheid van
13
C fractionatie in G. spinifera en P. reticulatum. Op basis van deze
resultaten en theoretische overwegingen op de cellulaire energiebudgetten,
heb ik een conceptueel model ontwikkeld dat de relevante cellulaire
processen die 13C fractionatie kan beïnvloeden omvat.
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Om het volledige potentieel van de CO2-afhankelijkheid van 13C fractionatie
in de grote fytoplankton groepen dinoflagellaten, diatomeeën,
coccolithoforen en cyanobacteriën voor pCO2 reconstructies te beoordelen,
evalueerde ik meer dan 287 datapunten afkomstig uit studies van
kweekexperimenten die pCO2 en 13C fractionatie documenteerden. In
Hoofdstuk V bediscussieer ik het algemene proxy potentieel op basis van
deze datacompilatie. Naast de groep-specifieke verschillen, vond ik een
algemene toename van 13C fractionatie met toenemende CO2-concentratie
en een afname met toenemende gecombineerde effecten van POC quota en
CO2.
5. Vooruitzicht op toekomstige studies
In dit proefschrift beschrijf ik dat 13C fractionatie in Gonyaulax spinifera,
Protoceratium reticulatum, Alexandrium tamarense en Scrippsiella
trochoidea een soortspecifieke CO2 afhankelijkheid vertoont. Echter, zoals
ook in de meeste andere studies, werden experimenten tijdens dit onderzoek
uitgevoerd met een monoklonale cultuur. De vraag is nu of er ook
intraspecifieke verschillen zijn. Eerdere studies naar groei en/of POC quota
en anorganische koolstof quota van coccolithoforen hebben aangetoond dat
verschillende E. huxleyii stammen intraspecifieke responses vertonen op
temperatuur en zoutgehalte (Brand, 1982, 1984) en carbonaat chemie
(Langer et al, 2009). Ook is aangetoond dat de invloed van CO2 op
groeisnelheden (Kremp et al., 2012) en toxiciteit (Hattenrath-Lehmann,
2014) kan verschillen tussen stammen van dezelfde soorten dinoflagellaten.
Aanvullende studies gericht op 13C fractionatie in verschillende stammen en
niet alleen enkele klonen zijn daarom nodig om mogelijke onzekerheden
hieromtrent te kwantificeren. Dergelijke studies kunnen ons vertellen, of we
de juiste processen hebben geïdentificeerd en begrepen die ten grondslag
liggen aan fractionatie en of 13C fractionatie in dinoflagellaten robuust
genoeg is om te gebruiken als een proxy.
Als de intraspecifieke 13C fractionatie de interpretatie van het signaal in
sedimenten bemoeilijkt, of als absolute fractionatie niet kan worden
vastgesteld kunnen we eventueel gebruik maken van de verschillen in
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isotopenratio’s tussen soorten. In andere woorden, de verschillen tussen
soorten wordt vooral interessant wanneer het koolstofisotopen signaal
bewaard in dinoflagellaat cysten niet kan worden gerelateerd aan het
isotopische signaal van de Ci bron, bijvoorbeeld door het ontbreken van
carbonaat gegevens.
De resultaten van dit proefschrift zijn gebaseerd op studies met motiele
dinoflagellaat cellen, terwijl we dinocysten terugvinden in de sedimenten.
Vorming van een cyste gebeurt meestal binnen een tijdspanne van 10
minuten tot een uur (Kokinos et al, 1999; Rochon et al, 2008). Deze korte
tijdsspanne impliceert dat het meeste organisch koolstof al in de motiele cel
aanwezig moet zijn voor het maken van een dinocyste. De isotopische
verschillen tussen de cel en zijn cyste zijn vermoedelijk dus laag of, beter
gezegd, niet afhankelijk van de CO2 concentratie. Echter, deze
veronderstelling is nog niet getest. De vraag is dus of er nog 13C fractionatie
tijdens cystvorming plaatsvindt en, als dit zo is, dit constant is of
afhankelijk van de soort en/of omgevingsfactoren als temperatuur,
lichtbeschikbaarheid, de concentraties voedingsstoffen en zelfs pCO2.
Het uitvoeren van experimenten om verschillen in isotopenratio’s tussen
cellen en cysten te meten zijn moeilijk. Ten eerste zijn twee stammen nodig
om cystvorming te induceren, omdat dit doorgaans gebeurt tijdens seksuele
voortplanting (Rochon et al., 2009). Als 13C fractionatie van deze stammen
nog niet onafhankelijk is onderzocht, kan het resultaat van gefuseerde cellen
dus een vertekend beeld geven. Ten tweede wordt cystvorming meestal
veroorzaakt door stikstofbeperking. Maar mijn resultaten laten zien dat
stikstofbeperking de CO2-afhankelijkheid van 13C fractionatie elimineert in
Alexandrium tamarense en Scrippsiella trochoidea (Hoofdstuk IV) en in
cyanobacteriën, diatomeeën en coccolithoforen (Hoofdstuk V). Daarom is
het de vraag of het testen van 13C fractionatie tijdens cystvorming praktisch
mogelijk is. Ten derde moeten, zelfs wanneer cysten worden gevormd, celen cystmateriaal afzonderlijk worden geanalyseerd op δ13C. Om dit te
kunnen doen, moet cystvorming gelijktijdig voor alle cellen plaatsvinden.
Vervolgens moeten cel- en cystmateriaal gescheiden worden, eventueel op
basis van verschillende zinksnelheden van de lege cysten versus de cellen.
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Een andere benadering zou zijn om enkele levende cysten uit het sediment
te isoleren. Wanneer cellen uit hun cysten komen zou het verschil in δ13C
tussen deze beide bronnen afzonderlijk kunnen worden gemeten op een
nano-Isotopen Ratio Massa Spectrometer. Ik was van plan dergelijke
experimenten in samenwerking met Prof. A. Rochon uit te voeren en
bezocht daarvoor ISMER-UQAR (Institute des la sciences de la
mer,Université Quebec à Rismouski, Canada). Cellen van P. reticulatum
werden gestimuleerd om uit hun cyste Operculodinium centrocarpum te
komen. Echter, de cysten kwamen niet uit en de isotopenmetingen konden
niet worden uitgevoerd. Blijkbaar waren de gekozen laboratorium
omstandigheden niet geschikt. Ook zou het kunnen zijn dat de tijd van het
experiment korter was dan de rustperiode van de dinoflagellaten, die
mogelijk slechts een paar weken duurt, maar soms ook maanden kan duren
(Nehring, 1996). Dit aspect moet dus nog in toekomstig werk worden
uitgezocht.
Op basis mijn resultaten lijkt het erop dat 13C fractionatie in de groep
dinoflagellaten niet meer gevoelig is voor CO2 boven concentraties van 2040 μmol L-1. Er moet echter nog worden getest in hoeverre dit geld voor
afzonderlijke soorten. Koolststoffractionatie in A. tamarense en G. spinifera
onder optimale groeiomstandigheden lijkt de bovengrens te hebben bereikt
op ongeveer 12-14 ‰, maar dit geldt niet voor S. trochoidea, G. Spinifera
en P. reticulatum (Hoofdstuk II). Bovendien vonden we in de hoogste pCO2
een sterke daling van 13C fractionatie in G. spinifera vanwege de
uitzonderlijk grote cellen, waardoor verder onderzoek onder hogere pCO2
nodig is.
Al met al staat de nieuw voorgestelde CO2 proxy gebaseerd op 13C
fractionatie in dinoflagellaten nog in de kinderschoenen. Ze vergt duidelijk
beter mechanistisch begrip en veldkalibratie voordat het kan worden
toegepast. Toch is in dit proefschrift een aanzienlijk proxypotentieel
aangetoond. Dinocysten zijn in overvloed aanwezig in sedimenten
wereldwijd, sinds het Mesozoicum. De cysten blijven in het sediment, zelfs
onder omstandigheden waarbij andere proxies niet meer toepasbaar zijn.
Fractionatie in G. spinifera is CO2-afhankelijk en ongevoelig voor
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veranderende lichtomstandigheden, waardoor de invloed van ten minste één
belangrijke milieuparameter lijkt te zijn uitgesloten.
De resultaten van dit proefschrift laten zien dat 13C fractionatie in alle hier
geteste dinoflagellate soorten afhankelijk is van CO2, in ieder geval binnen
een bepaald CO2 bereik. De resultaten tonen verder dat we een
fundamenteel begrip hebben van de onderliggende processen die 13C
fractionatie bepalen, maar ook dat deze cellulaire processen kunnen worden
beïnvloed door lichtbeschikbaarheid en stikstof-beperking. Omdat gegevens
van andere fytoplankton groepen significante invloeden van een licht:
donker cyclus suggereren, moeten ook deze worden opgenomen in de
toepassing van de proxy. Tot slot, zal het verschil in 13C fractionatie tussen
cel en cyste moeten worden bepaald om de toepassing van de potentiële
proxy mogelijk te maken.
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