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Der Mensch ist gewohnt, von einem Jahr zum nächsten zu reagieren
oder von einem Monat zum nächsten, aber dass er über Jahrzehnte
denkt, das ist etwas ungewohnt für ihn. Insofern hat mich das
eigentlich nicht überrascht, dass das sehr lange gedauert hat, bis die
Menschheit wirklich begriffen hat, dass sie etwas zu tun hat.
— Klaus Hasselmann, Nobel Prize in Physics 2021

ABSTRACT

Marine phytoplankton constitutes about half of the primary production on Earth. It forms
the base of the marine food web and is a pivotal player in the marine biological carbon
pump. The primary environmental drivers that control phytoplankton growth are temperature,
nutrient availability, light, and the concentration of inorganic carbon species. Ongoing climate
change modifies these drivers, leading to a warming, high-CO2 ocean with altered nutrient
availabilities and light regimes. Changes in phytoplankton productivity and community composition resulting from these newly emerging environmental states in the ocean have important
implications for the marine ecosystem and carbon cycling.
Biogeochemical ocean models are used to investigate how marine primary production may be
affected by future climate change under different emission scenarios. Phytoplankton growth
rates in models are typically determined by functions describing growth dependencies on
temperature, light, and nutrients. However, a large body of laboratory studies on phytoplankton responses to environmental drivers reveals two points that are usually not considered
in current biogeochemical models. Firstly, phytoplankton growth can be considerably modified
by the state of the carbonate system. Changes in inorganic carbon species concentrations can
be either growth-enhancing (CO2(aq) and bicarbonate are substrates for photosynthesis), or
growth-dampening (increasing CO2(aq) levels lead to a shift in the carbonate equilibria and
result in a pH decrease, a process which is called ocean acidification). Functions describing this
growth dependence of phytoplankton on the carbonate system have not been implemented in
large-scale ocean biogeochemical models so far. Secondly, growth responses towards one driver
can be modified if the level of another driver is changing. Functions including these so-called
interactive driver effects partly exist in models (e.g. the response to varying light levels may
depend on the nutrient limitation term). However, the large number of laboratory studies
on multiple driver effects has never been used to constrain driver interactions in large-scale
ocean biogeochemical models. This holds especially true for the findings of growth responses
to driver interactions that include ocean acidification, which make up the largest share of
laboratory experiments.
This thesis aims to investigate sensitivities of marine phytoplankton to changing CO2(aq) levels
as well as to interactive effects between CO2 and other environmental drivers. A comprehensive
and reproducible literature search in combination with a statistical analysis (Publication I) reveals
that increasing CO2(aq) levels robustly dampen the growth-increasing effects of warming and
improving light conditions. In addition, the results show that the calcifying phytoplankton
group of coccolithophores experiences the strongest negative effects by ocean acidification
compared to other phytoplankton groups. A second study (Publication II) examines the effects
of mechanistically described carbonate system dependencies on primary production and
community composition in a model. To this end, carbonate system dependencies of phytoplankton growth and and coccolithophore calcification are implemented into the global biogeochemical ocean model REcoM. The study shows that responses to ocean acidification cascade
on growth responses to other drivers, which partly balance or counteract the direct impact of
the carbonate system on growth rates. In addition, warming is identified as the main driver of
the observed recent increase of coccolithophore biomass in the North Atlantic. A final study
(Publication III) investigates the interactive effects between CO2 and temperature as well as
between CO2 and light on phytoplankton biomass and community composition in a high
emission scenario. For the parametrization in REcoM, growth responses to interacting drivers
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as synthesized in Publication I are used. The decrease of global future phytoplankton biomass
and net community production by the end of the century is similar in simulations with and
without driver interactions (-6% and -8%, respectively). However, phytoplankton responses
to future climate conditions are considerably modified on a regional scale and the share of
individual phytoplankton groups in the community changes both globally and regionally when
accounting for multiple driver effects. Globally, diatoms and coccolithophores are impacted
more and small phytoplankton less severely by future oceanic conditions when accounting
for driver interactions. Future projections of the Southern Ocean phytoplankton community
are modified most dramatically with the new interactive growth formulation, as diatoms and
coccolithophores become less and small phytoplankton more abundant, while it is the other
way round in simulations without driver interactions.
The thesis highlights 1) that the carbonate system is a critical growth-modifying driver for
phytoplankton in a high-CO2 ocean, which can furthermore modify growth responses to other
drivers substantially, and 2) that driver interactions have considerable effects on climate-change
induced alterations in the phytoplankton community as well as on regional biomass changes
in a future ocean.
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Z U S A M M E N FA S S U N G

Marines Phytoplankton trägt etwa die Hälfte zur globalen Primärproduktion auf der Erde bei.
Es formt die Grundlage des marinen Nahrungsnetzes und ist ein entscheidender Bestandteil
der marinen Kohlenstoffpumpe. Die wichtigsten Umweltfaktoren für das Wachstum des Phytoplanktons (auch "Treiber"genannt) sind Temperatur, Nährstoffverfügbarkeit, Licht und die
Konzentration von anorganischen Kohlenstoffverbindungen. Der fortwährende Klimawandel
beeinflusst diese Umweltfaktoren und führt zu einem sich erwärmenden Ozean mit höherem
CO2 -Gehalt, sowie veränderter Nährstoffverfügbarkeit und modifiziertem Lichtregime. Daraus
entstehende Veränderungen in der Produktivität und der Artenzusammensetzung des Phytoplanktons beeinflussen das marine Ökosystem und den Kohlenstoffkreislauf im Ozean.
Biogeochemische Ozeanmodelle werden verwendet um zukünftige Effekte des Klimawandels
auf die marine Primärproduktion in unterschiedlichen Emissionsszenarien zu untersuchen.
Die Wachstumsraten von Phytoplankton in diesen Modellen werden üblicherweise durch
Funktionen bestimmt, welche Veränderungen des Wachstums in Abhängigkeit von Temperatur,
Licht und Nährstoffkonzentrationen beschreiben. Zahlreiche Laborstudien über den Einfluss
von Umweltfaktoren auf das Phytoplanktonwachstum zeigen jedoch zwei Aspekte, die häufig
nicht in den derzeitigen biogeochemischen Modellen berücksichtigt werden. Zum einen
werden Wachstumsraten erheblich vom Carbonatsystem modifiziert. Veränderungen in der
Konzentration von anorganischen Kohlenstoffverbindungen können entweder wachstumsfördernd (CO2(aq) und Bicarbonat sind Substrate für die Photosynthese) oder wachstumsmindernd (zunehmende CO2(aq) -Konzentrationen führen zu einer Verschiebung des CarbonatGleichgewichts und führen zu einer Reduktion des pH-Werts, ein Prozess der auch Ozeanversauerung genannt wird) sein. Funktionen, die diesen Einfluss auf die Wachstumsraten
darstellen, werden bislang nicht in großskaligen biogeochemischen Ozeanmodellen verwendet.
Zum anderen können die Effekte eines Umweltfaktors auf Wachstumsraten durch Änderungen
eines anderen Umweltfaktors modifiziert werden. Sogenannte interaktive Effekte werden in
einigen Modellen verwendet (z.B. kann der Lichteffekt auf Wachstumsraten durch den Term der
Nährstofflimitation variiert werden). Der überwiegende Teil der Laborstudien über interaktive
Treibereffekte wurde allerdings noch nie in Modellen berücksichtigt. Das gilt besonders für
Forschungsergebnisse über Treiberinteraktionen welche den Effekt von Ozeanversauerung
beinhalten, und diese machen den Großteil der Laborstudien aus.
In der vorliegenden Arbeit wird die Sensitivität des marinen Phytoplanktons auf sich verändernde CO2(aq) -Konzentrationen sowie die interaktiven Effekte zwischen CO2 und anderen
Umweltfaktoren untersucht. Eine umfassende und reproduzierbare Literaturrecherche in
Kombination mit einer statistischen Analyse (Publikation I) zeigt, dass ansteigende CO2(aq) Konzentrationen die wachstumsfördernden Effekte von Erwärmung und besseren Lichtbedingungen dämpfen. Des Weiteren beeinträchtigt Ozeanversauerung das Wachstum der
kalzifizierenden Phytoplanktongruppe der Coccolithophoriden am stärksten. Eine zweite
Studie (Publikation II) untersucht den Effekt mechanistisch beschriebener CarbonatsystemAbhängigkeiten auf die Primärproduktion und die Artenzusammensetzung in einem Modell.
Zu diesem Zweck werden neu entwickelte Abhängigkeiten des Phytoplanktonwachstums und
der Kalzifizierungsraten vom Carbonatsystem in das globale biogeochemische Ozeanmodell
REcoM implementiert. Die Studie zeigt, dass Ozeanversauerung auch indirekt die Effekte von
anderen Umweltfaktoren auf das Phytoplanktonwachstum verändert, welche teilweise die
direkten Effekt des Carbonatsystems auf Wachstumsraten ausgleichen. Darüber hinaus wurde
vii

die Erwärmung als Haupttreiber der kürzlich beobachteten Zunahme von Coccolithophoriden
im Nordatlantik identifiziert. Eine letzte Studie (Publikation III) untersucht die interaktiven
Effekte zwischen CO2 und Temperatur sowie zwischen CO2 und Licht auf die Biomasse und
Artenzusammensetzung von Phytoplankton in einem Szenario mit hohen CO2 -Emissionen. Für
die Parametrisierung in REcoM werden die von interaktiven Effekten modifizierten Wachstumsraten verwendet, die in Publikation I zusammengestellt wurden. In Simulationen mit und ohne
interaktiven Effekten von Umwelttreibern ist die Abnahme der globalen zukünftigen Biomasse
des Phytoplanktons ungefähr gleich (-6% bzw. -8%). Unterschiede zwischen diesen beiden
Simulationen werden allerdings auf regionaler Ebene und in der globalen und regionalen
Zusammensetzung der zukünftigen Phytoplanktongemeinschaft deutlich. Global werden,
verglichen mit Simulationen ohne Treiberinteraktionen, Diatomeen und Coccolithophoriden
mehr und kleines Phytoplankton weniger stark von zukünftigen Bedingungen im Ozean
beeinträchtigt. Zukunftsprojektionen der Phytoplanktongemeinschaft im Südozean sind am
meisten durch die neue Wachstumsformulierung mit interaktiven Effekten beeinflusst. Im
zukünftigen Südozean werden Diatomeen und Coccolithophoriden häufiger und das kleine
Phytoplankton weniger häufig, wobei diese Projektionen in Simulationen ohne interaktive
Effekte genau umgekehrt sind.
Die vorliegende Arbeit zeigt, 1) dass das Carbonatsystem ein wichtiger wachstumsbestimmender Treiber für Phytoplankton in einem Ozean mit hohen CO2 -Konzentrationen ist, welcher
entscheidend die Effekte anderer Treiber beeinflusst, und 2) dass Treiberinteraktionen einen
beachtlichen Effekt auf klimawandelbedingte Veränderungen in der Zusammensetzung der
Phytoplanktongemeinschaften sowie auf regionale Biomasseveränderungen im zukünftigen
Ozean haben.
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GENERAL INTRODUCTION
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1.1 the global carbon cycle

1.1

the global carbon cycle

Atmospheric CO2 is, together with other greenhouse gases such as water vapor, nitrous oxide,
and methane, pivotal for the natural greenhouse effect. This effect keeps the Earth’s temperature
in a range that makes life on Earth possible by absorbing a part of the long-wave radiation
emitted from the surface as a result of warming by incoming solar radiation (Mitchell, 1989).
Thus, carbon is a major component in ensuring the habitability of our planet. In the Earth’s
history, the natural greenhouse effect and with it the global carbon cycle have been shifted
multiple times, causing glacial and interglacial periods. So-called "Milanković cycles" triggered
by changes in the Earth’s orbit and rotation axis result in variations of the sun insolation
reaching Earth (Lorius et al., 1990; Lisiecki, 2010). During time spans of increasing sun insolation,
a series of chain reactions is triggered that, for instance, start with large-scale melting of Arctic
glaciers and ultimately lead to a warming of the oceans in the southern hemisphere. Coherent
changes such as the modification of major ocean currents and upwelling efficiency as well as
the lower solubility of gases in warmer waters lead to an outgassing of CO2 and thereby to
an amplification of initial global warming (Shakun et al., 2012; Parrenin et al., 2013; Ronge et al.,
2016). The Milanković cycles only occur every 20,000-100,000 years, and related changes in
atmospheric CO2 are relatively slow (Abe-Ouchi et al., 2013). The global oceans, covering about
70% of the Earth’s surface, play a major role in the Milanković cycles and, thus, in determining
the Earth’s climate. Carbon is a central element of organic and inorganic compounds in the
biosphere (e.g., animals and plants), hydrosphere (e.g., inorganic carbon species: dissolved
carbon dioxide (CO2(aq) ), bicarbonate (HCO3− ), carbonate (CO23− )), lithosphere (e.g., calcium
carbonate, limestone), and atmosphere (e.g., CO2 ) (Golubić et al., 1979).
1.1.1

Processes of the biological carbon pump

The natural cycling of carbon includes processes that induce shifts of carbon between the
different carbon reservoirs (biosphere, hydrosphere, lithosphere, atmosphere) with respective
chemical transformations. The main process that moves carbon steadily from the inorganic
pools in the hydrosphere and atmosphere to the organic pools in the biosphere is photosynthesis
by phototrophic and mixotrophic organisms, the so-called primary producers (Figure 1.1).
These organisms use the energy of sunlight to fix CO2 into organic compounds (assimilation),
which can then be used for growth, i.e. the build-up of biomass:
CO2 + 2 H2 O −−→ (CH2 O) + H2 O + O2 .

(1.1)

Although forests cover about 30% of the global land area (Canadell and Raupach, 2008) and
terrestrial plants are dominating the global plant biomass (Bar-On et al., 2018), 50% of the
global primary production is performed by the less recognizable marine primary producers
(Middelburg, 2019). Marine primary production is mainly performed by uni-cellular algae
(Middelburg, 2019), the so-called phytoplankton, which is typically transported by tides
and currents and not attached to a substrate in contrast to terrestrial plants and benthic
macroalgae. The most important marine phytoplankton groups are diatoms, dinoflagellates,
and haptophytes in the larger size classes (micro- and nanophytoplankton, 20-200 µm and
2-20 µm, respectively), as well as green algae, other small eukaryotes, and cyanobacteria in the
small size class (picophytoplankton, 0.2-2 µm, Sieburth et al., 1978; Simon et al., 2009; Juranek
et al., 2020). Primary producers form the basis of the food web, and organic carbon in the
form of biomass is transferred to higher trophic levels by zooplankton grazing. The cycling
of carbon in the organic carbon pool of the ocean is called the "soft tissue pump" (Figures 1.1
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Figure 1.1: The carbon pumps in the ocean. The physical carbon pump is mainly driven by
temperature-related solubility differences as well as the distribution of dissolved inorganic
carbon (DIC) with the overturning circulation. The biological carbon pump comprises
the soft-tissue pump and the carbonate pump. In the soft-tissue pump, carbon is fixed
by photosynthetic organisms into organic matter and released back into the inorganic
carbon pool via remineralization. In the carbonate pump, alkalinity is consumed during
calcification, which shifts the carbonate equilibrium (equation 1.2) towards more CO2(aq) .
Dissolution of calcium carbonate releases alkalinity. The small fraction of particulate
organic carbon and calcium carbonate that is not remineralized or dissolved, respectively,
can be permanently buried at the sea floor. Adapted from Heinze et al. (1991).

and 1.2). Organic carbon at any trophic level is transferred back into the inorganic carbon pool
via respiration as soon as it is used for the organism’s metabolism (e.g., energy-consuming
cell functions, movement, temperature regulation) or remineralized after the organism’s death.
In the terrestrial realm, respiration releases CO2 directly into the atmosphere in its gaseous
form CO2(g) . In the marine realm, however, a big share of inorganic carbon species remains
in the ocean, usually defined as dissolved inorganic carbon (DIC), which is the sum of the
dissolved forms CO2(aq) , HCO3− , CO23− , and carbonic acid (H2 CO3 ). As H2 CO3 is chemically
not separable from CO2(aq) (Zeebe and Wolf-Gladrow, 2001), it is no longer specifically mentioned
in the remaining text. The ratios between the carbon species are determined by a temperature,
pressure, pH, and salinity-dependent equilibrium:

−
⇀
−
⇀
CO2 (aq) + H2 O −
↽
−
− HCO3 − + H+ −
↽
−
− CO3 2− + 2 H+ ,

(1.2)

[CO2 (aq) ] = KH · fCO2 (g) .

(1.3)

whereof HCO3− has the highest share at contemporary pH levels (Zeebe and Wolf-Gladrow, 2001).
The CO2 concentration increases in deeper waters due to decreasing photosynthetic activity
with depth, passive sinking and active transport of organic matter to depth, and accumulation
of CO2(aq) from remineralization processes in deep waters, forming a depth-gradient of DIC.
Without the "soft tissue pump", atmospheric CO2 levels would be about 200 ppm higher
(Maier-Reimer et al., 1996; Parekh et al., 2006). This DIC depth-gradient of the "soft-tissue pump"
enhances the functioning of the "physical carbon pump", which consists of the air-sea gas
exchange, and the transport of water masses to different depth layers by the overturning
circulation (Figure 1.1). The CO2 solubility in seawater is proportional to the CO2 fugacity in
the gas phase f CO2(g) (Henry’s law):
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Figure 1.2: The soft tissue pump in the ocean. Dissolved CO2 in the water column is assimilated by
phototrophic organisms (phytoplankton) to build organic compounds, which partly sink
out of the euphotic zone, either directly or as aggregates. Besides, phytoplankton is grazed
by zooplankton, which respire carbon and thereby release CO2 , excrete dissolved organic
carbon (DOC), and form particulate organic carbon (POC) as fecal pellets. Vertically
migrating zooplankton transports carbon to deeper water layers below the euphotic zone.
Dead cells, aggregates, and DOC are decomposed by bacteria and thereby recycled back
into CO2 and nutrients, or sink to the sea floor where they are eventually buried. The soft
tissue pump creates a depth-gradient of dissolved inorganic carbon, and the resulting
surface disequilibrium of CO2 between ocean and atmosphere contributes to the air-sea
CO2 exchange.

The Henry’s law constant KH is temperature-dependent, and the solubility of CO2 in seawater
decreases with increasing water temperature. Hence, low water temperatures, the formation
of deep water, and high biological production together with high export efficiency of organic
carbon to depth drive the oceanic uptake of atmospheric CO2 , while warmer waters, upwelling
events, and high remineralization rates in surface waters may lead to a CO2 flux from the ocean
to the atmosphere (Figure 1.1). About 1% of the carbon that has been bound in biomass and
was transported to depth (export production) is not re-transferred to inorganic carbon and is
instead buried in ocean sediments (Heinze et al., 1991, organic carbon burial, Figure 1.2).
Bicarbonate and carbonate ions are additionally used by some organisms to build body
structures of calcium carbonate (CaCO3 , biological precipitation in the so-called "carbonate
pump", Figure 1.1). Alkalinity (a conservative quantity that accounts for the charges of the ions
of weak acids) and DIC of the surrounding water are affected by calcification. The capacity of
the carbonate system in seawater to buffer against pH changes is better when alkalinity is high
(Zeebe and Wolf-Gladrow, 2001; Middelburg et al., 2020). Both HCO3− and CO23− can be used as a
substrate for calcification:

−
⇀
Ca2+ + 2 HCO3 − −
↽
−
− CaCO3 + CO2 (aq) + H2 O,

(1.4)

−−
⇀
Ca2+ + CO3 2− ↽
−
− CaCO3 .

(1.5)

Hence, per unit CaCO3 formed, alkalinity decreases by two units, and DIC by one unit (Zeebe
and Wolf-Gladrow, 2001). An excess decrease of alkalinity over DIC leads to shifts in the carbonate
equilibrium (equation 1.2) towards a higher share of CO2(aq) (Zeebe and Wolf-Gladrow, 2001;
Gehlen et al., 2007). Most open ocean calcification is performed by coccolithophores, foraminifera,
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and pteropods. The dissolution of calcium carbonate (backward reaction of equations 1.4 and
1.5) takes place when the surrounding water is undersaturated with respect to CaCO3 , which is
usually the case at depth, i.e. under high pressure and low temperatures, but can also occur at
the surface e.g. in microenvironments that have a high DIC concentration relative to alkalinity
(patterns of CaCO3 dissolution are summarized in Sulpis et al., 2021). Skeletons and shells from
CaCO3 do not only dissolve after the organism’s death, but also living calcifying organisms can
be subject of dissolution, such as pteropods (Bednaršek et al., 2012) in case they cannot counter
dissolution by protective organic coating (Peck et al., 2016) or repairing mechanisms (Peck et al.,
2018). Formation, sinking, and dissolution of CaCO3 drives the carbonate pump, which as
a reversed effect on CO2 concentrations than the soft tissue pump (i.e. decreasing CO2(aq)
concentration at the surface via photosynthesis, increasing CO2(aq) concentration at the surface
via calcification, Figure 1.1). CaCO3 that does not dissolve in the water column or, after sinking
to the seafloor, in the sediment, can ultimately accumulate and form carbonate rocks such as
limestone and dolomite (Morse et al., 2007). The soft tissue and the carbonate pumps together
form the biological carbon pumps (Figure 1.1). The global carbon cycle was in equilibrium in
preindustrial times, i.e. the in- and outflux between organic and inorganic carbon pools were
relatively stable. However, by changes in the physical or biological environment, the share of
the carbon pools can be shifted and processes and fluxes between the pools can be disturbed.
1.1.2

Effects of climate change on the ocean

Since the beginning of industrial times humans are perturbing the natural balance between
inorganic and organic carbon, between bounded, dissolved, and gaseous carbon at an unprecedented speed. By fossil fuel burning, peat extraction, land-use change, and cement production,
a considerable extra portion of CO2 is released to the atmosphere, for instance amounting to
about 35 Gt CO2 in 2020 (Friedlingstein et al., 2020, 2021). About half of this additional CO2 in the
atmosphere is currently being taken up in equal shares by land (vegetation) and ocean (e.g., airsea gas exchange via the physical carbon pump and export to the ocean interior, Friedlingstein
et al., 2020). The concentration of CO2 remaining in the atmosphere was continuously rising
over the past decades, from a preindustrial concentration of about 277 ppm (Joos and Spahni,
2008) to an annually averaged level of 410 ppm in 2019 (IPCC, 2021). This excess atmospheric
CO2 increases the radiative forcing, i.e. the natural greenhouse effect, and additional energy
accumulates in the climate system. Consequently, the Earth’s surface was warming by 1.09◦ C
between 1850-1900 to 2011-2020, which is out of the range of natural fluctuations (IPCC, 2021).
The effects of human-made (anthropogenic) global warming can already be seen today in, for
instance, the fast melting of glaciers, sea-ice retreat, sea level rise, altered atmospheric jets,
more frequent heatwaves, droughts and heavy rainfalls, and the migration and extinction of
plants and animals (IPCC, 2021).
Oceans are affected by climate change in multiple ways, i.e. by changes in wind patterns,
stratification, and circulation, as well as the loss of sea ice (Figure 1.3). Over most of the
regions of the Eastern Boundary Upwelling Systems where nutrient-rich water is transported
to the surface creating highly productive ecosystems, winds have intensified over the last years
(Sydeman et al., 2014), and for high latitudes both winds and upwelling events are projected to
intensify further (Wang et al., 2015). Westerly winds over the Southern Ocean have intensified
in the past decades (Marshall, 2003; Panassa et al., 2018a) and will likely deepen the Southern
Ocean mixed layer depth in the future (Hauck et al., 2015). Apart from the Southern Ocean,
most studies reveal a shallowing mixed layer due to a strengthened surface stratification in the
past half-century, which is mainly caused by warming (Li et al., 2020) and, in polar regions, by

1.1 the global carbon cycle

Figure 1.3: Examples for present-day and projected effects of climate change on the global oceans.
Regional effects are labelled in yellow, and large-scale effects in blue. Note that for the
regional effects, only example regions are marked in the map.

freshening of the surface waters due to increasing freshwater runoff from land and the melting
of glaciers, ice sheets, and sea ice (Carmack et al., 2016; Haumann et al., 2016; Li et al., 2020). Under
stronger stratification, the replenishment of surface waters with nutrients from depth and, thus,
nutrient availability for primary producers decreases (Fu et al., 2016), and the reduced ocean
ventilation lowers oxygen concentrations in large parts of the oceans (Keeling et al., 2010). Recent
investigations, however, show that the global summer mixed layer may have become deeper
in recent decades, likely due to increasing upper-ocean turbulence (Sallée et al., 2021). Thus,
open questions remain about modifications of the mixed layer depth under current climate
change. Besides, warming and freshening may have implications on large ocean circulation
patterns such as the potential slow-down of the Atlantic Meridional Overturning Circulation
(AMOC; Rahmstorf et al., 2015; Sévellec et al., 2017) and the associated Gulf Stream, which is
responsible for the main heat transport to the North Atlantic (Dong et al., 2019; Alexander et al.,
2020). The decrease in Arctic summer sea-ice extent is accelerating in recent years, e.g. in the
Bering Sea (Stabeno and Bell, 2019) and is projected to continue to accelerate (e.g., Sun et al.,
2018). This feeds back on the climate and implications on the ecosystem functioning by, for
instance, enhanced light penetration and the loss of sea-ice related communities now and in
the future (Sun et al., 2018; Lannuzel et al., 2020; Siddon et al., 2020). Finally, the biodiversity in
deep ocean habitats is increasingly threatened by warming, deoxygenation, as well as changes
in the export of organic carbon (Levin and Le Bris, 2015).
Another effect of growing atmospheric CO2 concentrations on the oceans is the increasing
uptake of CO2 (Bindoff et al., 2019), which has large consequences for the concentrations and
share of inorganic carbon species. Higher DIC concentrations at unchanged alkalinity result in
higher concentrations of hydrogen ions (H+ ) and a shift of the carbonate equilibrium towards
lower concentrations of CO23− , a process commonly known as "ocean acidification" (Caldeira and
Wickett, 2003; Doney et al., 2009). Surface ocean pH has decreased by 0.1 units since preindustrial
times (IPCC, 2021), which translates into a 30% higher proton concentration. Ocean acidification
has meanwhile also reached the deep ocean to at least 1000 m depth (Levin and Le Bris, 2015;
Lauvset et al., 2020). Both, warming and ocean acidification already affect abundance and
distribution of pelagic organisms and related processes such as calcification (e.g., Beaugrand
et al., 2013; Kroeker et al., 2013; Poloczanska et al., 2016). The increase in atmospheric CO2
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concentrations that cause warming and ocean acidification will only cease once anthropogenic
carbon emissions reach net zero, and the speed of emission reductions depends on the actions
mankind takes with regard to future socio-economical developments (IPCC, 2021).
It is certain that global climate change is drastically altering the biosphere, e.g. terrestrial
and marine primary production, and its interaction with the other carbon reservoirs. However,
the direction of future changes in primary production depends strongly on the magnitudes
of changes in warming, increasing CO2 concentrations, alterations in nutrient availability and
light regimes, as well as their interactions (Pan et al., 2014; Bindoff et al., 2019). Terrestrial
primary producers respond comparatively slow to changes in the global climate because of
their relatively long turnover rates (12-24 years, Pugh et al., 2020). Phytoplankton, by contrast,
has high turnover rates of approximately only 4 days (Hama, 2000), and effects of changing
environmental conditions can be observed quickly. Marine heatwaves, for example, directly
affect the strength of phytoplankton blooms, with weaker blooms in nutrient-poor waters and
stronger blooms in nutrient-rich waters (Hayashida et al., 2020). When estimating current and
future shifts and variations in the global carbon cycle, it is the biological part, namely the flux of
carbon from the inorganic to the organic carbon pool, which has large uncertainties compared
to the physical part of the global carbon cycle (Frölicher et al., 2016; Séférian et al., 2020; Tagliabue
et al., 2021). The "soft tissue pump" likely played an important role in modifying atmospheric
CO2 levels during glacial-interglacial cycles (Galbraith and Skinner, 2020). In addition, groupspecific changes in marine primary production due to climate change and the concomitant
modifications of phytoplankton communities have important implications for the ecosystem.
For instance, small zooplankton (e.g. flagellates and ciliates) preferably preys on small phytoplankton cells (e.g. green algae and coccolithophores), and large zooplankton (e.g. copepods
and krill) preferably preys on larger phytoplankton cells (e.g. diatoms; e.g., Sommer and Sommer,
2006; Calbet, 2008). Hence, a shift in the phytoplankton community may result in simultaneous
changes in the zooplankton community. Besides, variations of the production of diatoms and
coccolithophores cascade on the silicon cycle and the carbonate pump, as well as on mineral
ballasting of the export flux (e.g., Francois et al., 2002; Klaas and Archer, 2002). Thus, it is of great
importance to understand how marine phytoplankton responds to the ongoing changes in the
physico-chemical setting of the ocean, like warming and ocean acidification.
The present thesis focusses on an improved representation of phytoplankton in global biogeochemical models in a changing ocean. This comprises a thorough assessment of laboratory data
on phytoplankton responses to single and interacting drivers (Publication I), the development
of reaction norms for CO2 dependencies and multiple driver interactions, as well as the model
amendment by a calcifying phytoplankton group (Publications II+III).
Hereafter, the thesis introduction focusses on the explanation of the underlying concepts
and summarizes the current state of the art in phytoplankton modelling. First of all, the most
important drivers for phytoplankton growth are presented, followed by their description in
reaction norms and an introduction to multiple driver interactions (section 1.2). After a brief
introduction of phytoplankton modelling (section 1.3), the most important phytoplankton
groups in the real ocean are compared to those typically represented in biogeochemical models
(section 1.4). Finally, strategies to find appropriate parameter values of reaction norms defining
phytoplankton groups in models are summarized (section 1.5).

1.2 phytoplankton growth responses to environmental drivers

1.2
1.2.1

phytoplankton growth responses to environmental drivers
Physiological effects of environmental drivers on phytoplankton

The growth rate of phytoplankton depends on the prevailing environmental conditions and the
individual optimum conditions of a cell. Growth rates are commonly defined as the number
of cell divisions per unit time (specific growth rates). The environment is set by a multitude
of parameters, which are all summarized under the term "environmental drivers". The most
important environmental drivers for phytoplankton in the open ocean are temperature, light
intensity, nutrient availability (mainly nitrate, phosphate, and silicic acid) and the availability
of substrates for photosynthetic carbon fixation (CO2(aq) , HCO3− , CO23− , Pörtner and Karl, 2014).
Some trace metals such as iron, zinc, and cobalt as well as the vitamin cobalamin are not
dominating environmental drivers, but changes in their concentrations can have crucial growthmodifying effects (e.g., Koch and Trimborn, 2019; Viljoen et al., 2019). Other drivers like salinity
(e.g., Hernando et al., 2015) are of lesser importance on a global scale. Drivers affect a variety of
cellular processes, from substrate acquisition to the formation of cell structures. They interact
and control how fast or efficient these processes are performed (e.g., Boyd and Brown, 2015;
Tanioka and Matsumoto, 2020). In some cases, drivers are not only enhancing or slowing down a
process, but can even damage the cell, such as heat events (Samuels et al., 2021) as well as high
light and shortwave ultraviolet (UV, 100-400 nm) radiation (Neale et al., 1993; Gao et al., 2007).
Temperature is a crucial determinant for the phytoplankton metabolism, i.e. photosynthesis
and respiration. Temperature determines, for instance, the activity of the Rubisco enzyme,
which is responsible for the fixation of CO2 (Allen et al., 2005), and the internal allocation of
carbohydrates to protein synthesis (Dewar et al., 1999; Toseland et al., 2013). Sudden and intense
changes in temperature such as marine heat waves (i.e. anomalous warm water events, Hobday
et al., 2016) can cause either cellular stress reactions that may allow a quick acclimation of
a species’ thermal tolerance to higher temperatures, or even death in case adaptation is not
possible (Samuels et al., 2021).
Phytoplankton as phototrophic organisms convert light energy into chemical energy that
can be used for the cellular metabolism. Light (i.e. the photosynthetically active radiation,
PAR, which is in the wavelength range of 400-700 nm) is therefore an essential phytoplankton
driver, and restricts phytoplankton habitats to the upper part of the ocean where light is
available in sufficient intensity (euphotic zone). While land plants and macroalgae usually
remain fixed in space and light fluctuations are primarily dependent on the daily and/or
seasonal cycle, phytoplankton additionally experience variable light conditions over the course
of the day due to turbulent mixing of the water column. Thus, phytoplankton has to possess
a high degree of photo-physiological plasticity (Falkowski, 1980). Plasticity is defined as
variability in the phenotype (i.e. the characteristics of an organism) without changes in the
genotype (i.e., the genetic material of an organism, Kelly et al., 2012). Phenotypic plasticity can
either stem from individual cells and their specific tolerance towards shifts in environmental conditions, or from phenotypic diversity within a population of a species (Collins et al.,
2014). Responses to changing light conditions are manifold and include, for instance, synthesis
or degradation of photosynthetic antennae, activation of alternative electron pathways, and
changes in the contents and ratios of photosynthetic pigments (summarized by Basu and
Mackey, 2018; Falkowski, 1980). However, intense PAR and also UV radiation can be damaging
for the photosystems that are part of the photosynthetic apparatus and, thus, for the overall
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performance of a cell (Neale et al., 1993; Gao et al., 2007).
Nutrients are chemical forms of elements that are key components of biomass, and are
assimilated into macromolecules such as carbohydrates, proteins, nucleic acids, and lipids
(Moore et al., 2013). Phytoplankton is dependent on macronutrients such as nitrate and
phosphate, but also micronutrients and trace metals (e.g., cobalamin, iron, and zinc, Koch
and Trimborn, 2019; Viljoen et al., 2019). While high nutrient concentrations are usually not
harmful to phytoplankton cells, the metabolism is reduced as soon as nutrient availability is
limited. The plasticity in intracellular elemental stoichiometry determines the tolerance of a cell
towards changes in nutrient availability. Usually, the plasticity is higher for nutrients containing
elements that are less present in a cell, e.g. trace metals, while the plasticity towards nitrate
is relatively restricted, with nitrogen representing about 7% of the cellular mass (Moore et al.,
2013). The minimum nutrient requirement and the uptake affinity are important measures that
define how well a phytoplankton cell can grow under certain nutrient conditions (Aksnes and
Cao, 2011; Van de Waal and Litchman, 2020). These measures usually scale with size, with small
phytoplankton such as ciliates being able to thrive in nutrient-poor (oligotrophic) environments,
while larger phytoplankton such as diatoms need high nutrient concentrations but are then
efficient in the uptake and storage of excess nutrients in vacuoles (luxury consumption, Litchman
et al., 2007). Characteristics in nutrient usage can be used to group phytoplankton and define
typical distribution patters. An example is the so-called Margalef’s mandala which traditionally
classifies phytoplankton into life forms according to their responses to nutrient concentrations
and turbulence (Margalef , 1978; Wyatt, 2014; Glibert, 2016).
CO2(aq) is used as a substrate for photosynthesis, where it is fixed by the enzyme Rubisco
to form organic carbon compounds. Because Rubisco has a poor substrate affinity, the carbon
fixation rate is low at low CO2(aq) concentrations and, thus, the build-up of new biomass alike
(Raven and Johnston, 1991). Most phytoplankton species developed strategies to overcome CO2(aq)
deficiency, for example by the active (though cost-intense) uptake of CO2(aq) or by shifting
to bicarbonate as substrate (CO2 -concentrating mechanisms, Reinfelder, 2011; Kottmeier et al.,
2014). The capability to grow at low CO2(aq) concentrations, for instance during dense blooms,
triggers competition between species and, thus, affects the composition of the phytoplankton
community (Tortell et al., 2008). Since the energetic costs of CO2 -concentrating mechanisms
are alleviated when more CO2(aq) becomes available, the cell can reallocate energy to other
processes, for instance growth. However, high CO2(aq) concentrations come along with a
low pH that becomes problematic for the cell as soon as it needs to use energy to maintain
intracellular pH homeostasis, which is then no longer available for the remaining cell processes
(inhibiting effect, Bach et al., 2011). Because the concentrations of inorganic carbon species are
coupled (see equation 1.2), the phytoplankton response to the carbonate system is shaped by
the balance between the substrate and the inhibiting effect. The same pattern holds true for the
dependence of calcification on the carbonate system (equations 1.4 and 1.5). Low substrate (i.e.
bicarbonate) concentrations decrease the ability of a cell to calcify (Bach et al., 2013), whereas
studies unambiguously show that calcification decreases at low pH levels (summarized by
Findlay et al., 2011; Meyer and Riebesell, 2015). This is caused by the concomitant shift in the
carbonate equilibrium (equation 1.2) resulting in waters that are undersaturated with respect
to calcium carbonate (Doney et al., 2009), with decreasing ability of organisms to actively
form calcium carbonate minerals. Thus, calcifying phytoplankton such as coccolithophores are
impacted twice by low substrate and/or high inhibitor concentrations, during photosynthesis
and maintenance of cell homeostasis as well as during calcification.

1.2 phytoplankton growth responses to environmental drivers

Species grow best when all drivers are in a species-specific optimum range (fundamental
niche, Hutchinson, 1957; Colwell and Rangel, 2009). In nature, the occurrence of a species is not
bound to its optimum range of environmental conditions (conditions of the fundamental niche
are barely met under natural conditions). The so-called realized niche of a species differs from
the fundamental niche if the species still has a growth advantage against other species with the
same resource demands, and the niche with more favourable conditions is already occupied
by other species (Hutchinson, 1957; Colwell and Rangel, 2009; Thomas et al., 2012). In addition, a
high plasticity towards a broad range of driver levels ensures that a species can persist under
naturally fluctuating environmental conditions in its habitat (Reusch and Boyd, 2013).
Changes of the driver environment in a species’ habitat that are outside of the range that
the species usually experiences, can cause novel environmental stress to a species (Cairns,
2013). In the first place, it may be more problematic for organisms with a narrower phenotypic
plasticity (i.e. specialists) than to more tolerant organisms (i.e. generalists, Hernández Fariñas
et al., 2015). Eventually, species may adapt to a new driver environment based on a shift in
the mean genotype, i.e. changes in the gene pool. This evolutionary response can either come
from new mutations (Listmann et al., 2016), or from genetic diversity and selective pressure
within a population of a species (Collins et al., 2014; Irwin et al., 2015). Phenotypic and genetic
diversity of a population develops during life cycle phases of sexual reproduction (Reusch
and Boyd, 2013). A larger phenotypic plasticity and higher genetic diversity may facilitate and
accelerate evolutionary adaptation, but the data on that is scarce (Collins et al., 2014). It is likely
that evolutionary adaptation can happen within relatively short time scales, i.e. years (Reusch
and Boyd, 2013). If a phenotypic or evolutionary shift in the niche of a species is not possible,
e.g. due to a poor plasticity or because changes in the environmental conditions are too fast,
or strong, species have to migrate to new habitats with more favourable conditions. This has
implications for the food web and biogeochemical fluxes, e.g. by a mismatch of bloom timing
with spawning times of zooplankton (Montes-Hugo et al., 2009; Poloczanska et al., 2016; Hillebrand
et al., 2018). Environmental conditions that become too detrimental to a species can, in the
worst case, cause extinction (Brennan et al., 2017).
1.2.2

Description by reaction norms

Several theoretical concepts to describe the responses of phytoplankton (or aquatic microbes)
to different levels of environmental drivers, so-called reaction norms (Schlichting and Pigliucci,
1995), have been developed in the past decades (Figure 1.4). The Eppley, Arrhenius, and Q10
curves describe, for instance, temperature dependence of phytoplankton growth (Arrhenius,
1889; Eppley, 1972; Raven and Geider, 1988, Figure 1.4). The exponential Eppley curve was
first reported in 1972 and was directly developed to describe dependencies of phytoplankton
growth from temperature (Eppley, 1972). It is widely applied, for example to estimate primary
productivity from satellite observations as well as for descriptions of phytoplankton growth
rates in models (Kremer et al., 2017). The initial parameters that define the growth rate at
0◦ C and the strength of growth increase with temperature used by Eppley (1972) are often
modified to fit new experimental data on temperature dependencies of growth rates (e.g.,
Bissinger et al., 2008). The Arrhenius function was originally developed to describe reaction
speeds in chemical reactions as a function of temperature (Arrhenius, 1889). The Q10 function is
derived from the Eppley function (e.g., Tett et al., 1985). It is applied in numerous fields such
as temperature dependencies of soil organic carbon decomposition, physiological reactions
of the respiratory and cardiovascular systems, as well as organism growth (summarized in
Mundim et al., 2020). The application of Arrhenius and Q10 functions as reaction norms for
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temperature-dependent phytoplankton growth is based on the assumption that biogeochemical
reaction rates, metabolic rates, as well as biological rates such as individual and population
growth have similar temperature dependencies (Gillooly et al., 2001, 2002; Brown et al., 2004).
The Monod function was developed to describe the growth of bacteria as a Michaelis-Mentenlike saturation function depending on the concentration of a single limiting nutrient (Michaelis
and Menten, 1913; Monod, 1942, 1949, Figure 1.4). Thus, it relates the growth of an organism
to the external concentration of one nutrient (Sommer, 1991). Because the function applies a
fixed stoichiometry and does not account for growth limitation by multiple nutrients, it is
often considered to not appropriately describe nutrient limitations of phytoplankton (Flynn,
2010). The Droop function was developed based on the assumption that the cell-internal
nutrient concentration, and not the external nutrient concentration, controls the growth of
phytoplankton (Droop, 1973; Tett et al., 1985). Due to variable nutrient-to-carbon quotas, the
Droop function can account for luxury consumption of a cell (i.e. storage of excess nutrients
for later use, Sommer, 1991; Sarthou et al., 2005) and was found to be a better predictor of
phytoplankton growth rates than the Monod function (Sommer, 1991). The limiting function
formulated by Geider et al. (1998) and further modified as outlined by Hauck et al. (2013) builds
on the Droop function. The growth rate therein is dependent on the cell-internal nutrient-tocarbon ratio which approaches a pre-defined maximum nutrient-to-carbon ratio, as well as a
parameter determining how close the actual and the maximum nutrient-to-carbon ratio have to
be for a significant growth change (Geider et al., 1998; Hauck et al., 2013).
The response of phytoplankton photosynthesis to light are described by photosynthesisirradiance curves. Examples are the traditional rectangular hyperbolic function (Falkowski and
Raven, 2013), the exponential function which accounts for photoinhibition (Dubinsky et al., 1986),
and the photoadaptive function of Geider et al. (1996) (Figure 1.4). The Michaelis-Menten-like
rectangular hyperbolic function, which is an early description of photosynthesis-irradiance
dependencies, was found to not represent the saturation effect at high irradiance levels well
(Bannister, 1974; Falkowski and Raven, 2013). The exponential function relates to the turnover rate
of the photosystems (Dubinsky et al., 1986). The photoadaptive function of Geider et al. (1996) is
based on the assumption that light-limited photosynthesis is proportional to the cell-internal
chlorophyll a-to-carbon ratio. It was later extended by relating the photosynthetic rate with
the internal nitrogen status of the cell, making use of the variable cell-internal nitrogen-tocarbon stoichiometry (Geider et al., 1998). Finally, reaction norms for the effect of the carbonate
system exist (e.g., Bach et al., 2011, 2015; Gafar et al., 2018). However, as the carbonate system is
traditionally not seen as a dominant environmental driver in the open ocean environment and
only gained more attention in the last decades with increasing research on ocean acidification,
these concepts are still at an early stage.

1.2.3

Interactive effects of environmental drivers on phytoplankton growth

In the last decades it became increasingly obvious that responses towards one driver may be
modified by a changing level of another driver. An early synopsis on multiple driver interactions in aquatic and terrestrial systems on organisms in general was published by Breitburg
et al. (1998), and many reviews on marine phytoplankton responses followed some years later
(amongst others, Boyd and Hutchins, 2012; Harvey et al., 2013; Häder and Gao, 2015; Gao et al.,
2020). A driver interaction is, for instance, that the temperature optimum of phytoplankton may
be lowered by about 5◦ C if light limitation increases (Edwards et al., 2016). Interactive effects
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Figure 1.4: Collection of reaction norms to describe growth rate dependencies on temperature
(T), external and internal nutrient concentrations ([N]ext and [N]int , respectively), and
photosynthetically active radiation (PAR). The final growth rate of a species results from
the product of its species-specific maximum growth rate µmax (day−1 ) and the relative
growth rates (which is between 0 and 1) resulting from each reaction norm. Note that
dependencies on PAR are usually given in photosynthetic rate. In models, however,
growth and photosynthetic rate are often considered to describe the same driver effects
on phytoplankton biomass changes.
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between environmental drivers become particularly important when those drivers are modified
by different magnitudes, speeds, and spatial extents by climate change and, thus, a completely
new composition of driver environments develops. Observational time series and models reveal
how long it takes until a driver exceeds its natural variability and a climate change trend
can be detected (time of emergence, Henson et al., 2016). Ocean acidification and sea surface
warming will emerge fast (Frölicher et al., 2016). Modelling approaches reveal that a co-occuring
alteration of both drivers can already be observed today in major parts of the ocean (Bindoff
et al., 2019) and are expected to expand further (Henson et al., 2017). Projected temperature
changes are heterogenous, and the largest increase is expected for the tropics and the northern
high latitudes (Bopp et al., 2013). Changes in pH are projected to be more homogeneous, with
the strongest change in the Arctic Ocean (Gruber, 2011; Bopp et al., 2013; Frölicher et al., 2016).
Major parts of the ocean experience an increase in stratification, causing an intensification
of light exposure and a reduction in nutrient supply to phytoplankton (Gruber, 2011). In the
Southern Ocean where the stratification is expected to weaken (Hauck et al., 2015; Panassa et al.,
2018b), phytoplankton will be exposed to lower light and higher nutrient conditions. A mosaic
of changes with different magnitudes in multiple drivers will evolve by 2050 (Henson et al.,
2017) even in low CO2 emission scenarios (Bindoff et al., 2019), which has implications for future
shifts in phytoplankton biogeography. The projected poleward shift in North Atlantic diatom
and dinoflagellate distribution, for example, is mainly driven by the heterogeneous change in
multiple environmental drivers, rather than a simple longitudinal-directed migration along
the temperature gradient (Barton et al., 2016). Understanding how phytoplankton responds to
multiple interacting drivers is therefore pivotal to anticipate the future of a single species, and
ultimately the primary productivity of the ocean as a whole.
Several concepts of variations in reaction norms caused by multiple interacting drivers
have been developed in the last decades, including the pioneering paper of Folt et al. (1999),
who comprehensively defined the terms "synergism" and "antagonism". Interactive effects
between drivers are mostly defined to date as a deviation of the organism’s responses from
the theoretical sum of the responses to the single drivers (e.g., Przeslawski et al., 2015; Boyd
et al., 2018). Synergism occurs when the observed response is greater than the assumed
additive response, i.e. the effects of the single drivers are amplified when they act in common.
Antagonism occurs when the true response is smaller than the assumed additive response,
i.e. the effects of the single drivers are dampened when they act in common, or the response
is even reversed (Folt et al., 1999; Crain et al., 2008). Especially for future projections, a deep
ecological understanding of single species and phytoplankton community responses to a driver
environment that is rapidly modified by current climate change is required. For that, it is
pivotal to identify and quantify the mode of interaction between several drivers. Similar to
reaction norms that were developed to describe phytoplankton responses to single drivers,
multiple driver research has to be conducted under controlled experimental conditions to
exclude any unwanted effect of another driver that is not explicitly considered. This comes at
the cost of understanding ecological relevance, but is necessary to gain a thorough mechanistic
understanding (Boyd et al., 2018). Multiple driver experiments, however, are considerably more
complex, costly, and time-intense than single driver experiments (Boyd et al., 2018). To conduct
a full-factorial experiment, which is necessary to reveal additive, synergistic, and antagonistic
interactions, for only two levels of two drivers a set of four different experimental treatments
plus their replicates is necessary. More drivers and driver levels result in a high number of
experimental treatments. Nevertheless, these experiments are the key to obtain a mechanistic
understanding of phytoplankton reaction norms towards single and multiple interacting envi-
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ronmental drivers.
Laboratory experiments using a range of driver levels that may be reached under ongoing
climate change already give a good handle to make assumptions on future changes in phytoplankton abundance, distribution, and community composition. However, changes in, for
example, the food web structure and predation pressure can barely be assessed by laboratory
experiments only (Sommer, 2012). One solution to overcome these problems are pelagic
mesocosms, which are enclosed environments separated from the surrounding ocean by
a physical barrier, wherein the organism community experiences almost natural conditions
(Sommer, 2012). Perturbations are less controlled than in laboratory experiments (Sommer, 2012).
Mesocosms have been used for many research questions in observational and perturbation
studies (e.g., Riebesell et al., 2008; Ridame et al., 2013; Hernández-Hernández et al., 2018), and offer
the possibility to combine controlled conditions of laboratory experiments with complexity
and scale of the real world (e.g. regarding biogeochemical cycling and feedback processes
Sagarin et al., 2016). Another approach are models, which simulate the marine ecosystem and
its processes and are therefore seen as a mathematical abstraction of real ecosystems (Pittroff
and Pedersen, 2005). Reaction norms and mechanistic understanding of experiments are usually
used as input for such models to characterize the simulated phytoplankton and, ultimately,
to investigate connections and feedbacks within these mathematically constrained model
ecosystems. However, while the single driver effects on phytoplankton are well represented
in models, although with remaining uncertainties (see spread of reaction norms in Figure
1.4), almost all models to date lag behind the current knowledge on the effects of multiple
driver interactions. To set the scene for the aims of the present thesis amongst which is the
implementation of multiple driver interactions into a biogeochemical model, the status quo of
phytoplankton modelling will be described in the following section.
1.3

phytoplankton modelling

Phytoplankton research has traditionally been conducted in the field (in situ) and in the
laboratory (in vitro). Since about 80 years now, however, the field of phytoplankton research
is complemented by computational models (in silico, Gentleman, 2002). Starting with simple
equations and box models and developing to complex 3D earth system models, the in silico
approach of studying phytoplankton dynamics underwent a considerable evolution. This
was driven by the possibilities of computational power which increased the ability to solve
complex differential equations in a reasonable time. Being a common part of today’s earth
system models (Séférian et al., 2020), simulations of phytoplankton dynamics contribute to the
consultations for political decision, particularly with respect to the impact of climate change on
ecosystems (Shaman et al., 2013; Heymann and Dahan Dalmedico, 2019). In the following section,
the development of phytoplankton modelling in the last decades and the different types of
phytoplankton models that are currently in use are briefly summarized.
1.3.1

The history of marine primary production modelling

Phytoplankton population dynamics were modelled for the first time in 1939, aiming to
simulate the grazing effect of zooplankton on phytoplankton using differential equations
(Fleming, 1939; Gentleman, 2002). Although first seen by the research community as a very
simplistic approach, the biological oceanographer Gordon Riley discovered the potential in
Fleming’s model to apply theoretical relationships to observations (Gentleman, 2002). In the
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following years, Riley refined the model of Fleming (1939), and developed several numerical
approaches (e.g., Riley and Bumpus, 1946; Riley and Von Arx, 1949). However, their equations still
had to be solved manually. Only a few years later, the development of computers opened the
possibility to generate the first nutrient-phytoplankton-zooplankton (NPZ) food chain model
applied in a two-layer ocean model (Steele, 1958). Accelerated by concerns in the cold war,
powerful computers able to solve intricate differential equations became more sophisticated
and widespread, and the first ocean circulation models were developed in the early 1970s
(Dahan, 2010). Together with increasing concerns about climate change, the first simulated
climate projections in a one-dimensional model were published in 1981 (Hansen et al., 1981;
Heymann and Dahan Dalmedico, 2019). However, all of these models did not include the marine
biosphere, which was at that time not considered as an important part in climate research
(Dahan, 2010).
In the early 1980s, only few theoretical frameworks such as the conceptual earth system
model of Bretherton (1985) begun to evaluate the role of biology in the climate system. The
first ocean circulation model assessing the storage capacity of the ocean for anthropogenic
CO2 emissions was developed by Maier-Reimer and Hasselmann (1987), but it did not include
biological carbon sources and sinks. Only after the first coupling of ocean and atmosphere
models in the early 1990s the first generation of marine biogeochemical models was developed.
One milestone was the advancement of the Hamburg model by Maier-Reimer (1993) as a
"model of biogenically induced chemical fluxes in the ocean", which included the convection of
geochemical tracers in the global ocean. Another milestone was the two-dimensional food web
model of Fasham et al. (1990), which included two size classes of phyto- and zooplankton. Step
by step, the complexity of marine biogeochemical models increased, including, for instance,
variable stoichiometry (Geider et al., 1997) or more phytoplankton functional groups (Moore
et al., 2001a).
Since the beginning of the 2000s, phytoplankton and the related biogeochemical cycles are
commonly integrated in ocean-atmosphere models (Dahan, 2010). Increasingly fast computation
offered the possibility to increase the complexity of three-dimensional models in terms of
number of plankton groups, integrated processes such as mixotrophy and harmful algal blooms,
feeding traits, life histories etc. (Follows and Dutkiewicz, 2011; Lindemann et al., 2017). Today,
models are an indispensable tool for the analysis and synthesis of observations, the formulation
and testing of hypotheses, and the forecasting of ecological and biogeochemical responses
to perturbations. Perturbations of anthropogenic origin are investigated in particular such as
ongoing climate change, coastal eutrophication, overfishing, and dispersion of invasive species
(Gruber and Doney, 2009).
1.3.2

Types of phytoplankton models

The principle of phytoplankton modelling is best boiled down by George Box’s often cited
remark "All models are wrong but some are useful" (Box, 1979). The large diversity of tasks for
phytoplankton models demands for appropriate representation of phytoplankton, as a specific
model setup can only be reliably used for a limited set of applications (Gruber and Doney,
2009). Models including phytoplankton can hereby broadly be classified into biogeochemical,
ecosystem, size-based, and individual based models (Everett et al., 2017). Biogeochemical
models build up on the structure of the early NPZ models, supplemented by one or more
detritus groups (NPZD models, e.g., Oschlies, 2001). They can include multiple phytoplankton
groups (e.g., Dutkiewicz et al., 2015). The categorization into these groups is often based on
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common biogeochemical functions (see section 1.4, Follows and Dutkiewicz, 2011) such as
calcification, silicification, and nitrogen fixation, regardless of their taxonomical relations.
Groups are distinguished by their nutrient requirements and other parameters that determine
physiological responses to environmental drivers. Parameter values are ideally obtained from
laboratory measurements or are optimized (calibrated, tuned) to fit observational data such
as chlorophyll concentrations or biomass measurements (Follows and Dutkiewicz, 2011). Other
possible categorizations of phytoplankton groups are based on taxonomy and morphology
(e.g., Chan et al., 2002; Kruk et al., 2010). Biogeochemical models target the representation of
the cycling of dissolved and particulate components in the marine environment, whereby the
detailed representation of the players in the ecosystem (e.g. the diversity of trophic levels,
the description of feeding modes) plays a subordinate role. They are usually used for climate
projections and assessments of the global carbon cycle (Everett et al., 2017). Ecosystem models
attempt to include more trophic levels than biogeochemical models to simulate more complex
predator-prey interactions and niche occupations (Butenschön et al., 2016; Dutkiewicz et al., 2021),
but the boundaries between the two model types are blurred. Some ecosystem models are
used for the assessment of impacts of fisheries on ecosystems (e.g., Lehodey et al., 2008; Fulton
et al., 2011; Tittensor et al., 2018). While the representation of phytoplankton diversity seems to
be well captured by biogeochemical and ecosystem models regarding the respective research
questions, their computational costs are relatively high (Follows and Dutkiewicz, 2011).
Size-based models are motivated by the findings that many processes such as nutrient uptake
(Irwin et al., 2006) and respiration loss (Laws, 1975) scale with phytoplankton cell size. Some
size-based modelling approaches are also incorporated into ecological models by sub-dividing
phytoplankton functional groups into size-classes (e.g., Dutkiewicz et al., 2021). Size-based
models have similar applications as ecosystem models (Everett et al., 2017), but can decrease the
number of necessary parameterizations (Follows and Dutkiewicz, 2011).
While all aforementioned models consider a collection of organisms as a continuum and only
trace biomass concentrations at each grid point of the model (Eulerian approach), individual
based models (IBMs) represent organisms as discrete individuals (Lagrangian approach, Hense,
2010; Everett et al., 2017, sometimes several organisms are summarized as one "superorganism").
Hereby it is possible to model the behaviour of individuals (Everett et al., 2017). IBMs are
frequently used in eco-evolutionary research of higher trophic levels than phytoplankton
(Romero-Mujalli et al., 2019), but there are also a number of models simulating evolutionary
responses (Clark et al., 2011), small-scale aggregation mechanisms (El Saadi and Bah, 2007), and
life cycles (Hense, 2010) of phytoplankton.
Since the increase in computational power provided new possibilities to increase the
complexity of a model, discussions arose on the boundaries and disadvantages of implementing
more and more phytoplankton groups, specifically in biogeochemical and ecological models.
Criticism on highly complex phytoplankton representations in models is based on the awareness
that our knowledge on phytoplankton ecology is too limited to robustly distinct phytoplankton
functional groups and the interactions between them (Flynn, 2006; Shimoda and Arhonditsis,
2016). Overinterpretation of model results could develop from that, which then form the basis
for political decisions (Flynn, 2006). More conservative approaches like simple NPZD models
(Flynn, 2006) or the empirical instead of dynamic representation of processes (e.g. representation of calcification in percent of photosynthesis instead of an explicit implementation of a
calcifying phytoplankton group, Anderson, 2005) are used as alternatives. Motivation to add
several phytoplankton groups to models and leave the rather conservative and traditional
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approaches behind are based on the idea that progress in understanding ecology can only
be archived if models are developed more courageously (Le Quéré, 2006). The observational
database to evaluate more complex models is steadily improving, and one can dare to explore
phytoplankton dynamics in larger detail with modelling approaches (Le Quéré, 2006). Although
simpler models tend to be closer to observations, complex biogeochemical processes and
ecosystem pathways are less well represented than in more complex models (Kwiatkowski
et al., 2014). It has been shown that models with a greater complexity, i.e. including several
phytoplankton functional groups and nutrients, are more suitable to reproduce observational
data of different oceanographic regimes at once ("portability") and, thus, are less bound to
specific oceanographic settings than simpler models (Friedrichs et al., 2007). Besides, models are
not a singular approach to test hypotheses and predict ecological and biogeochemical responses
to perturbations, but are at best combined with observational and experimental approaches
(Gruber and Doney, 2009). Thus, given a prudent implementation of additional phytoplankton
groups, they may enhance and improve the knowledge gained from models on phytoplankton
ecology and biogeochemical cycling. In the following, phytoplankton functional types that
are typically simulated in biogeochemical models are compared to the most dominant and
functionally important phytoplankton groups in the real global ocean.
1.4

phytoplankton groups in the real and the modelled ocean

Due to computational efforts and limitations in parameter estimation, global biogeochemical
models are not able to represent the huge variety of phytoplankton species in the ocean, which
makes it necessary to simplify the phytoplankton community by summarizing species into
groups. Because biogeochemical models aim to represent the cycling of elements in the marine
system rather than representing the ecology in detail (Everett et al., 2017), a strict discrimination
by taxonomy as done in observational studies is not meaningful. By contrast, traits (i.e. fixed
characteristics of a group of organisms, Irwin and Finkel, 2017) are commonly used to summarize
phytoplankton groups. As many physiological processes scale with cell size (e.g. Laws, 1975;
Irwin et al., 2006), some models group phytoplankton in distinct size classes. In most cases,
however, phytoplankton is grouped based on biogeochemical functions (Hashioka et al., 2013),
and cell size only plays a side-role in the parameter choice. For example, the assignment of
lower half-saturation constants for nutrient uptake to smaller sized phytoplankton groups
ensures that these groups have a growth-advantage in nutrient-limited regions (Litchman
et al., 2015). Biogeochemical functions are for example silicification, calcification, and nitrogen
fixation. While some functions are phylogenetically conserved and incidentally comply with
taxonomic classifications, most functions are completely decoupled from taxonomic groups
by combining a broad variety of phytoplankton species of diverse evolutionary origins and
without phylogenetic meaning (Hood et al., 2006; Irwin and Finkel, 2017). In the following, the
most important (phylogenetically distinct) phytoplankton groups (see section 1.1: diatoms,
haptophytes, and dinoflagellates in the micro- and nanophytoplankton, and green algae, other
small eukaryotes, and cyanobacteria in the picophytoplankton; Sieburth et al., 1978; Simon et al.,
2009; Juranek et al., 2020), their potential biogeochemical functions, and the representation as a
functional group in models are discussed (Figure 1.5).
Diatoms are responsible for about 20% of the photosynthesis on Earth (Nelson et al., 1995),
and contribute significantly to the cycling of carbon and nutrients (Benoiston et al., 2017) and to
the carbon export from the ocean surface to depth (Litchman et al., 2015; Irwin and Finkel, 2017).
They are distributed globally and dominate in well-mixed coastal and upwelling areas as well
as in polar regions along sea-ice edges, and are an important food source for higher trophic
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Figure 1.5: The most important phylogenetic phytoplankton groups in the global ocean, their
biogeochemical functions, and their representation in global biogeochemical models.
PFT = phytoplankton functional type, HAB = harmful algal bloom, DMSP =
dimethylsulfoniopropionate.
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levels (Armbrust, 2009; Benoiston et al., 2017). Diatoms often dominate spring blooms because of
their high growth rates as soon as conditions become favourable (Benoiston et al., 2017). The
diversity of diatoms is large, with species ranging in size from a few micrometres to some
millimetres, the occurrence of both single cells and chains of connected cells, and different
life strategies including the formation of aggregates and resting spores (Kooistra et al., 2007;
Armbrust, 2009; Tréguer et al., 2018). The most important difference to other phytoplankton
groups is the formation of silicious cell walls (frustules) and, thus, their contribution to the
biogeochemical cycling of silicon (Bopp et al., 2005; Hood et al., 2006; Benoiston et al., 2017). As
silicon is often limiting, this special nutrient requirement is also the weak spot of diatoms.
Diatom frustules possibly enhance the export of organic carbon to deeper water layers by
ballasting, either of the diatom cells themselves or of aggregates and fecal pellets (Klaas and
Archer, 2002; Richardson, 2019). Their contribution to export efficiency hereby depends on the
dominant diatom species and its degree of silicification (Tréguer et al., 2018). Because of their
importance in the carbon cycle and the well-understood oceanic silicon cycle, diatoms are often
represented as an explicit phytoplankton group in biogeochemical models that is limited by
silicic acid in addition to the limitation by other nutrients (Hood et al., 2006; Litchman et al.,
2015). As many genera and species were studied in observational and laboratory studies, the
functional group of diatoms in models can be parametrized to represent a variety of diatom
species (Irwin and Finkel, 2017). While diatoms are likely the dominant planktonic silicifiers
(although their share to total silica production is unclear, Tréguer and De La Rocha, 2013; Irwin
and Finkel, 2017), other silicifiers such as radiolarians and silicoflagellates that build skeletons
from silicic acid are usually not considered in models because of the scarcity of physiological
and ecological information on these groups. There exists a range of ballasting formulations for
a variety of models (e.g., DeVries et al., 2014; Cram et al., 2018; Maerz et al., 2020), and mineral
ballasting is sometimes (e.g., Yool et al., 2013; Stock et al., 2020), but not always considered in
large-scale biogeochemical models (e.g., Aumont et al., 2015).
Haptophytes are distributed globally (Eikrem et al., 2016), and comprise the bloom-forming
and partly colonial genus Phaeocystis and the calcifying coccolithophores. Both Phaeocystis
and the coccolithophore species E. huxleyi contribute to the production of the metabolite
dimethylsulfoniopropionate (DMSP), which serves as an osmolyte and antioxidant (Sunda et al.,
2002; Schoemann et al., 2005; Eikrem et al., 2016; Irwin and Finkel, 2017). Once the breakdown
product of DMSP, dimethylsulphide (DMS), enters the atmosphere via air-sea gas exchange, it
can serve as a cloud condensation nuclei and thereby change the radiative properties of skies
and albedo and, thus, affect the global climate (Stefels, 2000; Séférian et al., 2020). Some (e.g.,
Hajima et al., 2020; Tjiputra et al., 2020), but not all biogeochemical models of the new generation
include air-sea gas exchange of radiatively active biogeochemical compounds such as DMS,
also because the global DMS cycle is less well understood than other biogeochemical cycles
(Séférian et al., 2020). The large gelantinous blooms of Phaeocystis can have implications for the
food web by being a food source of, however, low nutritional value to grazers (Schoemann et al.,
2005). Because of its complex life cycle and the fact that the DMS cycle is often not considered
(but see, e.g., Vogt et al., 2010; Masotti et al., 2015), the genus of Phaeocystis is, with some
exceptions (e.g., Pasquer et al., 2005; Nissen and Vogt, 2021), not included as a separate functional
group in biogeochemical models. Coccolithophores differ from other phytoplankton groups
by the formation of calcium carbonate structures around the cells (coccoliths) and, thus, their
contribution to the carbonate pump (see section 1.1, Rost and Riebesell, 2004; Irwin and Finkel,
2017). They perform about 50% of the pelagic calcification (Brownlee and Taylor, 2004; Beardall
and Raven, 2013), which can have large-scale implications for the global alkalinity distribution
(Krumhardt et al., 2020). Coccolithophores typically thrive under more stratified conditions and
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often follow diatom blooms (Litchman et al., 2015), and, just as diatom frustules, coccoliths can
enhance the export of organic carbon from the surface due to ballasting (Klaas and Archer, 2002;
Cram et al., 2018). While E. huxeyi is the most abundant of all coccolithophore species in the
global ocean and can form large blooms (Paasche, 2001), other non-bloom forming species are
more prevalent in stable, low-nutrient environments (Taylor et al., 2017). For the explicit representation of calcification, coccolithophores are implemented in some biogeochemical models as
a separate functional group, mostly representing the bloom-forming species E. huxleyi (e.g.,
Le Quéré et al., 2005; Follows et al., 2007; Dutkiewicz et al., 2015; Krumhardt et al., 2019) as it is the
best investigated coccolithophores species and mainly used in laboratory studies. In models
that aim to assess the biological carbon pump, especially the carbonate pump, coccolithophores
are an important component.
Dinoflagellates are among the largest phytoplankton cells (Litchman et al., 2007), and some
species build rigid cell walls that include cellulose or other polysaccharides (Hackett et al.,
2004). They are poor competitors for nutrients with a low growth rate (Litchman et al., 2007),
but mixotrophy (i.e. the combination of phototrophy and heterotrophy, Flynn et al., 2018) and
pure heterotrophy (Schnepf and Elbrächter, 1992) increases their competitiveness, especially
in high-nutrient regions (Stoecker, 1999; Litchman et al., 2015). A number of dinoflagellate
species, typically the mixotroph species (Burkholder et al., 2008), produce neurotoxins and
form the so-called "harmful algal blooms" (HABs, Hackett et al., 2004). Besides, dinoflagellates
are DMSP producers (Hood et al., 2006; Séférian et al., 2020). Dinoflagellates are also known
as bioluminescent organisms and some species live in symbiosis with marine protists and
invertebrates (Hackett et al., 2004), for instance in corals where they supply photosynthetic
products to the host (Davy et al., 2012). While the latter two characteristics of dinoflagellates
are of lesser importance for global biogeochemical models, mixotrophy can have important
implications on the food web and, hence, on the carbon cycle (Caron, 2016). There are some
approaches to parametrize mixotrophy in global models (Ward and Follows, 2016; Flynn et al.,
2018), but most models do not take mixotrophy into account (Flynn et al., 2018; Séférian et al.,
2020). Likewise, HABs are usually not simulated by global biogeochemical models, mostly
because they are restricted to small-scale regions and require well resolved physical and
biogeochemical processes at coastal scale (Ralston and Moore, 2020), which is not necessarily
the case in global models. Consequently, the representation of dinoflagellates as a separate
functional group is most reasonable if an explicit implementation of mixotrophy and the DMS
cycle are considered.
The green algae summarize a number of different taxa. The group of Prasinophyceae
(including Micromonas pusilla, which is one of the first picoplanktonic species that has been
discovered) is the most common class which constitutes a significant part of marine picophytoplankton production (Vaulot et al., 2008). It has been proposed for a long time that
picophytoplankton cells are barely sinking and, hence, their contribution to carbon export is
rather low (Michaels and Silver, 1988). In the meantime, it became increasingly clear that the
contribution of picophytoplankton to export is at least similar to the contribution of larger
cells due to the formation of denser particles by aggregation and their high share in fast
sinking zooplankton fecal pellets (Richardson and Jackson, 2007). Except for their contribution to
the ocean’s net primary production, green algae render no distinct biogeochemical function
(Litchman et al., 2015) and are therefore usually part of the group "small phytoplankton" in
biogeochemical models. Other small eukaryotes comprise a variety of algal classes and are
often small diatom, dinoflagellate, and coccolithophore species, which belong to the picophytoplankton due to their size (Vaulot et al., 2008). In models, these classes are then counted to the
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group of "small phytoplankton" by accounting for their physiological characteristics as small
cells, but not their biogeochemical function (e.g. silicification, calcification).
The prokaryotic fraction (i.e. bacteria and archaea) in the picophytoplankton is dominated
by cyanobacteria, primarily by the genera Prochlorococcus, Synechococcus, and Trichodesmium
(Partensky et al., 1999; Vaulot et al., 2008; Irwin and Finkel, 2017). Prochlorococcus and Synechococcus
contribute considerably to the ocean net primary production (together up to 25%, Flombaum
et al., 2013). While Synechococcus occurs globally in nutrient-rich and well-lit surface waters,
Prochlorococcus is more regionally distributed, but makes up a significant part of the phytoplankton community in oligotrophic oceanic areas at deeper water layers (up to 60% of the
picophytoplankton, Partensky et al., 1999; Johnson et al., 2006; Buitenhuis et al., 2012). In models,
Prochlorococcus and Synechococcus can be counted into the group of small phytoplankton, as
they do not perform a specific biogeochemical function. Trichodesmium is a globally important
nitrogen fixer (Litchman et al., 2015). Nitrogen fixation is a crucial mechanism for the entire
biosphere as it makes N2 bioavailable for all other phytoplankton groups that are not able to
use dissolved N2 gas and rely on reactive nitrogen such as nitrate and ammonium. Because of
its dependence on iron for the synthesis of the nitrogenase enzyme (Berman-Frank et al., 2001),
nitrogen fixation occurs predominantly in tropical and subtropical regions (Wang et al., 2019).
The distribution of Trichodesmium is additionally controlled by the availability of phosphate, and
in contrast to other phytoplankton groups, Trichodesmium is able to utilize phosphorous from
organic sources (Dyhrman et al., 2006). Nitrogen fixation by the functional group of "nitrogen
fixers" is represented in a number of biogeochemical models (e.g., Moore et al., 2001b; Monteiro
et al., 2010; Dutkiewicz et al., 2014). The parametrization of nitrogen fixers is either based on
Trichodesmium alone (Moore et al., 2001b), or additional nitrogen fixing plankton groups are
considered, such as other nitrogen-fixing cyanobacteria and symbiotic nitrogen fixers that live
inside diatoms (Monteiro et al., 2010; Dutkiewicz et al., 2014). Nitrogen is released back to the
atmosphere as a by-product of nitrification and denitrification in the form of the greenhouse
gas N2 O (Zehr and Ward, 2002; Voss et al., 2013), which is together with CO2 and methane a
radiative forcing agent that contributes to global warming (IPCC, 2021). This occurs mainly in
very low oxygenated or anaerob environments (Zehr and Ward, 2002; Voss et al., 2013). Because
of the expected expansion of oxygen minimum zones and the concomitant increase in N2 O
release (Bianchi et al., 2012), a detailed representation of the nitrogen cycle is required for future
climate projections in biogeochemical models (Hood et al., 2006). Most models of the current
generation of CMIP6 (Coupled Model Intercomparison Project Phase 6) models (Séférian et al.,
2020) include explicit or implicit nitrogen fixation and denitrification (e.g., Moore et al., 2004;
Zahariev et al., 2008; Hayashida et al., 2019; Stock et al., 2020), whereas gas exchange of N2 O
with the atmosphere is only simulated in a few models (Aumont et al., 2015; Hajima et al., 2020;
Tjiputra et al., 2020).
In summary, the most important phytoplankton groups and their biogeochemical functions
are well represented in models, except for some groups (e.g. dinoflagellates, Phaeocystis)
and processes (e.g. mixotrophy, DMS cycle, nitrogen cycle). It is important to be aware that
most models tend to simulate those organisms within a functional group of which most
validation data are available, for example from laboratory studies (e.g. the coccolithophore
E. huxleyi), and neglect those species that might be numerically important in the ocean, but
more difficult to grow in laboratory cultures (e.g. Gephyrocapsa oceanica, another abundant and
bloom-forming coccolithophore species; Hood et al., 2006). Because of the increasing complexity
and computational effort of a model, modellers need to define the application of their model
before adding a wide range of phytoplankton groups and functions (Hood et al., 2006). For
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example, while the simulation of food webs and ecosystem functions makes it necessary to
model as many details of phytoplankton groups and processes as possible, it is of lesser
importance to implement nitrogen fixers if the focus of the model is to simulate the DMS
cycle. The challenge in phytoplankton modelling is to simulate the required phytoplankton
groups and related processes as good as possible. For that, the appropriate parameter values
that describe the role of different phytoplankton groups in the biogeochemical environment
(e.g., half-saturation constants, cell-internal nutrient quotas) need to be found. The next section
briefly discusses how laboratory experiments can help to constrain parameters in a model, and
what needs to be done if this information is not available.
1.5

adapt reaction norms to phytoplankton functional types in models

Any biogeochemical model is the representation of a specific assortment of ecological compartments and processes based on a research question. While some parts of an ecological system
can be omitted in a model because they are out of scope for that research question, major
properties that contribute to answer the research question should be parametrized as good
as possible (Pittroff and Pedersen, 2005). For biogeochemical models that aim to simulate the
marine ecosystem drivers (i.e., temperature, oxygen, pH, net primary production, Frölicher
et al., 2016), the growth of phytoplankton is, amongst others, of particular interest. Models
usually use reaction norms developed for a mechanistic understanding of the effect of a single
environmental driver on phytoplankton growth (described in section 1.2.2). The choice of
a particular reaction norm is the basis of the variety of models (Hourdin et al., 2017), and
the outcome of a model is often affected by the choice of a particular reaction norm (see
for example Flynn (2010) for nutrient limitation and Grimaud et al. (2017) for temperature
dependence of growth). In addition, model results are affected by the choice of parameter
values within these reaction norms, such as group-specific half-saturation constants for nutrient
dependencies. Usually, these parameters need to be constant in time and, due to the concept of
phytoplankton functional types, represent a diversity of species whose composition in reality
may be changed by environmental conditions and seasonal cycles (Fennel et al., 2001; Schartau
et al., 2001). Comprehensive collections of laboratory parameter estimates are available, for
instance on light sensitivities (i.e., the initial slope of the growth-irradiance curve and the
optimal irradiance, Edwards et al., 2015; Bouman et al., 2018), which indicate the likely ranges
of the parameter values (Pittroff and Pedersen, 2005). However, most parameters are poorly
constrained by laboratory measurements (e.g., maximum growth rates, Schartau et al., 2001;
Hourdin et al., 2017). Thus, the choice of appropriate parameter values is indeed a challenge,
which becomes more difficult with increasing complexity of process descriptions due to the
increasing number of unconstrained parameters (see for example Anugerahanti et al. (2021) for
variable nutrient uptake and Grimaud et al. (2015) for thermal adaptation).
Parameter values that are not well constrained by in situ and in vitro measurements are
usually estimated by the in silico calibration, in the modelling community mostly referred to as
"tuning". During the tuning process, the mismatch between observations and model is reduced
to a minimum (Hourdin et al., 2017). Tuning is mostly done by hand, and the suitability of a
parameter choice is evaluated using statistical techniques to compare observations and model
results such as the Taylor diagram (which indicates the Pearson correlation coefficient, standard
deviation, and root mean square error; Taylor, 2001) plus, to a certain degree, the "expert
judgement" of the tuning scientist. Because of this, tuning is often regarded as a trick that
compensates model errors (Hourdin et al., 2017). To make parameter choices more comparable
amongst models with different equations and complexity, attempts have been made to perform
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objective parameter optimization by automated tuning (Kriest et al., 2017, 2020). Sometimes
the possible parameter space is narrowed down by giving lower and upper limits prior to the
optimization to exclude unrealistic parameter estimates (Ward et al., 2010). Although parameter
sets that have been optimized for a low-resolution model perform well when they are applied
in higher resolution simulations (Kriest et al., 2020), automated parameter tuning is still a
computational expensive process, especially for more complex biogeochemical models with a
high number of unconstrained parameters (Friedrichs et al., 2007; Kriest et al., 2017) and, thus,
not yet the default to date. In summary, parameter values should be based on collections of
laboratory parameter estimates in the first place, and only in the second place on parameter
tuning.
1.6

aim and scope of the thesis

Generally, the representation of different phytoplankton groups, their biogeochemical functions,
as well as the reaction norms that define the growth responses of the phytoplankton groups
towards environmental drivers are well established in biogeochemical ocean models. However,
models largely miss out the effect of a changing carbonate system and its interaction with other
environmental drivers on phytoplankton growth. The present thesis proposes ways forward to
overcome these limitations, which may lead to more mechanistic projections of future marine
primary production.
The global biogeochemical Regulated Ecosystem Model version 2 (REcoM-2, Hauck et al.,
2013) is used in this thesis. The model builds on an earlier version of Schartau et al. (2007),
which was extended with cycling of silicon and iron by Hohn (2009). The original version
of the model is coupled to the Massachusetts Institute of Technology general circulation
model (MITgcm, Marshall et al., 1997; Hauck et al., 2013). The model version that is used
here is coupled to the Finite Element Sea Ice-Ocean Model (FESOM 1.4, Schourup-Kristensen
et al., 2014; Wang et al., 2014). REcoM applies variable stoichiometry after Geider et al. (1998),
i.e. the internal stoichiometry (nitrogen-to-carbon, chlorophyll-to-carbon ratios, as well as
silicon-to-carbon) of phytoplankton is modified by light and temperature conditions as well
as nutrient supply. The model was recently expanded by an additional zooplankton group
("polar macrozooplankton") and a related fast-sinking detritus class (fecal pellets, Karakuş
et al., 2021). Altogether, the ecosystem of the REcoM version used in this thesis includes two
phytoplankton groups (diatoms and small-sized phytoplankton), two zooplankton groups
(small, fast-growing zooplankton and slow-growing polar macrozooplankton), and two detritus
groups (slow-sinking and fast-sinking particles, Hauck et al., 2013; Karakuş et al., 2021). Marine
biogeochemistry is described by the cycling of carbon, nitrogen, silicon, iron, and oxygen, and
the model carries 28 tracers: phytoplankton carbon, nitrogen, chlorophyll, calcium carbonate,
and silicon pools, zooplankton carbon and nitrogen pools, detritus carbon, nitrogen, calcium
carbonate, and silicon pools, as well as dissolved inorganic nitrogen (DIN), dissolved silicate
(DSi), dissolved iron (DFe), dissolved inorganic carbon (DIC), total alkalinity, and oxygen
(Hauck et al., 2013; Karakuş et al., 2021). Phytoplankton growth is parametrized as a function of
group-specific maximum growth rates as well as temperature (following an Arrhenius function),
light (following Geider et al., 1998), and nutrients (depending on intracellular nutrient-to-carbon
ratios for DIN and DSi, Geider et al., 1998; Hauck et al., 2013, and described by a MichaelisMenten function for external DFe concentrations). Loss terms of phytoplankton biomass
include zooplankton grazing with variable grazing preferences following Fasham et al. (1990),
aggregation, respiration, and excretion (Hauck et al., 2013; Karakuş et al., 2021). Zooplankton
biomass is defined by grazing and loss terms comprising mortality, excretion, respiration
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and fecal pellet production (Hauck et al., 2013; Karakuş et al., 2021). Losses of phytoplankton
nitrogen and carbon due to aggregation as well as zooplankton nitrogen and carbon due to
mortality, excretion, and fecal pellet production are routed to the detritus carbon and nitrogen
pool, and the sinking speed of detritus increases with depth (Hauck et al., 2013; Karakuş et al.,
2021). Degradation of detrial carbon and nitrogen as well as phytoplankton and zooplankton
excretion add to the dissolved organic nitrogen and carbon pools (Hauck et al., 2013).
In a first step (Publication I), a meta-analysis determines statistically the modes of dual
driver interactions of the most important environmental drivers for phytoplankton growth
(temperature, nutrients, light, carbonate system). In a comprehensive and reproducible literature
search, laboratory studies reporting the effects of these driver interactions on phytoplankton
growth are chosen based on specific selection criteria (i.e. sufficient details in provided metadata and response variables). The central research questions of the meta-analysis are to reveal
which drivers interact, in which way, and which phytoplankton groups are affected most. A
variety of phytoplankton taxa from all ocean basins is included. By means of effect sizes, the
growth responses are classified into synergistic (i.e. amplification compared to the sum of single
driver effects), antagonistic (i.e. dampening compared to the sum of single driver effects), and
additive (i.e. equal to the sum of single driver effects) interactions. Besides, current knowledge
gaps in multiple driver laboratory studies are highlighted and recommendations for future
studies are given.
Publication II addresses the question how mechanistically described CO2 dependencies affect
phytoplankton growth and community compositions in a high-CO2 ocean. It builds on the
results of Publication I, which revealed, amongst other findings, that the carbonate system
plays a pivotal role in dual driver interactions by dampening the growth-enhancing effects
of warming and increasing irradiance, and that coccolithophores are affected differently by
single driver effects and dual driver interactions than the other phytoplankton groups. Thus,
new CO2 dependencies of growth and calcification as well as the functional type of explicitly
calcifying coccolithophores are implemented into REcoM. The effects of the new formulations
of phytoplankton growth and coccolithophore calcification on phytoplankton biomass, net
primary production, and community composition at preindustrial, present-day and future
atmospheric CO2 levels are analysed. In addition, a time-series encompassing historical changes
in temperature and CO2 gives insights into the main driver for changes of North Atlantic
coccolithophore biomass.
Publication III follows the main research question how future global phytoplankton biomass
and net primary production are affected by multiple driver interactions. The main findings of
Publication I, namely dual driver interactions on phytoplankton growth formulations, are used
to extend the model developments in REcoM of Publication II. A parametrization to account
for the interactive effects of the carbonate system with temperature and light, respectively, on
phytoplankton growth is developed. This parametrization is applied in model simulations with
present-day and future atmospheric forcing under the high-emission scenario SSP5-8.5 (O’Neill
et al., 2016).
In a last step (Chapter 5), the major results of Publications I-III are synthesized and put into
the context of the current research state in that field. Finally, an outlook for future scientific
directions regarding the research on phytoplankton CO2 dependencies and multiple driver
interactions as well as their application in model simulations is provided.
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rates, carbonate system, experimental treatments) were insufficiently reported.

production, it is crucial to understand multiple driver effects on phytoplankton.
This meta-analysis quantifies individual and interactive effects of dual driver combinations on marine phytoplankton growth rates. Almost 50% of the single-species laboratory studies were excluded because central data and metadata (growth
The remaining data (42 studies) allowed for the analysis of interactions of pCO2
with temperature, light, and nutrients, respectively. Growth rates mostly respond
non-additively, whereby the interaction with increased pCO2 profusely dampens
growth-enhancing effects of high temperature and high light. Multiple and single
driver effects on coccolithophores differ from other phytoplankton groups, especially in their high sensitivity to increasing pCO2. Polar species decrease their
growth rate in response to high pCO2, while temperate and tropical species benefit
under these conditions. Based on the observed interactions and projected changes,
we anticipate primary productivity to: (a) first increase but eventually decrease in
the Arctic Ocean once nutrient limitation outweighs the benefits of higher light
availability; (b) decrease in the tropics and mid-latitudes due to intensifying nutrient limitation, possibly amplified by elevated pCO2; and (c) increase in the Southern
Ocean in view of higher nutrient availability and synergistic interaction with increasing pCO2. Growth-enhancing effect of high light and warming to coccolithophores,
mainly Emiliania huxleyi, might increase their relative abundance as long as not offset
by acidification. Dinoflagellates are expected to increase their relative abundance
due to their positive growth response to increasing pCO2 and light levels. Our analysis reveals gaps in the knowledge on multiple driver responses and provides recommendations for future work on phytoplankton.
KEYWORDS

additivity, antagonism, environmental drivers, growth rate, interaction effect size,
phytoplankton groups, primary production, synergism
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1 | I NTRO D U C TI O N

Each driver affects cell functioning of phytoplankton in different ways. As a universal driver, temperature affects the rates of all

Marine primary producers contribute about half of the global net

biochemical reactions. Rates increase with warming until an opti-

primary production (~50 Pg C/year), whereof oceanic phytoplank-

mum temperature, beyond which they typically decrease sharply.

ton makes up the main share (~47 Pg C/year) (Middelburg, 2019)

Generally, species from thermally stable environments like polar or

forming the base of the marine food web. The fixation of CO2

tropical regions have narrow thermal windows and are, thus, more

into biomass and the subsequent transport to depth (biological

sensitive to warming (Pörtner & Karl, 2014). As the ocean takes up

carbon pump) maintains depth gradients of dissolved inorganic

atmospheric CO2, aqueous CO2(aq) and bicarbonate concentrations

carbon (DIC, i.e., the sum of CO2(aq), bicarbonate, and carbonate

increase while the carbonate concentration and pH decrease (Zeebe

ions), which facilitates the oceanic uptake of atmospheric CO2 .

& Wolf-Gladrow, 2001). The higher availability of inorganic carbon

Phytoplankton functional types (PFTs; Le Quéré et al., 2005)

species might favor species that are less efficient in assimilating

like calcifiers, silicifiers, and nitrogen fixers contribute in differ-

carbon (Basu & Mackey, 2018; Rost et al., 2008), whereas a lower

ent magnitudes and by different means to the biological carbon

pH can reduce growth performance in species sensitive to higher

pump. Changes in the dominant PFT can thus significantly alter its

proton levels (Gao et al., 2012; Kottmeier et al., 2016a). As the only

strength, especially in terms of export production, even without

source of energy, light fuels process in phytoplankton, but can also

changes in total production.

induce damage. Species that are more tolerant to high-light stress or

Anthropogenically induced climate change causes marine eco-

more efficient under often prevailing low-light regimes can outcom-

systems to undergo substantial shifts in temperature, CO2 (and

pete other species under these conditions (Basu & Mackey, 2018;

thereby pH), nutrients, and light, which are the most important envi-

Litchman & Klausmeier, 2008). In a nutrient-limited environment,

ronmental factors in controlling the growth of marine phytoplankton

species with more efficient nutrient uptake mechanisms or lower

(Pörtner & Karl, 2014). The latter two factors are often correlated

nutrient requirements have advantages over other species (Moore

with variability in the mixed-layer depth (MLD; Gruber, 2011). In the

et al., 2013). All of these driver responses are linked via the energy

following, we use the neutral term “drivers,” as organisms can suf-

status of the cell.

fer, benefit from, or not respond to these environmental changes.

When acting together, the effect of drivers may not neces-

Whether a driver turns into a “stressor,” that is has a negative impact,

sarily equal the sum of their individual effects (additive effects).

depends on driver value and sensitivity of the organism of interest

Instead, the combined effect can either be smaller or greater than

(Boyd & Hutchins, 2012).

the additive effect, that is antagonistic or synergistic (Boyd &

All of the mentioned drivers have either already or are projected

Hutchins, 2012; Folt et al., 1999; Przeslawski et al., 2015). Additivity

to change within years or decades with regionally different manifes-

has recently been defined as noninteractive (Boyd et al., 2018), but

tations of multiple driver changes (Henson et al., 2017; Pörtner &

is also commonly subsumed together with synergy and antagonism

Karl, 2014), even in low emission scenarios (Bindoff et al., 2019). It is

as interactive effects (Boyd & Hutchins, 2012; Crain et al., 2008;

a common notion that organisms are sufficiently adapted to the driv-

Feng et al., 2020). While additivity is barely observed in phytoplank-

ers’ seasonal extrema within their habitat. The emergence of a new

ton, and synergistic or antagonistic interactions are rather the rule

driver environment can cause acclimation and evolutionary adapta-

than the exception (Gruber, 2011), there is currently no large-scale

tion, migration, and community shifts, but also extinction, depend-

ocean biogeochemical model that is accounting for the entire set of

ing on the spatiotemporal distribution and intensity of the change

the interactions between the most relevant environmental drivers

(e.g., Barton et al., 2016; Brennan et al., 2017; Cairns, 2013; Henson

(Laufkötter et al., 2015).

et al., 2017). Understanding the effect of changes in multiple drivers

The effects of multiple drivers on marine phytoplankton have

on marine PFTs as a result of climate change is fundamental to ro-

been reviewed in the past (e.g., Deppeler & Davidson, 2017; Edwards

bustly project the future of the biological carbon pump.

et al., 2016; Gao et al., 2012, 2018, 2019; Häder & Gao, 2015). Meta-

The warming of the oceans is projected to continue, with stron-

analyses, however, deal either with single driver effects (e.g., Dupont

gest trends expected for the tropics and the northern high lati-

et al., 2010; Dutkiewicz et al., 2015; Hancock et al., 2020; Kroeker

tudes (Bindoff et al., 2019; Gruber, 2011; Kwiatkowski et al., 2020;

et al., 2013), only two specific drivers (e.g., Harvey et al., 2013), or

Meredith et al., 2019). Changes in pCO2 (or pH) are evident in many

only specific phytoplankton groups (e.g., Brandenburg et al., 2019;

oceanic regions and are projected to be strongest in the Arctic Ocean

Crain et al., 2008; Daufresne et al., 2009; Przeslawski et al., 2015).

(Bindoff et al., 2019; Bopp et al., 2013; Kwiatkowski et al., 2020;

In short, all these investigations reveal substantial nonadditive in-

Meredith et al., 2019). Stratification is anticipated to increase in most

teractions of multiple drivers on the growth, photosynthesis, and

parts of the ocean, causing an intensification of light exposure and

functional traits such as cell size or calcification. High light seems to

a reduction in nutrient supply to phytoplankton (Gruber, 2011). In

have a negative effect on phytoplankton growth under high pCO2

parts of the Southern Ocean, where the stratification is expected to

(Gao et al., 2012, 2018), but a positive effect under high temperature

weaken because strengthening winds counteract warming effects

(Edwards et al., 2016). High pCO2 and elevated temperature have

(Hauck et al., 2015; Panassa et al., 2018), phytoplankton will likely be

an interactive effect on phytoplankton with the response direction

exposed to lower light and higher nutrient conditions.

depending on the species (Gao et al., 2019; Kroeker et al., 2013), but
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nonadditivity might only affect photosynthesis, and not the growth

habitats. We focus on specific growth rates as this is the trait most

rate (Harvey et al., 2013). Different functional traits can be influ-

reliably reported in laboratory studies, which furthermore most

enced differently by the same drivers within the same organism

closely relates to the “fitness” of phytoplankton (Collins et al., 2014).

(Rokitta & Rost, 2012; Weithoff & Beisner, 2019). In fact, rates of

While there are several methods to determine specific growth rates,

photosynthesis often respond to environmental variability, while

we used the increments of cell concentrations based on cell counts

organisms maintain relatively constant growth rates, that is, pho-

or chlorophyll measurements.

tosynthesis and growth can be uncoupled (Rost & Riebesell, 2004).

For each environmental driver we decided on one pair of val-

Growth rate is yet fundamental for both biogeochemistry and ecol-

ues, and we defined “high” and “low” values as follows: High and

ogy as this trait does not directly translate, but relate to primary

low temperatures were taken as categorized by the authors of the

production over a wide range of environmental conditions and, im-

respective article, and/or by comparing with the estimated tempera-

portantly, it approximates the fitness of a cell most closely (Collins

ture in the habitat where the tested species was isolated from. Low

et al., 2014).

pCO2 values were representative for the present-day pCO2 range

Consequently, our meta-analysis focuses on growth rates of phy-

(300–500 µatm). As future pCO2 values, we decided on a range of

toplankton, going beyond the scope of previous studies by covering

700–1,200 µatm. Regarding nutrients (nitrate, phosphate, iron), we

the broadest set of drivers and their interactions. We aim to assess the

used replete and deplete nutrient concentrations as defined by the

effects of single and multiple environmental drivers on the globally

respective authors. We did not distinguish between different chem-

most abundant phytoplankton groups by effect sizes and statistical

ical forms of nutrients. If two nutrients were manipulated simulta-

models. Chosen driver levels for pCO2 and temperature mirror pres-

neously in one single experiment, we excluded the study from the

ent-day and projected future conditions for the end of this century.

analysis. We used high and low light as categorized by the authors

We address the following hypotheses that are based on the afore-

of the article.

mentioned studies as well as our current understanding of the mode
of action for each driver-response interdependence: (a) The interaction between pCO2 and temperature is additive, because nonadditive

2.2 | Literature search

interaction typically only applies to traits other than growth (several
references in Gao et al., 2012; Harvey et al., 2013); (b) high pCO2

A literature search for peer-reviewed articles was performed in April/

and light act antagonistically, with high-light stress setting on at lower

May 2019 with a first set of search terms, and in September/October

light levels under high pCO2 conditions (Gao et al., 2012, 2018); (c)

2019 with a second set of search terms on the databases ISI Web of

nonadditive interactions can be observed between low nutrient con-

Science and Scopus. On ISI Web of Science, the “Topic” search scan-

ditions and other drivers, as more energy is needed for nutrient ac-

ning titles, abstracts, and author keywords was used. On Scopus, arti-

quisition, and depending on whether the increase in the second driver

cle title, abstract, and keywords were directly used as search targets.

needs or saves energy for the organism, the interaction can either

The results of both databases were sorted by relevance, see webpages

be synergistic or antagonistic (Charalampous et al., 2018; Maranõń

for details (https://images.webofknowledge.com/images/help/WOS/

et al., 2018).

hs_sort_options.html and https://service.elsevier.com/app/answers/

Two research questions will guide us through the meta-analysis:

detail/a_id/14182/supporthub/scopus/). The first set of search terms

How does the manipulation of one driver alone (pCO2, temperature,

included eight queries (see Figure S1), yielding a total of 5,100 articles on

light, nutrients) affect the phytoplankton specific growth rate rela-

ISI Web of Science and 2,477 articles on Scopus. As the first search que-

tive to a control level (individual effect size)? What is the net effect

ries missed important publications, we extended the literature search by

of dual drivers compared to a hypothetical additive outcome (inter-

including synonyms of the previously mentioned keywords. The second

action effect size)? By this means, additivity, synergy, and antago-

set of search terms comprised six search queries (see Figure S1). In total,

nism can be determined for the combined effects of both drivers on

7,110 articles were found on ISI Web of Science and 5,623 on Scopus.

growth. With our analysis, we also aim to reveal gaps in knowledge

In addition to the literature search in online databases, we screened the

and to identify shortcomings in multiple driver studies.

bibliographies of selected review articles on the effects of multiple environmental drivers on marine phytoplankton (Gao & Campbell, 2014;

2 | M E TH O DS
2.1 | Strategy

Gao et al., 2012, 2018; Häder & Gao, 2015; Harvey et al., 2013; Kroeker
et al., 2013; 856 articles in total). In the following, we use the term “article” to refer to a published paper, and “study” to a set of experiments
within a paper.
In the first selection step, we reviewed titles and abstracts

We reviewed available literature on the effect of dual drivers on

from the first 100 hits of each search query as well as the bibliog-

marine phytoplankton groups, namely calcifiers, silicifiers, nitrogen

raphies of the review articles, adding up to 3,656 articles. Articles

fixers, dinoflagellates, and Phaeocystis spp. We chose these phyto-

were excluded based on the following criteria: (i) no primary data:

plankton groups based on their ecosystem relevance and service

applies for, for example reviews, meta-analyses, and model stud-

(Le Quéré et al., 2005), and included organisms from all geographic

ies; (ii) not marine: study on freshwater species; (iii) wrong group:
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study on a group of organisms that is not target of this meta-anal-

studies were performed on Southern Ocean species (south of 30°S),

ysis, for example bacteria, zooplankton, benthic organisms; (iv)

biased to the polar Southern Ocean (south of 60°S) with four studies,

one driver: study where only one driver was manipulated; (v)

and only one study for the subpolar and temperate Southern Ocean

wrong driver: study that is not based on a combination of the

(30–60°S). Nutrient manipulations were performed on nitrate (five

desired drivers; (vi) no laboratory: study based on field data or

studies) and phosphate supply (one study). Table S1 in the supple-

mesocosm experiments. Articles from the review bibliographies

mentary information lists the driver levels of the individual studies.

could additionally be excluded if they only served to elucidate

In 21 out of 25 articles, levels of both drivers were explicitly related

the review's background (i.e., on physiological processes of phy-

to present-day and climate change conditions. Be aware that initial

toplankton cells). This resulted in 171 articles from ISI Web of

nutrient concentrations are altered by phytoplankton growth, and

Science, 149 articles from Scopus, and 75 articles from the review

the nutrient concentrations that the species experience over the

bibliographies remaining for further analysis, which is 10% of the

course of the experiment are not necessarily equivalent to the initial

initial results.

concentrations.

In the second selection step, the full articles were reviewed for
the criteria listed in the first selection step. Additionally, only studies on single species (and not on communities) were included fur-

2.3 | Data extraction

ther, and methods and results of each article were quality checked
for the following criteria: (vii) experimental design: articles were

All studies used full-factorial designs, which include four experi-

excluded when the experiments were not performed under con-

ments: both drivers at present-day level, one driver at present-day

trolled conditions (e.g., unknown light intensity), or pCO2 manipu-

combined with the other driver at climate change level and vice

lations were outside the range of interest. Each driver must have

versa, and both drivers together at climate change level. Present-day

been manipulated individually and together (multifactorial exper-

levels were taken as low and climate change levels as high tempera-

iment) in at least three replicates; (viii) reported outcome: articles

ture, pCO2, and light, with present-day levels in the natural ranges

must report on the growth rate and use a unit that can be com-

of the organisms as defined by the authors. Nutrient concentrations

pared to the other studies. Furthermore, mean, standard deviation

were interpreted as being rather high under present-day and rather

or variance, and sample size must be mentioned; (ix) CO2 system:

low under climate change conditions. Several studies, each in a full-

measurements of the carbonate system (DIC, pH, and/or pCO2)

factorial design, could be within an article when the experiments

from the beginning and the end of the experiments must be re-

were either conducted with different species, same species from

ported as raw data, or the drift of carbonate parameters during the

different habitats, or with a different driver combination. From each

experiment must have been mentioned. To be included, the max-

study, we extracted the growth rates and their standard deviations

imum allowed drift over the experiment was 10% for DIC and 0.1

or variances. If three drivers were manipulated within one study, we

units for pH, respectively. If the carbonate system was not or not

extracted the growth responses of each driver pair at the present-

completely reported in the article or the supplementary material,

day level of the third driver. We are aware that these data are then

we checked whether these data were supplied to the OA-ICC por-

not entirely independent from each other. However, regarding the

tal for ocean acidification biological response data on PANGAEA

limited availability of multiple driver studies that met our criteria, we

(http://oa-icc.ipsl.fr/).

decided to use the selected studies as much as possible. If more than

We excluded 27% of the remaining articles based on criteria

two scenarios of a parameter were applied (e.g., low–intermediate–

(i)–(vi) mentioned above, 23% due to experimental design, 13% due

high), we chose those two scenarios for our analysis that reflected

to the reported outcome, and 11% due to insufficient reporting of

present-day and climate change conditions best, and were compara-

the carbonate system. The final literature set consists of 25 articles

ble to the other studies.

published during 2002–2019, containing 42 single studies. Figure S1

Growth rates and their standard deviations or variances were

presents an overview on the literature search process and the num-

taken as reported in the article or in PANGAEA. In cases where

ber of studies obtained for each driver pair.

growth rates were only displayed in graphs, we had to use the

Most of the studies included in our literature set examine dual

graphical data retrieval tool WebPlotDigitizer (https://apps.autom

driver effects on diatoms (19 studies), followed by coccolithophores

eris.io/wpd/). We only used the first two decimal digits of the re-

(10 studies) and dinoflagellates (eight studies). Only three stud-

trieved values, as this is the accuracy reported in most studies. In

ies were performed with nitrogen fixers, and two with Phaeocystis

cases when the growth rate and/or its variance was zero, we used a

spp., which were therefore not further considered as separate phy-

tiny number (10 −18) because the denominator in the formula to cal-

toplankton groups. In the studies that provided the origin of their

culate the effect size should not be zero. Additionally, the driver lev-

phytoplankton cultures, the spatial distribution is clearly biased to-

els were extracted and converted to consistent units (µmol photons

ward the northern hemisphere, with 11 studies for the tropical region

m−2 s−1 for light, °C for temperature, and µmol L−1 for nutrients). For

(0–30°N), five studies for the temperate (30–60°N), and five studies

pCO2, values in the units µatm and ppm were considered to be com-

for the Arctic region (north of 60°N; see Figure S2). There was no

parable, not taking into account the effects of air and water vapor

study on species from the southern tropical region (0–30°S). Five

pressures. Finally, we collected information on the experimental
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setup (number of replicates, acclimation time, culture technique)

dInd that is meant to demonstrate the effect on the response variable

and on the species (phytoplankton group, origin if available).

(here growth rate) of a change in each driver alone, and the interaction effect size dInter that assesses the interplay of a change in both

2.4 | Statistics
2.4.1 | Effect sizes

drivers together compared to an assumed additive outcome. Based
on this, it was possible to determine the type of interaction (additive,
synergistic, antagonistic; Folt et al., 1999; Przeslawski et al., 2015). A
detailed description of the effect size calculation is presented in the
supporting information. According to our interpretation of the effect

Effect sizes (d), defined as mean values (µ) divided by the standard

sizes, an interaction is additive whenever nonadditivity cannot be

deviations (σ) of the statistical populations from which we sample,

proven statistically, that is, its 95% confidence interval overlaps with

were proposed by Jeffreys (1961) to test whether environmental

zero. An interaction is synergistic when it is promoting or dampening

changes have an effect on certain quantities of interest. Effect sizes

growth stronger than the assumed additive effect. In an antagonistic

are, by definition, dimensionless quantities and their values allow in-

interaction, growth rates are not increasing or decreasing as strongly

tuitive interpretation: (a) effects with effect sizes of magnitude |d|

as expected from an additive interaction, or even have a different

much larger than one are easy to recognize and, thus, no formal test-

directionality than the theoretical additive outcome. Figure 1 sche-

ing is necessary, (b) effects with small effect sizes (−1 < d < +1) could

matically displays synergism and antagonism by means of hypothet-

be real, however might be difficult to recognize especially at small

ical growth rates.

sample sizes and, thus, formal hypothesis testing is required. In the
Bayesian context, effect sizes allow appropriate choice of priors (cf.
Rouder et al., 2009).

2.4.2 | Heterogeneity analysis

In our meta-analysis, we used effect sizes to assess the effect
of the combined change in two drivers in comparison to the effect

We used the R package “metafor” (version 2.1-0; Viechtbauer, 2010)

of each driver alone, as well as to categorize possible interactions

in R version 3.6.1 (R Core Team, 2019) to test whether metadata of

between various drivers. To this end, we applied an additive model,

the studies were influencing the estimation of effect sizes, that is,

where a significant nonadditive interaction is observed by a signif-

having a significant effect on the heterogeneity of the data. A ran-

icant deviation from the null model of additivity (Crain et al., 2008;

dom-effects model with the restricted maximum likelihood (REML)

Gurevitch et al., 2000). Another possibility to assess the impact of a

estimator was fitted to the interaction and individual effect sizes

driver are multiplicative models, which include log response ratios

and their variances by the rma.uni function. The REML estimator

that are frequently used in single driver meta-analyses. Following

is recommended for meta-analytic variance estimation as it unites

Crain et al. (2008), we argue that experimental multiple driver stud-

unbiasedness and efficiency (Viechtbauer, 2005). Publication year,

ies are often based on ANOVA statistical analyses, which are like-

number of replicates, acclimation time (in generations), article,

wise based on assumed additivity, and that it is therefore reasonable

number of studies stemming from one article, and the difference

to apply an additive model also to our multiple driver studies.

between elevated and control driver level were modeled as ran-

Statistical analyses were possible for the driver pairs pCO2 × tem-

dom effects (moderators).The model was initially applied without

perature, pCO2 × light, and pCO2 × nutrients, while too few studies

moderators to assess whether the effect sizes are significantly

on the other driver pairs did not permit further analysis (Figure S1).

heterogeneous. Thereafter, the aforementioned moderators were

Effect sizes and additional information for each study are listed in

included in the model. We reviewed the p-values of the test for

Table S1. Two effect sizes were determined: the individual effect size

heterogeneity Q, the test for residual heterogeneity QE, and the

F I G U R E 1 Conceptual figure of growth rates representing synergism and antagonism in dual driver treatments. Dark gray bars display
growth rates at present-day level, white bars the assumed additive outcome, and light gray bars the observed growth rates at climate change
levels of both drivers. Circled arrows indicate an increase or decrease in the growth rate in comparison to the present-day level. Synergism
applies when the observed interaction is increasing or decreasing the growth rate stronger than the theoretical additive outcome (A, B).
Antagonism applies when the observed interaction is dampened in comparison to the assumed additive effect (C, D), or when the observed
interaction has a different directionality than the assumed additive effect (E, F). Red arrows highlight the direction of growth responses of
synergistic and antagonistic effects
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Figure 4 presents the interaction effect sizes. A simultaneous increase in pCO2 and light exposure has an antagonistic effect on the
growth of all phytoplankton groups together (dInter = −0.40 ± 0.07,

3 | R E S U LT S

n = 23). This effect is mainly driven by diatoms, while dinoflagellates
and coccolithophores respond additively to increasing pCO2 and light.
Looking at the individual studies reveals that both drivers mostly have

Individual effect sizes are displayed in Figure 2. Summarized

counteracting effects on the growth rates with high light increasing

over all studies, they show a positive effect of elevated pCO2

and elevated pCO2 decreasing growth, while in one third of the stud-

(dInd = 0.13 ± 0.05, n = 36), elevated temperature (dInd = 1.16 ± 0.24,

ies both drivers are growth enhancing (Table S1). Elevated pCO2 and

n = 10), and high light (dInd = 1.40 ± 0.09, n = 23) on the growth

temperature together are influencing growth rates antagonistically

rates of phytoplankton. Decreasing nutrient concentrations result in

in the overall data (dInter = −0.36 ± 0.18, n = 10), and additively in

a decrease in growth rates (dInd = −1.62 ± 0.43, n = 6). Assessing

coccolithophores. In four studies, both single effects have the same

the phytoplankton groups separately, high-light conditions increase

growth-enhancing directionality, and in another four studies warm-

the growth rates of all tested groups. The growth rate of coccolitho-

ing increases and elevated pCO2 decreases growth. In two studies,

phores is negatively affected by elevated pCO2, whereas the growth

the interactive effect of both drivers leads to a reduction of growth

of diatoms and dinoflagellates benefits from higher pCO2. Only a few

although both single drivers alone promote growth (Table S1). Lowered

studies in our database examine the effect of temperature, therefore

nutrients and elevated pCO2 act additively on the overall growth rates

only effects on coccolithophores’ growth rates could be analyzed

(dInter = 0.08 ± 0.29, n = 6), and synergistically on the growth rates of

separately, yielding a clear increase in the growth rate with warm-

diatoms. In half of the studies, both drivers are growth dampening, and

ing. Likewise, only diatoms could be analyzed separately with regard

in half of the studies, elevated pCO2 is growth enhancing while nutrient

to the effect of decreasing nutrient supply, revealing a decrease in

limitation is growth dampening. Growth rates in the individual studies

their growth rate (Figure 2). Information on the tested species and

and the corresponding effect sizes are displayed in Figures S3 and S4.

respective growth rates can be found in the supporting information

Heterogeneity in the effect sizes is significant for all single driv-

(Table S1 and Figures S3 and S4). Individual effect sizes for pCO2

ers and driver combinations. It mainly stems from the single studies,

reveal a latitudinal pattern (Figure 3a). While the growth rate of spe-

while other moderators (publication year, number of replicates per

cies with polar origin on average decreases with increasing pCO2,

study, acclimation time, number of studies stemming from one article,

average growth of temperate and tropic species increases or does

difference between elevated and control driver level) did not contrib-

not change. The underlying mechanisms, which could explain these

ute significantly to heterogeneity. Results of the statistical tests are

latitudinal differences are illustrated in Figure 3b and discussed in

listed in Table S2. Thus, most effect sizes do not vary with metadata.

Section 4.4.

Exceptions are the individual effect sizes of pCO2 and nutrients. Our

F I G U R E 2 Individual effects and
their 95% confidence interval of
environmental drivers on the growth
rates of phytoplankton groups.
Effect sizes of groups are displayed
separately when assessed for more
than three studies. Note that the
effect size of coccolithophores is
biased toward Emiliania huxleyi. The
number of studies included in the
effect size calculations is given in
parentheses
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F I G U R E 3 (a) Variation of the individual effects (±95% confidence interval) of pCO2 on phytoplankton along the latitudes. The number
of studies included in the effects size calculation is given in parentheses. The individual effect size at 30–60°S is based on only one study
(diatoms); we omit the large confidence interval and emphasize that it has to be interpreted with caution. (b) Conceptual presentation of the
different pCO2 effect on the growth rate of species in tropical and polar waters. Increasing CO2(aq) and H+ concentrations (i.e., decreasing
pH) enhance growth at first (due to carbonation), while being detrimental at higher concentrations (due to acidification), often leading to
a skewed response curve (Bach et al., 2011). Due to temperature-dependent differences in solubility, the same present-day and future
atmospheric pCO2 translates into different levels of CO2(aq) and H+ in warm tropical and cold polar waters. Consequently, an increase in pCO2
in warm versus cold waters acts on different parts of the growth curve. Note that both the shape of the curve as well as the absolute growth
rates can differ between species, and we therefore display a normalized growth rate
F I G U R E 4 The interactive effects
of dual driver pairs on phytoplankton
growth. Additivity is determined when
the 95% confidence interval crosses the
zero line. Positive effect sizes (±95%
confidence interval) indicate synergism
and negative indicate antagonism.
Effect sizes of phytoplankton groups are
displayed separately when summarized
over more than three studies. Note
that the effect size of coccolithophores
is biased toward Emiliania huxleyi. The
number of studies included in the effect
size calculation is given in parentheses

×

heterogeneity analysis reveals that about half of the heterogeneity in

×
×

4 | D I S CU S S I O N

pCO2 effect sizes is caused by the genus, mostly by coccolithophores.
Effect sizes quantifying nutrient deficiency are significantly biased

Single driver studies are important to understand how a driver

by the number of studies stemming from one article and, thus, also

is acting on an organism (Harvey et al., 2013). However, single

the experimental conditions within each study. Only six studies were

driver effects are not sufficient to assess how a changing abi-

included in this effect size calculation, from which three come from

otic environment might affect the growth of marine phytoplank-

one article.

ton. To achieve this, the interaction of effect sizes based on
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the interplay of drivers needs to be evaluated. Experiments on

rather constant. Once the competitive ability of individual species or

phytoplankton addressing more than two drivers revealed that

groups are significantly impacted, however, the community sensitivity

few drivers dominate the response of the organisms in the short-

toward ocean acidification can be even larger than would be predicted

term (Brennan & Collins, 2015) and on evolutionary timescales

by single strain studies (Beaufort et al., 2011; Riebesell et al., 2017).

(Brennan et al., 2017). While being restricted to dual driver in-

In our meta-analysis, increasing temperature generally has a

teractions due to the lack of studies with more drivers, we are

growth-enhancing effect, especially for coccolithophores (Figure 2).

confident that we capture the most climate-relevant drivers

In support, other studies found increasing temperatures to pro-

(pCO2 , temperature, light, and nutrients) affecting phytoplank-

mote the development of earlier blooms and a different community

ton growth. We therefore expect our findings to be valid also in

structure in marine and freshwater phytoplankton (Boyd, 2019; De

situations where more than two drivers interact. Looking at these

Senerpont Domis et al., 2014; Feng et al., 2009; Remy et al., 2017;

drivers, one has to be aware, however, that changes in pCO2 and

Winder et al., 2012), where smaller phytoplankton groups includ-

temperature can be more reliably projected on a global scale than

ing coccolithophores became more dominant (Coello-Camba et al.,

changes in nutrient and light availability (Bindoff et al., 2019).

2014; Feng et al., 2009; Hare et al., 2007). The benefit of primary
production from warming can, however, be compensated as com-

4.1 | Growth-enhancing effects of increasing pCO2,
temperature, and light

munity respiration might increase more strongly than community production (López-Urrutia et al., 2006; Regaudie-de Gioux &
Duarte, 2012). The biomass accumulation of phytoplankton can also
be dampened as warming disproportionately promotes the grazing

We found that elevated pCO2 slightly enhances growth rates (Figure 2;

rate of herbivorous species (Laufkötter et al., 2015; Paul et al., 2015).

Figure S3), except for coccolithophores. This overall stimulating ef-

Our meta-analysis reveals that an increase in light intensity has

fect of elevated CO2 is also supported by other single-species studies

an overall positive effect on the growth of phytoplankton species,

that were not included in our analysis, which observed an increase in

where coccolithophores benefit most and dinoflagellates least. Such

growth rates of diatoms, dinoflagellates, Phaeocystis spp., and N fixers

beneficial effects can be expected given that low and high-light lev-

with increasing pCO2 (e.g., Errera et al., 2014; Hutchins et al., 2007;

els in experiments are typically adjusted to represent light-limiting

Kranz et al., 2010; Wu et al., 2014; Zhu et al., 2017). Regarding coc-

and saturating conditions, respectively. Elevated light intensities can

colithophores, the only calcifying group included in our analysis, we

cause a shift in the species composition of phytoplankton communi-

observe a decrease in their growth rates with elevated pCO2 levels.

ties. The reasons why higher light conditions can be more beneficial

Their exceptional response is also supported by the significant con-

to one species or group than to another are numerous; next to cell

tribution to the effect size heterogeneity. Previous laboratory stud-

size and mode of photoacclimation, habitat depth and nutrient avail-

ies on the effects of ocean acidification on coccolithophores confirm

ability in different seasons and oceanic regions can matter (Burson

the higher sensitivity of this group, but also reveal variable response

et al., 2018; Donahue et al., 2019; Gao et al., 2012). Also the ability of

patterns depending on the choice of species and experimental condi-

several dinoflagellate species to switch to mixotrophy and being less

tions (e.g., Hoppe et al., 2011; Iglesias-Rodriguez et al., 2008; Langer

dependent on light as an energy source can be important. Hence,

et al., 2006; Riebesell et al., 2000; Zhang et al., 2019). The response of

growth response to increasing light availability depends on whether

coccolithophores (and supposedly also other phytoplankton groups)

dinoflagellate species in cultures were grown phototrophically or

to increasing pCO2 is significantly shaped by morphological param-

mixotrophically (Hansen, 2011).

eters like cell size (Müller et al., 2017), the mode of carbon acquisi-

Finally, our analysis found decreasing growth rates with lower

tion (Beardall & Raven, 2020; Kottmeier et al., 2016b), the ability to

nutrient availability, which is rather expectable and raises confi-

maintain pH homeostasis (Gafar et al., 2019; Taylor et al., 2011), and

dence in our results despite the low availability of studies. Nutrient

of course how other environmental drivers modulate the response

limitation can act on different processes within a phytoplankton cell,

(see Section 4.2). For community studies, effects of elevated pCO2

and the availability of nutrients can therefore modulate the response

are less conclusive, partly because other environmental drivers like

of an organism to other environmental drivers (Gao et al., 2018;

changes in temperature or nutrient availability often dominated and

Yoshimura et al., 2014). For example, the tolerance of phytoplankton

thus masked pCO2 effects (Eberlein et al., 2017; Feng et al., 2009,

to high temperatures decreases when the nutrient concentrations

2010; Neale et al., 2014; Tatters et al., 2013; Yoshimura et al., 2014).

are low (Thomas et al., 2017).

More importantly, however, ecological processes associated with the
intra- and interspecific diversity within communities can modulate the
overall effects in comparison to those observed in single strain studies, which are governed by physiology only. A shift in species composition together with physiological changes, for instance, can buffer

4.2 | Modulated growth responses in dual driver
interactions with pCO2

the negative effects of pCO2 on individual species (Hoppe, Flintrop,

Rejecting our first hypothesis, which is based on earlier reviews

et al., 2018; Hoppe, Schuback, Semeniuk, Giesbrecht, et al., 2017;

and meta-analyses (Gao et al., 2012; Kroeker et al., 2013), we found

Sampaio et al., 2017; Sobrino et al., 2014), keeping community growth

clear antagonistic, growth-enhancing interactions between pCO2
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and temperature (Figure 4; Figure S4). Findings from studies on sin-

(Feng et al., 2010; Hoppe, Schuback, Semeniuk, Maldonado, et al.,

gle species (Errera et al., 2014; Milner et al., 2016; Qu et al., 2018;

2017). Such species shifts may increase the resilience of the phyto-

Tew et al., 2014) or communities (Coello-Camba et al., 2014; Paul

plankton community, as one species takes over the ecological role

et al., 2015) that were not assessed in our analysis illustrate the

of the other species, maintaining, for example, primary production

high variability in respective outcomes, with the majority tending

(Hoppe, Schuback, Semeniuk, Maldonado, et al., 2017), but at the

toward antagonistic or additive reactions to increasing temperature

same time can lead to large changes in the carbon export (Feng

and pCO2. Hence, we challenge the assumption of purely additive

et al., 2010).

interaction between increasing temperature and pCO2 (Harvey

In our third hypothesis, we supposed a nonadditive interaction of

et al., 2013) and instead would suppose a mutual dampening of their

nutrient limitation with other drivers, because the nutritional state in-

effects on phytoplankton growth (Sett et al., 2014). Experiments

fluences the energy that is available for other cell functions. Because

demonstrate that picoeukaryotes particularly benefit from warm-

of the restrictions in our dataset, we could only analyze the interaction

ing and increasing pCO2 levels (Hoppe, Flintrop, et al., 2018;

between nutrients and pCO2. The interaction effect size of all phyto-

Schaum et al., 2013) and become more abundant in communities

plankton groups together implies an additive outcome (Figure 4), and,

under these future scenarios (Feng et al., 2009; Hare et al., 2007;

thus, a similar effect of the nutrient treatment independently from

Schulz et al., 2017). Our data show a similar response for cocco-

increasing pCO2, leading to a net decrease in growth. However, the

lithophores that are rather small-sized cells compared to most other

effect sizes of each study separately are split into one-third additive,

phytoplankton groups, with a positive (although additive) interac-

one-third synergistic, and one-third antagonistic interaction. For dia-

tion effect size, in contrast to the antagonistic interaction of all

toms, our meta-analysis reveals an overall synergistic effect (Figure 4).

phytoplankton groups together. In diatom-dominated communities,

From the five individual studies on diatoms, two showed synergism,

however, rising temperatures and pCO2 concentrations can lead to

one showed antagonism, and two showed additivity. Even though

a shift toward larger diatom species and faster bloom development

chemostat studies could not be included in our analysis as growth

(Sett et al., 2018), which argues against a pure size dependence for

rates are fixed by the dilution rate, this approach is commonly used

this interactive effect. Due to our limited data, we cannot draw

to study the effect of nutrient limitation. Under P or N limitation, el-

conclusions for the effect of this driver interaction on diatoms and

evated CO2 caused particulate organic carbon quota to remain sta-

dinoflagellates.

ble (Sciandra et al., 2003), to increase (Borchard et al., 2011; Müller

In our second hypothesis, we argue that high pCO2 and high light

et al., 2012), or to decrease (Eberlein et al., 2016), supporting the find-

interact antagonistically, with a higher risk of photoinhibition under

ings of our meta-analysis of diverse interaction of nutrients and pCO2

high compared to ambient pCO2 conditions (Gao et al., 2012, 2018;

and highlighting the need for further studies on this issue. Generally,

Hoppe et al., 2015). Indeed, our analysis shows growth-enhancing

CO2 can be considered as a nutrient that regulates the growth of phy-

antagonism for all phytoplankton groups together as well as sepa-

toplankton similar to other macronutrients such as nitrate and phos-

rately for diatoms (Figure 4). This antagonism may be traced back

phate. Traditionally, this regulation is considered as being described

to a high pCO2-induced downregulation of the carbon acquisition

by Liebig's law of the minimum (von Liebig & Gregory, 1842), which

and a concomitantly increased sensitivity of phytoplankton toward

makes the maximum growth rate of an organism only dependent from

high-light stress (Kottmeier et al., 2016a; Rost et al., 2008; Sobrino

the most limiting nutrient. The occurrence of all possible interactions

et al., 2014). This phenomenon gets even more pronounced under

in our data, however, supports the opinion of other studies (Danger

more realistic fluctuating light conditions (Hoppe et al., 2015). A

et al., 2008; Harpole et al., 2011) that the interaction between nutri-

recent laboratory study, however, indicates that the picoeukaryote

ents is much more complex.

Micromonas pusilla (Butcher) Manton and Parke can cope well with
elevated CO2 despite dynamic light simulating changing light intensities caused by mixing and day–night cycles (White et al., 2020).

4.3 | The special role of coccolithophores

Due to the limited number of studies on dinoflagellates in our meta-analysis, the confidence interval is relatively large and, thus,

While there are not enough data to display the individual and interac-

overlaps with y = 0, indicating additive interaction (Figure 4). By

tion effect sizes for all phytoplankton groups separately, few groups

their ability to switch to mixotrophy, some dinoflagellate species

can be compared to the mean effect sizes. Coccolithophores stand

can lower their dependence on both light and pCO2 for photosyn-

out in almost all individual and interaction effect sizes (Figures 2 and

thesis (Donahue et al., 2019) and therefore have a competitive ad-

4). In our literature dataset, seven out of eight studies have been

vantage toward, for example, diatoms under these conditions. This

conducted on the bloom-forming coccolithophore Emiliania huxleyi

is particularly relevant under nutrient-limited conditions in summer,

(Lohmann) Hay and Mohler (Feng et al., 2008; Jin et al., 2017; Listmann

a time when dinoflagellates often thrive. Two studies on Southern

et al., 2016; Rokitta & Rost, 2012; Schlüter, 2014; Tong et al., 2019;

Ocean communities observed a decrease in diatom abundance

Zondervan et al., 2002), and one study examined the responses of

under high light and high pCO2 conditions (Donahue et al., 2019;

Gephyrocapsa oceanica Kamptner (Zhang et al., 2015). Hence, there is

Heiden et al., 2019). Other publications present a shift in the dom-

a bias toward E. huxleyi which, despite being the most abundant living

inant diatom species in communities under high light and pCO2

coccolithophore species (Hagino & Young, 2015) that occurs in almost
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all oceanic habitats (Read et al., 2013), is a rather unusual representa-

increasing [CO2(aq)] (accompanied by increasing [HCO−3] known as

tive for this phytoplankton group (Eikrem et al., 2016). Our analysis

carbonation) can have a growth-enhancing effect, the concomitant

demonstrates that high pCO2 conditions are detrimental to coccolith-

increase in (H+) that causes the pH to drop (acidification) often has

ophores (more specifically to E. huxleyi, given the number of studies

detrimental effects (Bach et al., 2013; Kottmeier et al., 2016a). For

on this species in our analysis), while increasing the growth rates of

the given example, increasing pCO2 from 400 to 1,000 ppm causes

other phytoplankton groups. Furthermore, warming causes a stronger

the H+ concentration to increase by 113% at 20°C, and by 135% at

increase in their growth rates compared to the other phytoplankton

2°C. Changes in pH in the time period between 1770 and 2000 were

groups. Temperature and pCO2 do not interact antagonistically as for

largest in polar regions due to a higher solubility of CO2 at lower

the other groups, but additive or even synergistically (Figure 4), if one

temperatures (Jiang et al., 2019). Whether the different magnitudes

disregards the overlap of the relatively large confidence intervals with

in the shift of the carbonate system with increasing pCO2 can solely

y = 0 due to the small sample size. In three out of four studies, this

trigger a different growth response of phytoplankton, or only in

interaction is growth-enhancing. Our findings are in line with another

combination with the different water temperatures needs to be in-

study, which found warming to induce higher tolerance toward higher

vestigated further. Figure 3b conceptually illustrates how tempera-

CO2 values in the coccolithophore species G. oceanica and E. huxleyi

ture dependence in solubility could modulate the pCO2 dependence

(Sett et al., 2014).

and explains why polar species are already negatively impacted by

In conclusion, our study shows that the group of coccolitho-

pCO2 levels that are not detrimental to species thriving in warmer

phores, dominated by E. huxleyi, differs from other groups because

waters. A recent meta-analysis on the effect of ocean acidification

of their high sensitivity toward elevated CO2 and how this interacts

on Southern Ocean phytoplankton indeed shows that pCO2 levels

with higher light availability and warming. An exceptional feature

higher than 1,000 µatm become detrimental for most of the inves-

of E. huxleyi, which could not be assessed in our meta-analysis due

tigated traits (Hancock et al., 2020). Half of the Southern Ocean

to the lack of multiple drivers studies, is the high tolerance toward

studies included in our meta-analysis were conducted at 800 µatm,

low nutrient conditions, where essential cell functions can be sus-

indicating that growth-dampening effects can already occur within

tained longer than in other phytoplankton groups (e.g., Löbl, 2010;

this century even under CO2 emission scenario SSP3-7.0 that is

Riegman et al., 2000; Rokitta et al., 2016). Correspondingly, it was

less extreme than the “worst-case” scenario (SSP5-8.5; O’Neill

shown in a global model that coccolithophores can partly coun-

et al., 2016). Studies on Arctic single species or communities, how-

teract the decrease in marine production under low nutrient

ever, revealed a relatively high tolerance toward ocean acidification

conditions (Gregg & Rousseaux, 2019). Determining the effect of

over a wide range of temperature and light conditions (Hoppe, Wolf,

multiple drivers on calcification rates was beyond the scope of

et al., 2018; Wolf et al., 2019). Interestingly, the only ocean acidi-

our meta-analysis, but we acknowledge that this trait may play a

fication treatment in Hoppe, Wolf, et al. (2018) in which negative

role for competitive abilities of coccolithophores and largely de-

effects have been observed was conducted at the lowest tempera-

termine the magnitude of the calcium carbonate flux (e.g., Gafar

tures. Further investigations are needed to reveal whether lower

& Schulz, 2018; Rost & Riebesell, 2004). Thus, in biogeochemical

temperatures generally aggravate the impact of increasing pCO2 in

models where phytoplankton can only be considered down to the

polar regions, or whether they manifest differently in the Arctic ver-

relatively broad level of PFTs, coccolithophores should be treated

sus the Southern Ocean.

as a separate group.

4.4 | Growth response to high pCO2 is altered
by latitude

4.5 | Implications for future global
primary production
In this chapter, findings from our meta-analyses on growth responses

Our individual effect sizes of pCO2 reveal a latitudinal pattern with

are embedded in projected changes of the global ocean caused by

negative effect sizes at the poles and positive effect sizes in the

climate change to qualitatively assess the impact of multiple drivers

tropical areas (Figure 3a), implying a higher vulnerability to elevated

on the ocean's primary production. Even though growth is not al-

pCO2 values of polar species. While our dataset for the northern

ways equivalent to primary production, it is the key trait that allows

polar region is dominated by coccolithophores that were found to

phytoplankton to disperse and successfully compete for resources.

be more sensitive to an increase in the pCO2 concentration, the in-

Earth system models show that changes in ocean acidification and

dividual effect size for pCO2 in the southern polar region is mainly

warming emerge earlier than changes in primary production (Bindoff

based on diatoms.

et al., 2019; Frölicher et al., 2016). Figure 5 illustrates which changes

The solubility of CO2 is highly temperature-dependent: Despite
having the same pCO2, a decrease in water temperature from 20°C

in the driver environment of the oceanic regions are to be expected
within this century.

(temperate or tropical regions) to 2°C (polar regions) increases

Our statistical meta-analysis shows that the interaction of two

[CO2(aq)] by 80% (e.g., at 400 ppm, 2°C water holds 23 µmol kg−1

future driver levels causes growth rates to increase for the driver

CO2(aq), compared to 13 µmol kg−1 CO2(aq) in 20°C water). While

combinations high pCO2 × high temperature and high pCO2 × high
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F I G U R E 5 Overview of the proposed implications of driver changes for future primary production taking into account interactive
effects. Upward-pointing arrows show an increase, downward-pointing arrows a decrease in the respective driver on the left side. Ocean
temperatures are increasing everywhere. Shoaling of the MLD leading to higher average light levels and lower nutrient availability is
projected for the mid-to-low-latitudes and the Arctic Ocean (Gruber, 2011; Kwiatkowski et al., 2019, 2020; Nummelin et al., 2016). Regional
deepening of the summer MLD is expected in the Southern Ocean due to the projected strengthening of atmospheric jets (Gillett &
Fyfe, 2013), likely accompanied by higher nutrient availability and lower average light exposure (Hauck et al., 2015). Acidification occurs
in all oceans, but more intensely in polar regions due to the higher CO2 solubility in cold waters and the effects of meltwater (Bindoff
et al., 2019; Yamamoto-Kawai et al., 2009). The interactions of drivers and their effects on the growth rates are displayed in the middle
of the panel. Gray arrows indicate the assumed additive interaction on growth rate based on the single driver effects (Figure 2), while
black arrows indicate the observed synergistic or antagonistic interaction based on the effect size calculations (Figure 4). If there is a gray
shading between both arrows, the interaction is additive, but with a tendency to be either synergistic or antagonistic. The red-bordered
boxes on the right side indicate whether we expect an increasing or decreasing production in the respective area. MLD denotes mixed-layer
depth; T denotes temperature; L denotes light; N denotes nutrients; NPP denotes net primary production

light, and to decrease for the driver combination high pCO2 × low

phytoplankton groups from the new conditions, as pCO2 × light

nutrients. The first two driver combinations interact antagonisti-

interact additively and promote their growth, therefore counter-

cally, while pCO2 and a decreasing nutrient supply interact additively

acting the dampening effect of reduced nutrient supply. Besides,

to synergistically (Figure 4). In view of the projected deepening of

dinoflagellates can make better use of increasing pCO2 , and their

the mixed layer in the Southern Ocean (Hauck et al., 2015; Panassa

ability to switch to mixotrophy may broaden their nutritional

et al., 2018), we also tested for the effect of lower light and higher

spectrum, making them more competitive in post-bloom situa-

nutrient conditions as future scenarios with the full dataset.

tions. A recent meta-analysis found that, next to dinoflagellates,

Increasing nutrient availability and pCO2 have a clear synergistic and

cyanobacteria also benefit from elevated pCO2 and lowered nu-

growth-enhancing effect. Decreasing light and increasing pCO2 in-

trient availability in the future because of their high plasticity in

teract additively to antagonistically, and act growth-decreasing. This

carbon acquisition and ability to fix N2 under otherwise N-limiting

includes an average positive pCO2 individual effect size on growth

conditions (Van de Waal et al., 2019). Our meta-analysis reveals

(Figure 2). However, the latitudinal analysis reveals a negative indi-

that, when exposed to elevated pCO2 alone, coccolithophores

vidual effect size of pCO2 in the Southern Ocean. Due to data limita-

decrease their growth, which might be important under stron-

tions, we could not determine the interaction effect sizes specifically

ger acidification in subpolar and polar waters. However, similar to

for the Southern Ocean.

dinoflagellates, the interaction with high-light conditions cause

We evaluate the expected modification in primary pro-

the growth rate of coccolithophores to increase stronger than

duction caused by bottom-up effects in view of the projected

growth rates of other phytoplankton groups, a circumstance that

driver changes as follows (Figure 5): Principally, the growth-

becomes more relevant with stronger stratification. In line with

decreasing effect of the combination of increasing pCO2 and nu-

this, E. huxleyi showed a lower sensitivity toward ocean acidifica-

trient deficiency affects primary production much stronger due

tion under saturating light (Rokitta & Rost, 2012). Diatoms could

to the additive to synergistic interaction than the antagonistic

be the group that benefits least under climate change conditions,

growth-enhancing driver combinations pCO2 × temperature and

because they can make less use of the growth-enhancing inter-

pCO2 × light. Dinoflagellates, however, benefit more than other

action of increased pCO2 and light availability. Furthermore, it
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is not clear in which way the interaction of high pCO2 and low
nutrient supply affects diatom growth. A recent publication

SEIFERT et al.

4.6 | The value of multiple driver research and
recommendations for laboratory studies

proposes, however, that larger phytoplankton cells like diatoms
partly overcome the disadvantage of taking up nutrients less ef-

Our meta-analysis proves statistically that the interaction of en-

ficiently when considering the entire suite of interactions of en-

vironmental drivers cannot be assumed to be additive by default.

vironmental drivers (Van de Waal & Litchman, 2020). The authors

In fact, most of the interactions result in synergistic and antago-

hereby argue that rising pCO2 , temperature, and light levels can

nistic growth rate responses. While our results are valid for the

lead to a reduction of metabolic and photosynthetic costs, leav-

specifically tested driver values, other types of interaction are

ing more energy to be allocated to nutrient acquisition. While

possible when driver values are higher or lower. We restricted

we did not include picoeukaryotes as a separate phytoplankton

ourselves to single-species laboratory experiments as they repre-

group in our meta-analysis because of limited data, they can cope

sent the largest number of studies with controlled conditions. This

much better with nutrient-limited conditions than larger phyto-

approach has drawbacks, as the interaction of organisms within

plankton groups, and were also found to benefit in experiments

a community, the dynamic condition within a natural habitat, and

under other global change conditions (e.g., Feng et al., 2009; Hare

top-down control by grazing can add important controls to the

et al., 2007; Hoppe, Flintrop, et al., 2018; Schaum et al., 2013;

response of phytoplankton growth rates to climate change (Gao

Schulz et al., 2017). Therefore, picoeukaryotes may become more

et al., 2018). Species shift and evolutionary adaptation can, for

important in the future ocean.

instance, change the response of phytoplankton over time (e.g.,

On the large scale, we hypothesize production to be reduced in

Brennan et al., 2017; Hoppe, Schuback, Semeniuk, Maldonado,

the mid-to-low latitudes due to lowered nutrient availability, which

et al., 2017; Schaum et al., 2017), making the experimental out-

dominates over the beneficial effect of warming and improved light

come dependent on the length of the treatment (Darling & Côté,

conditions (Figure 5). Upwelling regions would need separate con-

2008; Taherzadeh et al., 2019). Fluctuating levels of environmental

sideration because of their sensitivity to changes in winds and eddy

drivers, being closer to natural conditions, trigger different physio-

activity, which makes their response to climate change more com-

logical responses than constant driver levels applied in most exper-

plex compared to the open ocean (Xiu et al., 2018). Generally, the

iments (Schaum et al., 2016). Thus, multiple driver studies on single

interactions between the drivers light, temperature, and nutrients

species tend to oversimplify the complex interaction between

might become more important in mid-to-low latitudes, as acidifica-

organisms and their environment (Boyd et al., 2018; Przeslawski

tion is less prevalent than that in the polar regions. Unfortunately,

et al., 2015). Nonetheless, those laboratory studies represent the

we could not test these interactions due to limited data availability.

best available tool to understand patterns in the organism's physi-

Based on our data and the order of emergence of driver changes, we

ological responses to conditions the oceans are facing. Hence, if

expect an initial increase in productivity for the Arctic Ocean due to

interpreted with the necessary caution, we believe that multiple

the improved light availability followed by a decrease in productivity

driver studies, summarized in meta-analyses like the one presented

once nutrient limitation becomes dominant (Figure 5), complying with

here, are valuable approaches to improve the projection of the

recent model projections and measurements (Randelhoff et al., 2020;

ocean's primary productivity and serve as an essential amendment

Vancoppenolle et al., 2013). In regions of the Southern Ocean where

to field and physiological studies.

the MLD is deepening (Hauck et al., 2015; Panassa et al., 2018), the

Although many studies on multiple driver effects on marine

nutrient supply is projected to increase, and the interaction with

phytoplankton have been conducted in the last years, we had to

pCO2 is synergistic. This can override the growth-dampening (al-

exclude a large number of articles because of missing metadata.

though mostly antagonistic) effect of decreasing light availability and

Extensive advice on how to design and report multiple driver

increasing pCO2 on Southern Ocean species. Altogether, we hypoth-

experiments is given in the “Best Practice Guide for ‘Multiple

esize that primary production will increase in the Southern Ocean

Drivers’ Marine Research” (Boyd et al., 2019), and in a meta-analy-

due to increased nutrient supply. The relative abundance of dino-

sis on early life stages of marine species (Przeslawski et al., 2015).

flagellates in the Arctic and mid-to-low latitudes will likely increase.

The “Guide to best practices of ocean acidification research and

Coccolithophores might benefit in the mid-to-low latitudes due to

data reporting” (Riebesell et al., 2010) describes in detail which

less pronounced acidification, while the fate of coccolithophores

metadata have to be documented with a publication. Nonetheless,

in subpolar and polar regions depends on which of the changes in

most multiple driver studies do not report the full set of recom-

drivers dominate. The restrained response of diatoms to higher light

mended metadata.

availability with increasing pCO2 likely makes them less competitive

To guide future multiple driver studies, we here highlight the

than other phytoplankton groups in the future ocean. The evaluation

most common reasons why articles were excluded or were of lim-

of top-down control by zooplankton is beyond the scope of our me-

ited use for our meta-analysis. (a) Several articles did not (or not

ta-analysis, but might even dominate over bottom-up effects in con-

sufficiently) report on the carbonate system. We require either

trolling phytoplankton biomass at times. Warming-enhanced grazing

measurements of the carbonate system from the beginning and

in low latitudes can, for instance, be equally important as nutrient

the end of the experiment, or the drift in carbonate system pa-

control (Laufkötter et al., 2016).

rameters during the experiment. (b) Not all multiple driver studies
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were conducted in multifactorial experiments (testing the effect of

Wolf-Gladrow for his valuable advice on the statistical analyses.

each driver alone and in common with another driver), but only for

We acknowledge two anonymous reviewers for their valuable com-

a present and a future scenario (collapsed design). This does not

ments on the manuscript. Open access funding enabled and organ-

allow attributing responses to the individual drivers. (c) To evaluate

ized by Projekt DEAL.

regionally different effects, it is important to report the origin of
the species, the time of isolation and, if not freshly isolated, the
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5 | CO N C LU S I O N
Our results highlight the importance of considering the effects of
dual driver interactions on the growth of marine phytoplankton.
While the isolated impact of pCO2 on phytoplankton growth is
generally smaller than effects of changes in temperature and light,
pCO2 is tipping the scale by antagonistically dampening the growthenhancing effects of warming and higher light availability. Despite
using the tool of a meta-analysis, it remains challenging to compare
a bouquet of studies conducted by different authors on a multitude
of species, driver combinations, and driver ranges originating from
all oceanic regions—an “apples and oranges” problem (Boyd et al.,
2019). Nonetheless, it is urgent to gain knowledge on the global
consequences of environmental changes for primary producers to
improve our ability to project climate change impacts on the oceanic ecosystem (Bindoff et al., 2019; Crain et al., 2008). The largest
source of uncertainty in model projections of marine net primary
production stems from the model uncertainty, that is from gaps
in our understanding (Frölicher et al., 2016). Robustness of model
projections can only be increased by improving the mechanistic
understanding of underlying processes, which can be achieved by
a prudent selection and evaluation of existing literature. However,
interactive effects are barely considered in the current generation
of biogeochemical models. With our meta-analysis, we hope to give
a handle to modelers and ecologists for the consideration of multiple
driver effects.
AC K N OW L E D G E M E N T S
This research was supported under the Initiative and Networking
Fund of the Helmholtz Association (Helmholtz Young Investigator
Group Marine Carbon and Ecosystem Feedbacks in the Earth
System [MarESys], grant number VH-NG-1301). M.S. acknowledges
funding from the Initiative and Networking Fund of the Helmholtz
Association through the project “Advanced Earth System Modelling
Capacity (ESM).” S.T. received funding from the Initiative and
Networking Fund of the Helmholtz Association (Helmholtz Young
Investigator Group Role of trace metals in Antarctic phytoplankton
ecology (EcoTrace), grant number VH-NG-901). We thank Dieter

https://orcid.org/0000-0003-1434-9927
https://orcid.org/0000-0003-4723-9652

REFERENCES
Bach, L. T., Mackinder, L. C. M., Schulz, K. G., Wheeler, G., Schroeder, D.
C., Brownlee, C., & Riebesell, U. (2013). Dissecting the impact of CO2
and pH on the mechanisms of photosynthesis and calcification in the
coccolithophore Emiliania huxleyi. New Phytologist, 199(1), 121–134.
https://doi.org/10.1111/nph.12225
Bach, L. T., Riebesell, U., & Schulz, K. G. (2011). Distinguishing between
the effects of ocean acidification and ocean carbonation in the coccolithophore Emiliania huxleyi. Limnology and Oceanography, 56(6),
2040–2050. https://doi.org/10.4319/lo.2011.56.6.2040
Barton, A. D., Irwin, A. J., Finkel, Z. V., & Stock, C. A. (2016). Anthropogenic
climate change drives shift and shuffle in North Atlantic phytoplankton communities. Proceedings of the National Academy of Sciences
of the United States of America, 113(11), 2964–2969. https://doi.
org/10.1073/pnas.151908 0113
Basu, S., & Mackey, K. R. M. (2018). Phytoplankton as key mediators of
the biological carbon pump: Their responses to a changing climate.
Sustainability, 10(869). https://doi.org/10.3390/su1003 0869
Beardall, J., & Raven, J. A. (2020). Acquisition of inorganic carbon by
microalgae and cyanobacteria. In Q. Wang (Ed.), Microbial photosynthesis (pp. 151–168). Springer Nature Singapore. https://doi.
org/10.1007/978-981-15-3110-1
Beaufort, L., Probert, I., de Garidel-Thoron, T., Bendif, E. M., Ruiz-Pino,
D., Metzl, N., Goyet, C., Buchet, N., Coupel, P., Grelaud, M., Rost,
B., Rickaby, R. E. M., & de Vargas, C. (2011). Sensitivity of coccolithophores to carbonate chemistry and ocean acidification. Nature,
476(7358), 80–83. https://doi.org/10.1038/nature10295
Bindoff, N. L., Cheung, W. W. L., Kairo, J. G., Arístegui, J., Guinder, V. A.,
Hallberg, R., Hilmi, N., Jiao, N., Karim, N. S., Levin, L., O’Donoghue,
S., Purca Cuicapusa, S. R., Rinkevich, B., Suga, T., Tagliabue, A., &
Williamson, P. (2019). Changing ocean, marine ecosystems, and
dependent communities. In H.-O. Pörtner, D. C. Roberts, V. MassonDelmotte, P. Zhai, M. Tignor, E. Poloczanska, K. Mintenbeck, A.
Alegría, M. Nicolai, A. Okem, J. Petzold, B. Rama, & N. M. Weyer
(Eds.), IPCC special report on the ocean and cryosphere in a changing
climate. University Press.
Bopp, L., Resplandy, L., Orr, J. C., Doney, S. C., Dunne, J. P., Gehlen, M.,
Halloran, P., Heinze, C., Ilyina, T., Séférian, R., Tjiputra, J., & Vichi, M.
(2013). Multiple stressors of ocean ecosystems in the 21st century:
Projections with CMIP5 models. Biogeosciences, 10, 6225–6245.
https://doi.org/10.5194/bg-10-6225-2013
Borchard, C., Borges, A. V., Händel, N., & Engel, A. (2011). Biogeochemical
response of Emiliania huxleyi (PML B92/11) to elevated CO2 and temperature under phosphorous limitation: A chemostat study. Journal
of Experimental Marine Biology and Ecology, 410, 61–71. https://doi.
org/10.1016/j.jembe.2011.10.004

42

publication i

14

|

Boyd, P. W. (2019). Physiology and iron modulate diverse responses of
diatoms to a warming Southern Ocean. Nature Climate Change, 9(2),
148–153. https://doi.org/10.1038/s41558-018-0389-1
Boyd, P. W., Collins, S., Dupont, S., Fabricius, K., Gattuso, J.-P.,
Havenhand, J., Hutchins, D. A., Riebesell, U., Rintoul, M. S., Vichi,
M., Biswas, H., Ciotti, A., Gao, K., Gehlen, M., Hurd, C. L., Kurihara,
H., McGraw, C. M., Navarro, J. M., Nilsson, G. E., …Pörtner, H.O. (2018). Experimental strategies to assess the biological ramifications of multiple drivers of global ocean change – A review.
Global Change Biology, 24(6), 2239–2261. https://doi.org/10.1111/
gcb.14102
Boyd, P., Collins, S., Dupont, S., Fabricius, K., Gattuso, J.-P., Havenhand, J.,
Hutchins, D., McGraw, C., Riebesell, U., Vichi, M., Biswas, H., Ciotti,
A., Gao, K., Gehlen, M., Hurd, C., Kurihara, H., Navarro, J., Nilsson, G.,
Passow, U., & Pörtner, H.-O. (2019). SCOR WG149 Handbook to support the SCOR Best Practice Guide for Multiple Drivers Marine Research.
University of Tasmania, on behalf of Scientific Committee on Oceanic
Research (SCOR). https://doi.org/10.25959/5c92fdf0d3c7a
Boyd, P. W., & Hutchins, D. A. (2012). Understanding the responses
of ocean biota to a complex matrix of cumulative anthropogenic
change. Marine Ecology Progress Series, 470, 125–135. https://doi.
org/10.3354/meps10121
Brandenburg, K. M., Velthuis, M., & Van de Waal, D. B. (2019). Metaanalysis reveals enhanced growth of marine harmful algae from temperate regions with warming and elevated CO2 levels. Global Change
Biology, 25, 2607–2618. https://doi.org/10.1111/gcb.14678
Brennan, G. L., Colegrave, N., & Collins, S. (2017). Evolutionary consequences of multidriver environmental change in an aquatic primary
producer. Proceedings of the National Academy of Sciences of the United
States of America, 114(37), 9930–9935. https://doi.org/10.1073/
pnas.1703375114
Brennan, G., & Collins, S. (2015). Growth responses of a green alga to
multiple environmental drivers. Nature Climate Change, 5(9), 892–
897. https://doi.org/10.1038/nclimate2682
Burson, A., Stomp, M., Greenwell, E., Grosse, J., & Huisman, J. (2018).
Competition for nutrients and light: Testing advances in resource
competition with a natural phytoplankton community. Ecology, 99(5),
1108–1118. https://doi.org/10.1002/ecy.2187
Cairns, J. J. (2013). Stress, environmental. In S. A. Levin (Ed.), Encyclopedia
of biodiversity (Vol. 7, pp. 39–44). Academic Press; Elsevier. https://
doi.org/10.1016/B978-0-12-384719-5.00137- 4
Charalampous, E., Matthiessen, B., & Sommer, U. (2018). Light effects
on phytoplankton morphometric traits influence nutrient utilization ability. Journal of Plankton Research, 40(5), 568–579. https://doi.
org/10.1093/plankt /fby037
Coello-Camba, A., Agustí, S., Holding, J., Arrieta, J. M., & Duarte, C.
M. (2014). Interactive effect of temperature and CO2 increase in
Arctic phytoplankton. Frontiers in Marine Science, 1(49). https://doi.
org/10.3389/fmars.2014.00049
Collins, S., Rost, B., & Rynearson, T. A. (2014). Evolutionary potential
of marine phytoplankton under ocean acidification. Evolutionary
Applications, 7(1), 140–155. https://doi.org/10.1111/eva.12120
Crain, C. M., Kroeker, K., & Halpern, B. S. (2008). Interactive
and cumulative effects of multiple human stressors in marine systems. Ecology Letters, 11(12), 1304–1315. https://doi.
org/10.1111/j.1461-0248.2008.01253.x
Danger, M., Daufresne, T., Lucas, F., Pissard, S., & Lacroix, G.
(2008). Does Liebig’s law of the minimum scale up from species to communities? Oikos, 117(11), 1741–1751. https://doi.
org/10.1111/j.1600-0706.2008.16793.x
Darling, E. S., & Côté, I. M. (2008). Quantifying the evidence for ecological synergies. Ecology Letters, 11(12), 1278–1286. https://doi.
org/10.1111/j.1461-0248.2008.01243.x
Daufresne, M., Lengfellner, K., & Sommer, U. (2009). Global warming
benefits the small in aquatic ecosystems. Proceedings of the National

SEIFERT et al.

Academy of Sciences of the United States of America, 106(31), 12788–
12793. https://doi.org/10.1073/pnas.090208 0106
De Senerpont Domis, L. N., Van de Waal, D. B., Helmsing, N. R., Van
Donk, E., & Mooij, W. M. (2014). Community stoichiometry in a
changing world: Combined effects of warming and eutrophication
on phytoplankton dynamics. Ecology, 95(6), 1485–1495. https://doi.
org/10.1890/13-1251.1
Deppeler, S. L., & Davidson, A. T. (2017). Southern Ocean phytoplankton
in a changing climate. Frontiers in Marine Science, 4(40). https://doi.
org/10.3389/fmars.2017.00040
Donahue, K., Klaas, C., Dillingham, P. W., & Hoffmann, L. J. (2019).
Combined effects of ocean acidification and increased light intensity
on natural phytoplankton communities from two Southern Ocean
water masses. Journal of Plankton Research, 41(1), 30–45. https://doi.
org/10.1093/plankt/fby048
Dupont, S., Dorey, N., & Thorndyke, M. (2010). What meta-analysis can
tell us about vulnerability of marine biodiversity to ocean acidification? Estuarine, Coastal and Shelf Science, 89(2), 182–185. https://doi.
org/10.1016/j.ecss.2010.06.013
Dutkiewicz, S., Morris, J. J., Follows, M. J., Scott, J., Levitan, O., Dyhrman,
S. T., & Berman-Frank, I. (2015). Impact of ocean acidification on
the structure of future phytoplankton communities. Nature Climate
Change, 5(11), 1002–1006. https://doi.org/10.1038/NCLIMATE2722
Eberlein, T., Van de Waal, D. B., Brandenburg, K. M., John, U., Voss, M.,
Achterberg, E. P., & Rost, B. (2016). Interactive effects of ocean acidification and nitrogen limitation on two bloom-forming dinoflagellate
species. Marine Ecology Progress Series, 543, 127–140. https://doi.
org/10.3354/meps11568
Eberlein, T., Wohlrab, S., Rost, B., John, U., Bach, L. T., Riebesell, U., & Van
de Waal, D. B. (2017). Effects of ocean acidification on primary production in a coastal North Sea phytoplankton community. PLOS ONE,
12(3), e0172594. https://doi.org/10.1371/journal.pone.0172594
Edwards, K. F., Thomas, M. K., Klausmeier, C. A., & Litchman, E. (2016).
Phytoplankton growth and the interaction of light and temperature: A synthesis at the species and community level. Limnology and
Oceanography, 61(4), 1232–1244. https://doi.org/10.1002/lno.10282
Eikrem, W., Medlin, L. K., Henderiks, J., Rokitta, S., Rost, B., Probert, I.,
Throndsen, J., & Edvardsen, B. (2016). Haptophyta. In J. Archibald,
A. Simpson, C. Slamovits, L. Margulis, M. Melkonian, D. Chapman,
& J. Corliss (Eds.), Handbook of the protists. Springer International
Publishing Switzerland. https://doi.org/10.1007/978-3-319-32669
-6_38-1
Errera, R., Yvon-Lewis, S., Kessler, J. D., & Campbell, L. (2014). Reponses
of the dinoflagellate Karenia brevis to climate change: pCO2 and
sea surface temperatures. Harmful Algae, 37, 110–116. https://doi.
org/10.1016/j.hal.2014.05.012
Feng, Y., Hare, C. E., Leblanc, K., Rose, J. M., Zhang, Y., DiTullio, G. R., Lee, P.
A., Wilhelm, S. W., Rowe, J. M., Sun, J., Nemcek, N., Gueguen, C., Passow,
U., Benner, I., Brown, C. & Hutchins, D. A. (2009). Effects of increased
pCO2 and temperature on the North Atlantic spring bloom. I. The phytoplankton community and biogeochemical response. Marine Ecology
Progress Series, 388, 13–25. https://doi.org/10.3354/meps08133
Feng, Y., Hare, C. E., Rose, J. M., Handy, S. M., DiTullio, G. R., Lee, P.
A., Smith, W. O., Peloquin, J., Tozzi, S., Sun, J., Zhang, Y., Dunbar,
R. B., Long, M. C., Sohst, B., & Lohan, M. & Hutchins, D. A. (2010).
Interactive effects of iron, irradiance and CO2 on Ross Sea phytoplankton. Deep Sea Research Part I: Oceanographic Research Papers,
57(3), 368–383. https://doi.org/10.1016/j.dsr.2009.10.013
Feng, Y., Roleda, M. Y., Armstrong, E., Summerfield, T. C., Law, C. S.,
Hurd, C. L., & Boyd, P. W. (2020). Effects of multiple drivers of ocean
global change on the physiology and functional gene expression of
the coccolithophore Emiliania huxleyi. Global Change Biology, 1–16.
https://doi.org/10.1111/gcb.15259
Feng, Y., Warner, M. E., Zhang, Y., Sun, J., Fu, F.-X., Rose, J. M., & Hutchins,
D. A. (2008). Interactive effects of increased pCO2, temperature

publication i

SEIFERT et al.

and irradiance on the marine coccolithophore Emiliania huxleyi
(Prymnesiophyceae). European Journal of Phycology, 43(1), 87–98.
https://doi.org/10.1080/09670260701664674
Folt, C. L., Chen, C. Y., Moore, M. V., & Burnaford, J. (1999). Synergism
and antagonism among multiple stressors. Limnology and
Oceanography, 44 (3, part 2), 864–877. https://doi.org/10.4319/
lo.1999.44.3part2.0864
Frölicher, T. L., Rodgers, K. B., Stock, C. A., & Cheung, W. W. L. (2016).
Sources of uncertainties in 21st century projections of potential
ocean ecosystem stressors. Global Biogeochemical Cycles, 30(8),
1224–1243. https://doi.org/10.1002/2015GB 005338
Gafar, N. A., Eyre, B. D., & Schulz, K. G. (2019). Particulate inorganic to
organic carbon production as a predictor for coccolithophorid sensitivity to ongoing ocean acidification. Limnology and Oceanography
Letters, 4(3), 62–70. https://doi.org/10.1002/lol2.10105
Gafar, N. A., & Schulz, K. G. (2018). A three-dimensional niche comparison of Emiliania huxleyi and Gephyrocapsa oceanica: Reconciling observations with projections. Biogeosciences, 15, 3541–3560. https://
doi.org/10.5194/bg-15-3541-2018
Gao, K., Beardall, J., Häder, D.-P., Hall-Spencer, J. M., Gao, G., & Hutchins,
D. A. (2019). Effects of ocean acidification on marine photosynthetic
organisms under the concurrent influences of warming, UV radiation
and deoxygenation. Frontiers in Marine Science, 6(322). https://doi.
org/10.3389/fmars.2019.00322
Gao, K., & Campbell, D. A. (2014). Photophysiological responses of marine diatoms to elevated CO2 and decreased pH: A review. Functional
Plant Biology, 41(5), 449–459. https://doi.org/10.1071/FP13247
Gao, K., Helbling, E. W., Häder, D. P., & Hutchins, D. A. (2012). Responses
of marine primary producers to interactions between ocean acidification, solar radiation, and warming. Marine Ecology Progress Series,
470, 167–189. https://doi.org/10.3354/meps10 043
Gao, K., Zhang, Y., & Häder, D.-P. (2018). Individual and interactive effects of ocean acidification, global warming, and UV radiation on
phytoplankton. Journal of Applied Phycology, 30(2), 743–759. https://
doi.org/10.1007/s10811017-1329-6
Gillett, N. P., & Fyfe, J. C. (2013). Annular mode changes in the CMIP5
simulations. Geophysical Research Letters, 40(6), 1189–1193. https://
doi.org/10.1002/grl.50249
Gregg, W. W., & Rousseaux, C. S. (2019). Global ocean primary production trends in the modern ocean color satellite record (1998–
2015). Environmental Research Letters, 14, 1998–2015. https://doi.
org/10.1088/1748-9326/ab4667
Gruber, N. (2011). Warming up, turning sour, losing breath: Ocean biogeochemistry under global change. Philosophical Transactions of
the Royal Society A: Mathematical, Physical and Engineering Sciences,
369(1943), 1980–1996. https://doi.org/10.1098/rsta.2011.0003
Gurevitch, J., Morrison, J. A., & Hedges, L. V. (2000). The interaction
between competition and predation: A meta-analysis of field experiments. The American Naturalist, 155(4), 435–453. https://doi.
org/10.1086/303337
Häder, D.-P., & Gao, K. (2015). Interactions of anthropogenic stress factors on marine phytoplankton. Frontiers in Environmental Science,
3(14). https://doi.org/10.3389/fenvs.2015.00014
Hagino, K., & Young, J. R. (2015). Biology and paleontology of coccolithophores (Haptophytes). In S. Ohtsuka, T. Suzaki, T. Horiguchi, N. Suzuki,
& F. Not (Eds.), Marine protists: Diversity and dynamics (pp. 311–330).
Springer. https://doi.org/10.1007/978-4-431-55130-0_12
Hancock, A. M., King, C. K., Stark, J. S., McMinn, A., & Davidson, A. T.
(2020). Effects of ocean acidification on Antarctic marine organisms:
A meta-analysis. Ecology and Evolution, 10(10), 4495–4514. https://
doi.org/10.1002/ece3.6205
Hansen, P. J. (2011). The role of photosynthesis and food uptake for the
growth of marine mixotrophic dinoflagellates. Journal of Eukaryotic
Microbiology, 58(3), 203–214. https://doi.org/10.1111/j.155074 08.
2011.00537.x

43

|

15

Hare, C. E., Leblanc, K., DiTullio, G. R., Kudela, R. M., Zhang, Y., Lee, P.
A., Riseman, S., & Hutchins, D. A. (2007). Consequences of increased
temperature and CO2 for phytoplankton community structure in the
Bering Sea. Marine Ecology Progress Series, 352, 9–16. https://doi.
org/10.3354/meps07182
Harpole, W. S., Ngai, J. T., Cleland, E. E., Seabloom, E. W., Borer, E.
T., Bracken, M. E., Elser, J. J., Gruner, D. S., Hillebrand, H., Shurin,
J. B., & Smith, J. E. (2011). Nutrient co-limitation of primary producer communities. Ecology Letters, 14(9), 852–862. https://doi.
org/10.1111/j.1461-0248.2011.01651.x
Harvey, B. P., Gwynn-Jones, D., & Moore, P. J. (2013). Meta-analysis reveals complex marine biological responses to the interactive effects
of ocean acidification and warming. Ecology and Evolution, 3(4), 1016–
1030. https://doi.org/10.1002/ece3.516
Hauck, J., Völker, C., Wolf-Gladrow, D. A., Laufkötter, C., Vogt, M.,
Aumont, O., Bopp, L., Buitenhuis, E. T., Doney, S. C., Dunne, J.,
Gruber, N., Hashioka, T., John, J., Quéré, C. L., Lima, I. D., Nakano,
H., Séférian, R. & Totterdell, I. (2015). On the Southern Ocean CO2
uptake and the role of the biological carbon pump in the 21st century. Global Biogeochemical Cycles, 29(9), 1451–1470. https://doi.
org/10.1002/2015GB 005140
Heiden, J. P., Bischof, K., & Trimborn, S. (2016). Light intensity modulates the response of two Antarctic diatom species to ocean acidification. Frontiers in Marine Science, 3(260). https://doi.org/10.3389/
fmars.2016.00260
Heiden, J. P., Völkner, C., Jones, E. M., van de Poll, W. H., Buma, A. G.
J., Meredith, M. P., de Baar, H. J. W., Bischof, K., Wolf-Gladrow, D.,
& Trimborn, S. (2019). Impact of ocean acidification and high solar
radiation on productivity and species composition of a late summer phytoplankton community of the coastal Western Antarctic
Peninsula. Limnology and Oceanography, 64, 1716–1736. https://doi.
org/10.1002/lno.11147
Henson, S. A., Beaulieu, C., Ilyina, T., John, J. G., Long, M., Séférian, R.,
Tjiputra, J., &Sarmiento, J. L. (2017). Rapid emergence of climate
change in environmental drivers of marine ecosystems. Nature
Communications, 8(14682). https://doi.org/10.1038/ncomms14682
Hoppe, C. J. M., Flintrop, C. M., & Rost, B. (2018). The Arctic picoeukaryote Micromonas pusilla benefits synergistically from warming and
ocean acidification. Biogeosciences, 15(14), 4353–4365. https://doi.
org/10.5194/bg-15-4353-2018
Hoppe, C. J. M., Holtz, L.-M., Trimborn, S., & Rost, B. (2015). Ocean
acidification decreases the light-use efficiency in an Antarctic diatom under dynamic but not constant light. New Phytologist, 207(1),
159–171. https://doi.org/10.1111/nph.13334
Hoppe, C. J. M., Langer, G., & Rost, B. (2011). Emiliania huxleyi shows
identical responses to elevated pCO2 in TA and DIC manipulations.
Journal of Experimental Marine Biology and Ecology, 406(1–2), 54–62.
https://doi.org/10.1016/j.jembe.2011.06.008
Hoppe, C. J. M., Schuback, N., Semeniuk, D., Giesbrecht, K., Mol, J.,
Thomas, H., Maldonado, M. T., Rost, B., Varela, D. E. & Tortell, P.
(2017). Resistance of Arctic phytoplankton to ocean acidification
and enhanced irradiance. Polar Biology, 41(3), 399–413. https://doi.
org/10.1007/s00300 017-2186-0
Hoppe, C. J. M., Schuback, N., Semeniuk, D. M., Maldonado, M. T., & Rost,
B. (2017). Functional redundancy facilitates resilience of subarctic
phytoplankton assemblages toward ocean acidification and high irradiance. Frontiers in Marine Science, 4(229). https://doi.org/10.3389/
fmars.2017.00229
Hoppe, C. J. M., Wolf, K. K. E., Schuback, N., Tortell, P. D., & Rost, B.
(2018). Compensation of ocean acidification effects in Arctic phytoplankton assemblages. Nature Climate Change, 8, 529–533. https://
doi.org/10.1038/s41558 018-0142-9
Hutchins, D. A., Fu, F.-X., Zhang, Y., Warner, M. E., Feng, Y., Portune,
K., Bernhardt, P. W. & Mulholland, M. R. (2007). CO2 control of
Trichodesmium N2 fixation, photosynthesis, growth rates, and

44

publication i

16

|

elemental ratios: Implications for past, present, and future ocean
biogeochemistry. Limnology and Oceanography, 52(4), 1293–1304.
https://doi.org/10.4319/lo.2007.52.4.1293
Iglesias-Rodriguez, M. D., Buitenhuis, E. T., Raven, J. A., Schofield, O.,
Poulton, A. J., Gibbs, S., Halloran, P. R., & de Baar, H. J. W. (2008).
Response to comment on “Phytoplankton calcification in a high-CO2
world”. Science, 322(5907), 1466. https://doi.org/10.1126/scien
ce.1161501
Jeffreys, H. (1961). Theory of probability (3rd ed.). Oxford University
Press, Clarendon Press.
Jiang, L.-Q., Carter, B. R., Feely, R. A., Lauvset, S. K., & Olsen, A. (2019).
Surface ocean pH and buffer capacity: Past, present and future. Scientific
Reports, 9, 18624. https://doi.org/10.1038/s41598019-55039-4
Jin, P., Ding, J., Xing, T., Riebesell, U., & Gao, K. (2017). High levels of
solar radiation offset impacts of ocean acidification on calcifying and
non-calcifying strains of Emiliania huxleyi. Marine Ecology Progress
Series, 568, 47–58. https://doi.org/10.3354/meps12042
Kottmeier, D. M., Rokitta, S. D., & Rost, B. (2016a). Acidification, not carbonation, is the major regulator of carbon fluxes in the coccolithophore Emiliania huxleyi. New Phytologist, 211, 126–137. https://doi.
org/10.1111/nph.13885
Kottmeier, D. M., Rokitta, S. D., & Rost, B. (2016b). H+-driven increase in CO2 uptake and decrease in uptake explain coccolithophores’ acclimation responses to ocean acidification. Limnology
and Oceanography, 61(6), 2045–2057. https://doi.org/10.1002/
lno.10352
Kranz, S. A., Levitan, O., Richter, K.-U., Prášil, O., Berman-Frank, I., &
Rost, B. (2010). Combined effects of CO2 and light on the N2-fixing cyanobacterium Trichodesmium IMS101: Physiological responses. Plant
Physiology, 154(1), 334–345. https://doi.org/10.1104/pp.110.159145
Kroeker, K. J., Kordas, R. L., Crim, R., Hendriks, I. E., Ramajo, L., Singh, G.
S., Duarte, C. M., & Gattuso, J.-P. (2013). Impacts of ocean acidification on marine organisms: Quantifying sensitivities and interaction
with warming. Global Change Biology, 19(6), 1884–1896. https://doi.
org/10.1111/gcb.12179
Kwiatkowski, L., Naar, J., Bopp, L., Aumont, O., Defrance, D., & Couespel,
D. (2019). Decline in Atlantic primary production accelerated by
Greenland Ice Sheet melt. Geophysical Research Letters, 46(20),
11347–11357. https://doi.org/10.1029/2019GL085267
Kwiatkowski, L., Torres, O., Bopp, L., Aumont, O., Chamberlain, M.,
Christian, J., Dunne, J., Gehlen, M., Ilyina, T., John, J., Lenton, A.,
Li, H., Lovenduski, N., Orr, J., Palmiéri, J., Schwinger, J., Séférian,
R., Stock, C., Tagliabue, A., & Ziehn, T. (2020). Twenty-first century
ocean warming, acidification, deoxygenation, and upper ocean nutrient decline from CMIP6 model projections. Biogeosciences, 17,
3439–3470. https://doi.org/10.5194/bg-17-3439-2020
Langer, G., Geisen, M., Baumann, K.-H., Kläs, J., Riebesell, U., Thoms, S.,
& Young, J. R. (2006). Species-specific responses of calcifying algae
to changing seawater carbonate chemistry. Geochemistry, Geophysics,
Geosystems, 7(9). https://doi.org/10.1029/2005GC001227
Laufkötter, C., Vogt, M., Gruber, N., Aita-Noguchi, M., Aumont, O.,
Bopp, L., Buitenhuis, E., Doney, S., Dunne, J., Hashioka, T., Hauck, J.,
Hirata, T., John, J., Quéré, C. L., Lima, I. D., Nakano, H., Séférian, R.,
Totterdell, I., Vichi, M., & Völker, C. (2015). Drivers and uncertainties of future global marine primary production in marine ecosystem
models. Biogeosciences, 12, 6955–6984. https://doi.org/10.5194/
bg-12-6955-2015
Laufkötter, C., Vogt, M., Gruber, N., Aumont, O., Bopp, L., Doney,
S. C., Dunne, J. P., Hauck, J., John, J. G., Lima, I. D., Seferian, R. &
Völker, C. (2016). Projected decreases in future marine export production: The role of carbon fluxes through the upper ocean ecosystem.
Biogeosciences, 12, 19941–19998. https://doi.org/10.5194/bg-134023-2016
Le Quéré, C. L., Harrison, S. P., Colin Prentice, I., Buitenhuis, E. T., Aumont,
O., Bopp, L., Claustre, H., Cotrim Da Cunha, L., Geider, R., Giraud, X.,

SEIFERT et al.

Klaas, C., Kohfeld, K. E., Legendre, L., Manizza, M., Platt, T., Rivkin,
R. B., Sathyendranath, S., Uitz, J., Watson, A. J., & Wolf-Gladrow,
D. (2005). Ecosystem dynamics based on plankton functional types
for global ocean biogeochemistry models. Global Change Biology, 11,
2016–2040. https://doi.org/10.1111/j.1365-2486.2005.1004.x
Listmann, L., LeRoch, M., Schlüter, L., Thomas, M. K., & Reusch, T. B. H.
(2016). Swift thermal reaction norm evolution in a key marine phytoplankton species. Evolutionary Applications, 9, 1156–1164. https://
doi.org/10.1111/eva.12362
Litchman, E., & Klausmeier, C. A. (2008). Trait-based community ecology of phytoplankton. Annual Review of Ecology, Evolution, and
Systematics, 39, 615–639. https://doi.org/10.1146/annurev.ecols
ys.39.110707.173549
Löbl, M., Cockshutt, A. M., Campbell, D. A., & Finkel, Z. V. (2010).
Physiological basis for high resistance to photoinhibition under nitrogen depletion in Emiliania huxleyi. Limnology and Oceanography, 55(5),
2150–2160. https://doi.org/10.4319/lo.2010.55.5.2150
López-Urrutia, A., San Martin, E., Harris, R. P., & Irigoien, X. (2006).
Scaling the metabolic balance of the oceans. Proceedings of the
National Academy of Sciences of the United States of America, 103(23),
8739–8744. https://doi.org/10.1073/pnas.0601137103
Maranõń, E., Lorenzo, M. P., Cermenõ, P., & Mourinõ-Carballido, B.
(2018). Nutrient limitation suppresses the temperature dependence
of phytoplankton metabolic rates. The ISME Journal, 12(7), 1836–
1845. https://doi.org/10.1038/s41396018-0105-1
Meredith, M., Sommerkorn, M., Cassotta, S., Derksen, C., Ekaykin, A.,
Hollowed, A., Kofinas, G., Mackintosh, A., Melbourne-Thomas, J.,
Muelbert, M. M. C., Ottersen, G., Pritchard, H., & Schuur, E. A. G.
(2019). Polar regions. In H.-O. Pörtner, D. C. Roberts, V. MassonDelmotte, P. Zhai, M. Tignor, E. Poloczanska, K. Mintenbeck, A.
Alegría, M. Nicolai, A. Okem, J. Petzold, B. Rama, & N. M. Weyer
(Eds.), IPCC special report on the ocean and cryosphere in a changing
climate. University Press.
Middelburg, J. J. (2019). Marine carbon biogeochemistry a primer for
earth system scientists. SpringerBriefs in Earth System Sciences.
https://doi.org/10.1007/978-3-030-10822-9
Milner, S., Langer, G., Grelaud, M., & Ziveri, P. (2016). Ocean warming
modulates the effects of acidification on Emiliania huxleyi calcification and sinking. Limnology and Oceanography, 61(4), 1322–1336.
https://doi.org/10.1002/lno.10292
Moore, C. M., Mills, M. M., Arrigo, K. R., Berman-Frank, I., Bopp, L.,
Boyd, P. W., Galbraith, E. D., Geider, R. J., Guieu, C., Jaccard, S. L.,
Jickells, T. D., La Roche, J., Lenton, T. M., Mahowald, N. M., Marañón,
E., Marinov, I., Moore, J. K., Nakatsuka, T., Oschlies, A., … Ulloa, O.
(2013). Processes and patterns of oceanic nutrient limitation. Nature
Geoscience, 6, 701–710. https://doi.org/10.1038/NGEO1765
Müller, M. N., Beaufort, L., Bernard, O., Pedrotti, M. L., Talec, A., &
Sciandra, A. (2012). Influence of CO2 and nitrogen limitation on the
coccolith volume of Emiliania huxleyi (Haptophyta). Biogeosciences,
9(10), 4155–4167. https://doi.org/10.5194/bg-9-4155-2012
Müller, M. N., Trull, T. W., & Hallegraeff, G. M. (2017). Independence
of nutrient limitation and carbon dioxide impacts on the Southern
Ocean coccolithophore Emiliania huxleyi. The ISME Journal, 11, 1777–
1787. https://doi.org/10.1038/ismej.2017.53
Neale, P. J., Sobrino, C., Segovia, M., Mercado, J. M., Leon, P., Cortés, M.
D., Tuite, P., Picazo, A., Salles, S., Cabrerizo, M. J., Prasil, O., Montecino,
V., Reul, A., & Fuentes-Lema, A. (2014). Effect of CO2, nutrients and
light on coastal plankton. I. Abiotic conditions and biological responses.
Aquatic Biology, 22, 25–41. https://doi.org/10.3354/ab00587
Nummelin, A., Ilicak, M., Li, C., & Smedsrud, L. H. (2016). Consequences
of future increased Arctic runoff on Arctic Ocean stratification, circulation, and sea ice cover. Journal of Geophysical Research: Oceans,
121(1), 617–637. https://doi.org/10.1002/2015JC011156
O’Neill, B. C., Tebaldi, C., van Vuuren, D. P., Eyring, V., Friedlingstein, P.,
Hurtt, G., Knutti, R., Kriegler, E., Lamarque, J.-F., Lowe, J., Meehl, G.

publication i

SEIFERT et al.

A., Moss, R., Riahi, K., & Sanderson, B. M. (2016). The Scenario Model
Intercomparison Project (ScenarioMIP) for CMIP6. Geoscientific
Model Development, 9(9), 3461–3482. https://doi.org/10.5194/
gmd-9-3461-2016
Panassa, E., Völker, C., Wolf-Gladrow, D., & Hauck, J. (2018). Drivers of
interannual variability of summer mixed layer depth in the Southern
Ocean between 2002 and 2011. Journal of Geophysical Research:
Oceans, 123(8), 5077–5090. https://doi.org/10.1029/2018JC013901
Paul, C., Matthiessen, B., & Sommer, U. (2015). Warming, but not enhanced CO2 concentration, quantitatively and qualitatively affects
phytoplankton biomass. Marine Ecology Progress Series, 528, 39–51.
https://doi.org/10.3354/meps11264
Pörtner, H.-O., & Karl, D. M. (2014). Ocean systems. In C. B. Field, V.
R. Barros, D. J. Dokken, K. J. Mach, M. D. Mastrandrea, T. E. Bilir,
M. Chatterjee, K. L. Ebi, Y. O. Estrada, R. C. Genova, B. Girma, E. S.
Kissel, A. N. Levy, S. MacCracken, P. R. Mastrandrea, & L. L. White
(Eds.), Climate change 2014: Impacts, adaptation and vulnerability,
part A: Global and sectoral aspects. Contribution of working group II to
the fifth assessment report of the Intergovernmental Panel on Climate
Change (pp. 411–484). Cambridge University Press.
Przeslawski, R., Byrne, M., & Mellin, C. (2015). A review and meta-analysis of the effects of multiple abiotic stressors on marine embryos
and larvae. Global Change Biology, 21(6), 2122–2140. https://doi.
org/10.1111/gcb.12833
Qu, P., Fu, F., & Hutchins, D. A. (2018). Responses of the large centric
diatom Coscinodiscus sp. to interactions between warming, elevated
CO2, and nitrate availability. Limnology and Oceanography, 63(3),
1407–1424. https://doi.org/10.1002/lno.10781
R Core Team. (2019). R: A language and environment for statistical computing. R Foundation for Statistical Computing. Retrieved from http://
www.R-projec t.org/
Randelhoff, A., Holding, J., Janout, M., Sejr, M. K., Babin, M., Tremblay,
J.-R., & Alkire, M. B. (2020). Pan-Arctic Ocean primary production
constrained by turbulent nitrate fluxes. Frontiers in Marine Science, 7,
150. https://doi.org/10.3389/fmars.2020.00150
Read, B. A., Kegel, J., Klute, M. J., Kuo, A., Lefebvre, S. C., Maumus, F.,
Mayer, C., Miller, J., Monier, A., Salamov, A., Young, J., Aguilar, M.,
Claverie, J.-M., Frickenhaus, S., Gonzalez, K., Herman, E. K., Lin, Y.-C.,
Napier, J., Ogata, H., … Grigoriev, I. V. (2013). Pan genome of the phytoplankton Emiliania underpins its global distribution. Nature, 499,
209–213. https://doi.org/10.1038/nature12221
Regaudie-de Gioux, A., & Duarte, C. M. (2012). Temperature dependence of planktonic metabolism in the ocean. Global Biogeochemical
Cycles, 26(1). https://doi.org/10.1029/2010GB 003907
Remy, M., Hillebrand, H., & Flöder, S. (2017). Stability of marine phytoplankton communities facing stress related to global change:
Interactive effects of heat waves and turbidity. Journal of Experimental
Marine Biology and Ecology, 497, 219–229. https://doi.org/10.1016/j.
jembe.2017.10.002
Riebesell, U., Bach, L. T., Bellerby, R. G., Monsalve, J. R. B., Boxhammer, T.,
Czerny, J., Larsen, A., Ludwig, A., & Schulz, K. G. (2017). Competitive fitness of a predominant pelagic calcifier impaired by ocean acidification.
Nature Geoscience, 10, 19–24. https://doi.org/10.1038/NGEO2854
Riebesell, U., Fabry, V. J., Hansson, L., & Gattuso, J. P. (2010). Guide to best
practices in ocean acidification research and data reporting. Report
of international research workshop on best practices for ocean acidification research (19–21 November 2008 in Kiel, Germany). https://
doi.org/10.2777/66906
Riebesell, U., Zondervan, I., Rost, B., Tortell, P. D., Zeebe, R. E., & Morel, F.
M. M. (2000). Reduced calcification of marine plankton in response
to increased atmospheric CO2. Nature, 407(6802), 364–367. https://
doi.org/10.1038/35030078
Riegman, R., Stolte, W., Noordeloos, A. A. M., & Slezak, D. (2000).
Nutrient uptake and alkaline phosphatase (EC 3:1:3:1) activity of
Emiliania huxleyi (Prymnesiophycaea) during growth under N and

45

|

17

P limitation in continuous cultures. Journal of Phycology, 36, 87–96.
https://doi.org/10.1046/j.1529-8817.2000.99023.x
Rokitta, S. D., & Rost, B. (2012). Effects of CO2 and their modulation
by light in the life-cycle stages of the coccolithophore Emiliania
huxleyi. Limnology and Oceanography, 57(2), 607–618. https://doi.
org/10.4319/lo.2012.57.2.0607
Rokitta, S. D., von Dassow, P., Rost, B., & John, U. (2016). P and
N-depletion trigger similar cellular responses to promote senescence
in eukaryotic phytoplankton. Frontiers in Marine Science, 3(109).
https://doi.org/10.3389/fmars.2016.00109
Rost, B., & Riebesell, U. (2004). Coccolithophores and the biological
pump: Responses to environmental changes. In H. R. Thierstein, & R.
Y. Jeremy (Eds.), Coccolithophores (pp. 99–125). Springer. https://doi.
org/10.1007/978-3-662-06278- 45
Rost, B., Zondervan, I., & Wolf-Gladrow, D. (2008). Sensitivity of phytoplankton to future changes in ocean carbonate chemistry: Current
knowledge, contradictions and research directions. Marine Ecology
Progress Series, 373, 227–237. https://doi.org/10.3354/meps07776
Rouder, J. N., Speckman, P. L., Sun, D., Morey, R. D., & Iverson, G. (2009).
Bayesian t tests for accepting and rejecting the null hypothesis.
Psychonomic Bulletin & Review, 16, 225–237. https://doi.org/10.3758/
PBR.16.2.225
Sampaio, E., Gallo, F., Schulz, K. G., Azevedo, E. B., & e Ramos, J. B. (2017).
Phytoplankton interactions can alter species response to present
and future CO2 concentrations. Marine Ecology Progress Series, 575,
31–42. https://doi.org/10.3354/meps12197
Schaum, C.-E., Barton, S., Bestion, E., Buckling, A., Garcia-Carreras,
B., Lopez, P., Lowe, C., Pawar, S., Smirnoff, N., Trimmer, M. &
Yvon-Durocher, G. (2017). Adaptation of phytoplankton to a decade of experimental warming linked to increased photosynthesis.
Nature Ecology & Evolution, 1, 0094. https://doi.org/10.1038/s4155
9017-0094
Schaum, E., Rost, B., & Collins, S. (2016). Environmental stability affects phenotypic evolution in a globally distributed marine picoplankton. The ISME Journal, 10(1), 75–84. https://doi.org/10.1038/
ismej.2015.102
Schaum, E., Rost, B., Millar, A. J., & Collins, S. (2013). Variation in plastic responses of a globally distributed picoplankton species to
ocean acidification. Nature Climate Change, 3, 298–302. https://doi.
org/10.1038/NCLIMATE1774
Schlüter, L., Lohbeck, K. T., Gutowska, M. A., Gröger, J. P., Riebesell, U.,
& Reusch, T. B. H. (2014). Adaptation of a globally important coccolithophore to ocean warming and acidification. Nature Climate
Change, 4(11), 1024–1030. https://doi.org/10.1038/NCLIMATE2379
Schulz, K. G., Bach, L. T., Bellerby, R. G. J., Bermúdez, R., Büdenbender,
J., Boxhammer, T., Czerny, J., Engel, A., Ludwig, A., Meyerhöfer, M.,
Larsen, A., Paul, A. J., Sswat, M., & Riebesell, U. (2017). Phytoplankton
blooms at increasing levels of atmospheric carbon dioxide:
Experimental evidence for negative effects on Prymnesiophytes and
positive on small picoeukaryotes. Frontiers in Marine Science, 4(64).
https://doi.org/10.3389/fmars.2017.00064
Sciandra, A., Harlay, J., Lefèvre, D., Lemée, R., Rimmelin, P., Denis, M., &
Gattuso, J. P. (2003). Response of coccolithophorid Emiliania huxleyi
to elevated partial pressure of CO2 under nitrogen limitation. Marine
Ecology Progress Series, 261, 111–122. https://doi.org/10.3354/meps2
61111
Sett, S., Bach, L. T., Schulz, K. G., Koch-Klavsen, S., Lebrato, M., &
Riebesell, U. (2014). Temperature modulates coccolithophorid sensitivity of growth, photosynthesis and calcification to increasing seawater pCO2. PLoS One, 9(2), e88308. https://doi.org/10.1371/journ
al.pone.0088308
Sett, S., Schulz, K. G., Bach, L. T., & Riebesell, U. (2018). Shift towards
larger diatoms in a natural phytoplankton assemblage under combined high-CO2 and warming conditions. Journal of Plankton Research,
40(4), 391–406. https://doi.org/10.1093/plankt /fby018

46

publication i

18

|

Sobrino, C., Segovia, M., Neale, P. J., Mercado, J. M., García-Gómez, C.,
Kulk, G., Lorenzo, M. R., Camarena, T., van de Poll, W. H., Spilling, K.,
& Ruan, Z. (2014). Effect of CO2, nutrients and light on coastal plankton. IV. Physiological responses. Aquatic Biology, 22, 77–93. https://
doi.org/10.3354/ab00590
Taherzadeh, N., Bengfort, M., & Wirtz, K. W. (2019). A trait-based framework for explaining non-additive effects of multiple stressors on
plankton communities. Frontiers in Marine Science, 6(351). https://doi.
org/10.3389/fmars.2019.00351
Tatters, A. O., Roleda, M. Y., Schnetzer, A., Fu, F., Hurd, C. L., Boyd, P. W.,
Caron, D. A., Lie, A. A. Y., Hoffmann, L. J., & Hutchins, D. A. (2013).
Short- and long-term conditioning of a temperate marine diatom
community to acidification and warming. Philosophical Transactions of
the Royal Society B: Biological Sciences, 368(1627), 20120437. https://
doi.org/10.1098/rstb.2012.0437
Taylor, A. R., Chrachri, A., Wheeler, G., Goddard, H., & Brownlee, C.
(2011). A voltage-gated H+ channel underlying pH homeostasis in
calcifying coccolithophores. PLoS Biology, 9(6), e1001085. https://
doi.org/10.1371/journal.pbio.1001085
Tew, K. S., Kao, Y.-C., Ko, F.-C., Kuo, J., Meng, P.-J., Liu, P.-J., & Glover, D.
C. (2014). Effects of elevated CO2 and temperature on the growth,
elemental composition, and cell size of two marine diatoms: Potential
implications of global climate change. Hydrobiologia, 741(1), 79–87.
https://doi.org/10.1007/s10750 014-1856-y
Thomas, M. K., Aranguren-Gassis, M., Kremer, C. T., Gould, M. R.,
Anderson, K., Klausmeier, C. A., & Litchman, E. (2017). Temperature–
nutrient interactions exacerbate sensitivity to warming in phytoplankton. Global Change Biology, 23(8), 3269–3280. https://doi.
org/10.1111/gcb.13641
Tong, S., Hutchins, D. A., & Gao, K. (2019). Physiological and biochemical
responses of Emiliania huxleyi to ocean acidification and warming are
modulated by UV radiation. Biogeosciences, 16, 561–572. https://doi.
org/10.5194/bg-16-561-2019
Van de Waal, D. B., Brandenburg, K. M., Keuskamp, J., Trimborn, S.,
Rokitta, S., Kranz, S. A., & Rost, B. (2019). Highest plasticity of carbon-concentrating mechanisms in earliest evolved phytoplankton. Limnology and Oceanography Letters, 4(2), 37–43. https://doi.
org/10.1002/lol2.10102
Van de Waal, D. B., & Litchman, E. (2020). Multiple global change stressor
effects on phytoplankton nutrient acquisition in a future ocean.
Philosophical Transactions of the Royal Society B: Biological Sciences,
375(1798), 20190706. https://doi.org/10.1098/rstb.2019.0706
Vancoppenolle, M., Bopp, L., Madec, G., Dunne, J., Ilyina, T., Halloran,
P. R., & Steiner, N. (2013). Future Arctic Ocean primary productivity
from CMIP5 simulations: Uncertain outcome, but consistent mechanisms. Global Biogeochemical Cycles, 27(3), 605–619. https://doi.
org/10.1002/gbc.20055
Viechtbauer, W. (2005). Bias and efficiency of meta-analytic variance
estimators in the random-effects model. Journal of Educational and
Behavioral Statistics, 30(3), 261–293. https://doi.org/10.3102/10769
986030 003261
Viechtbauer, W. (2010). Conducting meta-analyses in R with the metafor
package. Journal of Statistical Software, 36(3).
von Liebig, J. F., & Gregory, W. (1842). Animal chemistry: Or, organic chemistry in its application to physiology and pathology. John Owen.
Weithoff, G., & Beisner, B. E. (2019). Measures and approaches in traitbased phytoplankton community ecology – From freshwater to
marine ecosystems. Frontiers in Marine Science, 6(40). https://doi.
org/10.3389/fmars.2019.00040
White, E., Hoppe, C. J., & Rost, B. (2020). The Arctic picoeukaryote
Micromonas pusilla benefits from ocean acidification under constant and dynamic light. Biogeosciences, 17(3), 635–647. https://doi.
org/10.5194/bg-17-635-2020

SEIFERT et al.

Winder, M., Berger, S. A., Lewandowska, A., Aberle, N., Lengfellner, K.,
Sommer, U., & Diehl, S. (2012). Spring phenological responses of marine and freshwater plankton to changing temperature and light conditions. Marine Biology, 159(11), 2491–2501. https://doi.org/10.1007/
s00227012-1964-z
Wolf, K. K. E., Romanelli, E., Rost, B., John, U., Collins, S., Weigand, H.,
& Hoppe, C. J. M. (2019). Company matters: The presence of other
genotypes alters traits and intraspecific selection in an Arctic diatom under climate change. Global Change Biology, 25(9), 2869–2884.
https://doi.org/10.1111/gcb.14675
Wu, Y., Jeans, J., Suggett, D. J., Finkel, Z. V., & Campbell, D. A. (2014).
Large centric diatoms allocate more cellular nitrogen to photosynthesis to counter slower RUBISCO turnover rates. Frontiers in Marine
Science, 1(68). https://doi.org/10.3389/fmars.2014.00068
Xiu, P., Chai, F., Curchitser, E. N., & Castruccio, F. S. (2018). Future
changes in coastal upwelling ecosystems with global warming: The
case of the California Current System. Scientific Reports, 8, 2866.
https://doi.org/10.1038/s41598 018-21247-7
Yamamoto-Kawai, M., McLaughlin, F. A., Carmack, E. C., Nishino, S., &
Shimada, K. (2009). Aragonite undersaturation in the Arctic Ocean:
Effects of ocean acidification and sea ice melt. Science, 326(5956),
1098–1100. https://doi.org/10.1126/science.1174190
Yoshimura, T., Sugie, K., Endo, H., Suzuki, K., Nishioka, J., & Ono, T.
(2014). Organic matter production response to CO2 increase in open
subarctic plankton communities: Comparison of six microcosm experiments under iron-limited and -enriched bloom conditions. Deep
Sea Research Part I: Oceanographic Research Papers, 94, 1–14. https://
doi.org/10.1016/j.dsr.2014.08.004
Zeebe, R. E., & Wolf-Gladrow, D. (2001). CO2 in seawater: Equilibrium,
kinetics, isotopes (Vol. 65). Elsevier Oceanography Book Series.
Zhang, Y., Bach, L. T., Schulz, K. G., & Riebesell, U. (2015). The modulating effect of light intensity on the response of the coccolithophore Gephyrocapsa oceanica to ocean acidification. Limnology and
Oceanography, 60(6), 2145–2157. https://doi.org/10.1002/lno.10161
Zhang, Y., Fu, F., Hutchins, D. A., & Gao, K. (2019). Combined effects
of CO2 level, light intensity, and nutrient availability on the coccolithophore Emiliania huxleyi. Hydrobiologia, 842, 127–141. https://doi.
org/10.1007/s10750 019-04031- 0
Zhu, Z., Qu, P., Gale, J., Fu, F., & Hutchins, D. A. (2017). Individual and
interactive effects of warming and CO2 on Pseudo-nitzschia subcurvata and Phaeocystis antarctica, two dominant phytoplankton from
the Ross Sea, Antarctica. Biogeosciences, 14(23), 5281–5295. https://
doi.org/10.5194/bg-14-5281-2017
Zondervan, I., Rost, B., & Riebesell, U. (2002). Effect of CO2 concentration on the PIC/POC ratio in the coccolithophore Emiliania huxleyi grown under light-limiting conditions and different daylengths.
Journal of Experimental Marine Biology and Ecology, 272, 55–70.
https://doi.org/10.1016/S00220981(02)00037- 0

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Seifert M, Rost B, Trimborn S, Hauck
J. Meta-analysis of multiple driver effects on marine
phytoplankton highlights modulating role of pCO2. Glob.
Change Biol. 2020;00:1–18. https://doi.org/10.1111/
gcb.15341

publication i

Supporting information
For the article ”Meta-analysis of multiple driver e↵ects on marine
phytoplankton highlights modulating role of pCO2 ”
Miriam Seifert1 , Björn Rost1,2 , Scarlett Trimborn1,2 , and Judith Hauck1

1

Alfred-Wegener-Institut Helmholtz-Zentrum für Polar- und Meeresforschung, Am Handelshafen

12, 27570 Bremerhaven, Germany
2

Universität Bremen, FB2, Leobener Straße, 28359 Bremen, Germany

Content:
Methods: E↵ect size calculation
Figure A.1: Flow chart of the literature search and search queries
Figure A.2: Sampling sites of tested species
Figure A.3: Growth rates displaying the individual driver e↵ects of each study
Figure A.4: Growth rates displaying the interactive driver e↵ects of each study
Tables A.1 - A.4: Details on the final literature set
Table A.5: Results of heterogeneity tests

47

48

publication i

E↵ect size calculation
The following terms are used for the growth rates of the single experiments: ”A1B1”
is the growth rate resulting from both drivers at present-day level. For the growth
rates ”A1B2” and ”A2B1”, each driver separately is at climate change level while the
other driver is at present-day level. ”A2B2” is the label for the growth rate resulting
from both drivers at climate change level.

Individual e↵ect sizes With the individual e↵ect sizes we assess how the manipulation of one driver alone a↵ects the specific growth rate in comparison to a di↵erent
intensity of the same driver.
The individual e↵ect sizes d Ind were computed as follows, exemplarily shown as
an increase in driver A (based on the appendix of Jackson et al. [2016]):

dInd = q

ŶA2B1
(nA2B1

ŶA1B1

2
2
1)·ˆ A2B1
+(nA1B1 1)·ˆ A1B1
nA2B1 +nA1B1 2

· J,

(1)

with Ŷ being estimates of growth rates, ˆ the corresponding estimates of standard
deviations that are given by the individual studies, and n the number of replicates. In
our case, the number of replicates is the same for all experiments of a study. J is a
weighting factor based on the number of replicates [Jackson et al., 2016]:

J =1

3
4(nA2B1 + nA1B1

2)

1

.

(2)

This factor gives a weight to the present study when compared to the e↵ect sizes of
other studies, and accounts for a higher uncertainty of studies with a small number
of replicates. For a typical experimental design with three replicates, J is 0.89, and
approaches one with an increasing number of replicates. For d Ind > 0 growth rates
increase, for d Ind < 0 growth rates decrease with increasing driver A [Jackson et al.,
2016].
2
The variance ˆInd
of each individual e↵ect size is assessed as [Gurevitch et al.,

2000]:

publication i

2
ˆInd
=

1
1
d2Ind
+
+
,
nA2B1
nA1B1
2(nA2B1 + nA1B1 )

(3)

the square root of this gives the standard deviation, and the standard deviation divided
by the square root of the number of replicates gives the standard error.
To obtain an overall e↵ect of several studies, we computed the weighted mean of
the e↵ect sizes from the individual studies (dIndpooled ) using the inverse or reciprocal
of the variances IVar as weights [Turner and Bernard , 2006; Zientek et al., 2012]:

IV ar =
dIndpooled =

Pm

1
2
ˆInd

dInd (i) · IV ar(i)
,
IV ar(i)
i=1

Pm

i=1

(4)

where m is the number of included studies.

(5)

The corresponding pooled standard

deviation was calculated from the sum of inverse variances:

r

ˆIndpooled =

Pm

i=1

1
,
IV ar(i)

(6)

and the standard error is calculated by dividing the standard deviation by the square
root of the number of studies being part of the respective group. As the variances are
based on samples and are therefore only estimates of the true variances, the statistic
d is supposed to follow a t distribution and not a normal distribution. Thus, the
two-sided 95 % confidence intervals were calculated as dIndpooled ± t↵/2,n

1

· standard

error, using the t statistics [Zientek et al., 2012]. We computed the weighted mean of
all studies as well as of the individual phytoplankton groups and, if reported in the
respective article, of the species’ origins (reported in 17 out of 25 articles).

Interaction e↵ect sizes The di↵erence between the observed net impact of dual
drivers (i.e., A2B2) against a hypothetical additive outcome (P) can be measured by
the interaction e↵ect size d Inter [Jackson et al., 2016]:

dInter = q

ŶA2B2
(nA2B2

ŶP

2
1)·ˆ A2B2
+(nP
nA2B2 +nP 2

2
1)·ˆ P

· J.

(7)
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Standard deviations were estimated by averaging because the true standard deviations
were assumed to be equal amongst the experiments. The growth rate of the predicted
additive outcome, ŶP , was calculated as:

ŶP = (ŶA2B1

ŶA1B1 ) + (ŶA1B2

ŶA1B1 ) + ŶA1B1 .

(8)

The number of replicates n P was obtained from the sum of the replicate number of
the two experiments with single elevated drivers (n A2B1 + n A1B2 ). The predicted
standard deviation ˆP was calculated by averaging the standard deviations of the
experiments with single elevated drivers:

ˆP =

r

2
2
ˆA2B1
+ ˆA1B2
.
2

(9)

This approach assumes equal variances. Another approach that could be used accounts
for each standard deviation alone and, thus, assumes di↵erent variances. However, as
the standard deviations do not scale with the driver level, we can assume that the true
standard deviations or variances amongst the experiments are identical.
The variance around each interaction e↵ect size is [Gurevitch et al., 2000; Jackson
et al., 2016]:

2
ˆInter
=

nA2B2 + nP
d2Inter
+
,
nA2B2 · nP
2(nA2B2 + nP )

(10)

and the confidence interval was determined as for the individual e↵ect sizes. To make
the interaction e↵ect sizes of di↵erent studies comparable to each other irrespectively
of their directionality, we inverted the response direction and, thus, the sign of the
interaction e↵ect size d Inter where the assumed additive e↵ect is smaller than the
control (i.e., (ŶA2B1

ŶA1B1 ) + (ŶA1B2

ŶA1B1 ) < 0) [Jackson et al., 2016]. We

performed the pooling of all interaction e↵ect sizes equally to the pooling of individual
e↵ect sizes.
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Figure A.1: a) Flow chart displaying the process of the literature search, and
b) search queries applied to the databases ISI Web of Knowledge and Scopus.
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Figure A.2: Sampling sites of species from all articles where they were reported
in. If, within an article, more than one study has been conducted on s species
from the same location, we only marked the location once.
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Figure A.3: Specific growth rates ([1/day], µ) of each study displaying the
individual e↵ects of the four drivers. References are given in parentheses. Black
bars are µ (± standard deviation) under control conditions, white bars µ resulting from a change in the level of the respective driver. Arrows within each
pair of bars indicate an increasing (d Ind > 1), decreasing (d Ind < -1), or constant
(-1 > d Ind > 1) µ in the treatment with respect to the control. Numbers below
the bars are the individual e↵ect sizes (d Ind ).
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Figure A.4: Specific growth rates ([1/day], µ) of each study displaying the
interactive e↵ects of three driver pairs. References are given in parentheses.
Black bars are µ (± standard deviation) under control conditions, white bars
the GR resulting from an assumed additive e↵ect, and grey bars µ resulting
from a change in the levels of both drivers. Arrows within the bars indicate an
increasing, decreasing, or constant µ in the treatment with respect to the control.
Green boxes below the bars display synergistic, blue boxes antagonistic, and
white boxes additive interaction. Numbers below the bars are the interaction
e↵ect sizes.
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Table A.5: Results of tests for heterogeneity within e↵ect sizes using a
random e↵ect model with the restricted maximum likelihood estimator (rma.uni
function in the R package ’metafor’ (version 2.1-0, [Viechtbauer , 2010])) for all
single drivers and driver combinations (L = light, C = pCO2 , T = temperature, N = nutrients; units are given in the methods description). The Test
for Heterogeneity Q reveals heterogeneity within a set of e↵ect sizes without
using moderators. The Test of Moderators QM and the Test for Residual
Heterogeneity QE demonstrate whether a moderator significantly contributes
to heterogeneity, or if heterogeneity is caused by other factors, respectively.
Asterisks mark significance (level of significance is ↵ = 0.05). Note that
continuous moderators (publication year, number of replicates, acclimation time
(M1)) have been tested together, while categorical moderators (article (M2),
number of studies from one article (M3)) had to be tested separately.
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abstract
Atmospheric and oceanic CO2 concentrations rise at an unprecedented rate. Laboratory
studies indicate a positive effect of rising CO2 on phytoplankton growth until an optimum is
reached, after which the negative impact of accompanying acidification dominates. Here, we
implemented carbonate system sensitivities of phytoplankton growth into our global biogeochemical model FESOM-REcoM and accounted explicitly for coccolithophores as the group
most sensitive to CO2 . In idealised simulations in which solely the atmospheric CO2 mixing
ratio was modified, changes in competitive fitness and biomass are not only caused by the
direct effects of CO2 , but also by indirect effects via nutrient and light limitation as well as
grazing. These cascading effects can both amplify or dampen phytoplankton responses to
changing ocean pCO2 levels. For example, coccolithophore growth is negatively affected both
directly by future pCO2 and indirectly by changes in light limitation, but this is compensated
by a weakened nutrient limitation resulting from the decrease in small phytoplankton biomass.
In the Southern Ocean, future pCO2 decreases small phytoplankton biomass and hereby the
preferred prey of zooplankton, which reduces the grazing pressure on diatoms and allows
them to proliferate more strongly. In simulations that encompass CO2 -driven warming and
acidification, we show that recent observed changes in North Atlantic coccolithophore biomass
are likely driven by warming and not by CO2 . Our results highlight that CO2 can change the
effects of other environmental drivers on phytoplankton growth, and that cascading effects
may play an important role in projections of future net primary production.
introduction
Marine primary production, mostly performed by unicellular algae (Middelburg, 2019), contributes to the global carbon cycle by the fixation of CO2 in organic biomass via photosynthesis
in the surface ocean and subsequent remineralisation of biomass at depth (organic carbon
pump). By the process of calcification, on the other hand, CO2 is released into the surrounding
water (carbonate pump). About half of the pelagic calcification is performed by the phytoplankton group of coccolithophores (Brownlee and Taylor, 2004; Beardall and Raven, 2013), which
therefore contributes to both the organic carbon and the carbonate pump. Although their
contribution to global primary production is relatively small (<10%; Poulton et al., 2007), some
coccolithophore species can form large blooms that are observable from satellites (Hopkins
and Balch, 2018) and autonomous ocean profilers (Terrats et al., 2020). Locally, calcification can
thereby considerably dampen the net oceanic uptake of atmospheric CO2 (Shutler et al., 2013).
Due to increasing anthropogenic CO2 emissions, environmental conditions in the oceans
are currently changing at an unprecedented rate, resulting in oceans that are warmer, more
acidic, less oxygenated, and poorer in surface-ocean nutrients (Gruber, 2011; Kwiatkowski et al.,
2020). In response to these changes, a decrease in global marine primary production (Moore

63

64

publication ii

et al., 2018) and shifts in species composition (e.g. Barton et al., 2016; Poloczanska et al., 2016)
are expected in the future. Effects on the organic carbon and carbonate pump can already be
observed locally (e.g. Bindoff et al., 2019; Pinkerton et al., 2021). For instance, observations in
the North Atlantic suggest an up to 10-fold increase of coccolithophore abundance over the
last decades (1965-2010, Rivero-Calle et al. (2015); 1990-2012, Krumhardt et al. (2016)). Yet, the
underlying reasons for this increase are not conclusively understood, with different studies
suggesting either warming Beaugrand et al. (2013) or a positive effect of dissolved CO2 (CO2(aq) )
as the cause for higher coccolithophore abundances (Rivero-Calle et al., 2015; Krumhardt et al.,
2016).
Temperature, nutrient concentrations, and light availability have for a long time been
considered as the most important environmental drivers that control the magnitude of phytoplankton growth and coccolithophore calcification. However, also the carbonate system itself
influences growth and calcification and becomes increasingly relevant given the current pace
of ocean acidification. Its impact can be described with an optimum function: CO2(aq) and
bicarbonate (HCO3− ) are the primary substrates of growth and calcification (e.g. Kottmeier et al.,
2014), and rising substrate levels (carbonation) can enhance growth and calcification. Rising
CO2(aq) concentrations result, however, in a concomitant increase of proton concentrations and
thus a lower pH (acidification), which in turn eventually dampens growth and calcification (e.g.
Rost and Riebesell, 2004; Gao et al., 2019). Phytoplankton species and groups differ considerably
in their ability to make use of carbonation and in their sensitivity to acidification (e.g. Rost et al.,
2008; Dutkiewicz et al., 2015). For instance, diatoms are only moderately affected by changes
in CO2(aq) and HCO3− concentrations due to their exceptionally effective CO2 concentrating
mechanisms (CCMs, Reinfelder, 2011; Pierella Karlusich et al., 2021). By diversely changing the
competitive fitness of species and groups, CO2 has also an indirect effect on phytoplankton
community structure (e.g. Doney et al., 2009; Paul and Bach, 2020). Calcification, however, is
particularly sensitive to ocean acidification, and laboratory experiments show that coccolithophore growth is also disproportionately impacted by increasing CO2(aq) levels (Hoppe et al.,
2011; Meyer and Riebesell, 2015; Zhang et al., 2019; Seifert et al., 2020). The opposing effects of
carbonation and acidification lead to a transition of beneficial to detrimental impacts with
increasing partial pressure of CO2 (pCO2 ), which has been mechanistically described by several
authors (Bach et al., 2011, 2015; Gafar et al., 2018; Paul and Bach, 2020).
Marine biogeochemical models are important tools with predictive capabilities to understand
connections and variations of biological, chemical, and biogeochemical components in space and
time (e.g. Holt et al., 2014). In these models, temperature, light, and nutrients are traditionally
considered as the environmental drivers to control phytoplankton growth, and very few models
to date account for the effects of CO2 on growth and calcification. Dutkiewicz et al. (2015) assessed
the pCO2 impact on all phytoplankton functional groups in the ecosystem model DARWIN
from preindustrial to 2100 levels under the high emission scenario (RCP8.5) using different
conceptual approaches based on linear, Michaelis-Menten type, and Hill type functions. They
found that the picocyanobacteria Synechococcus and diazotrophs benefit most from increasing
pCO2 , while the biomass of other groups, including coccolithophores and diatoms, tend to
decrease. In Krumhardt et al. (2019), only coccolithophore growth was considered to be limited
by low CO2(aq) concentrations using a Monod function, similar to other nutrient limitations.
The particulate inorganic (PIC) to organic carbon (POC) production ratio of coccolithophores
(PIC:POC)cocco and, thus, the calcite production for a given coccolithophore biomass, was
defined to decrease linearly with increasing CO2(aq) . Globally, model runs yielded a decrease
in coccolithophore calcification by 17%, but an increase in coccolithophore growth at 900 µatm
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atmospheric CO2 relative to present-day CO2 levels. Gangstø et al. (2011) do not account for
CO2 effects on growth, but describe a Michaelis-Menten-like dependence of the PIC:POC ratio
on the calcite saturation state. In their model, implicit total calcification decreases by 20-60% in
a high-emission scenario by the year 2100. Thus, while the CO2 impacts on coccolithophores
are not consistent across previous studies, models generally agree that increasing CO2 can
considerably alter the community structure and lead to a decrease of calcification.
None of these models, however, considers the impact of carbon speciation and the resulting
two-sided carbonation-acidification effect on both growth and calcification of phytoplankton.
Further, CO2 effects on phytoplankton growth and calcification are currently largely omitted
in the models of the Coupled Model Intercomparison Project (CMIP) Phase 6 (Eyring et al.,
2016), which are used for the Sixth Assessment Report (AR6) of the IPCC. Besides, due to their
considerable global contribution to the carbonate pump and the particular sensitivity of calcification to ocean acidification, a thorough assessment of CO2 effects requires the implementation
of coccolithophores as a separate phytoplankton group. So far, they have only been included in
a few global and regional models, mainly representing the bloom-forming species Emiliania
huxleyi (Le Quéré et al., 2005; Follows et al., 2007; Gregg and Casey, 2007; Dutkiewicz et al., 2015;
Kvale et al., 2015; Nissen et al., 2018; Krumhardt et al., 2019), whereas the majority of biogeochemical models does not represent coccolithophores and calcification explicitly.
In the present study, we aim to quantify the responses of marine phytoplankton biomass
and coccolithophore calcification to different atmospheric CO2 levels and distinguish between
the direct and the indirect effects of CO2 using the physical-biogeochemical model FESOMREcoM. First, we describe the implementation of coccolithophores and their calcification into
the model. Based on a literature review of laboratory experiments, we then develop optimum
functions describing the sensitivity to carbonation and acidification of growth of all modelled
phytoplankton groups (coccolithophores, diatoms, small phytoplankton) and for calcification.
These are subsequently applied in idealized simulations at preindustrial, present-day, and
future atmospheric CO2 levels. Finally, motivated by the observational studies of Beaugrand et al.
(2013), Rivero-Calle et al. (2015), and Krumhardt et al. (2016), we aim to disentangle the effects
of warming and ocean acidification on changes in global and North Atlantic coccolithophore
biomass during the last decades.
materials and methods
Implementing coccolithophores into REcoM
We use the global Regulated Ecosystem Model version 2 (REcoM-2-M) coupled to the Finite
Element Sea Ice-Ocean Model (FESOM 1.4, Schourup-Kristensen et al., 2014; Wang et al., 2014). The
ocean model FESOM applies a finite element method that solves primitive hydrostatic equations
on an unstructured mesh, allowing for flexible multi-resolution meshes (Sidorenko et al., 2011;
Wang et al., 2014). REcoM-2-M describes the biogeochemical cycling of carbon, nitrogen, silicon,
iron, and oxygen (Hauck et al., 2013; Karakuş et al., 2021). The CO2 flux from the atmosphere to
the ocean and the 3D carbonate system are computed by the mocsy 2.0 routine (Orr and Epitalon,
2015). In the previous version of the model (Karakuş et al., 2021), the ecosystem is described
by two phytoplankton groups (diatoms and small-sized phytoplankton), two zooplankton
groups (small, fast-growing zooplankton and slow-growing polar macrozooplankton), and two
detritus groups (small, slow-sinking and large, fast-sinking particles). While the classification
of diatoms (dia) is taxonomic, the small phytoplankton (sphy) comprises a wide range of taxa,
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such as non-silicifying and non-calcifying haptophytes, ciliates, and green algae. In this study,
we extend the phytoplankton groups by coccolithophores (cocco), which we consider as a
taxonomically separate group, similar to diatoms.
Changes in biomass result from growth and loss terms. In the following, we describe environmental impacts on growth of all phytoplankton groups, with a special focus on the
parameter choice for coccolithophores. Parameters were chosen to lie within ranges based
on qualitative literature reviews, and further tuned to reproduce observed coccolithophore
biomass distributions (MAREDAT dataset, O’Brien et al., 2013). While the bloom-forming
coccolithophore species Emiliania huxleyi is numerically the most important coccolithophore
species (Paasche, 2001) and mostly used in laboratory studies, it is not a typical representative
of coccolithophores (Rost and Riebesell, 2004). Therefore, in the parameter tuning, we aimed to
represent the average characteristics of the diverse group of coccolithophores in our model.
Subsequently, we describe the explicit implementation of coccolithophore calcification and
CO2 -dependent calcite dissolution.
The growth rate GR of phytoplankton group p (coccolithophores, diatoms, or small phytoplankton) depends on the group-specific constant maximum growth rate µmax (Table 3.1),
nutrient and light limitation terms (f N and f L ), and a temperature function (f T ):
GR p = µmax
· f pN · f pT · f pL .
p

(3.1)

According to Margalef’s mandala (Margalef , 1978; Wyatt, 2014), diatoms usually follow the
productive r-strategy with higher growth rates, and coccolithophores the efficient K-strategy
with lower growth rates. While our group of small phytoplankton includes various species that
presumably cover a wide range of maximum growth rates, we here assume that the majority of
coccolithophore species, other than the bloom-forming Emiliania huxleyi, are growing rather
slowly and are specialized to low nutrient regions and seasons. Thus, we chose a smaller µmax
for coccolithophores than for diatoms and small phytoplankton in the model (Table 3.1).
Nutrient limitation f N in Equation (4.1) is determined by the most-limiting nutrient (dissolved
inorganic nitrogen, DIN, dissolved iron, DFe, and, for diatoms, also dissolved silicic acid,
DSi), and is defined as 0≤ f N ≤1 with 0 denoting strongest limitation and 1 denoting no
limitation. Limitations by DIN and DSi (lDI N and lDSi ) depend on the intracellular nitrogen or
silicate to carbon quotas, and the group-specific half-saturation constants kDI N and kDSi (Table
3.1) for DIN and DSi, respectively (Geider et al., 1998; Hauck et al., 2013). Limitation by DFe
(lDFe ) is described by a Michaelis-Menten function, which is dependent on the group-specific
half-saturation constant kDFe (Table 3.1) and the concentration of DFe in the watercolumn (i.e.
[DFe]/([DFe] + k DFe )). For coccolithophores and small phytoplankton, nutrient limitation is
then defined as:
f pN = min(l pDI N , l pDFe ).
(3.2)
Diatoms are additionally affected by DSi limitation (lDSi ). They have a high uptake rate
at high nutrient concentrations (e.g. luxury consumption) and are less efficient under low
nutrient concentrations (Sarthou et al., 2005; Litchman et al., 2007; Marañón et al., 2013). Small
phytoplankton, by contrast, have highest ability to thrive under low nutrient conditions, e.g. due
to their small cell size (Irwin et al., 2006; Marañón et al., 2013; Irion et al., 2021). Half-saturation
constants kDI N and kDFe of coccolithophores were chosen to be smaller than those of diatoms
and higher than those of small phytoplankton because their luxury consumption for nitrate is
low compared to diatoms, and they are less competitive under low nutrient concentrations than
other phytoplankton groups (Riegman et al., 2000; Rost and Riebesell, 2004). Literature values
for maximum and minimum nitrate to carbon (N:C) ratios (qmax and qmin ) do not robustly
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show a difference between phytoplankton groups Finkel et al. (2009). For diatoms and small
phytoplankton, qmax and qmin (Table 3.1) translate into C:N ratios between 5 and 20, which
is well in line with values reported from laboratory studies of diatoms (C:N range: 2.7-29.7,
Sarthou et al., 2005). For coccolithophores, lower values result from model tuning and qmax and
qmin translate into C:N ratios between 6.6 and 25. For the temperature sensitivity f T in Equation
(4.1), we use a power function proposed by Fielding (2013) for coccolithophores, which is based
on experimental growth rate - temperature relations of E. huxleyi (Figure 3.S1):
T
0.8151
f cocco
= 0.1419 ∗ Tdeg
,

(3.3)

with T deg being the temperature ≥0◦ C. At temperatures <0◦ C, the function is set to a tiny value
(2.23·10−16 ) rather than zero for numerical reasons. For diatoms and small phytoplankton, f T is
defined by an Arrhenius function (Figure 3.S1):
(︃
(︃
)︃)︃
1
1
T
−
,
(3.4)
f Arrhenius = exp −4500 ·
TK
TK,re f
with T K being the temperature in K, and T K,re f being the reference temperature of 288.15 K
(15◦ C). Light limitation f L in Equation (4.1) is calculated as a function of the group-specific
maximum light harvesting efficiency α (Table 3.1) which represents the initial slope of the
photosynthesis-irradiance curve, µmax (Table 3.1), photosynthetically active radiation (PAR), the
variable chlorophyll-to-carbon ratio qChl , as well as nutrient limitation f N (Equation (3.2)) and
the temperature function f T (Equations (4.3) and (4.2)) (Geider et al., 1998):
)︄
(︄
Chl · PAR
−
α
·
q
p
p
.
(3.5)
f pL = 1 − exp
µmax
· f pN · f pT
p
Consequently, changes in either the chlorophyll synthesis or the biomass production and the
resulting alteration of qChl affect the light limitation term. While coccolithophores are tolerant
to high light levels, their ability to grow under low light conditions is lower compared to
diatoms (Nielsen, 1997; Paasche, 2001; Le Quéré et al., 2005; Zondervan, 2007). In our model,
coccolithophores therefore have a small maximum light harvesting efficiency α (Table 3.1).
Loss terms of phytoplankton biomass comprise grazing, aggregation, respiration, and
excretion of dissolved organic matter. Grazing is parametrized with the Fasham formulation
(Fasham et al., 1990; Vallina et al., 2014) and a variable grazing preference depending on a
group-specific initial preference term and the relative contribution of each phytoplankton
group to total phytoplankton biomass (Karakuş et al., 2021). We assume the calcite shell of
coccolithophores to not serve as grazing protection (Mayers et al., 2020) and therefore chose a
similar effective zooplankton grazing on coccolithophores as on small phytoplankton, even
though we acknowledge that a coccolithophore diet might reduce zooplankton growth rates
by reduced digestion rates or increased swimming efforts due to the mass of the indigestible
coccoliths (Haunost et al., 2021). Since the effective grazing in the model is dependent on the
biomass of the respective phytoplankton group and because coccolithophore biomass is an
order of magnitude smaller than small phytoplankton biomass (see Section "Representation
of coccolithophores and biogeochemical fluxes in FESOM-REcoM"), we use a higher grazing
preference of the first zooplankton group on coccolithophores than on small phytoplankton
(Table 3.1) to obtain a similar grazing loss of both groups. As the biomass of the second
zooplankton group is generally highest in areas with low coccolithophore biomass, we chose
the same grazing preference of this zooplankton group on coccolithophores as on small phytoplankton.
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Parametera

Description

Unit

coccob

diac

sphyd

d−1

2.80

3.50

3.00

µmax

Maximum
constant

kDI N

N half-saturation constant

mmol N m−3

0.90

1.00

0.55

Fe half-saturation constant

µmol Fe

m−3

0.09

0.12

0.04

mmol Si

m−3

kDFe
kDSi
qmax
qmin
qSi
max
qSi
min
σ DI N
σ DSi
qChl:N
max

growth

rate

Si half-saturation constant
Maximum N:C ratio
Minimum N:C ratio
Maximum Si:C ratio
Minimum Si:C ratio
Maximum N:C uptake ratio
Maximum Si:C uptake ratio
Maximum Chl:N ratio

–

4.00

–

mol N (mol

C)−1

0.15

0.20

0.20

mol N (mol

C)−1

0.04

0.05

0.05

mol Si (mol

C)−1

–

0.80

–

mol Si (mol

C)−1

–

0.04

–

mmol N (mmol

C)−1

0.20

0.20

0.20

mmol Si (mmol

C)−1

–

0.20

–

mg Chl (mmol

N)−1

3.50

4.20

3.15

Chl)−1

0.10

0.19

0.14

α

Initial slope of photosynthesisirradiance curve

mmol C (mg
(W m−2 d)−1

τzoo1

Grazing preferences of first
zooplankton group

dimensionless

0.666

0.083

0.25

τzoo2

Grazing preferences of second
zooplankton group

dimensionless

0.5

1.0

0.5

dChl

Maximum Chl loss rate

d−1

0.50

0.50

0.50

Maintenance respiration rate

d−1

0.01

0.01

0.01

η
a

Parameters that are relevant for the computations of growth rates are discussed in Section "Representation of
coccolithophores and biogeochemical fluxes in FESOM-REcoM".
b coccolithophores
c diatoms
d small phytoplankton

Table 3.1: Values of phytoplankton parameters in REcoM-2-M
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Deviating from the model version described in Hauck et al. (2013) in which calcification is
performed by a constant fraction of the small phytoplankton with a fixed (PIC:POC)sphy ratio
of 1, our model calculates calcification (Calccocco ) depending on the specific growth rate of
coccolithophores (GRcocco , Equation (4.1)), coccolithophore biomass (Ccocco ), and a reference
re f
T
PIC:POC ratio ((PIC:POC)cocco ) that is modified by temperature (f CaCO
) and DIN limitation
3
N
(f CaCO3 ):
re f

T
N
Calccocco = GRcocco · Ccocco · ( PIC : POC )cocco · f CaCO
· f CaCO
.
3
3

(3.6)

re f

Here, we use a (PIC:POC)cocco ratio of 1, which is motivated by a compilation of PIC:POC ratios
of different coccolithophore species showing that PIC:POC ratios >1 can occur where highly
calcified species like Calcidiscus leptoporus dominate, and PIC:POC ratios <1 can occur in the
Southern Ocean if the lightly calcified E. huxleyi morphotype B/C dominates (Krumhardt et al.,
T
2017). Temperature dependence of calcification f CaCO
with decreasing (PIC:POC)cocco ratio at
3
◦
temperatures <10.6 C follows Krumhardt et al. (2017):
{︄
0.104 · Tdeg − 0.108 if Tdeg < 10.6◦ C
T
f CaCO3 =
(3.7)
1
if Tdeg ≥ 10.6◦ C
with T deg being the temperature in ◦ C. Krumhardt et al. (2017) describe the modification of the
(PIC:POC)cocco ratio by nutrient availability using an equation of the following form:
)︃
(︃
[N]
N
+
y
.
(3.8)
f CaCO
=
x
·
3
N
[N] + k cocco
N
In their study, [N] is the PO4 concentration and kcocco
is the coccolithophore half-saturation
constant for phosphate uptake. In their literature review, Krumhardt et al. (2017) found a 37%
increase in (PIC:POC)cocco from phosphate-repleted to phosphate-limited condition, from which
they derived x = -0.48 and y = 1.48 (both unitless). Because our model does not include
phosphate, we adapted Equation (3.8) to (PIC:POC)cocco modification under DIN limitation,
N
with [N] and kcocco
being the DIN concentration and coccolithophore half-saturation constant
for nitrate uptake (Table 3.1), respectively. Krumhardt et al. (2017) also assessed the effect of
nitrate limitation on (PIC:POC)cocco , with a 25% higher ratio under nitrate-limited compared to
nitrate-repleted conditions from which we derived x = -0.31 and y = 1.31.

Instead of an exponential increase with water depth with a vertical length scale of 3500 m
following Yamanaka and Tajika (1996) as in the previous model version (Hauck et al., 2013),
calcite dissolution λ now depends on the carbonate ion concentration following Aumont et al.
(2015):
CO23−sat =

kspc
,
Ca2+

(3.9)
(︄

λ = 0.197 · max 0, 1 −

CO23−

CO23−sat

)︄1

,

(3.10)

with Ca2+ being the calcium ion concentration, kspc the stoichiometric solubility product
(Mucci, 1983), CO23− the carbonate ion concentration, and CO23−sat the saturated carbonate ion
concentration. The carbonate system is computed once per week where PAR>1% of surface
PAR, and once per month where PAR≤1% of surface PAR to increase computational efficiency.
To account for calcium carbonate dissolution above the carbonate saturation horizon, we
introduced an additional dissolution in zooplankton guts. The acidic environment in guts of
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starving copepods can dissolve up to 38% of the calcite taken up by grazing (White et al., 2018),
with a lower share for non-starving copepods (Pond et al., 1995; Jansen and Wolf-Gladrow,
2001). In addition, aragonite and high-magnesium have a shallower saturation horizon than
calcite and contribute to upper-ocean calcium carbonate dissolution (Sabine et al., 2002; Feely
et al., 2004; Barrett et al., 2014; Battaglia et al., 2016; Sulpis et al., 2021). Hence, we deliberately
overestimate gut dissolution with 50% of ingested calcite to account for aragonite and highmagnesium calcite dissolution that is not covered by the calcite-based dissolution formulation
of Aumont et al. (2015).
CO2 dependence for phytoplankton growth and coccolithophore calcification
For the implementation of CO2 dependencies, we added limitation functions f CO2 similar to
the dependencies to other environmental drivers to the Equations (4.1) and (3.6):
GR p = µmax
· f pN · f pT · f pL · f pCO2
p

(3.11)
re f

T
N
CO2
CaCO3c occo = GRcocco · Ccocco · ( PIC : POC )cocco · f CaCO
· f CaCO
· f CaCO
.
3
3
3

(3.12)

Multiple concepts describing growth and calcification dependencies on the carbonate system
exist in the literature (Gafar et al., 2018; Bach, 2015; Paul and Bach, 2020; Bach et al., 2011, 2015).
Here we use the concept of Bach et al. (2015), which has been developed for coccolithophore
calcification, as it can be well accommodated to our model structure. Furthermore, in contrast
to the concepts of Paul and Bach (2020) (modified Monod equation based on a generic proton to
CO2(aq) relationship), and Bach et al. (2011) (modified Michaelis-Menten function depending
only on f CO2(aq) ), it allows non-linear changes between carbon species concentrations. Because
they are less well suited for our model structure, we refrain from using the concepts of Gafar
et al. (2018) (CO2 term including temperature and light effects and interactions therein), and
Bach (2015) (bicarbonate to proton ratio). The concept of Bach et al. (2015) accounts for changes
in the bicarbonate (HCO3− ), CO2(aq) , and proton concentrations in a modified Michaelis-Menten
function:
a · HCO3−
CO2
f p/CaCO
=
− exp(−c · CO2(aq) ) − d ∗ 10−pH ,
(3.13)
3
b + HCO3−
with p indicating the CO2 effect on phytoplankton growth (dia, sphy, and cocco, respectively),
and CaCO3 indicating the CO2 effect on coccolithophore calcification. Although the effect
of CO2 on phytoplankton growth and coccolithophore calcification can be either limiting
(on the carbonation side) or inhibiting (on the acidification side) depending on the state of
the carbonate system, we will use the term “CO2 limitation” for both in the remaining text
equivalent to nutrient and light limitation.
To derive parameters in Equation (4.6) we used published laboratory experiments describing
phytoplankton growth rates and PIC:POC ratios of coccolithophores at different pCO2 levels.
The collection builds on the literature review by Paul and Bach (2020), complemented by
experimental data of other publications that fit our selection criteria (Table 4.2, for more details
see Tables S1-S4). In particular, the data had to i) belong to one of our modelled phytoplankton
groups, ii) report the response variable (growth rate and/or (PIC:POC)cocco ratio) for at least
three pCO2 treatment levels, and iii) indicate the concentrations of all relevant carbonate system
parameters (CO2(aq) , HCO3− , and proton concentrations or pH). By including as many species,
ecotypes, and strains as possible, we acknowledge intraspecific plasticity, which can alleviate
the sensitivities towards changing environmental conditions (e.g. Wolf et al., 2018) and, thus,
lead to more conservative estimates of CO2 -driven changes in phytoplankton growth and
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coccolithophore calcification.
We used the R function nls to fit Equation (4.6) with a non-linear least square estimate to the
laboratory data of group-specific phytoplankton growth rates and (PIC:POC)cocco ratios. We
forced the functions through the origin to constrain the lower end of the curve to reasonable
values (i.e., preventing the fit to yield positive growth or calcification when concentrations of
inorganic carbon are zero). Prior to that, experimental growth rates and (PIC:POC)cocco ratios
were normalized, with the highest value within each dataset being scaled to 1. Because these
values are reached over a wide range of carbonate species concentrations, it is mathematically
not possible that fitted functions yield a maximum value of 1. To obtain functions that are
non-limiting (i.e., reach a value of 1) at ideal conditions, we forced the functions through the
median that was obtained from the inorganic carbon species concentrations at each dataset’s
maximum growth rates or (PIC:POC)cocco ratio. To test whether the fitted functions would be
biased by extreme pCO2 levels tested in some experiments (up to 5500 µatm), we also fitted
the function only through data points below 2000 and 1000 µatm, respectively (Figure 3.S2).
In both cases, growth and (PIC:POC)cocco were more sensitive to increasing pCO2 . Hence, we
decided to stay with the more conservative, less sensitive functions that were obtained by
fitting the functions to data points over the entire pCO2 range. Parameter values resulting
from the function fits are listed in Table 4.2. Because the fits were deducted from experimental
carbonate system environments, extreme carbonate system environments in the model, e.g.
in the Arctic Ocean with freshwater influence, resulted in carbonate system sensitivities >1.
For the implementation in REcoM-2-M, we limited the resulting term to be ≤1 to prevent the
carbonate system from enhancing growth and calcification to more than the pre-set maximum
value.
Figure 3.1 displays the function fits for a sample matrix of bicarbonate, CO2(aq) , and proton
concentrations. Calcification and diatom growth benefit strongest from increasing pCO2 due to
the carbonation effect, while small phytoplankton growth increases comparably little (Figure
3.1). The steep increase of diatom growth rate already at low pCO2 is well in line with the
presence of effective and highly regulated CCMs in the group of diatoms (Reinfelder, 2011;
Pierella Karlusich et al., 2021). The relatively stable diatom growth rate over a wide pCO2
range after the steep initial increase displayed in our function can mirror the reallocation of
energy, which is saved due to downregulation of CCMs under higher CO2(aq) and bicarbonate
availability (Shi et al., 2019). Growth rates of small phytoplankton also depict a relatively broad
plateau close to maximum growth rates in our function (Figure 3.1). Studies show that small
phytoplankton species such as Micromonas spp. and Trichodesmium spp. benefit from pCO2
levels higher than preindustrial (Boatman et al., 2018), whereas pCO2 levels higher than presentday must not necessarily trigger further stimulation in growth (Maat et al., 2014; Boatman
et al., 2018; White et al., 2020). Calcification decreases most steeply after reaching an optimum
at relatively low pCO2 in our function (Figure 3.1), agreeing with experimental studies that
reported coccolithophore calcification to unambiguously be the process most sensitive to any
variability in the carbonate system, with an overall strong decrease of (PIC:POC)cocco with
increasing pCO2 (e.g. Findlay et al., 2011; Meyer and Riebesell, 2015). In natural communities,
this is caused by both a decrease in calcification per cell, but also a shift from highly to less
calcified coccolithophore species and morphotypes (Beaufort et al., 2011). Coccolithophore
growth rates in our function initially decrease more steeply with increasing pCO2 than small
phytoplankton growth rates, and are only outpaced by small phytoplankton growth rates at
high pCO2 levels (Figure 3.1). In line with our fits, experimental studies found coccolithophore growth to decrease most strongly with increasing pCO2 (Riebesell et al., 2017; Seifert
et al., 2020), with the exception of some coccolithophore strains (Meyer and Riebesell, 2015). In
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Figure 3.1: Reaction norms of phytoplankton growth rates and (PIC:POC)cocco ratios. Normalized
phytoplankton growth rates and (PIC:POC)cocco ratios from laboratory experiments (point
markers; references see Tables 4.2 and S1-S4) and fitted functions for growth rates of
coccolithophores, diatoms, and small phytoplankton, as well as (PIC:POC)cocco ratios
(lines). Exemplarily displayed for a carbonate system ranging from 3 to 5500 µatm pCO2
and a constant alkalinity of 2300 µmol kg−1 (computed with ScarFace web version 1.3.0,
https://raitzsch.shinyapps.io/scarface_web/ (Gattuso et al., 2019; Raitzsch and Gattuso,
2020); assuming surface pressure, salinity of 35, temperature of 20◦ C, and zero silicate
and phosphate concentrations). Vertical lines indicate pCO2 levels of the simulations (280,
420, and 750 µatm). Black inset in the main plot indicates the area that is enlarged on the
right side.

summary, we are confident that our fitted functions based on the concept of Bach et al. (2015)
and constrained with laboratory data simulate the general response patterns of phytoplankton
groups to different pCO2 levels reasonably well.

Model simulations
We performed two sets of model simulations on the CORE-II mesh with higher resolved
dynamic areas (up to 20 km; e.g. coastlines and equatorial belt) and coarser resolution of less
dynamic areas (up to 150 km; open ocean) (Sidorenko et al., 2011; Wang et al., 2014). We used the
JRA-55-do reanalysis data set as atmospheric forcing in all simulations (version 1.3.1; Tsujino
et al., 2018). Temperature and salinity were initialized with hydrographic data from the Polar
Science Center Hydrographic Climatology (PHC 3.0, updated from Steele et al., 2001), DIN and
DSi from the World Ocean Atlas (Garcia et al., 2013), and DFe from PISCES output (Aumont
et al., 2003) which was corrected using observed profiles (de Baar et al., 1999; Boye et al., 2001).
DIC and alkalinity were initialized from GLODAPv2 (Lauvset et al., 2016), and biomass from
tiny values.
The first set comprising four simulations aims to quantify the effects of the CO2 sensitivity on
the mean state of phytoplankton biomass. Hence, we performed model simulations without and
with CO2 dependence at present-day atmospheric CO2 levels (PRESENT and PRESENT_CO2,
respectively, 420 µatm, Table 4.4) and with CO2 dependence under preindustrial and future CO2
levels (PREIND_CO2, 280 µatm, and FUTURE_CO2, 750 µatm, Table 4.4). The four simulations
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aa

bb

cc

dd

73

RMSEe

References

106

0.15 d−1

Bach et al. (2011); Bach et al. (2015); Feng et al.
(2017); Hermoso (2015); Hoppe et al. (2011);
Kottmeier et al. (2016); Krug et al. (2011); Langer
et al. (2006); Langer et al. (2009); Müller et al.
(2015); Riebesell et al. (2000); Sett et al. (2014)

coccof

1.109

37.67

0.3912

9.450·

diag

1.040

28.90

0.8778

2.640· 106

0.12 d−1

Barcelos e Ramos et al. (2014); Ihnken et al.
(2011); Li et al. (2019); Trimborn et al. (2013);
Wolf et al. (2018); Pančić et al. (2015); Sugie
and Yoshimura (2013); Sugie and Yoshimura
(2016); Tatters et al. (2013)

sphyh

1.162

48.88

0.2255

1.023· 107

0.16 d−1

Eichner et al. (2014); Garcia et al. (2013);
Hennon et al. (2014); Hoppe et al. (2018); Kim
et al. (2013); Kranz et al. (2009)

PIC:POC

1.102

42.38

0.7079

1.343· 107

0.24 [unitless]

Bach et al. (2011); Bach et al. (2015); Feng et al.
(2017); Hoppe et al. (2011); Krug et al. (2011);
Langer et al. (2006); Langer et al. (2009); Müller
et al. (2015); Riebesell et al. (2000); Sett et al.
(2014)

a

[dimensionless]
[mol kg−1 ]
c [kg mol−1 ]
d [kg mol−1 ]
e The root mean square error (RMSE) determines to what extent the functions can reproduce the data, with RMSE
= 0 representing a perfect fit.
f coccolithophores
g diatoms
h small phytoplankton
b

Table 3.2: Parameter values a, b, c, and d for growth rates and (PIC:POC)cocco ratios, obtained by
fitting Equation (4.6) to laboratory data from the references given in the table
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Simulation name

CO2
dependence

atm. CO2 level

other atm. forcing variablesa

simulation
period

PRESENT

no

420 µatm

RYF 1961b

32 years

1961b

32 years

PRESENT_CO2

yes

420 µatm

RYF

PREIND_CO2

yes

280 µatm

RYF 1961b

32 years

1961b

32 years

FUTURE_CO2

yes

750 µatm

RYF

VARCLI_VARCO2

yes

historical

interannual varying

1958-2019

VARCLI_CONSTCO2

yes

280 µatm

interannual varying

1958-2019

CONSTCLI_VARCO2
CTRL

yes
yes

historical
280 µatm

RYF

1961b

1958-2019

RYF

1961b

1958-2019

a Other atmospheric forcing variables are heat flux (by radiation and temperature), humidity, freshwater fluxes, and
wind.
b

RYF 1961 = repeated year forcing, looping over the year 1961)

Table 3.3: List of model simulations performed in this study (description in Section "Model
simulations")

were forced with repeated year forcing, looping over the year 1961. We initialized DIC with
preindustrial DIC for the PREIND_CO2 simulation, and with present-day DIC in all others
(Lauvset et al., 2016). Each simulation was run for 32 years, and a mean over the last five years
is analysed for this study.
A second set of four simulations was performed to disentangle the effects of warming and CO2
on phytoplankton biomass over the period 1958 to 2019. In one simulation, both climatological
and atmospheric CO2 forcing varied inter-annually (VARCLI_VARCO2, Table 4.4) which
accounts for both the radiative and the geochemical climate change effect. Further, a second
simulation was forced by repeating the year 1961 for all atmospheric variables except CO2
(CONSTCLI_VARCO2, Table 4.4), while in a third, atmospheric CO2 was held constant at
280 µatm and all other variables varied inter-annually (VARCLI_CONSTCO2, Table 4.4). With
these two simulations, we can separate the effects of the atmospheric CO2 increase and other
changing atmospheric forcing fields (air temperature, radiation, humidity, freshwater fluxes,
wind). In a control simulation (CTRL, Table 4.4), both repeated year forcing of the year 1961
and constant atmospheric CO2 were used. All simulations of the second set were started from
previously spun-up model states, where the spin-ups covered the period 1850 to 1957 using
JRA repeated year forcing of the year 1961 (Tsujino et al., 2018). The spin-up simulation used to
initialize the VARCO2 simulations was forced with increasing atmospheric CO2 concentration
as in Friedlingstein et al. (2020), and the spin-up simulation used to initialize the CONSTCO2
simulations was forced with constant atmospheric CO2 of 278 ppm. As these spin-ups were
conducted with the prior model version without coccolithophores and CO2 dependence, we
reset all biological tracers (phytoplankton and zooplankton biomass) to tiny values, while
taking advantage of the spun-up state for physical fields, carbonate chemistry and nutrients.
This approach was chosen to ensure that the simulated carbonate chemistry represents the
historical evolution of atmospheric CO2 . We start our analysis in year 4 of the simulations
when the upper ocean ecosystem reached a quasi-equilibrium.
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Datasets used in the evaluation of coccolithophores in FESOM-REcoM
Simulated coccolithophore biomass concentrations of the PRESENT and the PRESENT_CO2
simulations were evaluated with a compilation of observations of global coccolithophore
biomass concentrations (MAREDAT (MARine Ecosystem DATa) dataset, O’Brien et al., 2013)
and literature estimates of global phytoplankton groups biomass, net primary production, and
biogeochemical fluxes. Additionally, we evaluated the diatom representation in our model
with the corresponding MAREDAT observational dataset (Leblanc et al., 2012). To compare
the model with the MAREDAT datasets, the modelled coccolithophore and diatom biomass
was subsampled only for grid points with a corresponding observational grid point, and,
thus, does not represent the entire modelled biomass of each group. Subsequently, biomass
estimates of the model and the MAREDAT datasets were separated into oceanic biomes (Fay
and McKinley, 2014) to assess the regional representation of simulated coccolithophores and
diatoms compared to observations.
To investigate whether the simulated coccolithophore distribution captures different ecological
niches of coccolithophores observed in the ocean (e.g. Brun et al., 2015; O’Brien et al., 2016), we
compared the model results to a gridded product of global coccolithophore biomass that is
based on a statistical feed-forward neural network methodology and reveals the distribution
of coccolithophore clusters in the MAREDAT dataset (O’Brien, 2015). The niche analysis of
O’Brien (2015) yields mixed-layer averaged biomass of three coccolithophore clusters, namely
a warm water cluster comprising 19 species, a cold water cluster comprising three species,
and a cluster only consisting of E. huxleyi, that are separated by their preferred PAR, nitrate,
silicate, excess phosphate, temperature, and mixed layer depth ranges. Both in the mixed
layer product used by O’Brien (2015) and in our model, the mixed layer depth is defined
by a density criterion of 0.03 kg m−3 (de Boyer Montégut et al., 2004). Our model output
yields 20-30 m deeper mixed layer depths in the tropics and subtropics than the product used
by O’Brien (2015), and similarly deep mixed layer depths further north/south during the
respective growing season at each hemisphere, except from parts of the Southern Ocean where
the gridded product of O’Brien (2015) displays a deeper summer mixed layer (not shown).
We computed the correlation of either zonally or monthly averaged coccolithophore biomass
concentrations in the statistical model for the three clusters and our modelled coccolithophore
biomass. Due to possible spatial or temporal mismatches between the statistical model and our
model which can both be subject to biases (for the statistical model discussed in O’Brien, 2015),
we chose the Spearman correlation instead of the commonly used Pearson correlation, as it
assesses the monotonic relationship between two datasets and therefore omits mismatches in
space, time, and magnitude. For the comparison between our model and the statistical model,
we are more interested in general patterns and less in perfect spatial and temporal fits and
total magnitudes of coccolithophore biomass.
results
Representation of coccolithophores and biogeochemical fluxes in FESOM-REcoM
To evaluate the coccolithophore representation in our model, we focus on the PRESENT
simulation, which does not include the CO2 dependence. To assess the impact of the CO2
dependence at present-day atmospheric CO2 levels, we then compare the PRESENT with the
PRESENT_CO2 simulation. In agreement with observations (O’Brien et al., 2013), simulated
annual mean coccolithophore biomass is highest in the North Atlantic, the equatorial regions,
upwelling regions, and the northern boundary of the Southern Ocean (Figure 3.2). It thereby
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Figure 3.2: Mean phytoplankton biomass concentrations over the upper 150 m of the watercolumn
in the PRESENT simulation. Note the different colorscales of coccolithophores compared
to diatoms and small phytoplankton.

resembles the distribution of diatoms except in the polar regions, where diatom biomass is
highest from all three phytoplankton groups, whereas coccolithophores biomass is very small in
high latitudes. Small phytoplankton biomass is more homogeneously distributed, with slightly
lower biomass in the subtropical gyres and the polar regions compared to the remaining ocean.
Global coccolithophore biomass is about one order of magnitude smaller than that of diatom
or small phytoplankton (Figure 3.2).
The comparison to the MAREDAT dataset (O’Brien et al., 2013) reveals that our model
overestimates coccolithophore biomass in the northern hemisphere and the equatorial region,
especially in the subtropical seasonally stratified (ST-SS) north region that covers major parts
of our coccolithophore patch in the North Atlantic (0.3 · 10−3 Tg C in the observations vs.
5 · 10−3 Tg C in the model; Figure 3.3). Modelled coccolithophore biomass in the subtropical
seasonally stratified (ST-SS) south region, covering the coccolithophore patch at the northern
border of the Southern Ocean, is fairly close to observational data with about 2 · 10−3 Tg C.
Because the model does not depict the coccolithophore biomass of 0.1 · 10−3 Tg C from observations further south in the subpolar seasonally stratified (SP-SS) region (Figure 3.3), high
coccolithophore biomass usually occurring between 40 and 60◦ S in the Southern Ocean Balch
et al. (2011) is likely shifted northwards in our model. Diatom biomass is in the range of
observational data for most regions, except for an overestimation of modelled biomass in the
subtropical seasonally stratified (ST-SS) north region, and a strong underestimation in the
equatorial region (Figure 3.S3, Leblanc et al., 2012). We attribute this underestimation to a patch
with very high observed diatom biomass in the equatorial Atlantic which is not captured by
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Figure 3.3: Representation of simulated coccolithophores compared to MAREDAT. (A) Comparison
of depth-integrated coccolithophore biomass from the PRESENT and PRESENT_CO2
simulations, and the MAREDAT dataset (O’Brien et al., 2013) in different oceanic biomes
((B), after Fay and McKinley, 2014). Ice biomes (north and south) were omitted in (A) due
to the negligible amount of coccolithophore biomass in both model and MAREDAT data.
Model data were subsampled for locations where MAREDAT data are available and, thus,
do not represent the total coccolithophore biomass in the model. SP = subpolar, ST =
subtropic, SS = seasonal stratified, PS = permanently stratified.

the model.
Globally integrated annual mean coccolithophore biomass amounts to 0.03 Pg C, corresponding to the upper end of literature estimates (0.001-0.032 Pg C), and to 2.3% of the total simulated
phytoplankton biomass (Table 3.4). The contribution of coccolithophores to total NPP is slightly
higher in our model (3.3% of total NPP) than in literature estimates (2% of total NPP, Table 3.4).
Diatom biomass (0.49 Pg C), silicate export (84.3 Tmol yr−1 ), and the relative share of diatoms
to total NPP (29.9%) fit well into the fairly wide range of literature estimates (0.01-0.94 Pg C, 69185 Tmol yr−1 , and 15-35%, respectively; Table 3.4). Total NPP in our model is at the lower end
of literature estimates (Table 3.4), which can at least partly be attributable to an underestimation
of small phytoplankton productivity, given that both coccolithophore and diatom NPP are
likely at the upper end. The (PIC:POC)cocco of 1.2 and the calcite export with 1.2 Pg C yr−1 are
well within the range of literature values (0.7-1.4 and 0.1-4.7 Pg C yr−1 , respectively; Table 3.4),
indicating a good representation of coccolithophore calcification and calcite dissolution in the
model. With 0.3, the rain ratio (PIC:POC export at 100 m) from the model is well within the
very broad range of the literature estimates (0.06-1.0; Table 3.4).
Zonally and monthly averaged coccolithophore biomass concentrations in the mixed layer
are higher in our model compared to the statistical model of O’Brien (2015), especially in the
northern hemisphere and the equatorial region (Figure 3.4). This coincides with the comparison
to the MAREDAT dataset as shown before (Figure 3.3). Additionally, we attribute locally higher
biomass concentrations to a deeper mixed layer depth of our model compared to that of O’Brien
(2015), especially in the tropical and subtropical regions, and a coccolithophore distribution
over a wide depth range (Figure 3.S4), likely capturing a larger share of total coccolithophore
biomass than O’Brien (2015). The comparison between our model and the sum of all clusters
yields a Spearman correlation coefficient of 0.60 for the entire model grid. The Spearman
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PRESENT

PREIND_CO2

PRESENT_CO2

FUTURE_CO2

Phytoplankton
biomass
[Pg
C]a

1.36

1.34

1.35

1.35

cocco [Pg C] (%
of total)

0.031 (2.3)

0.030 (2.3)

0.030 (2.2)

0.032 (2.4)

0.001-0.032 (0.2-2) A,C

dia [Pg C] (% of
total)

0.49 (35.8)

0.52 (38.4)

0.49 (36.4)

0.50 (36.6)

0.01-0.94 (3-50)B,C

sphy [Pg C] (%
of total)

0.84 (61.9)

0.80 (59.3)

0.83 (61.4)

0.83 (61.0)

Phytoplankton
NPP [Pg C
yr−1 ]a

30.3

28.6

29.7

29.9

24-56C,D,E,F,G,H,I,J

cocco [Pg C yr−1 ] 1.0 (3.3)
(% of total)

0.9 (3.1)

0.9 (3.1)

1.0 (3.5)

- (2)K

dia [Pg C yr−1 ]
(% of total)

9.4 (32.9)

9.1 (30.8)

9.2 (30.6)

- (15-35)K,L

sphy [Pg C yr−1 ] 20.2 (66.8)
(% of total)

18.3 (64.0)

19.7 (66.1)

19.7 (66.0)

(PIC:POC)cocco
[unitless]a

1.2

1.1

1.1

1.1

0.7-1.4 M,N,O

Calcite export
[Pg C yr−1 ]a

1.2

1.0

1.1

1.1

0.1-4.7P,Q,R,S,T,U,V,∗

POC export
[Pg C yr−1 ]a

4.8

4.7

4.8

4.8

5-13T,V,W,X,Y,∗

Rain
ratio
a
[unitless]

0.3

0.2

0.2

0.2

0.06-1.0 L,N,Z,AA,∗

Silicate export
[Tmol Si yr−1 ]a

84.3

84.3

84.0

85.7

69-185T,V,BB,CC,∗

9.0 (29.9)

Literature

A O’Brien

et al. (2013), observations; B Leblanc et al. (2012), observations; C Buitenhuis et al. (2013), observations; D Gregg and Casey (2007), model study; E Behrenfeld and Falkowski (1997), satellite data;
F Buitenhuis et al. (2013), model study; G Sinha et al. (2010), model study; H Field et al. (1998), model
study; I Schneider et al. (2008), model study; J Carr et al. (2006), satellite data; K Jin et al. (2006), model
study; L Nelson et al. (1995), model study and observations (reference collection); M Findlay et al. (2011),
experiments; N Zondervan et al. (2001), experiments; O Zondervan et al. (2002), experiments; P Lee (2001),
model study; Q Jin et al. (2006), model study; R Gangstø et al. (2008), model study; S Berelson et al.
(2007), model study and observations; T Dunne et al. (2007), model study and observations (reference
collection); U Battaglia et al. (2016), model study; V Gehlen et al. (2006), model study; W Palevsky and
Doney (2018), model study; X Henson et al. (2011), Y Schlitzer (2000), model study; Z Sarmiento et al.
(2002), model study; AA Ziveri et al. (2007), observations; BB Tréguer and De La Rocha (2013), observations
(synthesis); CC Tréguer et al. (2021), observations (synthesis); ∗ at different depths.

a

Biomass and NPP were integrated over the upper 150 m of the watercolumn, export fluxes and rain ratio

computed at 100 m depth, and (PIC:POC)cocco was calculated in the upper 50 m of the watercolumn from all grid
points with a coccolithophore biomass>1 mg C m−3 . Both detritus groups were used to compute export fluxes and
rain ratios. NPP = net primary production, cocco = coccolithophores, dia = diatoms, sphy = small phytoplankton,
PIC = particulate inorganic carbon, POC = particulate organic carbon.

Table 3.4: Global estimates of phytoplankton groups biomass, net primary production, and global
biogeochemical fluxes compared to literature estimates
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correlations with the three clusters separately (E. huxleyi, warm, cold) are 0.62, 0.55, and -0.02,
respectively, indicating that the bloom-forming E. huxleyi and the warm cluster are equally well
represented by our model, while the cold cluster is not represented. This is possibly because we
excluded coccolithophore growth in regions with temperatures <0◦ C (Equation (4.3)) and, thus,
suppress coccolithophore occurence in most parts of the Arctic and the Southern Ocean during
winter. Fast bloom formation might thereby be impeded at temperatures >0◦ C in spring, and
therefore a poor correlation with the cold cluster was to be expected. The Spearman correlation
of our model with the sum of the E. huxleyi and the warm cluster is 0.66. The fact that the warm
cluster is as well represented in our model as the E. huxleyi cluster makes us confident that our
model displays a broad variety of coccolithophore species, despite the bias towards E. huxleyi
in our selection of laboratory studies. To investigate the correlations with our model along both
the spatial and temporal axes, we calculated zonal averaged monthly coefficients and monthly
averaged zonal coefficients for the summed E. huxleyi and warm cluster (small panels in Figure
3.4F). Monthly Spearman correlations reveal that the coefficient is lowest between January and
April (<0.5). We attribute this to a longer bloom duration at 40-50◦ S in our model compared to
the statistical model, as well as a spring bloom at 10-20◦ N that is not visible in the statistical
model (Figure 3.4A). Latitudinal Spearman correlation is low where blooms in the model are
shifted towards lower latitudes compared to the statistical model, for example at 10◦ N and
50-60◦ S (Figure 3.4F).
Overall, our model represents coccolithophores reasonably well, with a slight overestimation
of biomass in the northern hemisphere, an underestimation in subpolar regions, and a longer
bloom duration. In the PRESENT_CO2 simulation, coccolithophore biomass is lower in all
regions compared to the PRESENT simulation, especially in the subtropical seasonally stratified
north, the subtropical permanently stratified north, and the equatorial region (Figure 3.3). This
results in a smaller over-estimation of coccolithophore biomass compared to the MAREDAT
dataset and, thus, in a better agreement with observations. Global estimates of biomass,
production, and export fluxes decrease slightly compared to the PRESENT simulation, but are
still in the range of literature estimates (Table 3.4). Spearman correlations with the total, E.
huxleyi, warm, and cold clusters remain the same. Hence, coccolithophores are also represented
well in model simulations that include a CO2 dependence of phytoplankton growth and
calcification.
Changes in phytoplankton growth, biomass, NPP, calcification, and export at different CO2 levels
In this section, we will first describe spatial patterns of changes in carbonate chemistry (Figure
3.5) and phytoplankton biomass (Figure 3.6). Direct and indirect CO2 effects will then be
analysed in four selected regions (Figure 3.7), namely three coccolithophore key regions (SP-SS
+ ST-SS (north), equatorial, ST-SS (south)) because of the high sensitivity of coccolithophores
to CO2 changes (Figure 3.1), and the Southern Ocean (SP-SS + Ice (south)) where the spatial
comparison between the simulations reveals a considerable decrease of small phytoplankton
and a concomitant increase of diatoms (Figure 3.6B, C). Temperature effects remain the same in
all simulations and, thus, are not discussed. Global estimates of biomass and NPP are integrated
over the upper 150 m of the watercolumn. We refer to surface maps and, for the separate regions,
to absolute and relative changes at the surface, noting that relative changes are mostly in the
same order of magnitude for depth-integrated properties. Only if the relative changes of surface
and depth-integrated biomass differ significantly, we mention them separately.
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Figure 3.4: Hovmöller plots (Hovmöller, 1949) of the mixed-layer mean coccolithophore biomass
concentration (A) PRESENT simulation (isolines in steps of 1.5 mg C m−3 ) and (B-F)
statistical model of O’Brien (2015) (isolines in steps of 0.06 mg C m−3 ). Panel B depicts
the sum of the cold, warm and E. huxleyi cluster. Line plots at the left and bottom side
of panel F visualize Spearman correlations that were computed for each month over the
entire latitudinal distribution, and for 5◦ latitudinal bins over all months (for bins with
data of minimum three months). White areas in the plots of the statistical model display
regions with scarce data coverage that were omitted from data interpolation.

Figure 3.5: Surface inorganic carbonate system variables. (A) CO2(aq) , (B) HCO3− , (C) pH in the PRESENT_CO2 simulation (middle column), and as total
difference between the PRESENT_CO2 simulation and the PREIND_CO2 (left) and FUTURE_CO2 simulations (right), respectively (PREIND_CO2
- PRESENT_CO2 and FUTURE_CO2 - PRESENT_CO2).
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Figure 3.6: Surface phytoplankton biomass and coccolithophore calcite. (A-C) Surface phytoplankton biomass and (D) coccolithophore calcite concentration
in the PRESENT_CO2 simulation (middle column), and as total difference between the PRESENT_CO2 simulation and the PREIND_CO2 (left)
and FUTURE_CO2 (right) simulations, respectively (PREIND_CO2 - PRESENT_CO2 and FUTURE_CO2 - PRESENT_CO2).
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Figure 3.7: Variation in phytoplankton measures between preindustrial, present-day, and future
simulations. Relative changes in surface CO2 , light and nutrient limitation terms, phytoplankton growth rates, biomass, calcite concentrations, NPP, and calcification between
the PRESENT_CO2 simulation and the PREIND_CO2 (left) and FUTURE_CO2 (right)
simulations, respectively, in four biomes (indicated in the maps). Annual means for all
parameters, spatial means for the limitation terms and growth rates, and spatial integrals
for biomasses and NPP. For calcification we display the impact of nutrients and CO2
on the (PIC:POC)cocco ratio, as well as the change in integrated calcite mass; light is not
affecting the (PIC:POC)cocco ratio. A relative increase in a limitation term means that it is
less limiting and therefore causes a higher growth rate, and vice versa. SP = subpolar, ST
= subtropic, SS = seasonal stratified, PS = permanently stratified, lim. = limitation, GR =
growth rate, Calcif. = calcification.
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Preindustrial vs. present-day CO2
On the global scale, largest changes are observed for small phytoplankton with 2.1% lower total
biomass and NPP (equivalent to 0.03 Pg C and 1.4 Pg C yr−1 , respectively; Table 3.4), driven
primarily by changes in the equatorial and temperate zones (Figure 3.6C). This coincides
with the regions of strongest reduction in surface HCO3− concentrations of up to 8% (about
160 mmol m−3 , Figure 3.5B), except from the South-Pacific subtropical gyre, where considerably
lower surface HCO3− concentrations do barely affect small phytoplankton biomass. Total
biomass and NPP of diatoms are by 2.0% and 2.1% higher with lower atmospheric CO2
concentrations (0.03 Pg C and 0.3 Pg C yr−1 , respectively; Table 3.4), mainly resulting from
changes in the same regions as for small phytoplankton (Figure 3.6B). Globally, total biomass
and NPP of coccolithophores are only marginally different (Table 3.4), with slightly higher
biomass in the equatorial Pacific and the southern hemisphere, and slightly lower biomass in
the equatorial Atlantic, the Indian Ocean and the northern hemisphere (Figure 3.6A). While
changes in total phytoplankton biomass largely follow changes in surface HCO3− , the patterns
of altered surface CO2(aq) by 5-10% (globally lower by up to 10 mmol m−3 in the Arctic regions
and smallest changes in the equatorial region) and pH (higher by up to 0.2 units in the polar
regions, Figure 3.5A, C) are different and, thus, CO2(aq) and pH are seemingly not the main
factors for differences in phytoplankton biomass in the two simulations. The (PIC:POC)cocco
ratio remains relatively constant (Table 3.4) because spatial changes in calcite concentration
follow changes in coccolithophore biomass (Figure 3.6D). POC and calcite export are slightly
lower by 0.1 Pg C yr−1 , resulting in an unaltered rain ratio, and silicate export is 0.3 Tmol yr−1
higher (Table 3.4).
On the regional scale, small phytoplankton growth rates are up to 4% lower in the SP-SS
+ ST-SS (north) and the ST-SS (south) regions at preindustrial atmospheric CO2 (Figure 3.7)
caused by a stronger growth limitation by CO2 and light. Nutrient limitation weakens and
can partly counteract the negative effect of lower CO2 on small phytoplankton growth. In
the equatorial region, stronger CO2 and light limitations are even fully compensated by a
weakened nutrient limitation. Hence, small phytoplankton biomass in these regions is 3-4%
lower (0.1-0.3 Tg C). In the same regions, diatom biomass is 2-5% (0.05-0.1 Tg C) higher. As
diatom growth rates are barely affected by lower atmospheric CO2 (Figure 3.7), they cannot
explain higher biomass concentrations, which therefore must have been induced by changes
in other factors (see Section "Unraveling the cascading effects of changing atmospheric CO2
levels"). Coccolithophores are affected most in the SP-SS + ST-SS (north) region, where biomass
is reduced by 14% (5% integrated over the entire watercolumn, Figure 3.7), corresponding
to 0.05 Tg C (0.2 Tg C in the entire watercolumn). Despite a slightly lower growth rate, the
considerably lower biomass must have been caused by other factors than changes in light,
nutrient, and CO2 limitation. In the equatorial and the ST-SS (south) regions, coccolithophore
growth rates and biomass vary only little, with slightly lower coccolithophore biomass in the
equatorial region and slightly higher biomass in the ST-SS (south) region. As the inhibition
of calcification by protons is alleviated (Figure 3.7), it can partly counteract the reduction in
calcite concentrations caused by lower coccolithophore biomass in the SP-SS + ST-SS (north)
and equatorial regions. The disproportional effect of higher pH on calcification and on growth
also explains why in the ST-SS (south) region, the difference in calcite concentration between
present and preindustrial atmospheric CO2 is stronger than in coccolithophore biomass (Figure
3.7). In the Southern Ocean (SP-SS + Ice (south) region), small phytoplankton and diatoms
are barely affected by lower atmospheric CO2 concentrations, and absolute differences in
coccolithophore biomass and calcite are negligible due to the low initial concentrations (Figure
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3.7). Generally, differences in NPP follow differences in biomass, with slight discrepancies of up
to 5% caused by changes in loss rates (Figure 3.7). Altogether, small phytoplankton experiences
globally most negative and diatoms most positive impacts of all phytoplankton groups by
preindustrial compared to present-day atmospheric CO2 concentrations, while the global effects
on coccolithophores and calcite are smaller and changes are confined to the regional scale.
Future vs. present-day CO2
On a global scale, changes in total global biomass and NPP of all phytoplankton groups are
rather minor (generally less than 0.4%, Table 3.4). Except from slightly higher silicate exports at
higher atmospheric CO2 concentrations (from 84 to 85.7 Tmol yr−1 , Table 3.4), this implies only
a small CO2 effect on globally averaged quantities. However, CO2 has pronounced regional
and group-specific effects (Figures 3.6 and 3.7).
On a regional scale, higher atmospheric CO2 affects coccolithophore growth rates negatively
via the direct CO2 effect and the indirect CO2 effect on the light limitation term (up to 5%
stronger limitations in both cases), and positively via altered nutrient conditions (weakened
limitation by up to 9%). The weakened nutrient limitation partly compensates the growthdecreasing CO2 and light effects (Figure 3.7). As a result, coccolithophore biomass in the
equatorial region and the SP-SS + ST-SS (north) region is 12% and 14% higher, respectively (2%
and 5%, respectively, in the entire watercolumn), which translates into a biomass increase of
0.05 Tg C in both cases (0.1 Tg C and 0.3 Tg C, respectively, in the entire watercolumn). In the STSS (south) region, coccolithophore biomass remains rather unchanged. This buffering of direct
negative CO2 effects is not solely due to higher nutrient availability, but also by the modulation
of other factors (see Section "Unraveling the cascading effects of changing atmospheric CO2
levels"). In all regions, the CO2 limitation term of calcification decreases by 8-10% (Figure 3.7).
The biomass-related higher calcification and calcite concentrations are thereby dampened in the
SP-SS + ST-SS (north) and equatorial regions, and both calcification and calcite concentrations
are by 8% lower in the ST-SS (south) region where coccolithophore biomass barely changes.
Relative changes in coccolithophore biomass and calcite in the Southern Ocean are negligible
due to the low initial biomass and calcite concentrations. In the Southern Ocean (SP-SS +
Ice (south) region), changes in CO2(aq) and pH are strongest with 10-20% higher surface
CO2(aq) (up to 15-20 mmol m−3 ) and lower pH (up to 0.3 units, Figure 3.5A, C). Here, small
phytoplankton growth rate is lowered by about 3% due to smaller growth limitation terms of
CO2 and light, which are partly counteracted by weakened nutrient limitation (Figure 3.7). As
a result, small phytoplankton biomass is lowered by 5%, corresponding to 0.2 Tg C. Changes of
the diatom growth rate and the effects of CO2 , light, and nutrients are less pronounced than
for small phytoplankton, but have the same sign. Despite that, diatom biomass is 8% higher,
corresponding to 0.3 Tg C, implying feedback loops of other factors which will be explored in
Section "Unraveling the cascading effects of changing atmospheric CO2 levels".
Apart from the Southern Ocean, diatoms and small phytoplankton biomass are barely affected
by higher atmospheric CO2 concentrations, except from a slightly higher small phytoplankton
biomass (about 2%) in the equatorial region (Figure 3.7). As in the PREIND_CO2 simulations,
changes in NPP between the PRESENT_CO2 and the FUTURE_CO2 simulation follow changes
in biomass, but vary slightly in magnitude with deviations up to 5% compared to biomass
differences (Figure 3.7). In summary, most pronounced changes compared to present-day CO2
can be seen in the regionally higher coccolithophore biomass and its impact on calcite, as well
as a shift to fewer diatoms and more small phytoplankton in the Southern Ocean at future
atmospheric CO2 .
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Unraveling the cascading effects of changing atmospheric CO2 levels
We identify three cascading effects which are triggered by changes in atmospheric CO2 and that
can modulate or even counteract the direct CO2 effect on phytoplankton growth and biomass.
CO2 affects the nutrient and light limitation terms which feed back on the growth rate. The
seasonal variation of the nutrient and light feedbacks determine the translation of direct CO2
effects into biomass. Finally, we found an additional role of cascading effects via top-down
factors. In the following, we explain each of the cascading effects for selected phytoplankton
groups and regions (Figure 3.8A).
Nutrient limitation of coccolithophores becomes weaker in the FUTURE_CO2 simulation
compared to the PREIND_CO2 simulation in most regions (Figure 3.7). Nutrient feedbacks
are caused by a shift in the community structure and total biomass, leading to changes in
available nutrients (Figure 3.8B). In the same regions, light limitation of coccolithophores
becomes stronger (Figure 3.7) and chlorophyll-to-carbon ratios decrease (Figure 3.S5). Light
feedbacks are more complex (Figure 3.8C). Firstly, the nutrient limitation term f N modifies the
light limitation term f L directly, with a stronger light limitation under more replete nutrient
conditions (Equation 4.4). Secondly, f N modifies the chlorophyll-to-carbon ratio qChl in f L
(Figure 3.S5), because chlorophyll synthesis is dependent on biomass production of a phytoplankton group, but also varies with nitrogen assimilation and PAR (Hauck et al., 2013) which
causes non-proportional changes in cellular chlorophyll and carbon concentrations. Phytoplankton can make less use of a prevailing light condition with a lower qChl . Finally, PAR has
a direct impact on f L , and is itself modified by the prevailing chlorophyll concentration in
the watercolumn. Thus, for coccolithophores, less nutrient limitation comes at the expense
of stronger light limitation in the FUTURE_CO2 simulation. The balance between these two
feedbacks modulates the throughout negative direct CO2 impact on coccolithophores in the
FUTURE_CO2 simulation.
The nutrient and light feedbacks imposed by CO2 dependencies vary seasonally, and manifest
themselves most strongly in changes in biomass and NPP during the growing season (Figure
3.8B, C). For instance, while the negative effect of CO2 and light on coccolithophore growth
in the FUTURE_CO2 simulation can partly be counteracted by decreasing nutrient limitation,
this cannot fully explain the considerably higher coccolithophore biomass in the SP-SS + ST-SS
(north) and the equatorial regions (Figure 3.7). When zooming in from annually averaged to
monthly differences between the FUTURE_CO2 and the PRESENT_CO2 simulation it appears
that coccolithophore growth rates in the SP-SS + ST-SS (north) regions are up to 5% higher
between May and September at high atmospheric CO2 (Figure 3.9A), caused by lower light and
nutrient limitation. As this period roughly coincides with the growing season in that region
with high initial biomass, it causes an annual mean increase in biomass and NPP. Lower annual
mean growth rates at future compared to present-day CO2 are caused by lower growth rates in
winter (10-12% between October and April) due to a stronger light limitation and a relatively
smaller alleviation in nutrient limitation compared to the remaining year, a time where initial
biomass levels are low and changes in biomass and NPP are negligible. Annual means of
growth rates can therefore pretend to not explain changes in NPP and biomass if changes in
the seasonality of cascading effects are not considered.
The final effect that we identified for causing biomass changes that are not explainable by
the direct CO2 effect is the modification of the grazing pressure. Due to the variable grazing
preference in our model (Fasham et al., 1990; Vallina et al., 2014), grazing fluxes change non-
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linearly with variations in the share of each phytoplankton group to total biomass as well as
with changes in the total biomass of zooplankton (Figure 3.8D). Despite the higher diatom
biomass in the FUTURE_CO2 simulation compared to the PRESENT_CO2 simulation (about
7%) due to increasing growth rates during summer in the SP-SS + Ice (south) region and
the corresponding higher prey availability, grazing on diatoms decreases by about 6% in the
respective months (Figure 3.9B). This is caused by a lower zooplankton biomass compared to
the PRESENT_CO2 simulation, most probably related to the decreasing small phytoplankton
biomass (Figure 3.7), a food source that apparently cannot entirely be replaced by diatoms
(note grazing preferences in Section "Implementing coccolithophores into REcoM"). Lower
grazing on diatoms in austral winter (June - August; Figure 3.9B) is a result of less diatom
biomass. A similar feedback of grazing explains higher diatom biomass concentrations in
the PREIND_CO2 simulation in all regions except from the Southern Ocean (Figure 3.7).
As we define the same grazing preferences for small phytoplankton and coccolithophores,
grazing pressure on coccolithophores becomes stronger in regions where both changes in
bottom-up effect result in lower small phytoplankton biomass and coccolithophore biomass is
relatively high. This causes, for instance, lower coccolithophore biomass in the preindustrial
SP-SS+ST-SS (north) region. Other loss terms of phytoplankton biomass (respiration, excretion,
aggregation) directly depend on the total phytoplankton and detritus biomass and/or biomass
of the respective phytoplankton group and are not or negligibly affected by shifts in the share
between phytoplankton groups. Hence, grazing on a phytoplankton group can be alleviated
if the biomass of a zooplankton group decreases because its preferred prey is not sufficiently
present. In summary, cascading effects of CO2 on light and nutrient limitations, on their
seasonalities, and on the grazing pressure are pivotal to the biomass and NPP responses of the
phytoplankton groups.
Disentangling effects of historical warming and CO2 increases on coccolithophore biomass changes
In our second set of simulations we aim to disentangle the effects of warming and CO2
on historical changes in phytoplankton biomass. Globally, depth-integrated coccolithophore
biomass levels in the VARCLI_VARCO2 simulation are highly variable in the simulated period
(between 24 and 27 Tg C) with lower biomass in the 1990s-2000s compared to the 1960s-1970s
(24-25 Tg C and 26-27 Tg C, respectively; Figure 3.10A). Over this time period, temperatures
and CO2(aq) concentrations increase by about 0.5◦ C and 0.003 mmol m−3 , respectively, in the
VARCLI_VARCO2 simulation (Figure 3.10B). Fluctuations in coccolithophore biomass levels
are small at constant climatological forcing (CONSTCLI_VARCO2 simulation), implying that
interannual variability of coccolithophore biomass is mainly driven by climate variability
and, thus, combined alterations in temperature and CO2(aq) concentrations. The lower CO2(aq)
concentration in the VARCLI_CONSTCO2 simulation compared to the VARCLI_VARCO2
simulation (-0.001 mmol m−3 at the beginning and increasing over the course of the time series)
increases the coccolithophore biomass by almost 1 Tg C in the entire time period. However,
increasing CO2(aq) concentrations over time at constant temperature have almost no effect
on the integrated coccolithophore biomass (CONSTCLI_VARCO2 simulation). Hence, CO2(aq)
is not the main driver for global biomass changes since the 1960s, and variability in global
coccolithophore biomass is mainly driven by climate variability.
In the North Atlantic, mean coccolithophore biomass levels in the 2000s are 4% higher than
biomass levels in the 1960s (2.4 and 2.3 Tg C, respectively; Figure 3.10C). Our model therefore
simulates a much smaller increase in coccolithophore biomass in the North Atlantic between
1960 and 2010 than the up to 10-fold increase in coccolithophore occurence in observations
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Biomass

Figure 3.8: Cascading effects of environmental drivers and loss rates that affect the biomass of
a single phytoplankton group in our model. (A) Overview of the processes. Besides
direct impacts, modifications in CO2 limitations can induce biomass changes through
multiple feedback loops, i.e., via changes in nutrient and light limitation, and grazing.
The temperature sensitivity remains unchanged at varying CO2 levels. (B-D) Examples
for non-linear cascading CO2 effects: (B, C) Pathways of changes in nutrient and light
limitations, respectively, for example for future coccolithophores in all regions except from
the Southern Ocean (SO). (D) Top-down effect by changes in the grazing pressure, for
example on future diatoms on the SP-SS+Ice (south) region.
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Figure 3.9: Monthly variations in phytoplankton measures. Relative monthly changes (JanuaryDecember) in surface light, nutrient and CO2 limitation terms, phytoplankton growth rates,
biomasses, NPP, and grazing rates between the PRESENT_CO2 and the FUTURE_CO2
simulation (A) for coccolithophores in the SP-SS + ST-SS (north) region, and (B) for
diatoms in the SP-SS + Ice (south) region. Besides, both panels show the relative change in
zooplankton (Zoo) biomass between the PRESENT_CO2 and the FUTURE_CO2 (orange
bars) simulation in the respective region. Green shadings in (A) indicate the period of
higher growth rates in the FUTURE_CO2 simulation compared to the PRESENT_CO2
simulation (May-September). Orange shadings in (B) indicate months of decreasing
grazing rate due to lower zooplankton biomass (October-February), blue shadings indicate
months of decreasing grazing rate due to lower diatom productivity (June-August) in the
FUTURE_CO2 simulation compared to the PRESENT_CO2 simulation. lim. = limitation
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Figure 3.10: Time series of drift-corrected coccolithophore biomass, surface CO2(aq) concentrations,
and surface temperatures. (A, B) Globally and (C, D) in the North Atlantic for the
CONSTCLI_VARCO2, VARCLI_CONSTCO2, and VARCLI_VARCO2 simulations (Table
4.4). Grey line indicates the 5-years moving average of coccolithophore biomass in the
VARCLI_VARCO2 simulation. Differences in CO2(aq) are mostly caused by different
prescribed atmospheric CO2 , and effects of varying climate on CO2(aq) are small
(compare solid and dotted lines). Temperatures in the VARCLI_CONSTCO2 and the
VARCLI_VARCO2 simulation are equal and therefore not distinguishable in panels B
and D. Biomass concentrations were integrated over the entire watercolumn. The first
three years (1958-1960) were omitted in all simulations. For drift-correction, the deviation
between the CTRL time-series and its initial value in 1961 were subtracted from the other
simulations.

(Beaugrand et al., 2013; Rivero-Calle et al., 2015; Krumhardt et al., 2016). After 2010, biomass
levels decrease quickly by 0.2 Tg C, reaching biomass levels of 2.2 Tg C in 2019. Temperatures
increase rapidly from about 11.5◦ C before the 1990s to about 12.25◦ C by the end of the time
series with strong interannual variability, whereas CO2(aq) concentrations increase steadily
from about 12·10−3 mmol m−3 in the 1960s to about 15.5·10−3 mmol m−3 in the 2010s (Figure
3.10D). Thus, just as on a global scale, interannual biomass variability is caused by climate
variability. In contrast to what is simulated on a global scale, however, biomass levels are
increasingly higher over the course of the time series at increasing CO2(aq) concentrations
(VARCLI_VARCO2 simulation) than at constant CO2(aq) concentrations (VARCLI_CONSTCO2
simulation; up to 0.1 Tg C in 2019, Figure 3.10C). This is most likely due to a growth enhancing
effect of higher CO2(aq) concentrations, which are about 6·10−3 mmol m−3 higher in the
VARCLI_VARCO2 compared to the VARCLI_CONSTCO2 simulation at the beginning of
the time series, with increasing difference towards the end of the time series (Figure 3.10D).
However, biomass levels barely change with increasing CO2(aq) concentrations and constant
temperature (CONSTCLI_VARCO2 simulation), pointing towards a small effect of CO2(aq)
on coccolithophore biomass in the period of the time series. We therefore attribute biomass
changes predominantly to climate variability.
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discussion
Our model shows that adding a CO2 dependence to phytoplankton growth leads to a cascade
of effects (i) on the growth rate of the individual phytoplankton groups by feedbacks on
light and nutrient limitations and the seasonality therein (bottom-up effects), and (ii) on the
interaction between phytoplankton and zooplankton (top-down effects). In the preindustrial
global ocean, small phytoplankton are affected most by changes in the limitation terms, and
the lower small phytoplankton biomass in low-to-mid latitudes causes lower zooplankton
biomass concentrations and a shift of the grazing pressure to coccolithophores, which results
in regionally up to 14% lower coccolithophore biomass. Diatoms, in contrast, rather benefit
from lower zooplankton biomass than suffering from higher grazing pressure due to chosen
grazing preferences, but effects are rather localized. In the future global ocean, coccolithophores
are affected most by changes in the limitation terms which result in higher coccolithophore
biomass. Changes in coccolithophore biomass affect the total phytoplankton biomass only
marginally and therefore does not feed back on zooplankton biomass and grazing rates. In
high latitudes, bottom-up effects cause lower small phytoplankton biomass with consequently
lower zooplankton biomass, which decreases the grazing pressure on diatoms. In low-to-midlatitudes, bottom-up effects trigger slightly higher growth rates and biomass concentrations of
small phytoplankton.
These results highlight two important aspects that shape top-down effects. Firstly, the
standing stock of a group determines whether changes therein matter for the overall zooplankton
prey availability (e.g., small phytoplankton vs. coccolithophores). Secondly, the grazing
preference determines if and how zooplankton can switch to a different prey (e.g. small
phytoplankton and coccolithophores vs. diatoms). A variety of grazing formulations is used in
biogeochemical models which differ in how they describe prey switching and total grazing
pressure, suggesting that using a different grazing parametrization can change the simulated
grazing pressure on individual phytoplankton groups (Vallina et al., 2014). Nonetheless, given
the good agreement of the simulated biomass fields in our simulations with observational data,
we are confident that the qualitative dynamics of the feedbacks triggered by the addition of
CO2 dependencies also hold across grazing parametrizations. The complexity of modelled
trophic interactions with partially unexpected feedbacks was also highlighted by Dutkiewicz
et al. (2021), who showed that a small reduction in the abundance of one species can increase
the total phytoplankton standing stock due to shifts to slower growing grazers and the freeing
up of limiting nutrients, which is comparable to the cascading effects in our model. In the
following, we discuss regional changes in phytoplankton biomass concentrations.
Cascading effects cause fewer small phytoplankton in the preindustrial ocean and more diatoms in the
future Southern Ocean
In the preindustrial global ocean, small phytoplankton biomass is lower compared to presentday CO2 levels. Increasing small phytoplankton biomass levels over the last decades have also
been shown in field and laboratory studies, with the projection of further increasing biomass
with ongoing climate change (Daufresne et al., 2009; Peter and Sommer, 2012; Pinkerton et al.,
2021). While this beneficial effect has been associated with joint warming and increasing CO2
(Feng et al., 2009; Hare et al., 2007), our model results suggest that the carbonation effect alone
can lead to increasing biomass of small phytoplankton.
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In the future Southern Ocean we see a shift to less small phytoplankton and more diatom
biomass compared to present-day CO2 levels (Figures 3.6B, C and 3.7). The advantage of
diatoms over small phytoplankton in the future Southern Ocean simulated in our model
is mainly driven by decreasing grazing pressure on diatoms (Figure 3.9B). In nature, the
advantage of diatoms at future oceanic conditions may be further enhanced by alterations in
the diatom species composition. Laboratory and mesocosm studies reveal that under ocean
acidification, diatoms likely shift towards larger species (Tortell et al., 2008; Wu et al., 2014; Bach
et al., 2019), with a change in community size structures and composition having implications
on the food web and biogeochemical cycling (Finkel et al., 2009; Alvarez-Fernandez et al., 2018).
As we currently do not include cell size structures within a phytoplankton group in our model,
accounting for shifts in this important trait (Dutkiewicz et al., 2015) could be a step forward
to assess implications on export fluxes, with likely increasing POC export due to the higher
biomass and ballasting of large diatom cells.
While in parts of the Southern Ocean, a deepening of the mixed layer depth has been observed
and modelled for recent years (Hauck et al., 2015; Panassa et al., 2018b; Sallée et al., 2021) and
future projections (Hauck et al., 2015), other regions may experience a temperature-driven
stronger stratification (Constable et al., 2014). Small phytoplankton typically follow Southern
Ocean diatom blooms that have drawn down nutrient concentrations because of their lower
nutrient requirement (Irion et al., 2021). Similarly, a shoaling of the mixed layer would be more
advantageous to small phytoplankton than for diatoms (Dutkiewicz et al., 2015; Petrou et al.,
2016). Our results indicate, however, that increasing CO2 levels may dampen the nutrient-driven
advantage of small phytoplankton over diatoms in the future Southern Ocean (Figure 3.7). In
summary, our study reveals that small phytoplankton benefits globally from the CO2 increase
from preindustrial to present-day levels, and that the decrease of small phytoplankton biomass
in the future Southern Ocean creates more advantageous conditions for diatoms.
Alleviated nutrient limitation outbalances CO2 -induced growth decrease of coccolithophores in a highCO2 ocean
While laboratory CO2 manipulation experiments tend to show either unaffected or decreasing
coccolithophore growth rates between present-day and future CO2 levels (e.g. Bach et al. (2013);
Seifert et al. (2020), but see Meyer and Riebesell (2015) for the diversity of responses), coccolithophore biomass in our model is even increasing due to the unexpected cascading effects that
offset the negative CO2 effects on growth (Figures 3.6A and 3.7). Interactive effects between
warming and high CO2 conditions indicate a shift of the turning point between carbonation and
acidification towards higher CO2 levels at warmer temperatures (e.g. Sett et al., 2014; Gao et al.,
2018), which may reduce the negative CO2 effect on coccolithophores in the future scenario
and ultimately lead to higher coccolithophore biomass, just as in our CO2 -only simulation.
However, while the CO2 limitation in our model showed only modest seasonal variations, it has
been shown in mesocosm experiments that a more severe CO2 -induced growth reduction at the
begin of the growing season can impede the bloom formation and thereby reduce the overall
ability to maintain sufficiently large seed populations for the ensuing growth seasons (Riebesell
et al., 2017). Besides, a climate change-related shoaling of the mixed layer and the concomitant
decrease in nutrient supply could outbalance the negative effect of ocean acidification on small
phytoplankton by increasing their competitive fitness as explained in Section "Cascading effects
cause fewer small phytoplankton in the preindustrial ocean and more diatoms in the future
Southern Ocean", leaving less nutrients available for diatoms and coccolithophores than in
scenarios in which only atmospheric CO2 is changed. Consequently, the negative CO2 effect on
coccolithophores could become more prevalent in a joint warming and a high-CO2 scenario,
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and decrease coccolithophore biomass in the future.
Our model suggests that the CO2 impact on calcification, which is positive in the preindustrial and negative in the future ocean compared to present-day conditions, is modified
and partly compensated by changes in coccolithophore biomass. Higher calcification rates
under preindustrial CO2 levels compared to the present-day in our study (Figure 3.7) seem
to disagree with findings of Rigual-Hernández et al. (2020) who found that the thickness of
the coccoliths does barely differ between preindustrial samples originating from sediment
cores, and modern plankton samples. However, coccolith thickness and the sensitivity to CO2
is highly species specific (Rigual-Hernández et al., 2020), and shifts in coccolithophore species
composition can impact patterns in calcite concentration and export (Beaufort et al., 2011).
Besides, the number of coccoliths per cell is variable, at least for E. huxleyi, and can additionally
affect calcite concentrations under changing environmental conditions (Paasche, 2001). Whether
or not there was a global trend towards lower calcification in all coccolithophore species from
preindustrial to present-day remains unresolved.
In our simulations, calcification is the most sensitive process towards future CO2 levels (Figure
3.1). Calcite concentrations increase in some regions (SP-SS + ST-SS (north) and equatorial) only
because of increasing coccolithophore biomass (Figures 3.6A and 3.7). Based on the ballasting
hypothesis (e.g. Klaas and Archer, 2002; Cram et al., 2018), this would be indicative of an increase
of export production, which is currently not represented in our model. Furthermore, while
on a global scale, enhanced calcification and the accompanying CO2 evolution affects the
anthropogenic increase in atmospheric CO2 only little (Gangstø et al., 2011), it can shape the
regional air-sea CO2 flux (Shutler et al., 2013).
Comparison to other modelling studies that include CO2 dependencies
Increasing phytoplankton biomass and decreasing calcification at future CO2 levels in our model
compare well with the outcome of other modelling studies that include a CO2 dependence of
growth rates and/or calcification (Dutkiewicz et al., 2015; Krumhardt et al., 2019; Gangstø et al.,
2011). Similar to our model, considerable alterations in global phytoplankton communities
attributable to different sensitivities towards increasing CO2 levels were simulated in the
ecosystem model DARWIN of Dutkiewicz et al. (2015), while warming alone caused a poleward
shift in phytoplankton dispersal with no significant impact on the community structure. While
Dutkiewicz et al. (2015) use a conceptual approach with a linear and positive dependence of
growth rate on CO2 to explore the magnitude of the effect, we use a mechanistic approach to be
used in hindcast simulations and future projections of net primary production. They show that
decreasing nutrient availability due to stronger stratification lowers globally integrated primary
production by 5% in 2100, which can be counteracted by CO2 -enhanced growth rates, leading
to almost unchanged global primary production levels in 2100 compared to present-day levels.
Similarly, Krumhardt et al. (2019) attribute global coccolithophore biomass increase to a direct
CO2 effect in their model. Contrary to these two studies which only account for the carbonation
effect, we also model the acidification effect on phytoplankton growth whereby the direct CO2
effect causes a decrease in future growth rates. However, cascading effects such as through
nutrient and light feedbacks (Figure 3.8) can lead to an overall increase in biomass. While we
do not simulate changes in circulation and stratification, we hypothesize that reduced nutrient
availability in a more stratified ocean could reinforce rather than counteract the CO2 -driven
decrease in growth. Thus, we rather expect a future decrease in phytoplankton biomass, which
cannot be balanced by CO2 , different to the idealized simulations of Dutkiewicz et al. (2015).
Increasing future coccolithophore biomass due to cascading effects over-compensates for
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the pH-driven decrease in calcification (Figure 3.7), resulting in a net increase of global
calcite concentrations in our model that corresponds to the findings of Krumhardt et al. (2019).
Both our study and that of Krumhardt et al. (2019) are in line with Gangstø et al. (2011) who
project a negative direct CO2 effect on calcite production in a high emission scenario of
the biogeochemical Bern3D/PISCES model. Going beyond the study of Gangstø et al. (2011)
by modelling CO2 effects on coccolithophore biomass we show that biomass changes can
compensate for decreasing calcite production, which is also in line withKrumhardt et al. (2019).
In summary, this highlights the need to consider both carbonation and acidification effects on
phytoplankton growth and coccolithophore calcification.
Increase in North Atlantic coccolithophore biomass is mainly driven by warming
According to our model, we attribute observed changes in North Atlantic coccolithophore
biomass to warming in recent decades to warming and not to CO2 . Thus, our results rather
comply with the warming hypothesis of Beaugrand et al. (2013) than with the CO2 hypotheses of
Rivero-Calle et al. (2015) and Krumhardt et al. (2016), as changes in the carbonate system during
the 60 years of the time series are too small to have a pronounced effect on coccolithophore
biomass. Even with more significant shifts in the carbonate system, the negative impact
of CO2 on coccolithophore growth obtained by our model are over-compensated by more
beneficial cascading effects on nutrient limitation (Section "Unraveling the cascading effects
of changing atmospheric CO2 levels"). Admittedly, none of the temperature functions in our
model includes decreasing growth rates caused by temperature stress, which can considerably
affect community structures (e.g. D’Amario et al., 2020), but we suppose that thermally stressed
species or ecotypes would be replaced by more heat-tolerant species or ecotypes of the same
phytoplankton group, resulting in the same changes in coccolithophore biomass as simulated
here. We expect thermal stress to become more relevant in polar regions and/or for a more
intense temperature increase that outpaces the speed of species migration, but not for the given
temperature increase within 60 years in the North Atlantic. Altogether, we conclude that the
direct CO2 impact on coccolithophore biomass in the recent decades, globally and in the North
Atlantic, is small compared to the effect of warming, supporting the hypothesis of Beaugrand
et al. (2013).
Limitations and caveats
Our description of CO2 dependencies go well beyond previous studies by developing mechanistic
response functions of phytoplankton functional type growth rates and coccolithophore calcification. We are confident that it captures the first-order effects of CO2 on phytoplankton
biomass and NPP. Nevertheless, we acknowledge that additional processes (i.e. multiple driver
interactions, mixotrophy, CO2 effects on silicification and zooplankton, as well as adaptation
and evolution) have the potential to further modify the marine ecosystem’s response to highCO2 levels in simulations and in the real world.
The response of phytoplankton growth and calcification to changing CO2 levels can be
significantly modified by synergistic and antagonistic interactions with other environmental
drivers such as temperature and light (e.g. Harvey et al., 2013; Seifert et al., 2020; Brandenburg
et al., 2019), and can result in enhanced or dampened responses than expected from CO2 alone.
However, most biogeochemical models, including ours, do not account for the interaction
between environmental drivers. For instance, acidification affects the response to nutrient
availability of coccolithophores (Zondervan, 2007; Zhang et al., 2019) and other phytoplankton
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groups (Li et al., 2012; Spungin et al., 2014; Li et al., 2017). The beneficial effect of nutrients
on coccolithophore biomass in the FUTURE_CO2 simulation may, thus, be weakened by
acidification, and therefore dampen the biomass increase compared to present-day conditions.
The implementation of multiple driver interactions would therefore be a crucial amendment to
phytoplankton modelling.
Mixotrophy, which is the capacity of an organism to live auto- and heterotrophic, can reduce
the vulnerability of phytoplankton to environmental changes, for example under substratelimitation (low carbonation) of photosynthesis. Mixotrophy is very common in species that
we summarize as small phytoplankton (Stoecker et al., 2017), but some coccolithophore species
can live mixotrophic as well (Godrijan et al., 2020). While our phytoplankton growth rate
parameterization is entirely based on photosynthesis, effects of changing CO2 levels could be
diminished if we additionally considered the possibility to switch to mixotrophy when CO2 or
other conditions become unfavourable. Besides, not only calcification, but also silicification by
diatoms appear CO2 sensitive (Petrou et al., 2019). Although this could alter the response of
diatoms towards increasing CO2 conditions and, for instance, possibly hamper diatom’s success
in the future Southern Ocean, the knowledge about this relationship is still too limited to be
incorporated in modelling approaches. Similarly, CO2 effects on grazers and higher trophic
levels could further modify the ecosystem response (Cripps et al., 2014).
Adaptation and evolution can substantially shape the response of phytoplankton towards high
or low pCO2 levels (Brennan et al., 2017), a process that is usually not considered in ocean
biogeochemical models. For instance, coccolithophores can adapt within months or years to
warming and high CO2 conditions (Schlüter et al., 2014). However, with the current pace of
environmental changes caused by climate change and limits of adaptation it is questionable
whether adaptational and evolutionary processes are fast enough to offset negative effects of
environmental driver changes. The assessment of abilities and speed of phytoplankton (and
other organisms’) adaptations is challenging (Kelly and Griffiths, 2021), and the data basis
is still very vague, which currently prevents its robust implementation into biogeochemical
models.
Conclusions
Model projections are the primary tool to understand future shifts in marine productivity and
its impact on higher trophic levels and food webs. Even if the resilience of phytoplankton
communities to climate change-related impacts might be relatively high because environmental niches can be re-occupied by species that are better adapted to the new environmental
conditions (Dutkiewicz et al., 2021), most models project a future decrease in global NPP, with a
large model spread in the magnitude (Kwiatkowski et al., 2020). Carbonation and acidification
may have a relatively smaller effect on phytoplankton growth than other environmental drivers
such as warming or changes in nutrient availability, but these processes will become increasingly
important with ongoing ocean acidification. Our study highlights that CO2 , especially due to
its cascading effects on light and nutrient limitation and grazing, can change regional phytoplankton community compositions and primary production considerably in a simulation with
future atmospheric CO2 concentrations. Modifications in biomass concentrations can locally
account for 10% and more. In addition, other studies reveal that CO2 can tip the scale when it
comes to multiple driver interactions (e.g. Harvey et al., 2013; Seifert et al., 2020; Brandenburg
et al., 2019). Accounting for carbonation and acidification effects on phytoplankton growth and
calcification in model projections adds an important physiological constraint on future ocean’s
primary production and biogeochemical cycling.
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supplemental material

Figure 3.S1: Temperature sensitivities f T of coccolithophores, diatoms, and small phytoplankton.
T
Coccolithophores (f cocco
): after Fielding (2013); diatoms and small phytoplankton
T
(f Arrhenius ): following Equations (3) and (4).

Figure 3.S2: Function fits for growth rates of coccolithophores, diatoms, and small phytoplankton,
as well as (PIC:POC)cocco ratios. Fits for the entire pCO2 range as shown in Figure 1, as
well as fits to subsets of laboratory measurements with <2000µatm and <1000µatm pCO2 .
Note that all laboratory data points for small phytoplankton growth are <2000µatm and,
hence, the fit for the entire pCO2 range is similar to the fit for the range <2000µatm pCO2 .
Because of the limited constraints of the diatom function fit for datapoints <1000µatm
pCO2 , the shape of the curve is distorted.
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Figure 3.S3: Representation of simulated diatoms compared to MAREDAT. Comparison of depthintegrated diatom biomass from the PRESENT and PRESENT_CO2 simulations, and the
MAREDAT dataset Leblanc et al. (2012) in different oceanic biomes (after Fay and McKinley,
2014). Ice biomes (north and south) were omitted due to the negligible amount of biomass
in both, model and MAREDAT data. Model data were subselected for locations where
MAREDAT data are available and, thus, do not represent the total diatom biomass in
the model. SP = subpolar, ST = subtropic, SS = seasonal stratified, PS = permanently
stratified.
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Figure 3.S4: Depth distribution in the upper 200 m of coccolithophore, diatom, and small phytoplankton biomass. Mean concentrations at each depth level in oceanic biomes Fay and
McKinley (2014), displayed in logarithmic scale. Note that coccolithophores were omitted
in ice regions because of their low biomasses. SP = subpolar, ST = subtropic, SS = seasonal
stratified, PS = permanent stratified.

Figure 3.S5: Relative changes in surface chlorophyll-to-carbon ratios as well as chlorophyll and
carbon concentrations. Comparison between the PRESENT_CO2 and the FUTURE_CO2
(right) simulation in all focus regions introduced in Figure 3.7.
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Reference

pCO2opt [µatm]

Species

Region

Temp.
[◦ C]

# CO2
levels

Bach et al. (2011)

Emiliania huxleyi

?

15

198, 248, 440

>10

Bach et al. (2015)

Coccolithus pelagicus

?

15

187, 251, 498

>10

Feng et al. (2017)

Emiliania huxleyi

New Zealand

14

180

6

Hermoso (2015)

Coccolithus pelagicus

?

15

514

7

Hermoso (2015)

Geophyrocapsa oceanica

?

15

166

9

Hoppe et al. (2011)

Emiliania huxleyi

Iceland

15

223

4

Hoppe et al. (2011)

Emiliania huxleyi

Iceland

15

440

4

Hoppe et al. (2011)

Emiliania huxleyi

New Zealand

15

148

4

Hoppe et al. (2011)

Emiliania huxleyi

New Zealand

15

276

4

Hoppe et al. (2011)

Emiliania huxleyi

New Zealand

15

577

4

Kottmeier et al. (2016)

Emiliania huxleyi

?

15

356, 595, 1242

3

Krug et al. (2011)

Coccolithus braarudii

South Atlantic

17

484

>10

Krug et al. (2011)

Coccolithus braarudii

South Atlantic

17

1117, 1221, 1253

>10

Langer et al. (2006)

Calcidiscus leptoporus

South Atlantic

20

216, 345

6

Langer et al. (2006)

Calcidiscus leptoporus

South Atlantic

17

149

3

Langer et al. (2009)

Emiliania huxley

North Pacific

20

675

4

Langer et al. (2009)

Emiliania huxley

Tasmanian Sea

17

217, 420

4

Langer et al. (2009)

Emiliania huxley

North Atlantic

17

192, 397

4

Langer et al. (2009)

Emiliania huxley

South Atlantic

20

193

4

Müller et al. (2015)

Emiliania huxley

Tasmanian Sea

14

386

6

Müller et al. (2015)

Emiliania huxley

Southern Ocean

14

277, 389

6

Müller et al. (2015)

Emiliania huxley

Southern Ocean

14

626

6

Riebesell et al. (2000)

Emiliania huxleyi

?

15

302

5

Sett et al. (2014)

Gephyrocapsa oceanica

Arcachon Bay

15

262

>10

Sett et al. (2014)

Gephyrocapsa oceanica

Arcachon Bay

20

377

>10

Sett et al. (2014)

Gephyrocapsa oceanica

Arcachon Bay

25

342

>10

Sett et al. (2014)

Gephyrocapsa oceanica

Bergen

10

465

>10

Sett et al. (2014)

Gephyrocapsa oceanica

Bergen

15

193, 265, 453

>10

Sett et al. (2014)

Gephyrocapsa oceanica

Bergen

20

1224

>10

Coccolithophores

Table 3.S5: (Part I) Reference included into the function fits for growth and calcification dependence.
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Reference

pCO2opt [µatm]

Species

Region

Temp.
[◦ C]

# CO2
levels

Asterionellopsis glacialis

Azores

20

331, 817

Ihnken et al. (2011)

Chaetoceros muelleri

Tasman Sea

22

643

3

Ihnken et al. (2011)

Chaetoceros muelleri

Tasman Sea

22

1624

3

Ihnken et al. (2011)

Chaetoceros muelleri

Tasman Sea

22

643

3

Ihnken et al. (2011)

Chaetoceros muelleri

Tasman Sea

22

643

3

Li et al. (2019)

Thalassiosira weissflogii

Daya
China

10

390

>10

Pančić et al. (2015)

Fragilariopsis cylindrus

Greenland

1

631

4

Pančić et al. (2015)

Fragilariopsis cylindrus

Greenland

5

1226

8

Pančić et al. (2015)

Fragilariopsis cylindrus

Greenland

8

584

9

Pančić et al. (2015)

Fragilariopsis cylindrus

Greenland

1

648

7

Pančić et al. (2015)

Fragilariopsis cylindrus

Greenland

5

2652

9

Pančić et al. (2015)

Fragilariopsis cylindrus

Greenland

10

677

10

Pančić et al. (2015)

Fragilariopsis cylindrus

Greenland

1

2309

8

Pančić et al. (2015)

Fragilariopsis cylindrus

Greenland

5

1995

9

Pančić et al. (2015)

Fragilariopsis cylindrus

Greenland

8

1990

6

Pančić et al. (2015)

Fragilariopsis cylindrus

Greenland

5

2486

7

Pančić et al. (2015)

Fragilariopsis cylindrus

Greenland

5

601

7

Pančić et al. (2015)

Fragilariopsis cylindrus

Greenland

5

2655

7

Pančić et al. (2015)

Fragilariopsis cylindrus

Greenland

1

633

7

Pančić et al. (2015)

Fragilariopsis cylindrus

Greenland

5

1231

8

Pančić et al. (2015)

Fragilariopsis cylindrus

Greenland

8

586

6

Sugie and Yoshimura
(2013)

Pseudo-nitzschia
pseudidelicatissima

Seto Island
Sea, Japan

20

339, 475

8

Sugie and Yoshimura
(2013)

Pseudo-nitzschia
pseudidelicatissima

Seto Island
Sea, Japan

20

160

8

Sugie and Yoshimura
(2016)

Thalassiosira weissflogii

?

20

628

6

Tatters et al. (2013)

Cylindotheca fusiformis

New
Zealand

14

152

3

Tatters et al. (2013)

Cosinodiscus sp.

New
Zealand

14

428

3

Tatters et al. (2013)

Thalassiosira sp.

New
Zealand

14

297

3

Diatoms
Barcelos e
et al. (2014)

Ramos

Bay,

>10

Table 3.S6: (Part II) Reference included into the function fits for growth and calcification dependence.
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Reference

pCO2opt [µatm]

Species

Region

Temp.
[◦ C]

# CO2
levels

Tatters et al. (2013)

Pseudonitzschia
delicatissima

New Zealand

14

152

3

Tatters et al. (2013)

Navicula sp.

New Zealand

14

152

3

Tatters et al. (2013)

Chaetoceros criophilus

New Zealand

14

428

3

Tatters et al. (2013)

Cylindotheca fusiformis

New Zealand

19

184

3

Tatters et al. (2013)

Cosinodiscus sp.

New Zealand

19

450

3

Tatters et al. (2013)

Thalassiosira sp.

New Zealand

19

450

3

Tatters et al. (2013)

Pseudonitzschia
delicatissima

New Zealand

19

184

3

Tatters et al. (2013)

Navicula sp.

New Zealand

19

450

3

Tatters et al. (2013)

Chaetoceros criophilus

New Zealand

19

450

3

Tatters et al. (2013)

Cylindotheca fusiformis

New Zealand

14

122

3

Tatters et al. (2013)

Cosinodiscus sp.

New Zealand

14

222

3

Tatters et al. (2013)

Thalassiosira sp.

New Zealand

14

122

3

Tatters et al. (2013)

Pseudonitzschia
delicatissima

New Zealand

14

122

3

Tatters et al. (2013)

Navicula sp.

New Zealand

14

122, 222, 328

3

Tatters et al. (2013)

Chaetoceros criophilus

New Zealand

14

122

3

Tatters et al. (2013)

Cylindotheca fusiformis

New Zealand

19

152

3

Tatters et al. (2013)

Cosinodiscus sp.

New Zealand

19

152, 428

3

Tatters et al. (2013)

Thalassiosira sp.

New Zealand

19

253

3

Tatters et al. (2013)

Pseudonitzschia
delicatissima

New Zealand

19

253

3

Tatters et al. (2013)

Navicula sp.

New Zealand

19

428

3

Tatters et al. (2013)

Chaetoceros criophilus

New Zealand

19

152, 428

3

Trimborn et al. (2013)

Chaetoceros debilis

Southern Ocean

3

982

3

Trimborn et al. (2013)

Pseudo-nitzschia subcurvata

Southern Ocean

3

401

3

Trimborn et al. (2013)

Phaeocystis antarctica

Southern Ocean

3

162

3

Wolf et al. (2018)

Thalassiosira hyalina

Kongsfjorden

3

388

4

Wolf et al. (2018)

Thalassiosira hyalina

Kongsfjorden

6

348

4

Wolf et al. (2018)

Thalassiosira hyalina

Kongsfjorden

3

687

4

Wolf et al. (2018)

Thalassiosira hyalina

Kongsfjorden

6

1362

4

Diatoms

Table 3.S7: (Part III) Reference included into the function fits for growth and calcification dependence.
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Reference

pCO2opt [µatm]

Species

Region

Temp.
[◦ C]

# CO2
levels

Eichner et al. (2014)

Trichodesmium
erythraeum

?

25

175

3

Eichner et al. (2014)

Trichodesmium
erythraeum

?

25

363

3

Garcia et al. (2013)

Crocosphaera watsonii

Equatorial
Atlantic

28

387

3

Hennon et al. (2014)

Heterosigma akashiwo

?

18

693

>10

Hoppe et al. (2018)

Micromonas pusilla

Kongsfjorden

2

335, 1322

>10

Hoppe et al. (2018)

Micromonas pusilla

Kongsfjorden

6

1030, 1069

>10

Kim et al. (2013)

Heterosigma akashiwo

Rhode Island

15

1148

3

Kranz et al. (2009)

Trichodesmium
erythraeum

?

25

119, 291, 745

3

Bach et al. (2011)

Emiliania huxleyi

?

15

375

>10

Bach et al. (2015)

Coccolithus pelagicus

?

15

251

>10

Feng et al. (2017)

Emiliania huxleyi

New Zealand

14

102

6

Hoppe et al. (2011)

Emiliania huxleyi

Iceland

15

215

4

Hoppe et al. (2011)

Emiliania huxleyi

Iceland

15

148

4

Hoppe et al. (2011)

Emiliania huxleyi

New Zealand

15

265

4

Hoppe et al. (2011)

Emiliania huxleyi

New Zealand

15

159

4

Hoppe et al. (2011)

Emiliania huxleyi

New Zealand

15

281

4

Krug et al. (2011)

Coccolithus braarudii

South Atlantic

17

1257

>10

Krug et al. (2011)

Coccolithus braarudii

South Atlantic

17

388, 879

>10

Langer et al. (2006)

Calcidiscus leptoporus

South Atlantic

20

345

6

Langer et al. (2006)

Calcidiscus leptoporus

South Atlantic

17

345

3

Langer et al. (2009)

Emiliania huxley

North Pacific

20

926

4

Langer et al. (2009)

Emiliania huxley

Tasmanian Sea

17

217

4

Langer et al. (2009)

Emiliania huxley

North Atlantic

17

396

4

Langer et al. (2009)

Emiliania huxley

South Atlantic

20

193

4

Müller et al. (2015)

Emiliania huxley

Tasmanian Sea

14

386

6

Müller et al. (2015)

Emiliania huxley

Southern Ocean

14

389

6

Müller et al. (2015)

Emiliania huxley

Southern Ocean

14

626

6

Riebesell et al. (2000)

Emiliania huxleyi

?

15

139

5

Sett et al. (2014)

Gephyrocapsa oceanica

Arcachon Bay

15

54

>10

Sett et al. (2014)

Gephyrocapsa oceanica

Arcachon Bay

20

54

>10

Sett et al. (2014)

Gephyrocapsa oceanica

Bergen

10

127

>10

Sett et al. (2014)

Gephyrocapsa oceanica

Bergen

15

368

>10

Sett et al. (2014)

Gephyrocapsa oceanica

Bergen

20

81

>10

Small phytoplankton

(PIC:POC)cocco ratio

Table 3.S8: (Part IV) Reference included into the function fits for growth and calcification dependence.
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abstract
Phytoplankton growth is controlled by a number of environmental drivers which are all
modified by current climate change. Large-scale biogeochemical ocean models account mostly
for growth responses to each driver separately. The findings of numerous experimental studies
on multiple driver interactions are so far largely unused in these models. Hence, biogeochemical models may miss out important growth modification in future projections of marine
primary production. In this study, we amend a phytoplankton growth function by dual driver
interactions (CO2 and temperature, as well as CO2 and light) based on data of a published
meta-analysis on multiple driver laboratory experiments. As these experiments are almost
exclusively restricted to only two driver levels, we assume linear changes in the strength of
interactive effects between those driver levels. The parametrization is tested at present-day and
future climate forcing. While the projected decrease in phytoplankton biomass in the simulation
with driver interaction is similar to a control simulation without driver interaction, interactive
driver effects modify the relative share of phytoplankton groups to total biomass. Diatoms and
coccolithophores are globally more and small phytoplankton less severely impacted by climate
change than in the control simulation. Interactive driver effects on the community structure are
most notable in the future Southern Ocean, where responses to future climate conditions are
reverted for all phytoplankton groups compared to the control. Hence, interactive driver effects
have important implications for the phytoplankton community structure in a future ocean
and the related biogeochemical fluxes. Our data-based approach is a first step to integrate the
mechanistic understanding on interacting drivers on phytoplankton growth gained by multiple
laboratory experiments in a global biogeochemical model.
introduction
Temperature, nutrient availability, light, and the concentration of inorganic carbon species are
the main factors that control phytoplankton growth rates and, thus, marine primary production
and phytoplankton community structure (Pörtner and Karl, 2014). Ongoing climate change
modifies environmental conditions, leading to the emergence of new mean states of the drivers
(Henson et al., 2017) with potential impacts on the growth of phytoplankton (e.g., Winder and
Sommer, 2012). For changing single environmental drivers, growth responses are commonly
described by mechanistic approaches such as the Arrhenius curve for temperature (Arrhenius,
1889), the Michaelis-Menten, Monod, or Droop functions for different nutrients (Michaelis
and Menten, 1913; Monod, 1942, 1949; Droop, 1973), photosynthesis-irradiance curves for light
(Geider and Osborne, 1992; Geider et al., 1996), and functions that describe growth responses to
the carbonate system (Bach et al., 2015; Gafar et al., 2018; Paul and Bach, 2020). Global marine
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biogeochemical models then apply these mechanistic functions to simulate growth and primary
production of different phytoplankton groups (e.g., Hauck et al., 2013; Yool et al., 2013; SchourupKristensen et al., 2014; Laufkötter et al., 2015; Nakamura and Oka, 2019; Stock et al., 2020). Such
models are utilized for projections of future marine primary production under a range of
different climate change scenarios (e.g., Laufkötter et al., 2015; Kwiatkowski et al., 2020; Tagliabue
et al., 2021).
Modelling approaches reveal that ocean acidification and warming will quickly intensify
in the future (Henson et al., 2017; Bindoff et al., 2019; Kwiatkowski et al., 2020), with strongest
warming in the tropics and northern high latitudes (Bopp et al., 2013) and strongest pH decrease
in the Arctic Ocean (Gruber, 2011; Bopp et al., 2013). Increasing stratification in major parts of
the ocean may cause intensified light exposure and reduced nutrient availability (Gruber, 2011).
The majority of global models project a decrease in future net primary production (NPP) by 2
to 13% at the end of the century in a worst-case climate scenario (e.g., Steinacher et al., 2010;
Bopp et al., 2013; Kwiatkowski et al., 2019, 2020; Tagliabue et al., 2021). This was explained by
increasing nutrient limitation and warming-induced stronger grazing pressure (e.g., Laufkötter
et al., 2015; Nakamura and Oka, 2019). Phytoplankton groups respond differently to climate
change-induced shifts in environmental conditions. For instance, small phytoplankton can
usually cope better with oligotrophic conditions than larger cells such as diatoms (Edwards et al.,
2011), and calcifying coccolithophores are disproportionately sensitive to ocean acidification
(Meyer and Riebesell, 2015). Changes in the phytoplankton community composition does not
only affect total marine NPP, but also food webs (e.g., Sommer and Sommer, 2006; Calbet, 2008)
and the export of carbon to depth due to modified ballasting by minerals such as silicate and
calcium carbonate (e.g., Francois et al., 2002; Klaas and Archer, 2002; Bach et al., 2016).
In recent decades, the role of so-called "interactive driver effects" became increasingly
apparent (e.g., Folt et al., 1999; Rost et al., 2008; Boyd et al., 2018), implying that the use of
mechanistic functions for single drivers is not sufficient to describe growth responses of phytoplankton to a changing driver environment. In fact, a large body of multiple driver laboratory
studies has evolved in the past (e.g., reviewed in Häder and Gao, 2015; Deppeler and Davidson,
2017; Gao et al., 2019, 2020). They reveal that a shift in one driver does not only directly affect
the growth of a species, but can also change its sensitivity to other drivers that were assumed to
affect completely different mechanisms within a cell. For instance, ocean acidification decreased
the tolerance of Southern Ocean diatoms to high light conditions (Trimborn et al., 2017a) and
reduces the maximum persistence temperature by 1-2◦ C of the coccolithophore Emiliania
huxleyi (Listmann et al., 2016). Mutual modifications of driver responses may arise from energy
re-allocations within the phytoplankton cells, i.e. energetic and elemental costs are reduced at
the new level of one driver liberating resources for other processes (Van de Waal and Litchman,
2020). These interactive effects can alter the outcome of multiple driver effects, both in the
strength as well as in the direction of response (Vinebrooke et al., 2004; Boyd et al., 2014), and
may induce shifts in the phytoplankton community composition (Vinebrooke et al., 2004; Boyd
and Hutchins, 2012).
Some attempts have been made to develop mechanistic functions of driver interactions that
can be used in models by using selected sets of laboratory data. For instance, Geider et al. (1998)
developed a light limitation term that depends on the nitrate limitation of a cell, and Smith
(2011) analysed the temperature dependence of typical model terms for nutrient limitation.
In addition, a few attempts to model interactive effects on phytoplankton communities have
been made based on conceptual understanding. For example, Thomas et al. (2017) investigated
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the interactive effect of temperature and nutrient concentration on phytoplankton growth in a
global species distribution model, where the temperature optimum is a saturating function of
nutrient concentrations. Taherzadeh et al. (2019) developed a separate multiple driver sensitivity
that complements the single driver effects and examined the interactive effects of changing
nitrate availability and grazing pressure on community growth rates and cell size in a zerodimensional box model. However, both mechanistic functions based on a subjective selection
of experimental data as well as conceptual approaches miss out the vast information collected
in laboratory multiple driver studies (e.g., Bartual and Gálvez, 2002; Feng et al., 2008; Li et al.,
2017; Tong et al., 2019). To date, these studies are largely unused in large-scale ocean models
utilized for the recent IPCC reports, i.e. the models of the Coupled Model Intercomparison
Project (CMIP) Phase 6 (Eyring et al., 2016). Thereby, the applied growth descriptions in these
models, which usually consist of the multiplication of single driver effects, may miss out
important phytoplankton responses to future environmental conditions. This can add to the
high uncertainties in projections of future oceanic net primary production.
While laboratory studies investigating multiple driver interactions usually consider two
drivers with two to three driver levels (Kreyling et al., 2018; Boyd et al., 2019), experiments
accounting for gradients of driver levels are barely feasible (Boyd et al., 2019). Nonetheless, it
is possible to infer the directionality and magnitude of the interaction between two drivers
(i.e., synergism or antagonism or, if there is no evidence for an interaction, additivity), which
were statistically assessed in several meta-analyses for specific drivers and phytoplankton
groups (e.g. Crain et al., 2008; Daufresne et al., 2009; Harvey et al., 2013; Przeslawski et al., 2015;
Brandenburg et al., 2019; Seifert et al., 2020). These dual driver interactions can then, under some
assumptions, be tested in models.
In the present study, we develop a parametrization of driver interactions for a global biogeochemical model by applying the knowledge gained from laboratory studies. We build
on our recently published meta-analysis of multiple driver interactions on phytoplankton
growth for a variety of phytoplankton groups (Seifert et al., 2020). The meta-analysis includes
environmental drivers that are commonly relevant for phytoplankton growth parametrizations
in models (nutrients, temperature, light, carbonate system). Only growth responses to interactions between the carbonate system and either temperature or light could robustly be
identified as synergistic and antagonistic in Seifert et al. (2020). Therein, the carbonate system
was found to profusely dampen the growth-enhancing effect of warming and high light. The
dampening effect was less strong for coccolithophores in the carbonate system-temperature
interaction and stronger for diatoms in the carbonate system-light interaction. Here, we
use the data collection of growth rates from Seifert et al. (2020) to develop group-specific
functions describing these interdependencies. In particular, we expand the model function
which describes growth responses to ocean acidification by making these responses additionally
dependent on temperature and light levels. We then implement this parametrization into the
global ocean biogeochemical model FESOM-REcoM (Hauck et al., 2013; Karakuş et al., 2021),
which was recently extended by a carbonate system sensitivity of phytoplankton growth (Seifert
et al., 2021). Both the initial model setup without driver interactions and the newly developed
model setup with driver interactions are used to simulate present-day and future climate
conditions. In a first step, we assess changes in biomass, NPP, and individual driver limitations
from present-day to future conditions in the simulations that include driver interactions. To
identify the impact of these interactions, we then compare our findings with control simulations
that do not include driver interactions, and assess modifications in growth responses to environmental drivers. This allows us to test the hypotheses that (i) global marine primary production
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will decrease in the future, that (ii) the response to ocean acidification, which then includes the
interaction with temperature and light, will become more important in a high-CO2 ocean, and
that (iii) phytoplankton groups are differently affected by driver interactions, resulting in a
different community composition compared to control simulations without driver interactions.
materials and methods
Model description
We use the global Regulated Ecosystem Model version 2 (REcoM-2-M) coupled to the Finite
Element Sea Ice-Ocean Model (FESOM 1.4, Schourup-Kristensen et al., 2014; Wang et al., 2014),
which applies a finite element method to solve the primitive hydrostatic equations on an
unstructured mesh (Sidorenko et al., 2011; Wang et al., 2014). The structure of REcoM mainly
follows Hauck et al. (2013) and Karakuş et al. (2021). It was recently expanded by the phytoplankton group of coccolithophores, carbonate system dependencies of phytoplankton growth
and calcification, as well as new formulations of calcification and calcite dissolution as described
in Seifert et al. (2021). We provide a brief description of REcoM here, but refer the reader to the
above-mentioned references for more detailed descriptions and equations of the model.
The marine biogeochemistry is described by the cycling of carbon, nitrogen, silicon, iron,
and oxygen (Hauck et al., 2013; Karakuş et al., 2021). Air-sea CO2 fluxes as well as the 3D
carbonate system are computed by the mocsy 2.0 routine (Orr and Epitalon, 2015). The
ecosystem includes three phytoplankton groups (diatoms, coccolithophores, and small-sized
phytoplankton), two zooplankton groups (small, fast-growing zooplankton and slow-growing
polar macrozooplankton), and two detritus groups (slow-sinking and fast-sinking particles).
The phytoplankton groups differ in their maximum growth rate constants, their nutrient
half-saturation constants, their minimum and maximum nitrogen-to-carbon ratios and nitrogento-carbon uptake ratios, their maximum chlorophyll-to-nitrogen ratios, their initial slope of
the photosynthesis-irradiance curve, and their palatability to the zooplankton groups. While
diatoms and coccolithophores aim to represent phylogenetically distinct groups, the group
of small phytoplankton is defined to comprise a wide range of taxa, including, for instance,
non-silicifying and non-calcifying haptophytes and green algae. Silicate and calcite production
are explicitly performed by diatoms and coccolithophores, respectively, with varying silicon-tocarbon and calcite-to-carbon ratios.
Biomass changes in each phytoplankton group result from the balance between growth and
loss terms. The growth rate of phytoplankton group p (diatoms, coccolithophores, or small
phytoplankton) is parametrized as a function of its maximum growth rate constant (µmax ,
see Seifert et al., 2021), the most limiting nutrient (f N ; dissolved inorganic nitrogen, DIN, or
dissolved iron, DFe, or, for diatoms, dissolved silicic acid, DSi), temperature (f T ), light (f L ), and
the carbonate system (f CO2 ):
GR p = µmax
· f pN · f pT · f pL · f pCO2 .
p

(4.1)

The most limiting nutrient that determines f N is derived from the limitations by the individual
nutrients. Limitations by DIN and DSi depend on the group-specific half-saturation constants
for DIN and DSi as well as the intracellular nitrogen-to carbon or silicon-to-carbon ratios,
respectively (Geider et al., 1998; Hauck et al., 2013). The limitation by DFe is described by a
Michaelis-Menten function that depends on the group-specific half-saturation constants for
DFe as well as the concentration of DFe in the water column (Hauck et al., 2013). The functions
f T and f L will be used for the parametrization of dual driver interactions and are therefore
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presented in more detail here.
The temperature dependence of diatoms and small phytoplankton is described by an Arrhenius
function:
(︃
(︃
)︃)︃
1
1
T
f Arrhenius = exp −4500 ·
−
,
(4.2)
TK
TK,re f
with T K being the temperature in K, and T K,re f being the reference temperature of 288.15 K
(15◦ C). The temperature dependence of coccolithophores follows a power function as proposed
by Fielding (2013):
T
0.8151
f cocco
= 0.1419 ∗ Tdeg
,

(4.3)

with T deg being the temperature ≥0 in units of ◦ C. The function is set to a small value
(2.23·10−16 ) at temperatures <0◦ C. The light function f L depends on PAR and follows Geider
et al. (1998):
)︄
(︄
Chl · PAR
−
α
·
q
p
p
,
(4.4)
f pL = 1 − exp
· f pN · f pT
µmax
p
with qChl being the variable chlorophyll-to-carbon ratio and α the group-specific maximum light
harvesting efficiency (listed in Table 3.1 in Seifert et al., 2021, previous publication). The function
f CO2 will be described below in the context of the description of dual driver interactions. The
loss rate of phytoplankton biomass is determined by grazing of the two zooplankton groups
on the three phytoplankton groups following Fasham et al. (1990), as well as aggregation,
respiration, and excretion terms.
Parameterization of dual driver interactions
We parametrize the interaction of dual drivers for phytoplankton growth based on the metaanalysis by Seifert et al. (2020). The results therein indicate that CO2 and temperature as well
as CO2 and light impact phytoplankton growth non-additively, and are either synergistic or
antagonistic depending on the driver combination and phytoplankton taxon. The interaction of
drivers is synergistic if the effect of simultaneous changes in multiple drivers on phytoplankton
growth is larger than the sum of single driver responses. By contrast, in an antagonistic driver
interaction, drivers mutually dampen the growth response compared to the sum of individual
driver responses (Folt et al., 1999; Boyd and Hutchins, 2012; Przeslawski et al., 2015). While the
meta-analysis presents effect sizes to statistically determine significant non-additive interactions
and the mode of interaction, we here use the growth rates from the laboratory studies that are
summarized in the supporting information of Seifert et al. (2020) (Table 4.1, Figure 4.1A). All
those laboratory studies were conducted in a multifactorial design: Phytoplankton growth rates
were measured at i) low control levels of drivers A, which is either temperature or light, and B,
which is CO2 (A1B1), ii) high control levels of drivers A and B (A2B2), iii) low control level of
driver A and high control level of driver B (A1B2), and iv) high control level of driver A and
low control level of driver B (A2B1). Two drivers have an interactive effect if growth rate A2B2
differs from the sum of changes between A1B1 and both A1B2 and A2B1. Interactive driver
effects in Seifert et al. (2020) were determined for diatoms, coccolithophores, dinoflagellates, the
cyanobacteria Synechococcus spp. and Prochlorococcus spp., as well as the haptophyte Phaeocystis
spp. For the present study, we select and group the taxa according to our modelled phytoplankton groups (Table 4.1). For that reason, we omit the taxon of dinoflagellates, which is not
represented in our model, and assign Synechococcus spp., Prochlorococcus spp., and non-colonial
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Figure 4.1: Stepwise description of the parametrization of interactive effects between CO2 and
temperature as well as light on phytoplankton growth. Abbreviations are given at the
right side of the figure, and more details on parameters and calculations are given in
the text. Note the different annotations for growth rates that are based on the literature
compilation of laboratory data ("Laboratory data") and those computed with the model
equations of phytoplankton growth ("Model equations").

Phaeocystis spp. to the diverse group of small phytoplankton. We are aware that Phaeocystis spp.
may exhibit different physiological characteristics than other small phytoplankton taxa in its
colonial stage (Schoemann et al., 2005). However, given that multiple driver experiments were
performed on solitary cells only (Hoogstraten et al., 2012; Trimborn et al., 2017a), which fall into
the size class of small phytoplankton (3-9 µm, Schoemann et al., 2005), we believe this data can
be included for the small phytoplankton group in our study. This may need to be re-evaluated
once more laboratory data from small phytoplankton taxa and the colonial Phaeocystis spp.
become available.
For each selected laboratory study, we compute a theoretical growth rate A2B2add. from the
measured growth rates (A1B1, A1B2, A2B1; Table 4.1, Figure 4.1A), which represents growth at
high driver levels under the assumption that drivers have no interactive effects, i.e. are additive:
A2B2add. = A1B1 + (A1B2 − A1B1) + (A2B1 − A1B1).

(4.5)

To assess how much the interaction between drivers affects growth at high driver levels,
we compute the relative difference grel. between the measured growth rate A2B2 and the
theoretical additive growth rate A2B2add. ((A2B2-A2B2add. )/A2B2add. , Table 4.1, Figure 4.1A).
The interaction is antagonistic for grel. <0 and synergistic for grel. >0.
For the next step, which is the development of an interactive driver parametrization for our
model, we summarize the separate laboratory studies as follows (Figure 4.1B). We calculate
the mean grel. for each driver interaction and phytoplankton group. We acknowledge that
the spread is rather large between the studies (with standard deviations of up to ±34%
for the coccolithophore CO2 x Light interaction), but remark that this is the best available
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Reference

Species

A1B1

A1B2

A2B1

A2B2

A2B2add.
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grel.

CO2 x Temperature
Diatoms

+1%

Bermúdez et al. (2015)

Cylindrotheca fusiformis

0.53

0.59

0.71

0.70

0.77

-9%

Kremp et al. (2012)

Skeletonema marioni

0.81

0.89

0.79

0.96

0.87

+10%

Coccolithophores

+11%

Feng et al. (2008)

Emiliania huxleyi

0.37

0.25

0.60

0.73

0.48

+52%

Listmann et al. (2016)

Emiliania huxleyi

1.09

0.94

1.52

1.52

1.37

+11%

Schlüter et al. (2014)

Emiliania huxleyi

1.14

1.11

1.28

1.24

1.25

-1%

Tong et al. (2019)

Emiliania huxleyi

1.19

1.20

1.21

0.99

1.22

-19%

Small phytoplankton

-6%

Fu et al. (2007)

Synechococcus spp.

0.31

0.41

0.65

0.72

0.75

-4%

Fu et al. (2007)

Prochlorococcus spp.

0.37

0.38

0.38

0.36

0.39

-8%

CO2 x Light
Diatoms

-11%

Bartual and Gálvez (2002)

Phaeodactylum tricornutum

0.97

0.91

1.29

1.37

1.23

+11%

Gao et al. (2012)

Phaeodactylum tricornutum

0.73

0.89

1.02

0.95

1.18

-19%

Gao et al. (2012)

Skeletonema costatum

0.97

1.03

1.60

1.47

1.66

-11%

Gao et al. (2012)

Thalassiosira pseudonana

1.11

1.16

1.57

1.33

1.62

-18%

Heiden et al. (2016)

Fragilariopsis curta

0.32

0.39

0.53

0.27

0.60

-55%

Heiden et al. (2016)

Odontella weisflogii

0.25

0.08

0.59

0.39

0.42

-7%

Li and Campbell (2013)

Thalassiosira pseudonana

1.42

1.66

1.47

1.50

1.71

-12%

Li et al. (2014)

Phaeodactylum tricornutum

1.33

1.49

1.21

1.43

1.37

0%

Li et al. (2017)

Thalassiosira weissflogii

1.13

1.14

1.52

1.45

1.52

-5%

Shi et al. (2015)

Thalassiosira pseudonana

1.00

1.04

2.05

2.09

2.09

0%

Trimborn et al. (2017a)

Chaetoceros debilis

0.41

0.31

0.87

0.73

0.77

-5%

Coccolithophores

-2%

Feng et al. (2008)

Emiliania huxleyi

0.37

0.25

0.58

0.73

0.46

+57%

Jin et al. (2017)

Emiliania huxleyi

0.73

0.62

0.81

0.62

0.70

-11%

Rokitta and Rost (2012)

Emiliania huxleyi

0.63

0.74

1.02

0.81

1.13

-28%

Zhang et al. (2015)

Gephyrocapsa oceanica

0.72

0.78

1.19

0.95

1.25

-24%

Zondervan et al. (2002)

Emiliania huxleyi

0.68

0.66

1.15

1.08

1.13

-4%

Small phytoplankton

+12%

Hoogstraten et al. (2012)

Phaeocystis globosa

1.15

1.16

1.18

1.11

1.19

-7%

Trimborn et al. (2017a)

Phaeocystis antarctica

0.40

0.32

0.44

0.47

0.36

+31%

Table 4.1: Growth rates (d−1 ) resulting from CO2 and temperature as well as CO2 and light interactions based on experimental data of the literature collection by Seifert et al. (2020). Driver A
is either temperature or light, driver B is always CO2 ; 1 and 2 denote low and high driver
levels, respectively. In the column A2B2add. theoretical growth rates at high driver levels
assuming additive driver interactions (see equation 4.5) are listed. In the column grel. , we
list the relative difference between these growth rates and the realized growth rates of the
experiments ((A2B2-A2B2add. )/A2B2add. ). For better readability, values of grel. are given in
% here. Mean relative changes for each interaction and phytoplankton group are written in
bold, and serve as basis for the parametrization of driver interactions.
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a

b

c

dinitial

cocco

1.109

37.67

0.3912

dia

9.450· 106

1.040

28.90

0.8778

sphy

1.162

48.88

0.2255

2.640· 106
1.023· 107

Table 4.2: Parameter values a [dimensionless], b [mol kg−1 ], c [kg mol−1 ], and dinitial [kg mol−1 ] for
f CO2 of each phytoplankton group (Seifert et al., 2021), yielding growth rates without driver
interactions. cocco = coccolithophores, dia = diatoms, sphy = small phytoplankton.

data-base to date as assessed and discussed in Seifert et al. (2020). This yields synergistic
effects of CO2 and temperature for diatoms and coccolithophores, and antagonistic effects
of CO2 and temperature for small phytoplankton. Interactive effects of CO2 and light are
antagonistic for diatoms and coccolithophores, and synergistic for small phytoplankton
(Table 4.1). We also calculate the mean temperature, light, and CO2 values at low and high
control levels from all laboratory studies. This yields 380±17 µatm for the low CO2 level (LC),
880±125 µatm for the high CO2 level (HC), 14±3◦ C for the low temperature level (LT), 28±2◦ C
for the high temperature level (HT), 52±24 µmol photons m−2 s−1 for the low light level (LL),
and 295±175 µmol photons m−2 s−1 for the high light level (HL). Laboratory light levels are
converted to levels of photosynthetically active radiation (PAR), i.e. from µmol photons m−2 s−1
to W m−2 following Brock (1981) for a wave length distribution corresponding to PAR at the sea
surface, resulting in 11.3 W m−2 for the low light level, and 64.1 W m−2 for the high light level.
As both driver interactions considered in the present study include the effect of CO2 on
growth, we decided to add the interactive effects with temperature and light to the term
describing carbonate system dependencies in REcoM (f CO2 ). As described in Seifert et al. (2021),
f CO2 depends on water column concentrations of bicarbonate (HCO3− ) and CO2(aq) , as well as
H+ (derived from pH) based on Bach et al. (2015). For each phytoplankton group, f CO2 is:
[︁
]︁
(︂
[︂
]︂)︂
[︁
]︁
a · HCO3−
CO2
]︁
[︁
−
exp
−
c
·
CO
− d · H+ .
(4.6)
f
=
2(aq)
−
b + HCO3

The term f CO2 is limited to be ≤1 in the model to prevent the carbonate system from enhancing
growth to more than the pre-set maximum growth rate constant. The function accounts for the
growth-enhancing role of the carbonate system by providing the substrates for photosynthesis
(HCO3− and CO2(aq) ) as well as the growth-inhibiting role of the carbonate system by increasing
stress on cell-internal homeostasis at decreasing pH. The parameters a, b, c, and d (with d =
dinitial in the original formulation) for each phytoplankton group were derived from least-square
fits to laboratory data (described in Seifert et al., 2021) and are listed in Table 4.2. Here, the
parameters a and b determine the response to substrate availability, c determines the minimum
CO2(aq) requirement, and d the response to decreasing pH levels (i.e., the effect of ocean
acidification). In the present study, we only take the part of the function into account which
describes responses to acidification, i.e. d · [H+ ], as most laboratory studies in multiple driver
research investigate ocean acidification effects. Hence, temperature and light will regulate the
growth response to ocean acidification by a temperature and light dependent d. The derivation
of this new term called dinter will be described in the following.
CO2 x Temperature. We develop the parametrization for the CO2 and temperature interactions
and for the CO2 and light interactions separately. In the following, we explain its derivation
exemplarily for the interaction between CO2 and temperature (CxT, Figure 4.1C). Note that all
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calculations were performed for each phytoplankton group separately, which is not denoted in
the equations for simplicity.
The “task” of dinter,CxT is to modify growth rates resulting from the original model equation 4.1
HCHT , according to g
at high control levels of each driver, GRinitial
rel. (Table 4.1) to the growth rate
HCHT
resulting from driver interactions, GRinter . That means, if grel. = 0.1, dinter,CxT should increase
HCHT by 10% yielding GR HCHT , which would represent a synergistic interaction between
GRinitial
inter
CO2 and temperature.
To determine dinter,CxT , we first calculate the growth rates of each phytoplankton group at
low CO2 and temperature control levels (i.e. 380 µatm and 14◦ C), GR LCLT , with non-limiting
nutrient conditions (i.e. the nutrient limitation term is 1) and non-limiting light conditions (i.e.
the light limitation term is 1) and d = dinitial in f CO2 using equation 4.1:
GR LCLT = µmax · f T,14

◦C

· f CO2,380µatm .

(4.7)

Non-limiting nutrient and light conditions are chosen to avoid selection of artificial values.
GR LCLT theoretically corresponds to the values of A1B1 (derived in laboratory experiments) in
Table 4.1, as it is derived from the model equations. In the same way, we calculate the growth
rates of each phytoplankton group at high CO2 and temperature control levels (i.e. 880 µatm
HCHT ):
and 28◦ C; GRinitial
HCHT
GRinitial
= µmax · f T,28

◦C

· f CO2,880µatm .

(4.8)

HCHT (derived from the model equations) theoretically corresponds to the values of A2B2
GRinitial
add.
(computed as described above, Table 4.1), and, thus, represents growth rates at high control
levels without driver interaction. To derive concentrations of HCO3− , CO2(aq) , and H+ that
comply with the CO2 levels applied in the experiments, we compute the carbonate system
parameters with the ScarFace web version 1.3.0, https://raitzsch.shinyapps.io/scarface
(Gattuso et al., 2019; Raitzsch and Gattuso, 2020) at a constant alkalinity of 2300 µmol kg−1 , a
salinity of 35, a temperature of 20◦ C, surface pressure (0 bar), and zero silicate and phosphate
concentrations, as well as low and high control levels of CO2 (i.e. 380 µatm and 880 µatm).
HCHT according to g
We then assume a relative change in GRinitial
rel. (Table 4.1) which is caused
HCHT , is
by the interaction of CO2 and temperature. The resulting interactive growth rate, GRinter
HCHT
computed from GRinitial by:
HCHT
HCHT
GRinter
= GRinitial
· (1 + grel. ).

(4.9)

In equation 4.6, d = dinitial is used for low control levels of CO2 and temperature, and yields
GR LCLT . In the next step, we compute auxiliary values of d, daux,CxT , which yield the interactive
HCHT by solving the following equation for d
growth rates GRinter
aux,CxT :
HCHT
GRinter
= µmax · f T,28

◦C

· f CO2,880µatm (d aux,CxT ).

(4.10)

Thus, we assume that for each phytoplankton group, values of dinitial (Table 4.2) are valid at
our low control levels (i.e. 380 µatm and 14◦ C), and values of daux,CxT are valid for our high
control values (i.e. 880 µatm and 28◦ C). We assume in addition, that d changes linearly and
temperature-dependent between dinitial and daux,CxT , i.e. between the low and the high control
values (Figure 4.2). The slope m f inal,CxT of that linear change of d is later on applied to scale
dinter,CxT , which modifies the growth response to ocean acidification, with temperature. It is
computed as:
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d [kg mol-1]
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Figure 4.2: Conceptual representation of the relation between driver levels (LCLT, HCHT = low and
high CO2 and temperature control levels, respectively), dinter,CxT including the slope of
the linear relationship m f inal,CxT , and the relative change in the growth rate (GR). For
HCHT at high control levels of both drivers that is 11%
instance, to derive a growth rate GRinter
HCHT (as given by g
higher than the respective non-interactive growth rate GRinitial
rel. in Table
4.1), daux,CxT (Table 4.3) is lower than dinitial (Table 4.2). The driver space between dinitial
and daux,CxT , dinter,CxT , is assumed to be linearly dependent on temperature (equation
4.14). For a detailed overview of the separate phytoplankton groups, see Figure 4.A1.

daux,CxT − dinitial
.
(4.11)
28◦ C − 14◦ C
to derive a temperature-dependent formulation for d,

m f inal,CxT =

We use the resulting values of m f inal,CxT
which is dinter,CxT :
dinter,CxT = dinitial + m f inal,CxT · ( Tdeg − 14◦ C ),

(4.12)

with Tdeg being the temperature in ◦ C (Figure 4.2). Values of daux,CxT and m f inal,CxT are listed in
Table 4.3, and slopes are illustrated in Figure 4.A1. We assume that the linear change of dinter,CxT
and thus, the strength of interaction between CO2 and temperature, holds true also outside
the low and high control levels (Figure 4.2). This means that the mode of interaction changes
below 14◦ C (for coccolithophores, for instance, from synergistic to antagonistic interaction),
and the magnitude of the interactive effect gets closer to additive interaction below 380 µatm.
Above 28◦ C and 880 µatm, the magnitude of interactive effects become larger.
We acknowledge that a linear interpolation of interactive effects between low and high driver
levels and an extrapolation to even lower/higher driver levels is a notable simplification
of interactions across all possible driver ranges, which can theoretically be described as a
3-dimensional landscape (Boyd et al., 2018; Van de Waal and Litchman, 2020). However, response
patterns over multiple levels of two continuous drivers, which would be required to develop
such landscape functions (Kreyling et al., 2018), are not yet determined in laboratory studies.
Further, fitting complex regressions to the small number of driver levels that are available
(usually only two driver levels are investigated in multiple driver laboratory studies) would
possibly add the bias of overfitting (Babyak, 2004). We therefore consider a linear regression as
the most robust approach until enough data are available for 3-dimensional landscape functions.
CO2 x Light. The effects of the interaction of CO2 with light (CxL) are computed analogously
to the interaction with temperature (Figure 4.1D). Here, we use the low and high control levels
of light (11.3 and 64.1 W m−2 , respectively) and the light function f L (equation 4.4) to compute
HCHL following
growth at low and high CO2 and light control levels (i.e. GR LCLL and GRinitial
equations 4.7 and 4.8). Besides, we use the relative growth rate changes grel. caused by CO2 and
HCHL (following equation 4.9). For the light
light interaction as listed in Table 4.1 to compute GRinter
L
function f we assume fixed values for the variable chlorophyll-to-carbon ratio qChl in each
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daux,CxT
dia
cocco
sphy

2.092·

106

3.783· 106

1.361· 107

m f inal,CxT
-3.914·

104

-40.480· 104
24.131· 104

daux,CxL
8.668·

106

1.048· 107

4.026· 106

m f inal,CxL
11.410· 104
1.954· 104

-11.744· 104

Table 4.3: Parameter values for daux [kg mol−1 ] and m f inal ([◦ C mol kg−1 ] and [W mol m−2 kg−1 ],
respectively) of each phytoplankton group and driver interaction. cocco = coccolithophores,
dia = diatoms, sphy = small phytoplankton, CxT = CO2 and temperature interaction, CxL
= CO2 and light interaction.

group. We use a mean qChl for diatoms of 0.01 mmol Chl a (mmol C)−1 and for coccolithophores
and small phytoplankton of 0.005 mmol Chl a (mmol C)−1 from earlier model simulations. From
HCHL we compute d
GRinter
aux,CxL and m f inal,CxL following equations 4.10 and 4.11. From, this, we
derive dinter,CxL :
dinter,CxL = dinitial + m f inal,CxL · ( PAR − 11.3Wm−2 ),
(4.13)

with PAR being the photosynthetically active radiation (i.e. light) in W m−2 . Altogether, this
results in a set of values for daux and m f inal for each phytoplankton group (diatoms, coccolithophores, small phytoplankton) and interaction (CxT and CxL, respectively), which are listed in
Table 4.3.
Full interaction. Finally, dinter,CxT and dinter,CxL are combined to the interaction term dinter,CxTxL
(Figure 4.1E):
dinter,CxTxL = dinitial + m f inal,CxT · ( Tdeg − 14◦ C ) + m f inal,CxL · ( PAR − 11.3Wm−2 ),

(4.14)

which we use as d = dinter,CxTxL in f CO2 (equation 4.6, Figure 4.3).
Model simulations
We performed two sets of climatological simulations, one with present-day repeated year
and one with future repeated year atmospheric forcing including CO2 (Table 4.4). All runs
were performed on the CORE-II mesh with higher resolved dynamic areas (up to 20 km; e.g.
coastlines and equatorial belt) and coarser resolution of less dynamic areas (up to 150 km;
open ocean, Sidorenko et al., 2011; Wang et al., 2014), and forced with three-hourly atmospheric
output from the AWI Climate Model (AWI-CM, Sidorenko et al., 2015; Semmler et al., 2020,
FESOM coupled to the atmospheric model ECHAM6). AWI-CM output for our present-day
simulations was taken from the first ensemble member of the historical simulation of Semmler
et al. (2020). To test the possibly maximal future effects of driver interactions on phytoplankton
and biogeochemistry, we decided to use the AWI-CM simulation that applies the high emission
scenario SSP5-8.5 (O’Neill et al., 2016). To reduce the impact of climate variability, we identified
"normal" atmospheric conditions by jointly assessing the state of the Southern Annual Mode,
the El-Niño Southern Oscillation, and the North Atlantic Oscillation for the present day (20002020) and the future (2080-2100) period, yielding the years 2014 and 2088, respectively. We used
annual mean atmospheric CO2 levels of 400 ppm for 2014 and of 971 ppm for 2088. Since the
differences between the present-day and the future climate under the chosen scenario likely
outweighs any interannual variability, we assume that the choice of any particular year within
the present-day and future periods has a negligible effect on the analysis performed here.
Temperature and salinity were initialized with hydrographic data from the Polar Science Center
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Figure 4.3: Coccolithophore growth rates for an example CO2 system at high temperature and light
control value (upper panels) with driver interactions (solid lines) as well as without driver
interaction (original parametrization, dashed lines). Growth rates were computed at low
control levels of light (CO2 x Temperature interaction) and temperature (CO2 x Light
interaction), respectively, and without nutrient limitation (i.e. f N = 1). Arrows mark the
growth rate increase at 880 µatm of 11% for the interaction of CO2 and temperature, and
the growth rate decrease at 880 µatm of 2% for the interaction of CO2 and light compared
to the parametrization without interaction, both based on results of the meta-analysis
of Seifert et al. (2020) (Table 4.1). The growth rate increase of 9% for the full interactions
results from the combination of both afore-mentioned interactions in the model equation.
The growth rate resulting from the full interaction (purple) is caused by the individual
interactions between CO2 and temperature (blue) and between CO2 and light (red). Lower
panels display the respective f CO2 functions at increasing pCO2 levels. In addition to the
interactive (solid lines) and the original growth rate formulation (dashed lines) at high
driver control levels, we display f CO2 for a random low temperature and light level (dotted
lines). At high pCO2 with dinter and with temperatures and light values below 14◦ C and
11.3 W m−2 (2◦ C and 5 W m−2 in the example) the directionality of change in the slope of
f CO2 reverses. Grey boxes indicate where the resulting terms of f CO2 would theoretically
exceed 1 but are limited to 1 in the model.
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Forcing
Present-day,

Interaction
None

CxT

CxL

CxTxL

present_ctrl

present_cxt

present_cxl

present_inter

future_ctrl

–

–

future_inter

AWI-CM, year 2014,
400 ppm atm. CO2
Future,
AWI-CM, year 2088,
971 ppm atm. CO2
Table 4.4: List of model simulations performed in this study. CxT = CO2 and temperature interaction,
CxL = CO2 and light interaction, CxTxL = both CO2 and temperature and CO2 and light
interaction.

Hydrographic Climatology (PHC 3.0, updated from Steele et al., 2001). The nutrients DIN and
DSi were initialized from the World Ocean Atlas (Garcia et al., 2013), and DFe from PISCES
output (Aumont et al., 2003), which was corrected using observed profiles (de Baar et al., 1999;
Boye et al., 2001). Alkalinity and present-day dissolved inorganic carbon fields were initialized
from GLODAPv2 (Lauvset et al., 2016). Biomass of phytoplankton and zooplankton was started
from small values (2.23 · 10−5 for biomass in nitrogen units), which were multiplied with
the Redfield ratio (6.625 mmol C (mmol N)) for biomass in carbon units. For phytoplankton
chlorophyll, the initial value for biomass in nitrogen units was multiplied with a typical
chlorophyll-to-nitrogen ratio (1.56 mmol Chl a (mmol N)−1 ) for chlorophyll.
In the present-day set, we performed four simulations (Table 4.4). In a control simulation,
we used the original CO2 function with d = dinitial in equation 4.6 for phytoplankton growth
without interactions (present_ctrl). In a second and third simulation, we used either the CO2
and temperature interaction (i.e. setting d = dinter,CxT or d = dinter,CxL , respectively, in equation
4.6) alone to study the two interactive effects separately. In the fourth simulation, the combined
interactive effects of CO2 and temperature and CO2 and light were used by setting d =
dinter,CxTxL in equation 4.6 (present_inter). In the future set, we performed two simulations
(Table 4.4), namely one control simulation without driver interaction (i.e. d = dinitial in equation
4.6; future_ctrl) and one simulation with the combined driver interactions (i.e. d = dinter,CxTxL in
equation 4.6; future_inter). Each simulation was run for 32 years to reach quasi-equilibrium in
the ecosystem compartment. The mean over the last five years of each simulation was analysed.
Model assessment
We evaluate variables globally and in three larger regions, namely the northern and southern
high latitudes as well as the tropics/subtropics (based on biomes of Fay and McKinley, 2014).
For each simulation, total biomass and NPP were integrated vertically over the whole water
column and horizontally over the respective region. Limitation terms (f N , f T , f L , and f CO2 )
were calculated online and called as diagnostics. To confine pCO2 , temperature, PAR, and
the limitation factors of each phytoplankton group to the depths where most of the primary
production occurs and omit deep water layers where e.g. light limitation is prohibiting primary
production, we calculated their means over the mixed layer. Changes in f N , f T , f L , and f CO2
(equations 4.1-4.4 and 4.6) will further be referred to as nutrient limitation term, temperature
term, light limitation term, as well as CO2 term, respectively. We first assessed differences in
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biomass, NPP, and limitation terms between the present-day and future simulations focussing
on the present_inter and future_inter simulations to reveal climate change impacts on phytoplankton. The results were briefly compared to changes from the present_ctrl to the future_ctrl
simulation. We then assessed differences in biomass, NPP, and limitation terms between the
control and interaction simulations (present_ctrl vs. present_inter as well as future_ctrl vs.
future_inter) to investigate the impact of our new parametrization of driver interactions.
results
Present-day drivers and future changes
Present-day levels of mixed-layer averaged temperature and PAR show a clear latitudinal
gradient from high values (about 30◦ C and 90 W m−1 ) in the tropics/subtropics to low values in
the high latitudes (<4◦ C and <10 W m−1 ), while the pattern of mixed-layer pCO2 is more patchy
(between 250 and 500 µatm) and is modfied by a combination of water temperature (lower
temperature increases solubility), mixed layer depths (CO2 concentrations usually increase with
depth), ocean circulation (upwelling of CO2 -rich water and downwelling of low-CO2 water) and
seasons (drawdown of CO2 by primary production; Figure 4.4). The future mixed layer depth
changes by about ±50 m, and locally even by up to ±500 m compared to present-day. Future
levels of mixed-layer pCO2 depict a year-round global increase by about 550 µatm, which is
slightly stronger (about 650-700 µatm) in the northern hemisphere. Future levels of mixed-layer
temperature is about 2◦ C higher than present-day levels, with the strongest warming in the
northern hemisphere in September (up to 5◦ C). Future levels of mixed-layer PAR depict both
increasing and decreasing light levels (±20 W m−2 ) following changes in the mixed layer, with
shallower MLD resulting in higher mixed-layer averaged PAR levels and vice versa. Overall,
future PAR in the mixed layer is rather increasing, and varies most in the tropics/subtropics.

Projections of end-of-century biomass and relevant drivers
In the following section, we first describe phytoplankton biomass changes between the
present_inter and the future_inter simulations, and afterwards we describe biomass changes
between the present_ctrl and the future_ctrl simulations. In the future_inter simulation, global
biomass and net primary production (NPP) of all phytoplankton groups are lower compared to
the present_inter simulation (-6%, or -80 TgC and -8%, or -2 PgC yr−1 , respectively; Figures 4.5,
4.6, and 4.A2). Decreases in biomass of diatoms (-7%, or-30 TgC) and coccolithophores (-23%,
or -7 TgC) are primarily driven by a lower CO2 term (up to -11%) which includes the interactive
effects. In contrast, changes in biomass of small phytoplankton (-5%, or -43 TgC) are mainly
due to stronger nutrient limitation (up to -7%) in the future (Table 4.5). Temperature-driven
growth enhancement of all phytoplankton groups (up to +12%) can partly counteract the
growth-decreasing effects of the other drivers (Table 4.5).
In the northern high latitudes, coccolithophore biomass increases by more than 50% (+2 TgC)
from present-day to future conditions (Figure 4.5). In the same region, diatom and small phytoplankton biomass become lower (-5% and -1%, or -7 TgC and -1 TgC, respectively) resulting
in a total decrease of biomass by 2% (-6 TgC). Coccolithophores benefit most from higher
temperature and alleviated nutrient limitation, while lower CO2 , nutrient, and light limitation
terms override the beneficial effect of warming on diatoms and small phytoplankton (Table
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Figure 4.4: Present-day and future mixed layer depths as well as mixed-layer averaged pCO2 ,
temperature, and PAR in March (upper panels) and September (lower panels), the months
which mark the end of winter in each hemisphere. Future values are shown as differences
to present-day levels. Note that the depth of the mixed layer differs between present-day
and future simulations.
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Figure 4.5: Relative differences of spatially and depth-integrated phytoplankton biomass between
the future_ctrl and the present_ctrl simulation (hatched bars) as well as between the
future_inter and the present_inter simulation (filled bars) globally, in the northern and
southern high latitudes, as well as in the tropics/subtropics. Regions as indicated on the
map.

4.A1).
In the tropics/subtropics, we found the largest effects of future conditions on phytoplankton
amongst all regions, with 9% lower total phytoplankton biomass than in the present_inter
simulation corresponding to -65 TgC (Figure 4.5). In that region, diatom biomass decreases
by 7% (-11 TgC), coccolithophore biomass by 40% (-9 TgC), and small phytoplankton biomass
by 9% (-45 TgC). The dominant drivers for decreasing growth from present-day to future
conditions are a lower CO2 term for diatoms, lower CO2 and light terms for coccolithophores,
and a lower nutrient term for small phytoplankton (Table 4.A1). The warming of the mixed
layer in the tropics/subtropics is slightly weaker compared to the northern high latitudes
(Figure 4.4), and, accordingly, the temperature-driven growth increase is slightly lower (up to
+30% in the northern high latitudes vs. up to +15% in the tropics/subtropics; Table 4.A1).
In the southern high latitudes, future conditions result in 8% lower diatom biomass (-12 TgC),
2% higher small phytoplankton biomass (+4 TgC), and 6% lower biomass of coccolithophores
(-0.2 TgC). Overall biomass in the southern high latitudes decreases by 2% (-8 TgC, Figure
4.5). Diatom and small phytoplankton growth at future conditions is lowered by stronger
nutrient limitation and a more growth-decreasing CO2 effect, which is, partly (diatoms) or
completely (small phytoplankton) alleviated by warming and improved light conditions (Table
4.A1). Coccolithophore biomass of the southern high latitudes is confined to the South Atlantic
(Figure 4.6) and decreases due to stronger growth-limitation by CO2 , nutrients, and light (Table
4.A1).
In the control simulations (present_ctrl and future_ctrl, Table 4.A2), future phytoplankton
biomass and NPP are 6% (-80 TgC) and 8% (-2 PgC yr−1 ) lower, similar to the interaction
simulations. The dominant drivers for these changes, however, differ from the interaction
simulations. Globally, stronger nutrient limitation is not only the dominant driver for decreasing
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Figure 4.6: Depth-integrated biomass in the present_inter and the future_inter simulations. Biomass
in the future_inter simulation is shown as difference to the present_inter simulation.

small phytoplankton biomass (-66 TgC), but also for diatoms (-11 TgC; decrease in the nutrient
limitation term of 5% and 11%, respectively, Table 4.5). Coccolithophores (-4 TgC) are globally
in addition to CO2 -driven growth reduction (by 9%) also more light-limited (by 7%, Table 4.5).
In the northern high latitudes, CO2 , light, and nutrient-driven growth reduction dominates for
diatoms and small phytoplankton (up to -7% in the CO2 term, -8% in the light limitation term,
and -8% in the nutrient limitation term). For coccolithophores this is alleviated by warming
in this region (+17% more growth enhancement by the temperature limitation term) just
as in the interaction simulation, and results in increasing future biomass (+1 TgC). In the
tropics/subtropics, nutrient limitation is the dominant driver not just for small phytoplankton,
but also for diatom biomass decrease (up to -18% in the nutrient limitation term). Just as in
the interaction simulation, an 8% reduction in the CO2 term is the main driver for decreasing
coccolithophore biomass. In the southern high latitudes, biomass of diatoms and coccolithophores is increasing due to warming (alleviation of temperature limitation by up to 15%), while
small phytoplankton biomass decreases due to a reduction in the CO2 term by 8%. Overall,
stronger nutrient limitation drives most of the biomass changes in the tropics/subtropics from
the present_ctrl to the future_ctrl simulation. Besides, CO2 and light limitation drive most of
the biomass changes in the high latitudes if not alleviated by warming. The CO2 term is only
dominant for coccolithophores in the tropics/subtropics and for small phytoplankton in the
southern high latitudes, where it drives the decrease in growth rates.
The effect of driver interaction in the present-day simulations
Here we compare phytoplankton biomass and limitation terms between the present_ctrl and the
present_inter simulation. The consideration of driver interactions affects present-day biomass
only little, with relative biomass changes between the present_ctrl and the present_inter
simulation of the individual phytoplankton groups being mostly in the range of ±3% (Figure
4.A3). Global diatom biomass is 2% (-9 TgC) lower in the present_inter simulation compared
to the present_ctrl simulation, which is alleviated by higher coccolithophore biomass (+2%
corresponding to +0.5 TgC) and higher small phytoplankton biomass (+1% corresponding to
+10 TgC, Figures 4.7 and 4.A3). Thus, total global phytoplankton biomass only differs by 0.2%
(2 TgC) between the present_inter and the present_ctrl simulation (Figure 4.7). In the northern
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Diatoms

Coccolithophores

Small phytoplankton

Interaction simulations
∆T-term [%]

+12.3

+10.2

+12.3

∆CO2 -term [%]

-11.2

-6.3

-3.7

∆L-term [%]

-5.2

-3.0

-2.9

∆N-term [%]

0.0

-3.9

-6.8

-11.7

-6.1

-1.1

-30

-7

-43

∆T-term [%]

-12.3

+10.2

+12.3

∆CO2 -term [%]

-2.5

-8.5

-3.8

∆L-term [%]

-0.8

-7.3

-3.8

∆N-term [%]

-10.7

-1.0

-5.2

∆Growth rate [%]

-3.4

-0.1

-2.7

∆Biomass [TgC]

-11

-4

-66

∆Growth rate [%]
∆Biomass [TgC]
Control simulations

Table 4.5: Relative differences of global mixed layer-averaged limitation terms and growth rates as
well as total differences in global depth-integrated biomass between the present_inter
and the future_inter (Interaction simulations) as well as between the present_ctrl and the
future_ctrl (Control simulations).

Figure 4.7: Integrated biomass of the three phytoplankton groups at present-day and future conditions
in the control (present_ctrl and future_ctrl) and interaction (present_inter and future_inter)
simulations, globally, in the northern and southern high latitudes, as well as the
tropics/subtropics. Regions as indicated on the map.
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and southern high latitudes, the present_inter simulation causes lower diatom (-2% and -6%,
respectively) and higher small phytoplankton biomass (+1% and +3%, respectively) compared to
the present_ctrl simulation (Figure 4.A4). Coccolithophore biomass is lower in the southern high
latitudes (-10%, which corresponds to only -0.5 TgC due generally low coccolithophore biomass
in that region) and higher in the northern high latitudes (+4%) in the present_inter compared
to the present_ctrl simulation (Figure 4.A3). In the tropics/subtropics, biomass of all phytoplankton groups is higher in the present_inter compared to the present_ctrl simulation (diatoms:
+2%, coccolithophores: +4%, small phytoplankton: +0.3%). Limitation terms in the present_ctrl
simulation are in the same range as limitation terms in the present_inter, and averaged over the
year, the dominant growth-limiting factor are nutrients in the tropics/subtropics and light in the
high latitudes (Figures 4.A5). The relative change of the growth rates is mainly caused by the
CO2 xLight interaction (for all phytoplankton groups regionally more than ±5%) with smaller
influence of the CO2 xTemperature interaction (for diatoms and small phytoplankton ±2%, for
coccolithophores slightly more, Figure 4.8). This is caused by the fact that light exceeds the
high control value for light (64.1 W m−2 ) more often than temperature its high control value
(28◦ C). The effects of our newly implemented driver interaction on present-day phytoplankton
biomass, community structure, and distribution patterns are rather small (Figures 4.7 and 4.A6)
and mainly follow expected patterns (Figure 4.8). Because these are still in line with our general
understanding of present-day phytoplankton biomass, we conclude that growth formulations
with driver interactions can be confidently used as a new baseline.
The effect of driver interaction in the future simulations
Here we compare phytoplankton biomass and limitation terms between the future_ctrl and
the future_inter simulation. Biomass differences of the individual phytoplankton groups
become three to four times stronger at future conditions compared to present-day conditions
(Figure 4.A7). Globally, future diatom and coccolithophore biomass is 6% and 10% lower,
respectively (corresponding to -28 TgC and -3 TgC, respectively) in the future_inter compared
to the future_ctrl simulation (Figures 4.7 and 4.9). This is partly compensated by a 5% higher
small phytoplankton biomass (corresponding to +34 TgC) in the future_inter compared to
the future_ctrl simulation (Figures 4.7 and 4.9). As decreasing and increasing biomass of the
individual phytoplankton groups is almost balanced, total biomass differs by only 0.3% (4 TgC)
between the future_inter and the future_ctrl simulation (Figure 4.9). Thus, interacting driver
effects become considerably more important on the level of individual phytoplankton groups
despite their small effects on total global phytoplankton biomass. The globally averaged CO2
term, which here includes the driver interaction, becomes 1-7% more limiting for diatoms and
small phytoplankton, and 3% less limiting for coccolithophores in the future_inter and the
future_ctrl simulation (Figure 4.10). The changes in CO2 terms feed back on the nutrient and
light limitation terms, with coccolithophores and small phytoplankton becoming up to 5%
more and diatoms 15% less nutrient limited. Because stronger nutrient limitation alleviates
light limitation (equation 4.4), coccolithophores and small phytoplankton become 2-7% less
and diatoms 8% more light limited (Figure 4.10). Note that growth responses to temperature
are the same in the control and the interaction simulation.
Group-specific differences in biomass and limitation terms between the future_ctrl and the
future_inter simulation are even stronger on a regional level. The southern high latitudes
exhibit the largest relative differences between the future_ctrl and the future_inter simulation
with 19% and 36% lower diatom and coccolithophore biomass, respectively, and 16% higher
small phytoplankton biomass (corresponding to -33 TgC, -2 TgC, and +30 TgC, respectively;
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Figure 4.8: Absolute growth rates of the three phytoplankton groups in the present_ctrl simulation
and relative changes of the growth rates in the present_cxt, present_cxl, and present_inter
simulations.

Figure 4.9: Total differences of spatially and depth-integrated phytoplankton biomass between the
future_inter and the future_ctrl simulation globally, in the northern and southern high
latitudes, as well as the tropics/subtropics. Regions as indicated on the map. The bars
reveal the effect of the interactive driver parametrization at future conditions. Percentages
above/below each bar specify the relative biomass changes.
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Figure 4.9). In the northern high latitudes, the effects of driver interactions are similar and
amount to 5% lower diatom biomass (-6 TgC) and 9% higher small phytoplankton biomass
(+9 TgC; Figure 4.9). Coccolithophore biomass in the northern high latitudes increases by 26%
(+1 TgC; Figure 4.9). In the tropics/subtropics, diatom biomass increases by 8% (+11 TgC), and
coccolithophore as well as small phytoplankton biomass decrease by 10% and 1%, respectively
(-1 TgC and -6 TgC, respectively; Figure 4.9).
In all regions, differences in biomass are mostly driven by changes in the CO2 terms between
the future_ctrl and the future_inter simulation (Figure 4.10). Exceptions are changes in coccolithophore biomass in the northern high latitudes and tropics/subtropics, where the decreasing
(northern high latitudes) or increasing (tropics/subtropics) CO2 term is counteracted by an
increasing (northern high latitudes) or decreasing (tropics/subtropics) nutrient limitation term.
This leads to higher (northern high latitudes) or lower (tropics/subtropics) coccolithophore
biomass in these regions. The light limitation term mostly follows the direction of the CO2
term and, hence, amplifies its effect. Changes in the CO2 terms mainly comply with the
group-specific growth responses to CO2 x Light interactions in the high latitudes and to CO2 x
Temperature interactions in the tropics/subtropics as they are listed in Table 4.1.
Accordingly, the CO2 terms in the northern and southern high latitudes of diatoms and coccolithophores are 2-5% and 3-6% lower, respectively, and the CO2 terms of small phytoplankton
are 1-2% higher in the future_inter compared to the future_ctrl simulation (Figure 4.10). In the
tropics/subtropics, the dominance of the CO2 x Temperature interaction causes an alleviation
of the coccolithophore CO2 term by 8% and a 3% lower CO2 term for small phytoplankton
(Figure 4.10). The CO2 term of diatoms is 10% lower in the future_inter compared to the
future_ctrl simulation (Figure 4.10). This effect is alleviated by a reduced nutrient limitation
(+35%, Figure 4.10), resulting in higher diatom biomass in the tropics/subtropics as described
above. Effects of driver interactions on growth rates (Figure 4.10) can slightly differ from effects
of driver interactions on biomass (Figure 4.9) because of averaging artefacts and the difference
in investigated depth levels (average over mixed layer for limitation terms, integration over
the entire depth range for biomass). In summary, biomass differences between the future_inter
and the future_ctrl simulations are mainly driven by the CO2 x Light interaction in the high
latitudes and by the CO2 x Temperature interaction in the tropics/subtropics, with some
exceptions caused by changes in nutrient limitation.

Effect of driver interactions on future projections of community composition compared to projections
without driver interactions
In the following section, changes in the community composition from present-day to future
conditions are compared between the simulations with and the simulations without driver
interactions. When taking driver interactions into account, the decrease in biomass from presentday to future conditions is stronger for diatoms (-30 TgC vs. -11 TgC) and coccolithophores
(-7 TgC vs. -4 TgC) and weaker for small phytoplankton (-43 TgC vs. -66 TgC) (Figures 4.5,
4.7, and 4.11). Total phytoplankton biomass decreases globally by 81 TgC in the simulations
without driver interactions and by 80 TgC in the simulations with driver interaction. In the
northern high latitudes, coccolithophores and small phytoplankton form a larger fraction of the
future phytoplankton community when accounting for driver interactions, as coccolithophore
biomass increases by 2 TgC instead of 1 TgC, and small phytoplankton biomass decreases by
only 1 TgC instead of 8 TgC (Figures 4.7, and 4.11). Northern high latitude diatom biomass,
instead, decreases by 7 TgC instead of 3 TgC when accounting for driver interactions (Figures
4.7, and 4.11). In total, biomass decrease in the northern high latitudes amounts to only

141

142

publication iii

Figure 4.10: Relative changes in mixed layer-averaged limitation terms (CO2 , nutrients, light) and
growth rates between the future_inter and the future_ctrl simulation globally, in the
northern high latitudes, the tropics/subtropics and in the and southern high-latitudes.
Regions as indicated on the map. Note that temperature limitations are not shown as they
do not differ between both simulations. Negative values indicate stronger limitations
of the respective driver, or lower growth rates, in the future_inter compared to the
future_ctrl simulation. Positive changes in turn indicate alleviated limitations and higher
growth rates, respectively, in the future_inter compared to the future_ctrl simulation.
Changes in small phytoplankton growth rates in the northern high latitudes and the
tropics/subtropics are small and therefore not visible in the figure.

6 TgC when accounting for driver interactions instead of 10 TgC without driver interactions
(Figures 4.7, and 4.11). In the tropics/subtropics, diatoms form a larger fraction of the future
phytoplankton community when accounting for driver interactions, as their biomass decreases
by only 11 TgC instead of 19 TgC in the simulations without driver interactions (Figures 4.7, and
4.11). In the same region, the share of coccolithophore and small phytoplankton in the future
phytoplankton community is decreasing (lower biomass by 9 TgC and 45 TgC in the interaction
simulations compared to 7 TgC and 38 TgC in the simulations without driver interactions;
Figures 4.7, and 4.11). Total biomass decrease differs only little between the simulations with
and without driver interactions (-65 TgC vs. -63 TgC; Figures 4.7, and 4.11). In the southern high
latitudes, driver interactions exhibit the largest divergence in future phytoplankton community
composition compared to simulations without driver interactions, as the sign of change in
biomass is reverted for all phytoplankton groups (Figures 4.7, and 4.11). This complies with our
finding that the biomass differences between the future_ctrl and the future_inter simulation
were revealed to be largest in that region. When accounting for driver interactions, diatoms
and coccolithophores will form a considerably lower fraction of the future phytoplankton
community of that region compared to the simulations without driver interactions, as their
biomass decreases by 12 TgC and 0.2 TgC instead of an increase by +11 TgC and +1 TgC from
present-day to future conditions (Figures 4.7, and 4.11). By contrast, the biomass of small
phytoplankton in the southern high latitudes increases by 4 TgC when accounting for driver
interactions instead of decreasing by 20 TgC without driver interactions (Figures 4.7, and 4.11).
Total future biomass decrease in the southern hemisphere is similar in simulations with and
without driver interactions (-8 TgC vs. -7 TgC; Figures 4.7, and 4.11).
In summary, small phytoplankton is the winner from driver interactions in the future, as
its biomass decrease is dampened by interactive effects of CO2 , temperature and light. By
contrast, diatoms and coccolithophores are globally the losers in the future. In the northern high
latitudes, small phytoplankton and coccolithophores are winners, in the tropics/subtropics
diatoms, and in the southern high latitudes small phytoplankton. This mainly complies with
the pattern where the interactive effect of CO2 and light is dominating in the high latitudes
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Figure 4.11: Schematic figure summarizing trends in biomass changes from present-day to future
climate in the global ocean, the northern high latitudes, the tropics/subtropics and the
southern high-latitudes as indicated on the maps. Dashed arrows represent the biomass
changes from the present_ctrl to the future_ctrl simulation for diatoms, coccolithophores,
small phytoplankton, and all phytoplankton groups together. Upwards-directed arrows
illustrate higher future biomass, downwards-directed arrows illustrate lower future
biomass compared to present-day values in the respective region, without specifying the
magnitude of change. Solid arrows represent the biomass changes from the present_inter
to the future_inter simulation, and are scaled according to the magnitude of change
compared to the control simulations. For instance, global diatom biomass decreases
stronger from the present_inter to the future_inter simulation than from the present_ctrl
to the future_ctrl simulation, while the decrease in small phytoplankton biomass is
weaker. In case both arrows have the same size, changes are similar.

and the interactive effect of CO2 and temperature is dominating in the tropics/subtropics.
This reveals more beneficial conditions for small phytoplankton in the high latitudes (12%
higher growth rate caused by interactive effects of CO2 and light, Table 4.1) and more beneficial
conditions for diatoms in the tropics/subtropics (1% higher growth rate caused by interactive
effects of CO2 and temperature, Table 4.1), which is enhanced by alleviated nutrient conditions.
Coccolithophores are winners in the northern high latitudes despite their 2% lower growth rate
caused by interactive effects of CO2 and light (Table 4.1) because of alleviated nutrient limitation.
Coccolithophores are not winners but losers in the tropics/subtropics despite their 11% higher
growth rate caused by interactive effects of CO2 and temperature (Table 4.1) because of stronger
nutrient limitation. Thus, changes in nutrient limitation can be an important modifier for the
interactive driver effects. Total biomass differs only little between the future_inter and the
future_ctrl simulation (±2% in all regions, Figure 4.9), and the difference of total biomass
between control and interaction simulations remains about the same under present-day and
future conditions (2.3 TgC at present-day and 3.5 TgC at future conditions; Table 4.A2, for more
details, see also Figure 4.A9).
discussion
Our study introduces a parametrization to account for interacting effects between CO2 and
temperature and between CO2 and light on phytoplankton growth in a global ocean biogeochemical model. Based on previously synthesized dual driver laboratory studies (Seifert et al.,
2020), this is the first modelling approach that uses the knowledge of these multifactorial
experiments for developing mechanistic functions of interactive driver effects. We show
that the decrease of phytoplankton biomass and productivity under future conditions is
maintained when accounting for driver interactions, but is composed by a different phytoplankton community structure than in simulations without driver interactions. Diatoms and
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coccolithophores were identified to be losers and small phytoplankton was identified to be the
winner from the driver interactions considered here.
Driver interactions can modulate phytoplankton responses to future climate conditions
Under future climate conditions, our simulations reveal 6% lower phytoplankton biomass and
8% lower net primary production (NPP) compared to present-day levels, for both simulations
with and without driver interactions. This is in the range of previous modelling studies that
apply similar scenarios (e.g. -2 to -13% NPP in the models analysed by Steinacher et al. (2010),
-8.6% NPP in the models analysed by Bopp et al. (2013), -6.1% biomass in the models analysed
by Kwiatkowski et al. (2019)). The patterns of change are consistent with previous findings with
NPP and biomass declines in northern high latitudes, temperate, subtropical, and tropical
regions, and increases in parts of the Southern Ocean as well as the equatorial Pacific (Vichi
et al., 2011; Bopp et al., 2013; Cabré et al., 2015; Moore et al., 2018; Lotze et al., 2019).
In the control simulations, we identify lowered CO2 , light, and nutrient limitation terms in
the high latitudes and stronger nutrient limitation in the tropics/subtropics as primary driver
for future phytoplankton biomass decline. Temperature-driven growth enhancement can partly
counteract these growth-decreasing effects, such as for coccolithophores in the northern high
latitudes and for diatom and coccolithophore in the southern high latitudes (Figures 4.A5
and 4.A8). The dominating effects of reduced nutrient availability, especially in the mid and
low latitudes, as well as changes in light availability and temperature in the high latitudes on
phytoplankton growth rates have also been shown in other modelling studies (e.g. Marinov et al.,
2010; Dutkiewicz et al., 2013; Laufkötter et al., 2015; Nakamura and Oka, 2019). This pattern evolves
from region-specific phytoplankton responses to climate-change driven modifications in driver
states. Shallowing of the mixed layer depth due to warming (Li et al., 2020) reduces, firstly,
the nutrient availability (Fu et al., 2016), which has the largest implications for phytoplankton
in the mid to low latitudes where the mixed layer depth is already shallow today (Doney,
2006). Secondly, it modifies the light regime experienced by phytoplankton, which is most
relevant in the partly ice-covered high latitudes (Doney, 2006). Where nutrients are sufficiently
available and changes in the light regime between present-day and future conditions are minor,
the globally growth-enhancing effect of temperature can dominate, for example in the mid
latitudes (Nakamura and Oka, 2019). Contrasting to most other biogeochemical models, our
model accounts for the impact of the carbonate system on phytoplankton growth in addition to
the drivers that are traditionally considered (i.e. temperature, light, nutrients, Seifert et al., 2021).
While the CO2 term has in most regions only a modulating effect on growth changes between
present-day and future conditions, it dominates the growth response of coccolithophores in the
tropics/subtropics and of small phytoplankton in the southern high latitudes of our control
simulation. This is in line with the findings of Seifert et al. (2021), where coccolithophores were
found to be most sensitive to increasing pCO2 . In addition, the biomass of Southern Ocean
small phytoplankton was found to decrease under future atmospheric CO2 levels in Seifert et al.
(2021). Going beyond Seifert et al. (2021) by also including climate change effects in the future
simulation, the present study reveals that this effect cannot be balanced by warming and that
CO2 will continue to dominate the decrease in Southern Ocean small phytoplankton.
In the interaction simulations, the integration of interactive effects into the CO2 term caused a
change in the dominating drivers that govern future biomass changes, although the magnitude
of global biomass decrease remains the same. In the southern high latitudes, the dominating
drivers of growth rate changes are modified strongest. While diatom and coccolithophore
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growth rates were dominated by the beneficial effect of warming in the control simulation,
the CO2 term including the interactive driver effects determines growth rate changes in the
interaction simulations. In addition, the growth-decreasing effect of the CO2 term of small
phytoplankton in the southern high latitudes is alleviated in the interaction simulation and all
drivers become similarly important for that phytoplankton group. Given the sign of change in
the CO2 term and the influence of driver interactions on growth rates at present-day conditions
(Figure 4.8, Table 4.1), the interaction between CO2 and light is likely dominating these changes.
Thus, the driver interactions investigated in this study have the largest growth-modulating
effect of all regions in the southern high latitudes. A review of climate change impact on
Southern Ocean phytoplankton reveals that warming and changes in the nutrient supply
are the dominant drivers for changes in phytoplankton productivity in most regions of the
Southern Ocean (Deppeler and Davidson, 2017). Our results suggest that interactive effects of
those drivers are at least as important as the effect of each single driver. In the tropics/subtropics,
where nutrient limitation is the main driver of future diatom biomass decrease in the control
simulation, the CO2 term is the most growth-decreasing factor in the interaction simulation.
Alleviated nutrient limitation even balances this effect. Hence, driver interactions reduce the
importance of nutrient limitation, which was previously identified to be the dominating driver
for diatoms in the tropics/subtropics (Dutkiewicz et al., 2013; Laufkötter et al., 2015). The switch
from nutrients to CO2 and its interactive effects as the dominant driver for diatom biomass is
also prevailing on the global scale.
In both control and interaction simulations, growth rates of all phytoplankton groups
in all regions predominantly decrease from present-day to future conditions in our model.
Thus, bottom-up effects contribute at least to a significant fraction to the lowered future
phytoplankton biomass and NPP, while the top-down effects (i.e. zooplankton grazing) remain
to be analysed. This is in contrast to Laufkötter et al. (2015) who found that growth rates at future
conditions are increasing in most models investigated because warming outweighs the growthdecreasing effects of the other driver. Decreasing biomass and NPP was instead caused by
warming-enhanced zooplankton grazing (Laufkötter et al., 2015). Disentangling the effects of the
individual driver responses at future conditions reveals that yearly and mixed layer-averaged
light limitation becomes overall stronger in the three regions for all phytoplankton groups in the
present study. By contrast, Laufkötter et al. (2015) show that light limitation terms in the models
change globally only little except from the polar regions. We ascribe this difference to the
additional growth-determining CO2 term in our model, which causes cascading effects on other
driver effects such as light and nutrient limitation by modifications in the chlorophyll-to-carbon
ratios and the nutrient availability due to changes in the phytoplankton community structure
(Seifert et al., 2021). Hence, lower CO2 and light limitation terms compared to the models of
Laufkötter et al. (2015) may not be balanced by the growth-enhancing effect of warming in our
model. In which way biomass changes are modified by zooplankton grazing in our simulations
will be analysed at a later point.
Interactive effects cause shifts in the phytoplankton community structure
The resulting modified growth responses to future oceanic conditions alter the relative share
of each phytoplankton group to total biomass compared to the control simulation without
interaction (Figures 4.7 and 4.11). In the southern high latitudes, accounting for interacting
drivers even reverts the sign in biomass change from present-day to future conditions for
all phytoplankton groups. Hence, diatom and coccolithophore biomass decreases and small
phytoplankton biomass increases in the future, designating the former ones to losers and the
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latter to winners in the future southern high latitudes. Southern Ocean diatom biomass and
NPP were projected to increase in the future by a number of models (summarized in Laufkötter
et al., 2015) including our control simulation. This was mainly ascribed to warming as well as
enhanced nutrient supply due to increasing upwelling rates and nutrient trapping (Laufkötter
et al., 2015; Moore et al., 2018, this study). Our interaction simulation challenges this view and
indicates that driver interactions may become more important than previously thought and
counteract the growth-enhancing warming effect. In addition to warming, reviews compiling
modelling, experimental, and observational results identified increasing iron supply as likely
cause for increasing diatom biomass in the Southern Ocean (Deppeler and Davidson, 2017;
Henley et al., 2020). While interactions with nutrients were not considered in our interaction
simulations, an experimental study shows that ocean acidification dampens the positive effect
of iron enrichment on Southern Ocean diatoms and causes a community shift towards the
haptophyte Phaeocystis antarctica (Trimborn et al., 2017b). Thus, including interactions involving
the nutrient limitation term may yield a more complete picture of the future of Southern Ocean
diatoms. Nonetheless, not accounting for driver interactions in future projections may miss out
important shifts in the phytoplankton community in the southern high latitudes.
In the northern high latitudes, diatoms are the losers of driver interactions, whereas coccolithophores and small phytoplankton are the winners (Figures 4.7 and 4.11). North Atlantic
coccolithophore abundance was observed to increase in recent decades (Beaugrand et al., 2013;
Rivero-Calle et al., 2015), indicating that coccolithophores are already winners in the present-day
northern high latitudes. Our interaction simulations imply that this trend will not only continue,
but also intensify with interacting drivers in the future North Atlantic.
In the tropics/subtropics, diatoms are the winners and coccolithophores the losers when
accounting for driver interactions due to alleviated decrease of diatom biomass and stronger
decrease of coccolithophore biomass. Small phytoplankton biomass changes only little. Other
modelling studies that do not account for the interactions presented here (Dutkiewicz et al., 2013;
Laufkötter et al., 2015) as well as our control simulation identify stronger nutrient limitation
as the dominant driver of lowered diatom biomass in a future low latitude ocean, to the
advantage of small phytoplankton. Our interaction simulation highlights that this decrease
may be dampened in the future by the interplay of CO2 , light, and temperature. Furthermore,
laboratory experiments show that coccolithophores are often disproportionately affected by
ocean acidification (Hoppe et al., 2011; Meyer and Riebesell, 2015; Seifert et al., 2020), which is
mirrored in the growth-decreasing CO2 term that is dominating in our control simulation in the
tropics/subtropics. In the interaction simulation, the CO2 term is higher which complies with
the finding of an experimental study showing that warming increases the tolerance of two coccolithophore species towards ocean acidification (Sett et al., 2014). However, increasing nutrient
limitation, maybe caused by the higher share of diatoms in the phytoplankton community, is
counteracting this effect. Hence, shifts in the phytoplankton community and resulting changes
in nutrient usages are of particular importance in the increasingly nutrient-limited mixed layer
of the future tropics/subtropics.
In summary, these results highlight that the current suite of marine biogeochemical models is
missing important processes and changes in the future phytoplankton community structure
when not accounting for driver interactions. Different phytoplankton community structures
can have important implications on food webs and carbon export, which will be discussed in
the following.
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Possible implications of a different community structure on food webs and carbon export
Our study reveals that interactive drivers cause globally a stronger decrease of diatom and
coccolithophore biomass, and a smaller decrease of small phytoplankton biomass in the
future ocean compared to simulations without driver interactions (Figure 4.11). Changes in
the phytoplankton community composition may cascade onto food web structures and the
community compositions of grazers. Large diatom cells are usually grazed by copepods and
heterotrophic dinoflagellates (Sommer et al., 2005; Sommer and Sommer, 2006; Calbet, 2008).
Small phytoplankton cells, by contrast, are the usual diet of microzooplankton such as small
flagellates and ciliates (Landry and Calbet, 2004; Calbet, 2008), which in turn are grazed by
copepods and other larger zooplankton groups (Sommer et al., 2005). Thus, an increasing share
of small phytoplankton taxa could trigger a shift towards a microzooplankton dominated grazer
community with pursuing consequences for higher trophic levels. Besides, small zooplankton
groups produce fecal pellets with a lower sinking velocity and, hence, contribute less to
the organic carbon export to depth than larger zooplankton groups (e.g., Wilson et al., 2008;
Steinberg and Landry, 2017). Changes in the phytoplankton community composition may, in
addition, modify the export efficiency of organic carbon to depth. Diatoms form silicious cell
walls (frustules), and coccolithophores build calcium carbonate structures around the cells
(coccospheres). The contribution of these minerals to the total export has been observed to
correlate with the export of particulate organic carbon, leading to the assumption that minerals
may ballast sinking particles and thereby increase the export of carbon to depth (Francois et al.,
2002; Klaas and Archer, 2002). While the ballasting effect of frustules is still a matter of discussion
and presumably depends on the diatom species composition and the degree of silicification
(Tréguer et al., 2018), there is consensus about the ballasting effect of coccospheres (Francois et al.,
2002; Bach et al., 2016). In addition, zooplankton fecal pellets were found to sink faster when
they contain frustules or coccospheres (Ploug et al., 2008; Iversen and Ploug, 2010). A decreasing
share of diatoms and coccolithophores in the phytoplankton community could reduce the
efficiency of ballasting, in addition to the reduced export due to lower total phytoplankton
biomass in the future. This effect could be aggravated by a reduction of a cell’s silicification or
calcification caused by acidification (Findlay et al., 2011; Petrou et al., 2019; Raven and Beardall,
2021). However, cells of small phytoplankton groups may also contribute to a high organic
carbon export, as sticky exopolymeric substances at the cell surface can promote the formation
of larger, fast-sinking aggregates (Henson et al., 2012; Bach et al., 2016; Richardson, 2019). Hence,
the increasing share of small phytoplankton in the future phytoplankton community may still
sustain a rather efficient carbon export.
Limitations and caveats
Given the complexity of driver interactions, there are some aspects that could not be considered
in our study due to the lack of appropriate data, but might be important for future research.
As already mentioned in the method section, we had to simplify the mode of interaction by
a linear interpolation between growth responses at low and high control levels, being aware
that interactions are likely non-linear and are rather described by a 3-dimensional landscape
(Boyd et al., 2018; Van de Waal and Litchman, 2020). However, given the current design of most
multiple driver laboratory studies in which only two levels per driver are investigated (Kreyling
et al., 2018), linear interpolation between two points is the most prudent approach (Babyak,
2004) if we do not want to guess the unknown shape of the 3-dimensional landscape curve.
More laboratory experiments that investigate multiple levels of each driver would be a vital
basis to develop 3-dimensional reaction norms for models based on mechanistic understanding.
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To assess the robustness of the linear interpolation chosen in this study, a sensitivity analysis
remains to be conducted.
Only the interactions between CO2 and temperature or light were identified to be robust
enough to be implemented into our biogeochemical model based on the meta-analysis of Seifert
et al. (2020). Other driver interactions, e.g. including nutrients, are also important, although
they could not be underpinned by a comprehensive statistical analysis. For instance, it has
been shown that the nutritional status of a phytoplankton cell can change its response to
other environmental drivers (Van de Waal and Litchman, 2020). Stronger nutrient limitation
is suppressing the temperature dependence of metabolic rates in several species (Marañón
et al., 2018) and modulates the response to ocean acidification with likely implications on
the phytoplankton community composition (Flynn et al., 2015; Alvarez-Fernandez et al., 2018).
Because changes in nutrient limitation is one of the most important drivers for changes from
present-day to future phytoplankton communities (Marinov et al., 2010; Dutkiewicz et al., 2013;
Laufkötter et al., 2015; Nakamura and Oka, 2019), it is important to obtain a better understanding
on that interaction for different phytoplankton groups to allow for the implementation into
models (Van de Waal and Litchman, 2020). Besides, other processes than phytoplankton growth,
such as calcification, are affected by driver interactions (e.g. Sett et al., 2014), but the number
of studies investigating interactive driver effects on these processes is relatively low (Harvey
et al., 2013). On top of that, driver interactions are not restricted to two drivers but can include
several drivers that all affect each other’s phytoplankton growth responses (Griffen et al., 2016;
Ye et al., 2021).
Finally, and this is important for the model formulation of phytoplankton growth in general,
we suggest a reconsideration of the temperature function. The temperature term is increasing
in all our simulations at future conditions, assuming only beneficial effects of warming on
phytoplankton growth (equations 4.2 and 4.3). This means thermal stress at high temperatures
is currently not considered in our model and in most other biogeochemical models (Laufkötter
et al., 2015). However, laboratory experiments reveal that tropical communities are already
living at their optimum temperature and community growth is likely to decrease with ongoing
warming (Thomas et al., 2012) in case thermal adaptation (Barton et al., 2020) is not possible.
Including thermal stress into the temperature function of phytoplankton growth may lead to a
projection of even stronger biomass decrease in the tropics/subtropics.
conclusion
In summary, we assess our initial hypotheses as follows: (i) We could show that primary
production decreases globally in the future, independent from driver interactions, especially
in the tropics/subtropics; (ii) the response to ocean acidification including driver interactions
becomes more important in a high-CO2 world, and is even dominating in some regions,
e.g. in the tropics/subtropics for diatoms; (iii) phytoplankton are differently affected by
driver interactions, and the projections of future phytoplankton community structure are
altered considerably when accounting for driver interactions (Figure 4.11). Diatoms and
coccolithophores will be the losers whereas small phytoplankton will be the winner in a
high-CO2 ocean.
Laboratory studies leave no doubt that environmental drivers can have interacting effects on
phytoplankton, and research on multiple driver interaction has developed into one of the key
topics in marine science (e.g., Rudd, 2014; Häder and Gao, 2015; Boyd et al., 2018; Gao et al., 2020).
Our modelling study illustrates that these interactions have large-scale implications on the
composition of future phytoplankton communities. Interactive effects are most notable in the
southern hemisphere, where the lower diatom biomass caused by driver interactions decreases
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total phytoplankton biomass in that region by 9%, which is alleviated by increasing small
phytoplankton biomass by 8% of total biomass in that region. Hence, interactive driver effects
can shuffle phytoplankton community structure considerably.
While the model spread for future NPP projections is large (Laufkötter et al., 2015; Frölicher et al.,
2016; Kwiatkowski et al., 2020; Tagliabue et al., 2021), a step towards a more realistic, although
more complex, representation of phytoplankton responses to future oceanic conditions could
be to amend the traditional temperature-nutrient-light-driven system (e.g. Marinov et al., 2010;
Dutkiewicz et al., 2013; Laufkötter et al., 2015; Nakamura and Oka, 2019) by interactions between
these drivers. Ideally, this is accompanied by the consideration of the carbonate system as
an additional driver (Seifert et al., 2021). Owing to the fact that the database consists almost
exclusively of experiments that tested driver interactions at only two levels, we could not
apply full reaction norms but had to assume linear dependencies. Despite this limitation,
our approach will hopefully pave the way for further attempts to account for multiple driver
interactions in biogeochemical models, and complement the conceptual as well as mechanistic
approaches that are based on a subjective selection of data already in place in other model
types (e.g., Smith, 2011; Thomas et al., 2017; Taherzadeh et al., 2019) as well as in biogeochemical
models (e.g., Geider et al., 1998). The continued collaborations between the experimental and
modelling communities will increase our understanding of multiple drivers and their effects
on life in the future ocean (e.g., Davidson, 2014; Chust et al., 2017; Everett et al., 2017; Lombard
et al., 2019; Moore, 2021).
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Figure 4.A1: Illustration of dinter,CxT (left panel) and dinter,CxL (right panel) for the three phytoplankton groups in the model. Vertical lines indicate low and higher temperature and
light control values, respectively. If these values come together with low and high CO2
control levels (LCLT, HCHT and LCLL, HCHL, respectively), this results in growth rates
HCHT as well as GR LCLL and GR HCHL (equations 4.7 and
according to GR LCLT and GRinter
inter
4.9).

Figure 4.A2: Relative differences of spatially and depth-integrated phytoplankton NPP between
the future_ctrl and the present_ctrl simulation (hatched bars) as well as between the
future_inter and the present_inter simulation (filled bars) globally, in the northern and
southern high latitudes, as well as the tropics/subtropics. Regions as indicated on the
map.
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-3.0
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Global
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-9.0 / +9.7
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∆CO2 -term [%]

Southern high latitudes (South Atlantic / Southern Ocean)
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-7.4 / -4.9
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-1.7 / -8.7

∆Growth rate [%]

-10.4 / -15.0

-15.1 / +7.0

-3.4 / +3.7

Table 4.A1: Relative changes in limitation terms and growth rates, averaged over the mixed layer,
between the present_inter and the future_inter simulation. Positive values indicate an
alleviated limitation or higher growth rates, respectively, and negative values indicate
stronger limitation or lower growth rates, respectively. Regions comply with those
indicated in the maps of Figure 4.A5. T-term = temperature term; L-term = light term;
N-term = nutrient term.

Biomass [TgC]

NPP [PgC yr−1 ]

ctrl

inter

ctrl

inter

present

1.337

1.339

28.73

28.78

future

1.256

1.259

26.55

26.63

Simulation

Table 4.A2: Globally and depth-integrated total biomass and NPP in the present_ctrl, present_inter,
future_ctrl, and future_inter simulations.
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Figure 4.A3: Total differences of spatially and depth-integrated phytoplankton biomass between the
present_inter and the present_ctrl simulation globally, in the northern and southern
high latitudes, as well as the tropics/subtropics. Regions as indicated on the maps.
Percentages above/below each bar specify the relative biomass changes. Similar to
Figure 4.9, the scaling of the y-axis is the same for a better comparison.

Figure 4.A4: Depth-integrated biomass of all modelled phytoplankton groups separately as well
as their sum in the present_inter simulation (upper panels) and differences to the
present_ctrl simulation (similar to Figure 4.A7).
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Figure 4.A5: Limitations in CO2 (C), nutrients (N), PAR (L), and temperature (T; all [d−1 ]), as well as growth rates (G; red bars, [d−1 ]) of diatoms,
coccolithophores, and small phytoplankton globally and in regions as indicated in the maps. Faint bars represent the present_ctrl simulation,
fully-coloured bars represent the present_inter simulation. Limitation terms and growth rates were averaged over the mixed layer of the
present-day simulations. For the limitation terms, a value of 1 indicates no limitation by the respective driver, negative values indicate a
growth-dampening effect, and positive values indicate a growth-enhancing effect. Growth rates result from the product of the four limitation
terms as well as the group-specific maximum growth rate.
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Figure 4.A6: Spatially and depth-integrated biomass of diatoms, coccolithophores, and small phytoplankton (for color-code see e.g. Figure 4.A3) in the present_ctrl (Ctrl), the present_cxt
(C X T), the present_cxl (C x L), and the present_inter (Full) simulations. Regions as
indicated on the maps.

Figure 4.A7: Depth-integrated biomass of all modelled phytoplankton groups separately as well as
their sum in the future_inter simulation (upper panels) and differences to the future_ctrl
simulation.
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Figure 4.A8: Similar to Figure 4.A5, but for the future_ctrl (faint bars) and the future_inter (fully-coloured bars) simulations.

publication iii

Figure 4.A9: Total differences of spatially and depth-integrated phytoplankton biomass between
the future_ctrl and the present_ctrl (dotted bars) as well as the future_inter and the
present_inter (full bars) simulation globally and in regions as indicated in the maps.
Positive values indicate higher biomass in the future compared to the present-day
simulations, and vice versa. Percentages above/below each bar specify the relative
biomass changes.
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synthesis

The oceans take up about one quarter of anthropogenic CO2 emissions (Friedlingstein et al.,
2020), thereby buffering the increase in atmospheric CO2 concentrations and, thus, global
warming. While most of the anthropogenic CO2 uptake is driven by physical processes, the
biological carbon pump plays an important role for the contemporary CO2 uptake of the ocean,
especially on regional scales (e.g., Parekh et al., 2006; Kwon et al., 2009; Sanders et al., 2014).
Yet, it was shown that changes in the biological carbon pump had important implications
for atmospheric CO2 levels during glacial-interglacial cycles (Galbraith and Skinner, 2020). In
addition, modifications of the biological carbon pump have vital implications for marine
ecosystems, mainly food webs and elemental cycling (Klaas and Archer, 2002; Sommer and
Sommer, 2006; Calbet, 2008). Hence, understanding the biological carbon pump and its fate in a
changing climate is critical to evaluate the future role of the oceanic carbon sink and marine
ecosystem.
Changes in the oceanic inorganic carbon inventories that accompany increasing CO2 uptake,
namely ocean acidification, can themselves have a notable effect on marine organisms. The
impact of carbonate system components on phytoplankton was considered in many laboratory
and mesocosm studies and was analysed in a number of reviews (e.g., Rost and Riebesell,
2004; Häder and Gao, 2015; Gao et al., 2019) and meta-analyses (e.g., Dutkiewicz et al., 2015;
Hancock et al., 2020). It was found that effects from changes in the carbonate system can often
tip the scale in the response of organisms towards other growth-modifying environmental
drivers (e.g. temperature, light, nutrient availability). In additions, these studies show that
some species benefit from ocean acidification because they can reduce their energy-consuming
CO2 concentrating mechanisms (carbonation effect, Giordano et al., 2005; Kottmeier et al., 2014),
while other species are adversely affected by ocean acidification (e.g., Rost and Riebesell, 2004;
Gao et al., 2019). For example, the phytoplankton group of coccolithophores, which performs
about half of the pelagic calcification (Brownlee and Taylor, 2004; Beardall and Raven, 2013) was
identified to be extraordinarily sensitive to ocean acidification in both, their calcification and
growth rates (e.g., Hoppe et al., 2011; Meyer and Riebesell, 2015).
Together with other climate change-induced modifications in environmental drivers such as
light, temperature, nutrient availability, and oxygen concentration, ocean acidification affects the
abundance, spatial distribution, and phenology of marine phyto- and zooplankton (Poloczanska
et al., 2016; Basu and Mackey, 2018). Changes in environmental drivers act in concert on the
physiology of organisms whereby one driver can modify the response to another, for instance
via energy reallocation (Van de Waal and Litchman, 2020). Those multiple driver interactions
are rather the rule than the exception (e.g., Crain et al., 2008; Boyd and Hutchins, 2012) and can
change the structure and ecosystem functioning of a community (Vinebrooke et al., 2004) and
thereby the strength of the biological carbon pump (Bindoff et al., 2019).
The net primary production (NPP), i.e. the carbon uptake by photosynthesis minus the
carbon release by respiration of phytoplankton, plays a fundamental role in the biological
carbon pump, because it determines how much carbon is available to be transferred up in
the marine food web. Projections of future global NPP have a wide spread in the current
generation of biogeochemical models, from a decrease of 20% to an increase of 2% compared
to present-day values (Bopp et al., 2013; Laufkötter et al., 2015). The spread is even larger on a
regional scale (Tagliabue et al., 2021). Uncertainties stem mostly from gaps in the understanding
of underlying relations (Frölicher et al., 2016). However, also the omission of important processes
such as the impact of inorganic carbon species and interacting drivers on phytoplankton
add inaccuracy to estimates of future NPP. Despite the increasing understanding thanks to
investigations on living organisms, sensitivities of phytoplankton to changing inorganic carbon
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concentrations have barely made their way into biogeochemical models so far. Conceptual
approaches were developed by Gangstø et al. (2011), Dutkiewicz et al. (2015), and Krumhardt
et al. (2019), but none of these studies considers the full effect (carbonation plus acidification)
on all modelled phytoplankton groups and calcification. On top of that, none of the current
large-scale ocean biogeochemical models includes process-understanding based on the large
number of experiments on ocean acidification and interactive driver effects on phytoplankton
growth (Laufkötter et al., 2015). This is likely caused by the lack of comprehensive statistical
synopses, which hinders the development of response curves for modelling approaches.

5.1

major finding of this thesis

This thesis contributes to the advancement of models regarding the representation of phytoplankton responses to environmental drivers by covering the afore-mentioned gaps in current
model parametrizations of phytoplankton growth. More specifically, functions for phytoplankton CO2 dependencies and multiple driver interactions were developed based on available
laboratory data. They were then applied in model simulations with present-day and future
climate conditions and atmospheric CO2 levels. In particular, the main topics of that thesis are:
1. The summary of current knowledge from laboratory experiments on the impact of dual
driver interactions on phytoplankton growth rates in a statistical and reproducible way
(Publication I, chapter 2).
2. The investigation of phytoplankton growth responses to preindustrial, present-day, and
future CO2 levels, and the resulting modifications in the community composition. This
encompasses the development of response curves of phytoplankton growth and calcification to inorganic carbon species concentrations and the representation of the functional
group of coccolithophores in a biogeochemical ocean model (Publication II, chapter 3).
3. Finally, the investigation of interactive driver effects on future phytoplankton biomass and
community composition in a high-emission scenario. This encompasses the development
of a parametrization for dual driver interactions based on the results of Publication I for
the new model setup developed in Publication II (Publication III, chapter 4).
Altogether, the results show that the new model amendments considerably modify future
projections of phytoplankton biomass, NPP, and community composition. Considering CO2
dependencies and interactive driver effects in biogeochemical models may be a important step
forward to improve projections of the future biological carbon pump and marine food webs. In
the following, each publication will be summarized and discussed separately (Figure 5.1).
5.1.1

A meta-analysis on phytoplankton growth responses to dual driver interactions

Multiple driver interactions are separated into synergism (i.e. the total effect of all drivers is
larger than the sum of the effects of individual drivers), antagonism (i.e. the total effect of all
drivers is smaller than or reverted to the sum of the effects of individual drivers), and additivity
(i.e. the total effect of all drivers corresponds to the sum of the effects of individual drivers)
(Folt et al., 1999; Boyd and Hutchins, 2012; Przeslawski et al., 2015). Phytoplankton responses to
multiple drivers were extensively reviewed in the past (e.g., Gao et al., 2012; Edwards et al., 2016;
Deppeler and Davidson, 2017; Gao et al., 2019). However, while reviews are an important tool
to summarize literature data in a qualitative and narrative way, quantitative assessments of
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Figure 5.1: Main foci of each publication and selection of connected results in-between the
publications.

data that account for uncertainties within and between studies, such as meta-analyses, are
more appropriate for the later use in developing functions for a biogeochemical model. Metaanalyses have mostly been applied in social sciences, but are becoming increasingly important
in ecological and evolutionary studies (Arnqvist and Wooster, 1995; Lajeunesse and Forbes, 2003).
They are defined as "the area of statistics that is designed for summarizing and analysing
multiple independent studies" (Arnqvist and Wooster, 1995), including statistical measures to
analyse the strength of evidence within and between the studies (Lortie et al., 2015). Usually,
meta-analyses follow pre-determined procedures of literature search, study collection, data
retrieval, data handling, and meta-data testing, thereby aiming to be as transparent, replicable,
and objectively as possible (Arnqvist and Wooster, 1995; Lortie et al., 2015).
In Publication I (Seifert et al., 2020), a meta-analysis was conducted focussing on laboratory
studies that examine the growth responses of marine phytoplankton (diatoms, dinoflagellates,
coccolithophores) to increasing levels of temperature, light, and pCO2 as well as decreasing
nutrient concentrations, both separately and in dual driver combinations (Figure 5.1). A suite
of 3,656 articles that were found in a first step by specific search queries on two literature
databases was screened in a second step based on additional selection criteria. Because the
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selection criteria were chosen to keep the balance between including a wide range of species
and species origins into the analysis while keeping up a high level of comparability at the same
time and because meta-data was often insufficiently reported, the final dataset consisted of
only 25 articles with 42 single studies.
Growth responses to individual drivers were shown to match expectations and the results
of other studies that were not included in the meta-analysis, with growth-enhancing effects
of elevated temperature and light levels, and growth-dampening effects of reduced nutrient
concentrations. The growth-enhancing effect of elevated pCO2 levels for diatoms and dinoflagellates
revealed by the meta-analysis is supported by studies on a variety of phytoplankton groups
(e.g., Hutchins et al., 2007; Kranz et al., 2010; Errera et al., 2014; Wu et al., 2014; Zhu et al., 2017).
Increasing carbonation is likely the cause for higher growth rates at increasing pCO2 levels
(Kottmeier et al., 2014). By contrast, elevated pCO2 leads to decreasing growth rates of coccolithophores. This is supported by some (although not all) other studies, which additionally
reveal varying responses depending on the species and experimental conditions (e.g., Riebesell
et al., 2000; Langer et al., 2006; Iglesias-Rodriguez et al., 2008; Hoppe et al., 2011; Zhang et al., 2019).
Growth reduction is likely caused by acidification, that is the decrease in pH associated with
the increasing pCO2 concentration in the growth medium of the experiment (e.g., Rost and
Riebesell, 2004; Gao et al., 2019). Previous work by Bach et al. (2015) suggests that the full
pattern of growth responses to pCO2 should follow an optimum curve with increasing growth
caused by carbonation and decreasing growth caused by acidification, but this could not be
revealed in the meta-analysis because of the restriction to two pCO2 levels in the experiments
of the investigated studies. Therefore, growth response curves over a continuous range of
carbonate system parameters were investigated for the implementation of phytoplankton
growth dependencies on the carbonate system into the global ocean biogeochemical model
REcoM (Publication II, chapter 3 and further discussed in section 5.1.2).
Due to the limited number of dual driver studies that were suitable for the meta-analysis,
only the interactions between pCO2 x temperature, pCO2 x light, and pCO2 x nutrients could
be analysed. Interactions between pCO2 x temperature and pCO2 x light were identified to
be antagonistic over all phytoplankton groups, while the mode of interaction (synergism,
antagonism, additivity) between pCO2 x nutrients could not be proven robustly due to a variety
of growth responses. This translates into a pCO2 -driven dampening of the growth-increasing
effects of warming and higher light levels. The antagonistic interaction of pCO2 x light was
mainly caused by diatoms, with additive responses of the other phytoplankton groups. This is
likely related to a downregulation of CO2 -concentrating mechanisms (CCMs) in diatoms due
to higher substrate (CO2 ) availability, which can cause a higher sensitivity towards high-light
stress (Kottmeier et al., 2016). While the meta-analysis mainly assesses and reports effect sizes
(that is the standardized quantification of an intervention relative to a benchmark, Turner
and Bernard, 2006), the literature collection of growth rate measurements from the respective
literature (see Supporting Information of Publication I, chapter 2) was used in the development
of model parametrizations for dual driver interactions (Publication III, chapter 4, and further
discussed in section 5.1.3).
The study of individual and interactive driver effects also revealed a special role of coccolithophores, with a growth-decreasing effect of high pCO2 conditions, a more growth-increasing
effect of warming compared to the other phytoplankton groups, and an additive to synergistic
response to the interaction of pCO2 and temperature. Because coccolithophores contribute
about half of the pelagic calcification (Brownlee and Taylor, 2004; Beardall and Raven, 2013) and,
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hence, play an important role in the carbonate pump, diverging responses to changing environmental conditions compared to other phytoplankton groups may have notable implications
on the marine carbon cycle. This finding of the meta-analysis was the motivation for the
implementation of coccolithophores as a separate group into REcoM (Publication II, chapter 3
and further discussed in section 5.1.2). Finally, the meta-analysis revealed higher sensitivities
of polar species towards increasing pCO2 levels compared to tropical species, which might be
driven by a higher CO2 solubility at lower temperatures of the growth medium typically used
for experiments with polar species.
Taken together, the results of the meta-analysis led to the hypotheses that future primary
production, when accounting for interactive driver effects, i) decreases in the mid-to-low
latitudes due to lowered nutrient availability, ii) increases in the Arctic Ocean due to the
improved light availability, and later decreases once nutrient limitation dominates, iii) increases
in the Southern Ocean due to increased nutrient supply, and iv) any interaction with increasing
pCO2 will become more important in the polar regions than in the mid-to-low latitudes.
Publication I was aimed to pave the way for the implementation of multiple driver interactions
into a biogeochemical model, but its result highlight the necessity to account for carbonate
system dependencies of phytoplankton growth, and imply that coccolithophores are worth to
consider as a separately modelled phytoplankton group. These two issues were addressed in
Publication II.
5.1.2

Including phytoplankton inorganic carbon dependencies and coccolithophores into a biogeochemical model

Phytoplankton growth in biogeochemical models is usually described by maximum growth
rates that are modified by temperature, light, and nutrient availability. Experimental studies
reveal unambiguously that the carbonate system, i.e. the concentration of different carbonate
species, also alters growth by being on the one hand a substrate for photosynthesis, and on the
other hand an inhibitor of cellular processes by impacting the cell-internal pH (e.g., Rost and
Riebesell, 2004; Kottmeier et al., 2014). Additionally, it was shown in Publication I that changes in
the carbonate system can significantly modify the growth dependence of phytoplankton on
other drivers. Thus, accounting for the carbonate system as additional growth-determining
factor for phytoplankton in models is a necessary amendment, especially with regard to
ongoing ocean acidification.
Coccolithophores were identified in Publication I to respond differently to environmental
conditions than other phytoplankton groups. Although their contribution to total global marine
phytoplankton biomass is small (about 2%, Buitenhuis et al., 2013; O’Brien et al., 2013), they
have an important function in the carbon cycle by building shells from calcium carbonate (the
so-called coccospheres) and thereby contributing to the carbonate pump (about 50% of total
pelagic calcification, Brownlee and Taylor, 2004; Beardall and Raven, 2013, see section 1.1.1). Besides,
coccospheres can enhance the transfer of organic carbon to deeper water layers by increasing
the particle density ("ballasting", Klaas and Archer, 2002; Cram et al., 2018). The majority of
biogeochemical models does not account for coccolithophores explicitly, as it is also possible to
add calcite production as an implicit process (i.e., performed by a fixed fraction of the group of
small phytoplankton). Yet, in that case, timing, location, and magnitude of calcification are not
modified by the group-specific coccolithophore responses to varying environmental conditions.
Some biogeochemical models include coccolithophores (e.g., Le Quéré et al., 2005; Gregg and
Casey, 2007; Dutkiewicz et al., 2015; Nissen et al., 2018; Krumhardt et al., 2019). Those mainly
represent the bloom-forming species Emiliania huxleyi, which is the "laboratory rat" amongst

175

176

synthesis

coccolithophores but not a typical representative of that group (Rost and Riebesell, 2004).
Publication II (Seifert et al., 2021) focusses on the further development of the global biogeochemical ocean model REcoM (Regulated Ecosystem model version 2) coupled to FESOM (Finite
Element Sea Ice-Ocean Model 1.4, Hauck et al., 2013; Schourup-Kristensen et al., 2014; Wang et al.,
2014; Karakuş et al., 2021) by adding coccolithophores, explicit calcification, carbonate-system
dependent calcite dissolution, and dependencies of phytoplankton growth and calcification
on the carbonate system (Figure 5.1). Coccolithophores were implemented similar to the
already existing phytoplankton groups of diatoms and small phytoplankton with a slightly
different temperature function and group-specific parameter values, and the model reproduces
observational data reasonably well (O’Brien et al., 2013). The comparison of the coccolithophore
distribution in REcoM with results from a niche model (O’Brien, 2015) revealed that not only E.
huxleyi is simulated, but also the non-bloom forming coccolithophore species that are adapted
to warmer water masses, indicating that REcoM covers a relatively large variety of coccolithophore species. The representation of coccolithophores allowed to switch from implicit to explicit
calcification (i.e. calcite production directly related to the coccolithophore biomass), which was
made dependent on temperature and nitrate availability following Krumhardt et al. (2017). Prior
to developing functions for carbonate system dependencies of growth and calcification, the
application of the mocsy 2.0 routine (Orr and Epitalon, 2015), which calculates the concentration
of carbon species (i.e. bicarbonate, carbonate, CO2 etc.), was extended from surface only to
the interior ocean, i.e. to each depth level in the model. The exponential increase of calcite
dissolution with water depth of the original REcoM version was then replaced by a description
of calcite dissolution that depends on the carbonate ion concentration following Aumont et al.
(2015).
These implementations were the precursor for a major advancement of the model, which was
the development and implementation of functions that describe the dependence of phytoplankton growth and coccolithophore calcification on the carbonate system (further called
"CO2 dependencies"). Laboratory data of phytoplankton growth responses and responses of
the particulate inorganic to organic carbon ratio (PIC:POC) to gradients of carbonate species
concentrations from published literature were collected. The function of Bach et al. (2015) that
accounts for both the substrate (i.e. carbonation) and the inhibitor (i.e. acidification) role of the
carbonate system was fitted to the laboratory data, yielding CO2 dependencies for the growth
of each phytoplankton group in the model (diatoms, coccolithophores, small phytoplankton),
as well as calcification.
The new model setup was then applied under preindustrial, present-day and future atmospheric
CO2 , and changes in phytoplankton growth and biomass were analysed. In addition, a separate
set of simulations, which accounted for CO2 -driven warming and acidification, was conducted
to identify the main driver of the recently observed increase in coccolithophore biomass in
the North Atlantic, which was attributed in earlier studies to either warming (Beaugrand et al.,
2013) or increasing CO2 (Rivero-Calle et al., 2015; Krumhardt et al., 2016).
Publication II revealed that the addition of CO2 dependencies did not only affect phytoplankton directly. Cascading effects on other bottom-up (light and nutrient limitation) as well
as top-down (grazing) processes partly led to unexpected growth and biomass responses.
These were mainly caused by modifications of nutrient availability and by changes in the
contributions of the individual groups to total biomass and the consequent shifts in grazing
pressure. Responses of light and nutrient limitation as well as grazing to changes in the
carbonate system were unexpected. The results suggest that phytoplankton CO2 dependencies
are an important modifying component when simulating primary production at different
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climate conditions and atmospheric CO2 levels. Atmospheric pCO2 at preindustrial level led to
lower biomass levels of small phytoplankton compared to present-day atmospheric pCO2 , likely
due to reduced carbonation. At future atmospheric pCO2 levels, the detrimental effect of ocean
acidification on coccolithophores was compensated by a higher nutrient availability thanks
to the above-mentioned cascading effect, which resulted in higher coccolithophore biomass
concentrations in a future ocean. This trend was surprising, as it contradicts the assumption
of a general disadvantageous effect of a more acidic ocean both drawn from Publication I
and implied by the function implemented into the model. Calcification was the process most
sensitive to ocean acidification, but lower future calcification rates could be compensated by
the increase in coccolithophore biomass. In the simulation which accounted for CO2 -driven
warming and acidification, temperature was the main driver for the coccolithophore biomass
increase over the last decades in the North Atlantic, and not pCO2 . Publication I showed that
pCO2 and temperature can interact synergistically. While the model setup used here does not
yet account for driver interactions, this effect on North Atlantic coccolithophores was examined
in Publication III. Finally, ocean acidification led to lower small phytoplankton and higher
diatom biomass concentrations in the future compared to the present-day Southern Ocean.
This effect was proposed to dampen the advantageous effect of decreasing nutrient availability
caused by stronger stratification on small phytoplankton, which are generally better able to
grow under nutrient-limited conditions than larger cells such as diatoms (e.g., Irwin et al., 2006;
Marañón et al., 2013).
In summary, the results of Publication II show that accounting for CO2 dependencies in a
model can modify phytoplankton community responses to different atmospheric CO2 levels.
Publication I revealed in addition that growth responses to the carbonate system significantly
interact with growth responses to warming and increased light availability. To investigate these
effects, parametrizations for dual driver interactions were developed in Publication III.
5.1.3

Amending a biogeochemical model with dual driver interactions on phytoplankton growth

While interactive effects of two or more drivers on phytoplankton are investigated in many
laboratory studies (see Publication I), findings of those studies had not been accounted for in
large-scale biogeochemical ocean models prior to that thesis. This is probably in parts caused
by the fact that the interaction of drivers can be arbitrarily complex regarding the number of
interacting drivers and the shape of the response curve, and that laboratory studies are still
too scarce and/or not appropriate (see section 5.2) to develop reaction norms like the CO2
dependence presented in Publication II. However, the results of the meta-analysis (Publication
I) provide statistically validated estimations of dual driver interactions at two driver levels.
Although they do not cover the entire complexity of multiple driver interactions, these data can
be used as a first step to parametrize driver interactions and apply them in a biogeochemical
model.
Publication III (Seifert et al., in prep.) unites the results of the meta-analysis in Publication
I with the model developments described in Publication II (Figure 5.1). The part of the CO2
dependence function in REcoM, which describes the growth-decreasing impact of lowered pH
was made dependent on both temperature and light, yielding group-specific growth rates that
comply with the results of dual driver laboratory studies assessed in Publication I. The studies
considered in the meta-analysis, just as most multiple driver laboratory studies (Griffen et al.,
2016), only included two driver levels, and assumptions had to be made on the responses to the
remaining driver ranges. As the shape of the response curves to interactions between CO2 and
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temperature as well as CO2 and light is completely unknown at present, a linear regression
between the two driver levels was assumed in both cases. This resulted in a strengthening
of the driver interaction from the low driver levels of the laboratory studies to higher driver
levels. The driver interactions from the meta-analysis revealed a temperature-driven alleviation
and a light-driven strengthening of the detrimental effect of ocean acidification on diatoms
and coccolithophores, and the opposite for small phytoplankton. The model was run with and
without driver interactions in a present-day climate as well as an end-of-century climate under
the high emission scenario SSP5-8.5 (O’Neill et al., 2016; Semmler et al., 2020).
Both simulations, with and without interaction, yielded a decrease in global phytoplankton
biomass and NPP by 6 and 8%, respectively, from present-day to future climate. Even though
driver interactions did not affect globally integrated changes in biomass and NPP, the response
of the individual phytoplankton groups was substantially modified in the simulations with
interactions. Besides, phytoplankton biomass and NPP were considerably affected by driver interactions on a regional scale. Globally, the decrease of diatom and coccolithophore biomass was
enhanced, and the decrease of small phytoplankton biomass dampened by driver interaction
compared to the simulation without driver interaction. Shifts in the relative contribution of
each phytoplankton group to total biomass were also prevalent in the investigated regions.
The effects of the CO2 and temperature interaction dominated in the tropics and subtropics,
while the effects of the CO2 and light interaction dominated in the high latitudes. Growth
responses were additionally shaped by feedbacks of the light and the nutrient limitation term.
The recent increase of coccolithophore biomass in the North Atlantic, which was identified
to be mainly temperature-driven in Publication II, was found to continue in the future. It
was stronger in the simulation with driver interactions than in the simulation without driver
interactions. Changes of the phytoplankton community by driver interactions compared to
the simulation without interaction was strongest in the Southern Ocean. The response of
diatoms and small phytoplankton in that region to future conditions described in Publication
II (with higher diatom and lower small phytoplankton biomass) was reversed by driver interactions, which yielded decreasing diatom biomass and increasing small phytoplankton biomass.
Picking up the threads from the summary of Publication I, the REcoM version that accounted
now for carbonate system dependencies and dual driver effects resolved the following trends
in a future ocean: Future phytoplankton biomass and NPP...
i) ...decreased in the low-to-mid latitudes as hypothesized in Publication I, for small phytoplankton due to lowered nutrient availability, but for diatoms and small phytoplankton
due to the growth-decreasing effect of CO2 and its interaction with temperature,
ii) ...likely decreased in the Arctic Ocean as in the remaining northern high latitudes as
hypothesized in Publication I, although the Arctic was not assessed separately in Publication
III,
iii) ...decreased, instead of increased (which was hypothesized in Publication I) in the Southern
Ocean due to a more growth-decreasing CO2 term of diatoms and coccolithophores,
whereas small phytoplankton benefits from warming and improved light conditions, and
iv) ...responded most sensitive to CO2 -related interactions in the Southern Ocean, whereas
sensitivities of phytoplankton in the northern high latitudes and the tropics/subtropics
were similar, partly supporting the hypothesis in Publication I that these interactions
become most important in polar regions.

5.2 demands on laboratory studies to inform meta-analyses and models

Changes in the community composition can propagate to ecosystem functioning and biogeochemical cycling. One important aspect may be the role of coccospheres and, to a minor
extend, silicate frustules of diatoms in enhancing the export of organic carbon due to ballasting
(Francois et al., 2002; Klaas and Archer, 2002; Raven and Beardall, 2021), which could be reduced
on a global scale if coccolithophores and diatoms are more severely affected by climate change
than assumed from current model projections. Altogether, Publication III shows that interactions
between the drivers considered in that study do not alter the projected magnitude of global
changes in future marine primary production, but modify the community composition and
thereby likely the biogeochemical cycling, as well as the magnitudes of biomass and NPP on a
regional scale.
5.1.4

Brief summary

The three publications presented in this thesis draw a bow from evaluating current knowledge
on multiple driver effects in laboratory experiments, the amendment of a biogeochemical
model with the necessary components and processes, to the final incorporation of multiple
driver effects into the model. Overall, the thesis aims to bridge the gap between experimental
knowledge on phytoplankton responses to changing environmental conditions and the modelling of phytoplankton. The results imply that the presented modifications of the phytoplankton growth parametrization modify phytoplankton production and community composition in future climate-change scenarios. These advancement may help to improve the
robustness of future projections of the biological carbon pump and marine food webs.
Although none of the publications encompassed laboratory work, all are based on the results
of laboratory studies, and critically depend on what is published by the community of
experimental phytoplankton researchers. While there is a tremendous number of published
laboratory studies with the relevant research questions available, by far not all are suited to be
considered for the assessment in a meta-analysis and/or the transfer to model applications.
Suggestions for future experimental studies to better suit to the requirements of meta-analyses
and model applications will be discussed in the next section.
5.2

demands on laboratory studies to inform meta-analyses and models

Publication I gives recommendations for laboratory studies, which are motivated by the fact that
the number of studies investigated in the meta-analysis decreased tremendously from initially
3,656 articles found in literature databases to only 25 articles that were statistically analysed.
This is partly caused by the relatively strict selection criteria chosen for the meta-analysis that
ensured high comparability between studies. For instance, only laboratory (not mesocosm
or field) studies on marine (not freshwater) single species (not communities) cultures were
considered for the further analysis. However, a number of studies that would have met these
criteria and, thus, could have contributed to a more sound data base, had to be excluded due
to insufficient data reporting and an inappropriate data design. The recommendations for
laboratory studies in Publication I highlight how studies could become more suitable for the
inclusion into meta-analyses. In Publication II and III, results from laboratory studies were used
to develop CO2 response curves and functions for driver interdependencies. While the data
base of laboratory studies for the CO2 responses was sufficient to fit the response functions
reasonably well, the complexity of multiple driver interactions had to be constrained to linearity
due to the scarcity of laboratory data. As models require continuous descriptions of growth
responses to environmental drivers, laboratory studies that investigate only a small numbers of
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driver levels are often not adequate to develop such reaction norms for models. In the following,
the recommendations for laboratory studies listed in Publication I will be summarized briefly
and expanded by demands on laboratory studies to better inform models, which emerged
during the work on Publication II and III.
Meta-analyses are tools to collate information from different studies in a structured and
statistically sound way. To do so, the design and quality of the individual studies has to be
as similar as possible, and remaining differences between the studies can then be evaluated
statistically in a heterogeneity analysis. Insufficient data reporting, however, impedes the
quality assessment and the evaluation of meta-data. Multiple driver studies should provide
more details on, for instance, the carbonate system of the medium during the experiment to
exclude any unwanted drift that could bias the growth responses, the origin of the species
investigated as well as the time of their isolation, and the conditions under which they were
cultured prior to the experiment. In addition, laboratory studies need to be conducted in a
multifactorial design, that is testing growth responses at low and high levels of each of the two
drivers, both separately and in combination, resulting in four experimental settings. Otherwise,
it is not possible to identify whether a driver interaction is synergistic, antagonistic, or additive.
Finally, authors of multiple driver studies should justify their choice of driver levels, which
follow ideally present-day as well as projected future conditions in the natural habitat of the
species.
In models, responses of an organism to continuous drivers such as temperature are typically
described by reaction norms (Schlichting and Pigliucci, 1995). These responses are usually nonlinear, and follow, for example, an optimum curve. In Publication II, a function describing
growth responses to continuously changing levels of carbonate system parameters was fitted
to laboratory data. These data had to cover at least three different pCO2 levels per experiment
(which controlled the concentration of the remaining carbonate system parameters), while the
number of studies that investigated more than ten driver levels was relatively low (see Tables
S1-S4 Supplemental material of Publication II). Most laboratory studies apply the replicated
design with a low number of driver levels but a high number of replicates (Kreyling et al., 2018).
While this might be appropriate for certain research questions, it is not convenient for the
development of reaction norms, as the form of the function still remains highly speculative
(Figure 5.2). To capture non-linearities in response patterns, laboratory studies would need to
apply the gradient design with a higher number of driver levels (Kreyling et al., 2018). Given
the restrictions in experimental capacities in terms of space, time, and resources, this would
naturally result in a lower number of replicates, or even no replication (Figure 5.2). While
omitting replications in laboratory studies may seem to be counter-intuitive, it was shown that
for capturing non-linearities in organisms’ responses, gradient designs are statistically at least
equally, if not even more powerful than replicated designs (Cottingham et al., 2005; Kreyling et al.,
2018). If laboratory studies intend to inform models, a gradient design instead of a replicated
design would be the better choice for the experimental setup.
The topic becomes more complicated if the responses of organisms to two or more interacting
drivers are investigated. While at least some single driver studies consider several driver levels,
multiple driver studies on two or maximum three interacting drivers are exclusively conducted
at a low number of driver levels, which is mostly one low and one high level of each driver (see
the recommendations for the use in meta-analyses in this section and Figure 5.2). Although
driver interactions typically follow 3D landscapes (Boyd et al., 2018), multifactorial designs
based on only two driver levels do not reveal the shape of the 3D landscape, and a linear
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Figure 5.2: Conceptual figure displaying a replicated and a gradient design of a single and a multiple
driver study, assessing the growth response of an organism to a theoretical continuous
Driver 1 and, for the multiple driver study, another continuous Driver 2. Red dots mark the
driver levels at which the experiments are conducted and the hypothetical response of the
organism. Lines and 3D landscapes indicate possible regressions for reaction norms. For
the replicated designs, multiple regressions of different complexity are possible, indicated
as additional dashed and dotted lines in the panel for single driver studies. The figure is
inspired by Kreyling et al. (2018).

relationship has to be assumed to reduce the bias due to overfitting (Babyak, 2004). Similar to
single driver studies, more driver levels to the expense of replicates in dual driver laboratory
studies (Figure 5.2) would be an important step forward in understanding interactive driver
effects on organisms, starting with the interaction of two and possibly being extended to more
drivers. The resulting reaction norms could be a precious addition to models. As multiple
driver research was identified to be an important aspect in ocean acidification research in
particular (Riebesell and Gattuso, 2015) and in ocean sciences in general (Rudd, 2014), increasing
the number of laboratory studies with gradient design could mean a substantial enhancement
in the exchange between experimental and modelling studies in that field.
5.3

implications of the model developments presented in this thesis

The thesis proposes ways to improve the representation of bottom-up effects on phytoplankton
and, thus, the carbon cycle and the ecosystem in a broader sense in biogeochemical models.
While the explicit simulation of coccolithophores as a separate phytoplankton group has been
done in other models in the past (e.g., Le Quéré et al., 2005; Dutkiewicz et al., 2015; Nissen et al.,
2018), both CO2 dependencies of phytoplankton growth and calcification as well as multiple
driver interactions developed based on laboratory data are novelties for models. Both result in
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cascading effects on the impacts of other bottom-up drivers as well as top-down processes, and
by triggering shifts in the phytoplankton community. As every new process or compartment
in a model increases its computational cost, it is crucial to carefully assess during model
development whether this process or compartment is critical to answer the research questions
the model is intended to be used for. In the following, the model advancements of the thesis
(Figure 5.3) will be discussed separately for their general usefulness in models and for which
research question they should be implemented for in models. As phytoplankton has both a
biogeochemical and an ecological function, the evaluation will specifically consider research
questions regarding the carbon cycle as well as food webs.

Figure 5.3: Simplified schematic figure of the main components and links in the Regulated Ecosystem
Model version 2 (Hauck et al., 2013; Karakuş et al., 2021; Seifert et al., 2021, in prep.).
Compartments and processes that were implemented during the work on this thesis
(coccolithophores, CO2 dependencies, multiple driver interactions) are highlighted in red.

Do all models need coccolithophores?
Coccolithophores only account for about 2% of the total global phytoplankton biomass
(Buitenhuis et al., 2013; O’Brien et al., 2013). While the reasons why coccolithophores calcify are
still under debate (Monteiro et al., 2016), their coccospheres do not seem to provide a protection
from grazing (Mayers et al., 2020) and their availability as a prey for zooplankton is likely similar
to other small-sized phytoplankton groups. A recent study suggests that grazing protection
could act indirectly by reducing a predator’s growth rate once the indigestible coccospheres
fill up its stomach and increase its swimming effort (Haunost et al., 2021), but further research
is needed to confirm this, and in any case, the implications for zooplankton biomass are
supposably low. For models that are used to investigate the food web, coccolithophores are of
lesser importance, especially on a global scale.
If a model is used to simulate the carbon cycle and possibly its performance in the past and
future, the case looks different. The precipitation of calcium carbonate in the ocean is mainly
biotic (Gehlen et al., 2007), and coccolithophores contribute about 50% to the pelagic carbonate
production (Brownlee and Taylor, 2004; Beardall and Raven, 2013). Calcification reduces the
alkalinity of the surrounding water (Sarmiento, 2006), and the growth of calcifying organisms
in surface layers dampens the ability of the ocean to take up CO2 from the atmosphere.
Calcification in a restricted region and its concomitant effects on alkalinity can radiate on
the global scale and, thus, affect the global air-sea exchange of CO2 (Krumhardt et al., 2020).
Hence, directly, decreasing coccolithophore production can increase the ocean carbon storage

5.3 implications of the model developments presented in this thesis

(Matsumoto et al., 2002), and an explicit simulation of coccolithophores in models improves the
representation of that process. As opposed to that, coccolithophores can increase the ocean’s
capacity for taking up atmospheric CO2 indirectly by ballasting of particles. Coccospheres have
a relatively high density and likely enhance the export of organic carbon to depth (Francois et al.,
2002; Klaas and Archer, 2002; Bach et al., 2016), which reduces the remineralization of organic
compounds and the resulting CO2 concentration in the surface layer (Gehlen et al., 2007). Hence,
indirectly, decreasing coccolithophore production can decrease the ocean carbon storage. As
the REcoM version used in this study does not account for the ballasting effect of minerals on
organic carbon export, the balance between the two processes that are affected by decreasing
coccolithophore biomass (i.e. increasing organic carbon storage due to lower calcification vs.
decreasing organic carbon storage due to a smaller ballasting effect) could not be evaluated.
The remaining 50% of pelagic carbonate production are performed by several other organism
groups, whereof pteropods and foraminifers make up the largest shares (e.g., Hood et al., 2006;
Buitenhuis et al., 2019). In terms of biomass, pteropods are dominating amongst the pelagic
calcifiers (Buitenhuis et al., 2019). However, because the crystal form of calcium carbonate
produced by pteropods (i.e. aragonite) is more prone to dissolution than the crystal form
of coccolithophores’ and foraminifers’ calcium carbonate (i.e. calcite), their contribution to
global carbonate export is relatively low (Schiebel, 2002; Buitenhuis et al., 2019). While the impact
of ocean acidification on pteropods has been examined extensively (e.g., Comeau et al., 2009;
Bednaršek et al., 2012; Peck et al., 2018), the responses of pelagic foraminifers as well as the
effects of both on the ocean’s alkalinity have seemingly not been studied yet. Other calcifying
groups in the pelagic comprise, for instance, fish, some ostracods, some dinoflagellates and
some ciliates (Buitenhuis et al., 2019).
Conclusion:
It depends. Research questions focussing on the food web and the flux of organic carbon
through trophic levels may not require an explicit description of coccolithophores in models.
However, for a thorough representation of the carbon cycle including alkalinity and air-sea CO2
fluxes, coccolithophores as key calcifiers should be considered as a separate phytoplankton
group. Models could also include foraminifers and pteropods explicitly to account for the
overall dynamics of calcification and calcite dissolution. Finally, an explicit description of coccolithophores together with the representation of pelagic foraminifera and pteropod calcification
improves the simulation of spatial and temporal variations in the export of organic carbon in
models that describe calcite ballasting (e.g., Cram et al., 2018; Maerz et al., 2020).
Do all models need CO2 dependencies?
Light, temperature, and nutrients (especially nitrogen, phosphorous, iron, and silicic acid)
are unequivocally essential growth-determining drivers and commonly used in models as
bottom-up factors controlling phytoplankton growth. Some micronutrients and trace metals
(e.g., cobalamin and zinc) are increasingly regarded as growth-modifying factors in laboratory
studies (e.g., Koch and Trimborn, 2019; Viljoen et al., 2019), but are not commonly taken into
account yet in large-scale biogeochemical models (but see ongoing model developments:
McCain et al., 2021; Richon and Tagliabue, 2021). Other factors such as vitamins (Sañudo-Wilhelmy
et al., 2006) and salinity (Hernando et al., 2015) may matter on a regional and temporal scale, but
are insignificant on larger scales and therefore not considered in global models. The question
is, if CO2 dependencies of phytoplankton growth and calcification are essential for simulating
primary production and biogeochemical cycles, or if they can be omitted in global models and
are only of interest in regional and specified studies. The existence of global ocean acidification
and the fact that it influences marine organisms in some ways has long been known and is
prominently summarized as "the other CO2 problem" in Doney et al. (2009). The number of
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publications evaluating the impact of ocean acidification on the marine ecosystem has been
rising tremendously since the 2000s (Riebesell and Gattuso, 2015), and it is clear that ocean
acidification is not regionally and temporarily restricted, but is instead relevant on a global
scale and already happens today. Laboratory studies partly reveal adaptive processes of single
species to elevated CO2 concentrations (e.g., Crawfurd et al., 2011; Lohbeck et al., 2012; Schaum
et al., 2016). Besides, laboratory studies showed that selective processes on the standing stock
of individual species (e.g., Wolf et al., 2018) as well as communities (e.g., Collins et al., 2014;
Hattich et al., 2021) can increase the resilience of a community to ocean acidification (e.g.,
Hoppe et al., 2018). However, adaptation of single species was found to be very dynamic over
time (Schlüter et al., 2016) and was slowed down significantly at fluctuating levels of a driver
(Schaum et al., 2016) implying that laboratory experiments are not complex enough to mimic
adaptive processes in the real ocean. Adaptive responses in the real ocean are additionally
constraint by simultaneous changes of many drivers as opposed to the "pristine" environment
in a laboratory experiment (Collins et al., 2014; Bach et al., 2016), and the same probably holds
true for selective processes. Some attempts were made to account for adaptation in models,
e.g. temperature adaptation in the individual based model of Beckmann et al. (2019). However,
accounting for adaptations to ocean acidification in a biogeochemical model may still be highly
speculative and not well constraint. Besides, also adaptations to other environmental drivers
observed in the field, for instance low iron, light, and temperature conditions in the Southern
Ocean (Strzepek et al., 2019) are typically not considered in biogeochemical models. Altogether,
CO2 dependencies as they are presented in this thesis may describe "worst case scenarios",
but are definitely not superfluous. CO2 dependencies should therefore be treated with the
same importance as dependencies on light, temperature, and nutrients. Phytoplankton as
phototrophic organisms are primarily affected by changes in the marine carbonate system, but
shifts in the phytoplankton community composition and/or alterations in the total primary
production propagate to higher trophic levels. Hence, effects of ocean acidification on phytoplankton growth matter for both models investigating the carbon cycle and models investigating
food webs.
While many modelling studies focus on climate change projections and, thus, the effects of
ocean acidification, ocean alkalinization as a possible Carbon Dioxide Removal (CDR) strategy
to dampen the effects of anthropogenic carbon emissions is recently gaining more and more
attention (e.g., Köhler et al., 2010, 2013; Hauck et al., 2016; Keller et al., 2018; Burns and Corbett,
2020; Butenschön et al., 2021). Adding alkaline substances such as calcium hydroxide or silicate
minerals to the ocean increases its pH, which enhances the ocean’s CO2 uptake and mitigates
ocean acidification. The biogeochemical processes triggered by ocean alkalinization can be
simulated well with the model setups currently in use, but the effect on primary production
could not yet be assessed completely due to the missing CO2 dependencies (but for nutrient
effects, see Hauck et al., 2016). As the parametrization proposed in this thesis also accounts
for CO2 growth responses at high pH/low CO2 levels, it is a suitable tool to improve the
understanding of biological responses to ocean alkalinization.
Conclusion:
Yes. CO2 dependencies including both carbonation and acidification effects as proposed in this
thesis should be implemented as drivers for phytoplankton growth similar to light, temperature,
and nutrient dependencies, and should be a modulating factor for calcification. This enables
modellers to investigate the ocean’s primary production in future projections, i.e. in a more
acidic ocean, as well as as under ocean alkalinization scenarios. Reaction norms should be
revised and updated whenever more laboratory studies on CO2 responses with gradient
designs (see section 5.2) become available.

5.4 future perspectives for the development of biogeochemical models

Do all models need driver interactions?
As the shortcomings in multiple driver research are discussed in detail in section 5.2, the
response to the question will be kept short here. Importantly, this thesis shows that multiple
driver interactions have the ability to tip the scale in growth responses to future climate
conditions and, hence, modify the phytoplankton community composition. Thus, they are
important model implementations for investigating both the carbon cycle and food webs.
However, the data base of laboratory studies is still too scarce to robustly implement 3D
interactive responses, and the complexity has to be reduced as presented in this thesis.
Conclusion:
It is not possible in the near term, but should certainly become a research focus for advancements
of biogeochemical models. The parametrization presented in this thesis provides a first step
to include mechanistic driver interactions based on a comprehensive literature review of
laboratory studies in a biogeochemical model. Future model development studies may build
up on this. However, more experimental studies are necessary before using multiple driver
interactions by default in models.
In summary, coccolithophores, CO2 dependencies, and multiple driver interactions are all
crucial amendments for a more complete representation of the carbon cycle in biogeochemical
models and lower trophic levels of the marine ecosystem. Besides, climate change-induced
shifts in the phytoplankton community are more completely described when including CO2
dependencies and multiple driver interactions. While recommendations for future laboratory
studies to improve the robustness of parametrizations for CO2 dependencies and multiple driver
interactions were already given in section 5.2, future perspectives for model developments will
be discussed in the next section.
5.4

future perspectives for the development of biogeochemical models

Simulating nature requires a good understanding of the underlying processes and, importantly,
an awareness about which compartments and processes can be left out in a model, and what
is important to answer a specific research question. In addition to the model amendments
presented in this thesis and their further refinement as discussed above, there are some more
tasks that should possibly be the next steps to improve models with regard to the climate
change impact on phytoplankton and their role in the carbon cycle and marine ecosystems.
The first set of tasks is specifically related to the biogeochemical model REcoM that was used
in this thesis. The second set of tasks is related to biogeochemical models in general.
In REcoM, the group-specific growth rates of phytoplankton are differentiated by groupspecific parameter values, which, for instance, results in different nutrient, light, and CO2
requirements. However, temperature dependencies of both diatoms and small phytoplankton
follow exactly the same Arrhenius curve. A different temperature function was introduced for
coccolithophores in this thesis that follows laboratory measurements by Fielding (2013). The
generalization of the same function to the growth of almost all phytoplankton groups in REcoM
might be misleading. For instance, a temperature-driven benefit of small phytoplankton over
diatoms in a warming scenario could not be displayed by our model as both phytoplankton
groups respond in the same way to temperature. While the Arrhenius, Eppley, Q10 , or similar
functions are commonly applied in models to describe temperature-dependent process rates
(see section 1.2.2), some large-scale biogeochemical models distinguish phytoplankton groups
by different parameter choices in the respective functions (e.g., Nissen et al., 2018; Le Quéré
et al., 2016; Stock et al., 2020). Hence, group-specific variations of the Arrhenius curve based on
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laboratory measurements, similar to the work of Barton and Yvon-Durocher (2019), may be a
useful approach to refine phytoplankton temperature dependencies in REcoM. Whether or not
it requires a thermal limit at high temperature, as tropical species presumably already live at
their temperature optimum (Thomas et al., 2012), could then be assessed along the way.
A second improvement of bottom-up effects in REcoM is related to the parametrization of
iron limitation. REcoM accounts for luxury consumption (i.e. cell-internal nutrient storage)
and variable stoichiometry of nitrate and silicate by applying a limiter function for nitrate
and silicate uptake rates. Iron uptake, however, is parametrized with a Michaelis-Menten
equation assuming a saturation function depending on iron availability, which does not
consider luxury consumption. In this way, computational costs are saved because there is no
phytoplankton, zooplankton, and detritus iron pool that needs to be advected. Yet, experimental
and observational studies reveal considerable variations in cell-internal iron-to-carbon ratios,
and hint towards luxury consumption of iron similar to nitrogen and silicon as well as a
dependence of iron uptake from nitrogen availability, which is especially important in ironpoor regions (Buitenhuis and Geider, 2010; Lampe et al., 2018; Twining et al., 2021). Hence, future
work on REcoM may focus on refining the iron dependence of phytoplankton.
A third improvement of bottom-up effects is the addition of the macro-nutrient phosphate.
It is not considered in REcoM so far as all biological and biogeochemical processes in the
model directly depend on nitrogen. The implementation of phosphate as a separate nutrient
would require re-tuning of the model due to its variable stoichiometry, as well as an increase of
computational costs due to the advection of many additional tracers. The addition of phosphate
is only reasonable when the phytoplankton groups in RecoM are supplemented by nitrogen
fixers (e.g. for a more complex representation of the nitrogen cycle), as their distribution is
primarily controlled by the availability of phosphate (Dyhrman et al., 2006).
The last recommendation for future work on REcoM refers to the definition of phytoplankton
functional types. Currently, all phytoplankton groups apart from diatoms and coccolithophores
are pooled as "small phytoplankton", not considering their actual diversity in terms of nutrient
requirements, maximum growth rates, susceptibility to grazing, and other growth and lossdetermining factors. Yet, it is virtually impossible in REcoM to separate all those phytoplankton
groups phylogenetically. A possible step forward in accounting for the diversity of "small
phytoplankton" is the separation into pico and nanophytoplankton, which possess distinct
size-specific characteristics in terms of production (picophytoplankton has lower nutrient
requirements than nanophytoplankton, Ward et al., 2012; Juranek et al., 2020) and grazing flux
(size-specific grazing in picophytoplankton can increase the success of nanophytoplankton,
Ward et al., 2012; Juranek et al., 2020). This would only add one additional phytoplankton group
and could contribute to an improved representation of primary production and ecosystem
drivers.
The following paragraph describes general future tasks in model development. Firstly, most
biogeochemical models strictly separate marine organisms into phototrophic phytoplankton
and heterotrophic zooplankton, ignoring that a large share of organisms is able to live both
phototrophically and heterotrophically. Those mixotrophic organisms can be found in a wide
range of plankton groups, size classes, and oceanic regions (Stoecker et al., 2017). Due to their
ability to switch from photosynthesis to grazing once nutrients become scarce, they alleviate the
nutrient stress for purely phototrophic phytoplankton and, hence, increase primary production
in oligotrophic waters (Ward and Follows, 2016; Séférian et al., 2020). Models could account for
mixotrophy by adding mixotrophic plankton groups such as dinoflagellates, or by assuming a
fixed mixotrophic share in each phytoplankton group. While mixotrophy is not considered
in any of the current generation of CMIP6 (Coupled Model Intercomparison Project Phase 6)

5.5 conclusion

models (Séférian et al., 2020), its importance for global-scale phytoplankton models will likely
increase in the future (Flynn et al., 2019). Already existing approaches to model mixotrophy
show that it may enhance primary production, the transfer of biomass to higher trophic levels,
and the functioning of the biological carbon pump compared to the phototrophic-heterotrophic
models currently in place (summarized in Stoecker et al., 2017).
Secondly, models should refine the representation of the spatial and temporal distribution of
calcification and calcite dissolution and the accompanying effects on the carbon cycle (CO2
evolution and storage, alkalinity distribution, ballasting), as already mentioned earlier in the
synthesis. Pteropods and foraminifers are, next to coccolithophores, important pelagic calcifiers
(Sarmiento et al., 2002; Hood et al., 2006; Buitenhuis et al., 2019). Thanks to the existence of gridded
data products describing their global distribution based on observational data similar to the
datasets for coccolithophores (O’Brien et al., 2013) and diatoms (Leblanc et al., 2012) used in
this thesis (Bednaršek et al. (2012) for pteropods and Schiebel and Movellan (2012) for planktic
foraminifers), their explicit representation in models could be well evaluated.
Finally, a different set of phytoplankton groups and processes might be important for regional
models or regional evaluations in global models compared to evaluations on global scale
only. The Southern Ocean carbon cycle, for instance, may require the explicit representation of
Phaeocystis spp. whose biomass can temporarily exceed that of diatoms (Alvain et al., 2008; Vogt
et al., 2012) and thereby lead to changes in the local ecosystem and carbon export, but which
has no specific biogeochemical function on a global scale except from its contribution to the
DMS cycle.
5.5

conclusion

Phytoplankton forms the base of the food web and contributes about half of the global net
primary production (Middelburg, 2019). It is exposed to substantial modifications of the abiotic
environment due to ongoing climate change, and changes in phytoplankton productivity and
communities have wide-ranging consequences for the biological carbon pump and marine
ecosystems. Thus, assessing these changes and the resulting effects on biogeochemical fluxes
in a future ocean is essential. Phytoplankton models have improved remarkably over the last
decades, and biogeochemical models capture most biological and biogeochemical processes
reasonably well. Nonetheless, some processes, such as CO2 dependencies of growth and
calcification and multiple driver interactions, have barely been considered in models to date
because of the constraint availability of reaction norms. In this thesis, reaction norms of CO2
dependencies and multiple driver interactions were developed based on thorough literature
reviews of laboratory experiment and a statistical assessment by a meta-analysis. Using
knowledge acquired in laboratory experiments and field studies has the potential to amend
models with missing processes that are based on mechanistic understanding. Increasing
exchange between the fields of modelling and the field of experiments and observations can
advance the research on both sides and lead to more robust projections of the future of marine
phytoplankton.
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