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Chapter 1 | General Introduction

Cyanobacteria and their harmful blooms
Cyanobacteria, also known as blue-green algae, are among the most ancient
photosynthetic organisms. The oldest fossils reliably identified as cyanobacteria date
back about two billion years (Demoulin et al., 2019), and stromatolite structures,
molecular traces, and biogeochemical signatures indicate that the earliest
cyanobacteria already appeared on Earth more than three billion years ago (Planavsky,
2014; Nutman et al., 2016). Their photosynthetic activity initiated the rise of oxygen in
the atmosphere and surface oceans, which triggered one of the most important
changes in the Earth’s history: the “Great Oxidation Event” (Schirrmeister et al., 2015).
Today, the success of this ancient phytoplankton group continues, with many taxa
forming notorious cyanobacterial blooms in freshwater and marine ecosystems, that
are sometimes even visible from space (Fig. 1A).
Fig. 1. Pictures of cyanobacteria
blooms. (A) Satellite image of a
cyanobacterial bloom in the western
part of Lake Erie, one of the Great
Lakes along the border between the
USA and Canada. (B) A dense
Microcystis bloom in Lake Taihu,
China’s third-biggest lake. (C) Dense
surface bloom. (D) Information board
with a warning not to swim because
of a dense cyanobacterial bloom, at
recreational lake Klinkenbergerplas
in The Netherlands. Image (A)
courtesy of the European Space
Agency, © ESA 2011. Image (B) and
(C) courtesy of Xing Ji, University of
Amsterdam, the Netherlands. Image
(D) courtesy of Tim Piel, University
of Amsterdam, the Netherlands.

Harmful cyanobacterial blooms have been a cause of concern since at least the
early 1600s, causing potential threats to water quality in lakes and estuaries across
the globe (Chorus and Bartram, 1999; Huisman et al., 2018). Some blooms consist of
cyanobacterial species that produce taste and odor compounds, causing economic
loss for recreational lakes and drinking water reservoirs (Chorus and Bartram, 1999;
Watson et al., 2008; Visser et al., 2016). Other blooms can carry a variety of toxins
2
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(e.g. hepatotoxins, neurotoxins, and cytotoxins), causing threats to the health of birds,
animals and even humans (Carmichael, 2001; Codd et al., 2005; Huisman et al., 2005;
Merel et al., 2013). The development of blooms will increase water turbidity and block
the sunlight from penetrating the water layer (Fig. 1B; Scheffer et al., 1993). In some
extreme cases, hypoxia (low oxygen) and anoxia (oxygen depletion) will be generated
by the decay of large blooms, causing the death of benthic invertebrates and fish kills
(Hallegraeff, 1993).
But what makes cyanobacteria this successful? In their natural habitats,
cyanobacteria have many ecological traits that allow them to tolerate and survive
extreme environmental conditions, including drastic fluctuations of light intensities,
high and low temperatures, droughts, and periodic depletion of nutrients (Huisman et
al., 2018). Some cyanobacteria also develop gas vesicles in their cells, allowing them
to regulate buoyancy in the water column (Walsby, 1994; Pfeifer, 2012), which gives
them better access to light than non-buoyant species. These buoyant cyanobacteria
can accumulate at the water surface in high concentrations (Fig. 1C, D). Other bloomforming species, such as Dolichospermum, Aphanizomenon, Cylindrospermopsis and
Nodularia, are capable of fixing nitrogen (N2), which enables access to a vast nitrogen
pool that is not available to other phytoplankton groups.
Cyanobacteria fix CO2 for photosynthesis. Hence, in essence, the current rise
in atmospheric CO2 implies that cyanobacteria and other photosynthetic organisms
are fertilized with CO2 at a planetary scale. Yet, how cyanobacterial blooms will
respond to rising CO2 is still a major open question. Finding answers to this question
is the main topic of this thesis.

Rising atmospheric CO2 and inorganic carbon chemistry
The atmospheric CO2 concentration has increased from 280 parts per million (ppm) at
the start of the industrial revolution to about 413 ppm in January 2020, which is far
above the CO2 concentrations of the past 650,000 years (Fig. 2A; Pearson and Palmer,
2000). According to predictions of climate change scenarios, the

3
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Fig. 2. Historic, current and projected atmospheric CO2 concentration. (A) Monthly mean
atmospheric CO2 concentration (red line) over the last six decades at Mauna Loa Observatory,
Hawaii. The CO2 concentration is measured as the mole fraction (in parts per million, ppm) in dry air.
The black line is a moving average, correcting for the seasonal cycles. (B) Predicted changes in
atmospheric CO2 concentration untill the end of the 21st century under the RCP8.5 scenario of the
IPCC using the CMIP5 Earth System Models. Blue lines represent emission-driven simulations
whereas the red-dotted line represents the direct simulation of the atmospheric CO2 concentration by
the same models. Image (A) courtesy of NOAA Earth System Research Laboratory (see
https://www.esrl.noaa.gov/gmd/ccgg/trends/). Image (B) courtesy of the Fifth Assessment Report of the IPCC
(Stocker et al., 2013).

atmospheric CO2 level will rise further to 750 or even beyond 1000 ppm by the end of
this century (Fig. 2B; Van Vuuren et al., 2011; Stocker et al., 2013). This increase in
atmospheric CO2 and other greenhouse gases is mostly due to emissions from fossil
fuel burning and is accompanied by global warming, with an expected temperature
increase of ~3 °C over this century (Stocker et al., 2013). These changes will affect
many chemical, physical and biological processes in aquatic ecosystems, which cover
70% of the Earth’s surface.
When CO2 dissolves into water, it reacts to form carbonic acid (H2CO3), which
is a weak acid that dissociates into bicarbonate (HCO3-), carbonate (CO32-) and
protons (H+):
COଶ (aq) + Hଶ O ֖ Hଶ COଷ ֖ HCOଷ ି + H ା ֖ COଷ ଶି + 2Hା

(1)

Rising atmospheric CO2 concentrations will push the reaction further to the right-hand
side, thereby lowering the pH of water. This phenomenon is the cause of the gradual
reduction in pH of the oceans, also known as “ocean acidification” (Orr et al., 2005;
Doney et al., 2009). CO2 uptake by phytoplankton photosynthesis, however, can
4

Chapter 1 | General Introduction

reverse this chemical reaction. For instance, during dense algal blooms, dissolved
CO2 concentrations in the surface waters can sometimes be depleted to less than a
few ppm (Lazzarino et al., 2009), which may, therefore, lead to sharp increases of pH,
sometimes even above 10 (Talling, 1976; Ibelings and Maberly, 1991; Hansen, 2002).
Changes in pH cause shifts in the speciation of dissolved inorganic carbon
(DIC): at low pH (pH < 6.5), most inorganic carbon consists of CO2; at intermediate pH
(6.5 < pH < 10.5), most inorganic carbon consists of bicarbonate and at high pH (pH >
10.5), most inorganic carbon consists of carbonate (Fig. 3).

Fig. 3. Speciation of inorganic carbon in aquatic ecosystems. The relative fraction of dissolved
CO2, bicarbonate (HCO3-) and carbonate (CO32-) as a function of pH.

Carbon-concentrating mechanism (CCM)
All oxygenic phototrophic organisms including cyanobacteria and eukaryotic algae rely
on the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO) to
initiate the photosynthetic carbon reduction cycle (PCRC; also known as the CalvinBenson-Bassham cycle) for assimilation of CO2 into biomass. However, this enzyme
has a low affinity for CO2 (Spreitzer, 1999), which differs among phytoplankton groups
(Raven 1997; Iñiguez et al., 2020). Besides, RuBisCO acts not only as a carboxylase
that binds CO2, but also reacts with oxygen during an oxygenase reaction (Ogren and
Bowes, 1971), resulting in subsequent energy waste (Ogren, 2003; Sage, 2013; Sage
5
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and Stata, 2015). To overcome these limitations, most phytoplankton have evolved
sophisticated CO2-concentrating mechanisms (CCMs). CCMs enable phytoplankton
to augment photosynthetic productivity by increasing levels of CO2 around the
RuBisCO enzyme far above the environmental CO2 concentrations (Kaplan and
Reinhold, 1999; Price et al., 2008).

Fig. 4. The CO2-concentrating mechanism of cyanobacteria. Five different inorganic carbon uptake
systems have been found in cyanobacteria, including two CO2 uptake systems (NDH-13 and NDH-14),
two Na+-dependent bicarbonate uptake systems (BicA and SbtA) and the ATP-dependent bicarbonate
uptake system BCT1. The five carbon uptake systems differ in their affinities and flux rates. After
entering the cell, the inorganic carbon is accumulated in the form of bicarbonate and then transported
further into a microcompartment called the carboxysome. Inside the carboxysome, the bicarbonate is
converted back to CO2 by carbonic anhydrase (CA) and assimilated by the RuBisCO enzyme. Adapted
from Huisman et al. (2018), Springer Nature with permission.

6
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The typical cyanobacterial CCM consists of active transporters of bioavailable
inorganic carbon (Ci: CO2 and HCO3-) that accumulate Ci into the cytoplasm of the cell
as bicarbonate (Fig. 4). Bicarbonate is then transported to a cellular compartment
called the carboxysome, where it is converted back to CO2 by carbonic anhydrases
(CAs) (Kaplan and Reinhold, 1999; Badger and Price, 2003; Raven et al., 2011). So
far, five Ci uptake systems have been identified in cyanobacteria, three for the uptake
of bicarbonate and two for the uptake of CO2 (Price et al., 2011). All three bicarbonate
uptake systems, BicA, SbtA and BCT1, are located in the plasma membrane. Both
BicA and SbtA are sodium-dependent transporters with distinct differences in carbon
uptake kinetics (Shibata et al., 2002; Price et al., 2004). Carbon uptake kinetics are
described by the Michaelis-Menten equation:
V=

ౣ౮ [େ ]
½ ା[େ ]

(2)

where [Ci] is the CO2 or bicarbonate concentration, Vmax is the maximum uptake rate
and K1/2 is the half-saturation constant, i.e., the carbon concentration where the uptake
rate equals half of Vmax (Fig. 5). Sometimes the term ‘affinity’ is used, which is defined
as the initial slope Vmax/K1/2 of the Michael-Menten curve.

Fig. 5. Michaelis–Menten kinetics of carbon uptake. Uptake rate of inorganic carbon (Ci, either in
the form of CO2 or bicarbonate) as function of the CO2 or bicarbonate concentration. Vmax is the
maximum uptake rate, whereas K1/2 is the half-saturation constant which represents the Ci
concentration at which the uptake rate equals half of Vmax.
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To be more specific, BicA has a low affinity (with a high half-saturation constant
of K1/2 ~ 38 μM bicarbonate) but high flux rate (high Vmax) for bicarbonate (Price et al.,
2011) (Fig. 4). In contrast, SbtA has a high affinity (K1/2 ~ 5 μM bicarbonate) but low
flux rate for bicarbonate (Price et al., 2004). The third bicarbonate transporter, BCT1,
is an ATP-dependent transporter with an intermediate affinity (K1/2 ~ 15 μM
bicarbonate) but a low flux rate for bicarbonate (Omata et al., 1999, 2002).
The two CO2 uptake systems, NDH-13 and NDH-14, are NAD(P)H
dehydrogenase complexes, which convert CO2 that passively enters the cell to
bicarbonate in an NADPH-dependent reaction (Shibata et al., 2001; Price et al., 2002).
NDH-13 has a high affinity for CO2 (K1/2 = 1–2 μM CO2) but a low flux rate and,
depending on the species, can be constitutively expressed (Sandrini et al., 2015) or
induced under Ci limitation (Maeda et al., 2002; Price et al., 2002). Conversely, NDH14 has a lower affinity for CO2 (K1/2 ~10 μM CO2) but a high flux rate and appears to
be constitutively transcribed (Maeda et al., 2002; Ogawa and Mi, 2007).
Intriguingly, the combination of Ci uptake systems can be strain-specific, which
has been shown for 20 strains of the bloom-forming cyanobacterium Microcystis
aeruginosa (Sandrini et al., 2014) and also for some other cyanobacteria (Visser et al.,
2016). Thus far, three Ci uptake genotypes have been described for Microcystis.
Microcystis strains containing all five Ci uptake systems are referred to as CCM
generalists (Sandrini et al., 2014; Visser et al., 2016). Strains that contain the highaffinity bicarbonate uptake system SbtA but lack BicA are called high-affinity
specialists, whereas strains that contain the high-flux bicarbonate uptake
system BicA but lack SbtA are called high-flux specialists. This genetic variation
enables different strains of Microcystis to respond differently to changes in rising CO2
concentrations (Sandrini et al., 2014).

Phenotypic plasticity and natural selection
Species traits can be plastic and are likely to respond to changing environmental
conditions (Miner et al., 2005; Charmantier et al., 2008; Murren et al., 2015). One can
8
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define phenotypic plasticity as the range of different phenotypes produced by the same
genotype when exposed to different environmental scenarios. For instance, it is known
from laboratory studies that the cyanobacterial strain Synechocystis PCC 6803 can
physiologically adjust its carbon uptake kinetics when acclimated to different pCO2
levels, creating different carbon uptake phenotypes (Benschop et al., 2003). Taking
phenotypic plasticity into account can be essential for accurate prediction of how
different CCM genotypes will respond to climate change. Up to now, however, little is
known about the plasticity of the carbon uptake kinetics of bloom-forming
cyanobacteria.
Adaptation can also occur through the sorting of already existing genetic
variation. For example, predator-prey experiments with the green alga Chlorella and
rotifers found rapid replacement of Chlorella genotypes sensitive to grazing by
Chlorella genotypes resistant to grazing when rotifer abundances increased (Yoshida
et al., 2003, 2007). This sorting of existing genetic variation is mediated by natural
selection, and hence it can be interpreted as microevolution (Fisher, 1999; Williams,
2018), which can be a relatively fast process that may require only a few generations
or weeks (Yoshida et al., 2003; Padfield et al., 2015). In addition, some studies have
also investigated the natural selection of marine phytoplankton over a longer time span
(hundreds to thousands of generations) and demonstrated a more permanent and
irreversible adaptation through mutation processes (Hutchins et al., 2015; Irwin et al.,
2015). These evolutionary processes can alter the physiological and ecological
response of phytoplankton species to the future climate.
This thesis will investigate both the phenotypic plasticity and microevolutionary
changes in the ability of the cyanobacterium Microcystis to take up CO2 and
bicarbonate, to get a better understanding of the impact of rising atmospheric CO2
concentrations on bloom-forming cyanobacteria.

Impacts of rising CO2 on phytoplankton communities
Competition for nutrients and light among phytoplankton species has been
investigated extensively, in theory, experiments and field studies (Tilman, 1982;
Grover, 1997; Huisman et al., 1999; Passarge et al., 2006; Stomp et al., 2007;
9
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Luimstra et al., 2020). Competition for inorganic carbon has received much less
attention, however, and remains difficult to resolve (but see Caraco and Miller, 1998;
Low-Décarie et al., 2011, 2015; Verschoor et al., 2013). What makes competition for
inorganic carbon complicated is the fact that species compete for two resources (CO2
and bicarbonate), and the concentrations of these two carbon sources will alter not
only by resource consumption but also by changes in pH and alkalinity induced by the
phytoplankton community (Talling, 1976; Wolf-Gladrow et al., 2007; Verspagen et al.,
2014). Van de Waal et al. (2011) developed a resource competition model in which
they incorporated dynamic changes in inorganic carbon chemistry, alkalinity and pHinduced by growing phytoplankton populations. They used this model to study
competition for inorganic carbon between toxic and non-toxic strains of the
cyanobacterium Microcystis aeruginosa. Thus far, however, resource competition
models have not yet been applied to predict how rising CO2 will affect competition
between cyanobacteria and eukaryotic phytoplankton species.
Cyanobacteria have effective CCMs in comparison to many eukaryotic algae
(e.g., Raven et al., 2012). Therefore, cyanobacteria have often been hypothesized to
be strong competitors at low CO2 concentrations, whereas eukaryotic algae are
assumed to be stronger competitors than cyanobacteria at high CO2 concentrations
(Shapiro, 1990, 1997; Low-Décarie et al., 2011). This paradigm has received support
from several earlier competition studies, in which rising CO2 benefitted green algae at
the expense of cyanobacteria (Caraco and Miller, 1998; Low-Décarie et al., 2011,
2015). However, there are reasons to doubt this standard paradigm. Other studies
have found that green algae, for example, can also deploy a sophisticated CCM that
can be tuned to low CO2 concentrations (Moroney and Ynalvez, 2007; Wang et al.,
2011; Meyer and Griffiths, 2013). Moreover, it was recently discovered that the CCMs
of cyanobacteria display quite some genetic variation, not only between species but
also among different strains of the same species (Sandrini et al., 2014, 2015). In
particular, cyanobacteria that are high-flux specialists are capable of rapid carbon
uptake in high CO2 environments and may therefore be well adapted to high CO2
levels (Visser et al., 2016).

10
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In contrast, relatively little is known about the CCMs of several eukaryotic
phytoplankton groups, such as chrysophytes, cryptophytes, and euglenophytes. The
existing literature suggests that chrysophytes lack a CCM and only take up CO2 but
not bicarbonate (Maberly et al., 2009). Euglenophytes have either no CCM or a
relatively ineffective CCM (Colman and Balkos, 2005). Hence, chrysophytes and
euglenophytes may benefit directly from rising atmospheric CO2 concentrations.
Moreover, there is wide variability in CO2 and bicarbonate concentrations in freshwater
systems (Sobek et al., 2005). Exploring changes in phytoplankton community
composition across this natural range will give valuable insights into how
phytoplankton community composition might change in response to rising CO2
concentrations, and which species or functional groups are likely to benefit most in the
future.

The scope of this thesis
The goal of this study is to improve the understanding of the impacts of rising
atmospheric CO2 on freshwater phytoplankton communities, with a particular
emphasis on potentially toxic bloom-forming cyanobacteria. To tackle this main goal,
we developed several distinctive approaches, including laboratory experiments with
isolated cyanobacterial strains to measure their carbon uptake kinetics, competition
experiments with mixtures of different strains and species, the application of
mathematical models to predict the population dynamics and competitive interactions,
a field campaign to investigate natural selection in the wild, as well as the analysis of
large-scale variation in phytoplankton community composition in relation to
temperature and dissolved inorganic carbon across ~1,000 lakes (Fig. 6).

11
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Fig. 6. Overview of methods and techniques used in the thesis chapters, and the diversity and
complexity of the investigated phytoplankton communities.

The thesis is organized as follows:
In Chapter 2, we investigate phenotypic plasticity of the carbon uptake kinetics
of two Microcystis strains in response to rising pCO2 levels. Mono-cultures of
Microcystis strains are grown at low and at high pCO2 in laboratory-built chemostats.
After reaching steady-state, carbon uptake kinetics of Microcystis cells are measured
using membrane inlet mass spectrometry (MIMS). These measurements are then
implemented into a mathematical model that takes into account the physiological
plasticity of the carbon uptake kinetics. The accuracy of the model predictions is
evaluated by comparison of the model output with the population dynamics observed
in the laboratory experiments. Eventually, we up-scale the model from the laboratory
to entire lakes, to obtain a first estimate of how Microcystis blooms in eutrophic waters
are likely to be affected by rising atmospheric pCO2.
Then, in Chapter 3, we study the genetic and molecular adaptation of
cyanobacterial populations to rising CO2. Using laboratory experiments and a field
study, we examine if elevated CO2 levels can induce adaptive changes in the CCM
12
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genotype composition during a Microcystis bloom. In particular, we want to investigate
if high-affinity specialists (strains using SbtA as bicarbonate uptake system) will benefit
from low pCO2 levels, whereas high-flux specialists (strains using BicA) will dominate
at high pCO2 levels.
Chapter 4 investigates how rising pCO2 will affect competition between
cyanobacteria and green algae. Based on the genetic diversity of carbon uptake
systems in bloom-forming cyanobacteria (Sandrini et al., 2014; Visser et al., 2016), we
question the classic paradigm that cyanobacteria tend to become relatively poor
competitors when CO2 concentrations increase. Therefore, we test, both theoretically
and experimentally, which species wins the competition in pair-wise competition
experiments between the cyanobacterium Microcystis PCC 7806, which is a high-flux
specialist, and three species of green algae at low and at high pCO2 levels. We first
run monoculture experiments of each species and use the results to parameterize a
competition model. Next, competition experiments are carried out to validate the model
predictions.
In Chapter 5, we zoom out to the phytoplankton community level, to investigate
which abiotic variables best explain changes in phytoplankton community composition.
Although knowledge of the taxonomic composition and abundance of phytoplankton
is often used to evaluate the ecological status of lakes, our current understanding of
how rising CO2 and global warming will affect phytoplankton communities is still limited.
Thus, we analyze data from ~1000 freshwater lakes across the United States, to
unravel the potential impact of abiotic variables such as nutrients, water temperature,
pH and pCO2 on phytoplankton community composition.
Finally, in Chapter 6, all results are discussed and critically evaluated in the
light of existing literature. Some ideas for future experiments are proposed in this
chapter. The chapter ends with the main conclusions of this thesis.
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Abstract
Although phenotypic plasticity is a widespread phenomenon, its implications for
species responses to climate change are not well understood. For example, toxic
cyanobacteria can form dense surface blooms threatening water quality in many
eutrophic lakes, yet a theoretical framework to predict how phenotypic plasticity affects
bloom development at elevated pCO2 is still lacking. We measured phenotypic
plasticity of the carbon fixation rates of the common bloom-forming cyanobacterium
Microcystis. Our results revealed a 1.8- to 5-fold increase of the maximum CO2 uptake
rate of Microcystis at elevated pCO2, which exceeds CO2 responses reported for other
phytoplankton species. The observed plasticity was incorporated into a mathematical
model to predict dynamic changes in cyanobacterial abundance. The model was
successfully validated by laboratory experiments, and predicts that acclimation to high
pCO2 will intensify Microcystis blooms in eutrophic lakes. These results indicate that
this harmful cyanobacterium is likely to benefit strongly from rising atmospheric pCO2.
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Introduction
Phenotypic plasticity is one of the major challenges in the study of how organisms will
respond to environmental change (1–3). Phenotypic plasticity implies that the traits of
organisms are not constant, as the same genotype may display different phenotypes
depending on the prevailing environmental conditions. For example, the temperature
and CO2 response of a species may vary depending on the climatic conditions to which
individuals of this species have been previously exposed (3, 4). Taking the phenotypic
plasticity of traits into account is therefore essential for accurate predictions of how
species will respond to climate change.
Cyanobacterial blooms appear to increase in frequency, intensity and duration in
many eutrophic lakes, reservoirs and estuaries, often in association with increasing
nutrient loads, changes in land use and global warming (5–8). Dense cyanobacterial
blooms can have severe environmental impacts, as bloom-forming species are able
to produce a variety of potent toxins affecting birds and mammals including humans,
and may therefore negatively affect the use of water for recreation, drinking water and
fisheries (8–10). Recent research indicates that surface blooms of cyanobacteria may
benefit not only from high temperatures, but also directly from the increase in
atmospheric pCO2 (11–13). The photosynthetic activity of dense cyanobacterial
blooms depletes dissolved CO2 concentrations in the upper water column and
increases pH (11, 14), thereby shifting the inorganic carbon equilibrium towards
bicarbonate (HCO3-) and carbonate (CO32-). Rising atmospheric pCO2 in combination
with depletion of the dissolved CO2 concentration by surface blooms will increase the
pCO2 gradient across the air-water interface. This may result in an enhanced influx of
CO2 into the water column (15) that fuels the photosynthetic carbon fixation of
cyanobacterial blooms (11, 13).
Phenotypic plasticity is likely to play an important role in the response of
cyanobacterial blooms to rising CO2. Cyanobacteria use a sophisticated CO2concentrating mechanism (CCM) (16, 17). Most inorganic carbon taken up by the cells
is first converted to bicarbonate and then transported to cellular compartments called
carboxysomes, where bicarbonate is converted back to CO2 and fixed into organic
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carbon by the RuBisCO enzyme. The cyanobacterial CCM comprises up to five
different carbon uptake systems, including two CO2 uptake systems (NDH-I3, NDH-I4)
and three bicarbonate uptake systems (BCT1, BicA, SbtA) (18). These uptake
systems differ in kinetic properties. For example, BicA has a low affinity for bicarbonate
but high flux rate, whereas SbtA has a high affinity but low flux rate (18, 19). Moreover,
cyanobacteria may combine and regulate these uptake systems in different ways (12,
18–20). Also, the number of carboxysomes per cell may vary in response to changes
in CO2 availability (21). This flexibility of the CCM creates the potential for a high
degree of phenotypic plasticity of carbon fixation rates in cyanobacterial blooms.
Thus far, phenotypic plasticity of CO2 and bicarbonate uptake kinetics has been
quantified for only a limited number of cyanobacteria. This includes the freshwater
laboratory strains Synechocystis PCC 6803 (22) and Synechococcus PCC 7942 (23,
24) as well as the marine cyanobacteria Trichodesmium IMS101 (25) and
Prochlorococcus MED4 (26). However, phenotypic plasticity of the carbon uptake
kinetics of bloom-forming freshwater cyanobacteria is essentially unknown, and a
methodology to incorporate this plasticity into predictive models of cyanobacterial and
other harmful algal blooms is still lacking.In this paper, we develop a novel theoretical
framework to predict how phenotypic plasticity will affect the proliferation of
cyanobacteria in response to rising atmospheric pCO2. For this purpose, we
investigate phenotypic plasticity of the carbon uptake kinetics of Microcystis, one of
the most ubiquitous and notorious bloom-forming cyanobacteria (8, 27). Two toxic
Microcystis strains were cultured in the laboratory to measure their CO2 and
bicarbonate uptake kinetics after acclimation to low and to high pCO2 (Fig. 1, A and
B). The observed phenotypic plasticity of the kinetic parameters was implemented in
a mathematical model, to predict cyanobacterial growth and dynamic changes in CO2
uptake and inorganic carbon chemistry (Fig. 1, C and D). The model predictions were
validated using controlled laboratory chemostat experiments exposed to low and to
high pCO2 (Fig. 1E). Subsequently, the validated model was scaled up from the
laboratory to eutrophic lakes to predict how physiological acclimation of the carbon
fixation rates will affect the response of Microcystis blooms to rising atmospheric pCO2
(Fig. 1F).
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Fig. 1. Conceptual approach of this study. (A) Microcystis strains were grown at low and at high
pCO2 in laboratory chemostats. [(A) Photo credit: Xing Ji, University of Amsterdam.] (B) Carbon uptake
kinetics of Microcystis cells acclimated to low and high pCO2 were measured, and (C) the plasticity of
the measured uptake kinetics was incorporated in a mathematical model. (D) The model was used to
predict dynamic changes in population density, uptake kinetics, and inorganic carbon chemistry, and
(E) these predictions were validated by the chemostat experiments. (F) The validated model was scaled
up to lakes, to predict how phenotypic plasticity of Microcystis affects its bloom development in response
to rising atmospheric pCO2. This photo shows a large Microcystis bloom in Lake Taihu, China [(F) Photo
credit: Xing Ji, University of Amsterdam.]
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Results
Phenotypic plasticity of carbon uptake kinetics
Microcystis strains PCC 7806 and PCC 7941 were grown in laboratory chemostats
provided with nutrient-rich medium and aerated with either low pCO2 (100 ppm) or
high pCO2 (1,000 ppm). These pCO2 settings reflect the wide variation in dissolved
CO2 concentrations in lakes, ranging from CO2-undersaturated to CO2-supersaturated
waters (11, 28). After the chemostats were in steady state for ~20 days, we took
samples to measure CO2 and bicarbonate uptake kinetics of the Microcystis cells with
a membrane inlet mass spectrometer (MIMS) using a chemical disequilibrium assay
(29, 30). With a dilution rate of 0.2 d-1, the experiments allowed for ~6 generations of
physiological acclimation to the imposed CO2 conditions, which is comparable to the
time scale of cyanobacterial bloom development. The results show that the carbon
uptake kinetics of Microcystis cells acclimated to high pCO2 were very different from
the uptake kinetics of cells acclimated to low pCO2 (Fig. 2 and Fig. S1 for Microcystis
PCC 7806 and PCC 7941, respectively).
To quantify the uptake kinetics, the measured CO2 and bicarbonate uptake rates
(V) were fitted to Michaelis-Menten equations:
ܸ=

ೌೣ [େ]
½ ା[େ]

(1)

where [C] is the CO2 or bicarbonate concentration, Vmax is the maximum uptake rate
and K1/2 is the half-saturation constant (i.e., the carbon concentration at which the
uptake rate equals half of Vmax). The ratio Vmax/K1/2 represents the initial slope of the
uptake kinetics at [C]=0, and provides a measure of the uptake efficiency at low carbon
concentration.
For Microcystis PCC 7806, the maximum net CO2 uptake rate (Vmax,CO2,net) was
more than five times higher at high pCO2 than at low pCO2, whereas the maximum
bicarbonate uptake rate (Vmax,HCO3) was not significantly affected by pCO2 (Fig. 2; Fig.
3, A and B). Half-saturation constants for CO2 and bicarbonate uptake were both
significantly higher in cells acclimated to high pCO2 (Fig. 3, C and D). The CO2 uptake
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efficiency (i.e., the initial slopes in the insets of Fig. 2, A and B) was not much affected
by pCO2. The bicarbonate uptake efficiency, however, was almost three times lower
at high pCO2 than at low pCO2 (insets in Fig. 2, C and D).

Fig. 2. Carbon uptake kinetics of Microcystis PCC 7806 acclimated to either low or high pCO2.
(A and B) Net CO2 uptake rate as function of the dissolved CO2 concentration, after acclimation to (A)
low pCO2 and (B) high pCO2. (C and D) Bicarbonate uptake rate as function of the bicarbonate
concentration, after acclimation to (C) low pCO2 and (D) high pCO2. Carbon uptake kinetics were
measured after ~20 days of acclimation to the steady-state conditions in the chemostats.
Measurements were replicated fourfold at low pCO2 and threefold at high pCO2, as indicated by the
different colors. Lines are Michaelis-Menten fits to each of the replicates (see Table S2 for parameter
estimates). Insets zoom in at the carbon uptake kinetics at low dissolved CO2 and bicarbonate
concentrations.

For Microcystis PCC 7941, Vmax,CO2,net was 1.8 times higher whereas Vmax,HCO3
was ~40% lower at high than at low pCO2 (Fig. S1; Fig. 3, A and B). Its half-saturation
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constants for CO2 and bicarbonate uptake were not significantly affected by pCO2 (Fig.
3, C and D).
Hence, after acclimation to high pCO2, both Microcystis strains achieved much
higher maximum CO2 uptake rates but they became less efficient in bicarbonate
uptake through either an increased half-saturation constant or a reduced maximum
bicarbonate uptake rate.

Fig. 3. Reaction norms of the carbon uptake kinetics of Microcystis PCC 7806 and PCC 7941.
The reaction norms show the plasticity of maximum uptake rates of (A) CO2 (Vmax,CO2,net) and (B)
bicarbonate (Vmax,HCO3), and the plasticity of half-saturation constants for (C) CO2 (K1/2,CO2) and (D)
bicarbonate (K1/2,HCO3), in response to acclimation to either low or high pCO2. Data points show
parameter values ± SD obtained by Michaelis-Menten fits to replicated measurements of the carbon
uptake kinetics (see Fig. 2 and Fig. S1; n=4 for low pCO2 and n=3-4 for high pCO2). Significant
differences between parameter values at low pCO2 and high pCO2 were assessed using the
independent-samples t-test corrected for multiple hypothesis testing (*** = p < 0.001, * = p < 0.05, n.s.
= not significant). Statistical details are reported in Table S3.
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Modeling phenotypic plasticity
We incorporated the observed plasticity of the carbon uptake kinetics into a
mathematical model. The model considers quantitative plastic traits, and assumes that
trait values dynamically adjust to the prevailing environmental conditions. If x denotes
the value of a plastic trait (such as Vmax and K1/2), dynamic changes of this trait value
are described as
ௗ௫
ௗ௧

= ܿ(݂[COଶ ] െ ))ݐ(ݔ

(2)

where the function f[CO2] describes the acclimated trait value as function of the
dissolved CO2 concentration, x(t) is the actual trait value at time t, and c is the
acclimation rate. The function f[CO2] is replaced by ݂[HCOି
ଷ ] for traits involved in
bicarbonate uptake. We assume that the function f has an S-shaped form, such that
the acclimated trait value is bound between physiological limits, xlow and xhigh (Fig. 1C;
see section S2 for details).
All traits significantly affected by pCO2 in the experiments are considered to be
plastic. For instance, in our application, the plastic traits of Microcystis PCC 7806 are
its maximum CO2 uptake rate and half-saturation constants for CO2 and bicarbonate
(Fig. 3). The physiological limits of these traits are set at the trait values observed at
low and at high pCO2.
The resultant description of the phenotypic plasticity of the carbon uptake kinetics
was combined with dynamic equations describing population growth and the
feedbacks of population growth on inorganic carbon chemistry, light, nutrients, pH and
alkalinity (see section S2 for details).
Validating the model in laboratory experiments
To test the model predictions, we ran duplicate chemostat experiments with
Microcystis PCC 7806 at both low and high pCO2 (Fig. 1A). The Microcystis
populations increased during the first two weeks of the experiments, reducing light
availability, modifying inorganic carbon chemistry and increasing pH, after which the
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Fig. 4. Population density, inorganic carbon chemistry and pH in chemostat experiments with
Microcystis PCC 7806 at low and at high pCO2. Chemostat experiments were performed in duplicate,
at low pCO2 (left panels) and at high pCO2 (right panels). (A and B) Microcystis population density (n=3
technical replicates per chemostat) and light intensity Iout transmitted through the chemostat (n=10). (C
and D) Dissolved CO2, bicarbonate and carbonate concentrations. (E and F) Dissolved inorganic carbon
(DIC) and pH (n=3 technical replicates per chemostat). Symbols indicate experimental data of the
duplicate chemostat experiments, error bars indicate standard deviations (SD) of technical replicates,
and lines indicate model predictions. Error bars in (E) and (F) did not exceed the size of the symbols.
For comparison, gray lines in (A) and (B) are model predictions for non-acclimated cells, that either (A)
grow at low pCO2 but with carbon uptake kinetics acclimated to high pCO2, or (B) grow at high pCO2
but with carbon uptake kinetics acclimated low pCO2. Steady-state characteristics of the experiments
are summarized in Table S1 and parameter values of the model are listed in Tables S4 and S5.
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cyanobacterial populations and other experimental variables approached a steady
state (Fig. 4). The steady states were maintained for several weeks. Microcystis PCC
7806 produced much higher steady-state population densities at high than at low pCO2
(Fig. 4, A and B; Table S1). In the experiments at low pCO2, the photosynthetic activity
of Microcystis depleted the dissolved CO2 concentration to the nanomolar range and
diminished the bicarbonate concentration to 10-ȝPRO/í1, while carbonate became
the dominant inorganic carbon species (Fig. 4C). This was accompanied by a strong
pH increase to ~11 (Fig. 4E). Conversely, in the experiments at high pCO2, dissolved
CO2 ZDVPDLQWDLQHGDWaȝPRO/í1ELFDUERQDWHLQFUHDVHGWRaȝPRO/í1 and
pH remained < 9 (Fig. 4, D and F).
Implementing the CO2 and bicarbonate concentrations observed at steady state
(Fig. 4) into the measured carbon uptake kinetics (Fig. 2) shows that, since the
dissolved CO2 concentration was depleted, the net CO2 uptake rate was negative in
the experiments at low pCO2. Hence, carbon fixation at low pCO2 relied exclusively
(100%) on bicarbonate uptake. Carbon fixation in the high pCO2 experiments relied
for ~50% on CO2 uptake and ~50% on bicarbonate uptake.
The model predictions captured the time courses and steady states of population
density, pH and inorganic carbon chemistry in the chemostats quite well, both for the
experiments at low and at high pCO2 (Fig. 4). Similar results were obtained for the
other strain, Microcystis PCC 7941 (Fig. S2). These results provide proof of principle
that, at least under controlled laboratory conditions, measurements of the phenotypic
plasticity of carbon fixation rates can be used to quantitatively predict the growth of
cyanobacteria at different pCO2 levels.
The model can be used to quantify how the observed phenotypic plasticity
affected cyanobacterial growth. For the experiments at low pCO2, model simulations
predicted a 14.7% higher population density if the carbon uptake kinetics were
acclimated to low pCO2 than if they were acclimated to high pCO2 (compare green
and gray line in Fig. 4A). Conversely, for the experiments at high pCO2, model
simulations predicted a 17.3% higher population density if the carbon uptake kinetics
were acclimated to high pCO2 than if they were acclimated to low pCO2 (Fig. 4B).
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Hence, phenotypic plasticity of the carbon uptake kinetics enhanced the population
densities of Microcystis.
Extrapolation to lakes
To estimate how phenotypic plasticity will affect the response of Microcystis blooms in
lakes to rising atmospheric pCO2, we up-scaled the model from laboratory chemostats
to eutrophic lakes. For this purpose, we used the measured carbon uptake kinetics of
Microcystis, but adjusted system parameters such as mixing depth, light intensity and
dilution rate to a lake context (section S3; Table S6). We compared model predictions
for one plastic and two fixed phenotypes of Microcystis. The ‘plastic phenotype’
displayed the phenotypic plasticity of Microcystis PCC 7806, the ‘low pCO2 phenotype’
maintained the uptake kinetics measured in the low pCO2 chemostat, and the ‘high
pCO2 phenotype’ maintained the uptake kinetics measured at high pCO2.
The model predicts that rising atmospheric pCO2 will increase cyanobacterial
population densities, dissolved CO2 and bicarbonate concentrations and will diminish
the development of a very high pH during Microcystis blooms (Fig. 5, A and B).
Furthermore, the model shows that the plastic phenotype will adjust its carbon uptake
kinetics to the prevailing atmospheric pCO2 and to lake alkalinity (Fig. 5, C–E). More
specifically, the plastic phenotype will display carbon uptake kinetics resembling the
low pCO2 phenotype in low-alkaline lakes and at low atmospheric pCO2, whereas it
will display carbon uptake kinetics resembling the high pCO2 phenotype in highalkaline lakes and at high atmospheric pCO2. In this way, the plastic phenotype is able
to maximize its bloom size across the entire pCO2 gradient, with population densities
matching those of the low pCO2 phenotype at low pCO2 and those of the high pCO2
phenotype at high pCO2 (Fig. 5A). As a consequence, rising atmospheric pCO2 is
predicted to intensify Microcystis blooms across a wide range of lakes (Fig. 5E).
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Fig. 5. Microcystis blooms predicted for lakes with different atmospheric pCO2 and alkalinity.
(A-D) Model predictions of (A) cyanobacterial population density, (B) dissolved CO2 concentration,
bicarbonate and pH, (C) maximum net CO2 uptake rate, and (D) half-saturation constant for bicarbonate
uptake, in Microcystis blooms of eutrophic lakes at different atmospheric pCO2 and an alkalinity of 1
mEq L-1. Predictions were made for three phenotypes: a plastic phenotype (green line), a low pCO2
phenotype (dashed grey line) and a high pCO2 phenotype (solid grey line). Panel (B) shows predictions
only for the plastic phenotype. (E) Contour plot of the population density of the plastic phenotype,
predicted for eutrophic lakes with different atmospheric pCO2 and alkalinity. Black lines indicate the
parameter regions at which the carbon uptake kinetics of the plastic phenotype have almost fully
DGMXVWHG  WRHLWKHUORZpCO2 or high pCO2. The arrow indicates the transition zone where the
plastic phenotype shifts from low pCO2 to high pCO2 uptake kinetics. All graphs show model predictions
for cyanobacterial blooms at steady state. Species and lake parameters are provided in Tables S5 and
S6.
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Discussion
Our results show a 1.8- to 5-fold increase of the maximum CO2 uptake rate of
Microcystis at elevated pCO2, which greatly exceeds plasticity of the CO2 uptake rates
reported for other freshwater cyanobacteria and green algae (Table 1) and a wide
variety of marine phytoplankton species (31). This high flexibility in CO2 uptake rates
is most likely an adaptation to the major changes in CO2 availability that can be
encountered during dense cyanobacterial blooms. Dissolved CO2 concentrations can
change from air-equilibrated or even CO2-supersaturated concentrations at the onset
of phytoplankton blooms to complete depletion of the available CO2 in fully developed
phytoplankton blooms (11, 14, 32). CO2 depletion is accompanied by an increase in
pH, which shifts the inorganic carbon chemistry towards bicarbonate. Sustained high
carbon fixation rates by very dense cyanobacterial blooms may even
Table 1. Comparison of the carbon uptake kinetics of freshwater cyanobacteria and green algae
measured by MIMS using the chemical disequilibrium assay (29, 30). Units for K1/2 and Vmax are
μmol L-1 and μmol C (mg chl a)-1 h-1, respectively.
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decrease the bicarbonate concentration and increase pH to > 10 (14, 20), shifting the
balance from bicarbonate to carbonate as the dominant inorganic carbon species (as
in Fig. 4C).
In our chemostat experiments, physiological acclimation occurred within a few
weeks, on a similar time scale as the changes in inorganic carbon chemistry induced
by the growing cyanobacterial populations. These results imply that the carbon uptake
kinetics of cyanobacteria may change drastically during bloom development, from cells
with high maximum CO2 uptake rates but low bicarbonate uptake efficiency when
dissolved CO2 concentrations are still high at the onset of a cyanobacterial bloom, to
cells with low maximum CO2 uptake rates but high bicarbonate uptake efficiency at
the peak of the bloom when dissolved CO2 concentrations have been depleted.
The high maximum CO2 uptake rate at elevated pCO2 is offset by downregulation of the bicarbonate uptake efficiency. Previous results (33) have shown that
the high-affinity bicarbonate uptake system BCT1 of Microcystis strains is strongly
down-regulated at elevated pCO2, which is a sensible response in view of the
energetic costs of this ATP-dependent uptake system and likely explains the low
bicarbonate uptake efficiency at elevated pCO2 in our experiments. Interestingly, the
maximum bicarbonate uptake rates of the two Microcystis strains in our study
responded differently to elevated pCO2, which may be related to the different
composition of their bicarbonate uptake systems. Cyanobacteria in which maximum
bicarbonate uptake rates were reduced at elevated pCO2 (Microcystis PCC 7941 (19);
Synechocystis PCC 6803 (22); Synechococcus PCC 7942 (23, 24)) all contain the
low-flux bicarbonate transporter SbtA, whereas cyanobacteria in which maximum
bicarbonate uptake rates did not respond to changes in pCO2 (Microcystis PCC 7806
(19) and Trichodesmium erythraeum IMS101 (25)) all contain the high-flux bicarbonate
transporter BicA but lack SbtA. Since carbon uptake kinetics have thus far been
investigated for only a few cyanobacteria, these associations should be interpreted
with some caution. However, down-regulation of the bicarbonate uptake efficiency by
a higher half-saturation constant and/or lower maximum bicarbonate uptake rate has
also been reported for green algae (Table 1) and diatoms (34, 35), and hence seems
a common response to elevated pCO2.
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Phenotypic plasticity complicates assessments of how natural communities will
respond to climate change (1–4), because species responses obtained for one set of
environmental conditions may deviate from those obtained for other conditions. Our
study illustrates that phenotypic plasticity can be built successfully into models. The
model predicts an increase of the maximum CO2 uptake rate and decrease of the
bicarbonate uptake efficiency at elevated pCO2, in agreement with our experimental
results (Figs. 4 and 5). Furthermore, the model reveals the adaptive significance of
this phenotypic plasticity, as physiological acclimation to the prevailing pCO2
conditions enhanced the size of the Microcystis population (compare the gray and
green lines in Fig. 4, A and B; Fig. 5A). Enhanced growth obtained through
physiological acclimation may provide a competitive advantage, which likely explains
why, in recent competition experiments, Microcystis became a strong competitor in
comparison to green algae at elevated pCO2 (36). In total, these results provide strong
evidence that the high phenotypic plasticity of the carbon uptake kinetics of Microcystis
will stimulate the development of Microcystis blooms at elevated pCO2.
In addition to phenotypic plasticity, evolutionary changes are also likely to affect
the carbon uptake kinetics of future cyanobacterial blooms. Shifts in genotype
composition have been found in selection experiments with multiple strains of
Microcystis (12). Furthermore, evolutionary changes in CO2 uptake rates and growth
kinetics have been observed in long-term phytoplankton studies exposed to elevated
CO2 for hundreds to thousands of generations (37, 38). The short timespan of our
single-strain experiments did not provide much time for de novo mutations and
subsequent selection, however. Therefore, the observed changes in our study
presumably did not involve evolutionary changes in the carbon uptake kinetics, but
indeed derived from a high phenotypic plasticity of these traits.
While our study focused on the carbon uptake kinetics of one of the most
notorious bloom-forming cyanobacteria, other relevant processes known to affect
cyanobacterial blooms were left out of the equations. For example, in addition to rising
atmospheric pCO2, cyanobacterial blooms will also be affected by global warming (5,
6, 13). Higher temperatures will enhance the growth rate of Microcystis but reduce the
solubility of CO2, both in nonlinear ways. How this will play out is difficult to predict
35

Chapter 2 | Phenotypic plasticity of carbon fixation

without dedicated models. Other important processes affecting bloom development
include nutrient limitation, lake stratification and interactions with viruses and other
organisms in the aquatic food web (8). Hence, our model does not attempt to describe
the full complexity of the natural world. However, our model and its experimental
validation do provide an important first step for the implementation of phenotypic
plasticity in ecosystem models that do take these other processes into account.
In conclusion, our results demonstrate that incorporation of the phenotypic
plasticity of traits improves predictions of species responses to climate change. More
specifically, we found that the high phenotypic plasticity of its CO2 uptake rate provides
the bloom-forming cyanobacterium Microcystis with an exceptionally strong capacity
to respond to rising pCO2 levels in comparison to other phytoplankton species.
Microcystis blooms already cause major water-quality problems in Lake Erie (USA)
(39), Lake Taihu (China) (40), Lake Victoria (Africa) (41), and many other eutrophic
and hypertrophic lakes worldwide. Our findings warn that rising atmospheric pCO2 will
further intensify surface blooms of Microcystis in the coming decades.

Materials and Methods
Species and culture conditions
We studied the toxic (microcystin-producing) cyanobacteria Microcystis aeruginosa
PCC 7806 and PCC 7941. Both Microcystis strains contain the two known CO2 uptake
systems (NDH-13 and NDH-14). In addition, Microcystis PCC 7941 contains all three
known bicarbonate uptake systems (BCT1, SbtA, BicA), whereas Microcystis PCC
7806 has only two of them (BCT1, BicA) (19).
The Microcystis strains were cultured as unialgal but non-axenic strains, in CO2controlled chemostats specifically designed to study the population dynamics of
phytoplankton species (11, 12, 42) (Fig. 1A). The chemostats allowed full control of
light intensity, temperature, nutrient input and pCO2 of the aeration gas. Each
chemostat consisted of a flat culture vessel with an optimal path length (mixing depth)
of zmax=5 cm and a working volume of ~1.7 L. The vessel was illuminated from one
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side to create a unidirectional light gradient, using a constant incident light intensity of
40 μmol photons m-2 s-1 provided by white fluorescent tubes (Philips PL-L 24W/840/4P,
Philips Lighting, Eindhoven, The Netherlands). The temperature was maintained at 25
± 1 °C with a stainless steel cooling finger inside each chemostat and connected to a
Colora thermocryostat. To avoid nutrient limitation, we provided a nutrient-rich mineral
medium (modified BG-11 medium, 43), with 8 mmol L-1 NaNO3 and 175 μmol L-1
K2HPO4.3H2O but without addition of Na2CO3 or NaHCO3, at a dilution rate of 0.2 d-1.
The chemostats were aerated with pressurized air containing either 100 ppm
pCO2 (‘low pCO2’) or 1,000 ppm pCO2 (‘high pCO2’) at a gas flow rate of 30 L h-1. At
these settings, Microcystis growth is mainly limited by inorganic carbon at low pCO2
and by light at high pCO2 (Table S1; see also 11, 36). The pCO2 in the gas flow was
checked regularly using an Environmental Gas Monitor (EGM-4; PP Systems,
Amesbury, MA, USA). The chemostats were sampled every 2-3 days to measure
population densities, inorganic carbon, nutrients and light. The chemostats were
considered to be in steady state when the coefficient of variation of the population
density was less than 10% for at least 4 consecutive time points.
Carbon uptake kinetics
Carbon uptake kinetics of the two Microcystis strains were determined with a
membrane inlet mass spectrometer (MIMS; HPR40, Hiden Analytical Ltd, UK) using
the chemical disequilibrium assay (29, 30), after they had grown in the chemostats at
either low or high pCO2 for ~40 days. At this time point, the chemostats were in steady
state for ~20 days. Prior to each assay, fresh Microcystis cells were sampled from the
steady-state chemostats, and concentrated by gentle centrifugation for 5 min at 600 g.
Then, the supernatant was discarded and the pelleted Microcystis cells were
resuspended in mineral medium without dissolved inorganic carbon and nitrate. The
medium was adjusted to pH=8.0 ± 0.1 using 50 mmol L-1 of HEPES buffer. To ensure
similar assay conditions, the resuspended Microcystis cells were diluted to an OD750
of 0.3, which corresponds to a Microcystis biovolume of ~400 mm3 L-1. The suspension
was aerated with N2 gas for at least one hour at a temperature of 25 ƕC to remove any
residual CO2. Subsequently, we transferred the Microcystis suspension to a 10 mL
MIMS-FXYHWWH:HDGGHGDILQDOFRQFHQWUDWLRQRIȝPRO/-1 membrane-impermeable
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dextran-bound sulphonamide (DBS; Synthelec AB, Lund, Sweden) to inhibit any
possible eCA activity. The MIMS cuvette was provided with the same light intensity
(40 μmol photons m-2 s-1) using the same white fluorescent tubes and was kept at the
same temperature (25 ƕC) as the chemostat experiments.
With the MIMS we simultaneously measured O2 and CO2 fluxes during
consecutive light-dark intervals (5 min each) after adding known CO2 and bicarbonate
concentrations during each dark phase. Net C fixation rates and respiration rates (r)
were measured as rates of O2 production in the light and O2 consumption in the dark,
respectively, assuming a photosynthetic quotient of 1.0 (i.e. O2 production equals net
C fixation). Net CO2 uptake rates (VCO2,net) were calculated from CO2 consumption in
the light period, corrected for CO2/bicarbonate interconversion in the medium.
Bicarbonate uptake rates (VHCO3) were calculated from the difference between net C
fixation and net CO2 uptake rates.
The measured CO2 and bicarbonate uptake rates were fitted to Michaelis-Menten
equations:
ܸைଶ,௧ =

ܸுைଷ =

ೌೣ,ೀమ,ೝೞೞ [େమ ]
½,ೀమ ା[େమ ]

ೌೣ,ಹೀయ [ୌେష
య]
½,ಹೀయ ା[ୌେష
య]

െݎ

(3)

(4)

where [CO2] and [HCOି
ଷ ] are the dissolved CO2 and bicarbonate concentration,
Vmax,CO2,gross and Vmax,HCO3 are the maximum uptake rates of gross CO2 and
bicarbonate, and K1/2,CO2 and K1/2,HCO3 are the half-saturation constants. The maximum
net CO2 uptake rate was calculated as Vmax,CO2,net = Vmax,CO2,gross  r. For Microcystis
PCC 7941, we extended equation (4) with an inhibition term to capture the asymptotic
decrease of its bicarbonate uptake rate at high bicarbonate concentrations (section
S1; Fig. S1, C and D).
Differences between Michaelis-Menten parameters at low pCO2 versus high
pCO2 were tested for significance using the independent samples t-test, corrected for
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unequal variances when necessary and for multiple hypothesis testing using the false
discovery rate (FDR) (44).
Sampling and analysis
In each sample, the population density of Microcystis (expressed by the biovolume of
the population) was measured in triplicate with a CASY TTC automated cell counter
with a 60 μm capillary (OLS OMNI Life Science, Bremen, Germany). Light intensity
transmitted through the chemostat (Iout) was measured at the back surface of the
chemostat vessel with a LI-COR LI-250 quantum photometer (LI-COR Biosciences,
Lincoln, NE, USA). pH was measured with a SCHOTT pH meter (SCHOTT AG, Mainz,
Germany) immediately after sampling. DIC was measured as CO2 after addition of 25%
phosphoric acid using a Model 700 TOC Analyzer (OI Corp., College Station, TX, USA).
From DIC and pH, we calculated CO2(aq), bicarbonate and carbonate concentrations,
based on the dissociation constants of inorganic carbon corrected for temperature and
salinity (45). Nutrient uptake by cyanobacteria affects alkalinity (11, 46). Our model
therefore required measurement of cellular nutrients, which were determined by gently
washing filtered Microcystis cells twice with a nutrient-free 15 mmol L-1 NaCl solution.
The washed filters were stored at -20°C until further analysis. For cellular C, N and S
contents, one set of pre-weighted filters were freeze dried, wrapped in tin foil discs (30
mm, Sercon Ltd, Crewe, UK ), and analyzed using a Vario EL Elemental Analyzer
(Elementar Analysensysteme GmbH, Hanau, Germany). For the cellular P content,
another set of the same filters were put into glass tubes which contained 10 mL milliQ,
0.2 ml 5.5 M H2SO4 and 1.5 mL 8% (NH4)2S2O8 solvent, and the sealed tubes were
autoclaved for one hour at 121 °C, to convert all organic P to orthophosphate.
Orthophosphate concentrations were measured with a Skalar SA 400 autoanalyzer
(Skalar Analytical B.V., Breda, The Netherlands). Samples for Chl a analysis were
filtered on 25mm GF/C filters (1.2 μm pore size, Whatman GmbH, Dassel, Germany)
and freeze-dried for at least two hours. Chl a was extracted with N,Ndimethylformamide and measured spectrophotometrically (47).
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Mathematical model
We developed a dynamical model to describe the carbon uptake kinetics and
population dynamics of cyanobacteria as a function of pCO2 and light availability. The
model combines previous theoretical and experimental work on phytoplankton growth
under light-limited (42, 48) and carbon-limited conditions (11, 36). In short, the model
assumes eutrophic conditions, in which all nutrients are in ample supply and hence do
not limit phytoplankton growth. The CO2 and bicarbonate uptake kinetics and
phenotypic plasticity of the uptake parameters are described by equations (1)-(4). The
carbon uptake rates and light availability, in turn, determine the growth rate of the
cyanobacterial population. Furthermore, uptake of CO2, bicarbonate and nutrients
induces changes in pH and alkalinity. These changes in pH and alkalinity affect the
speciation of inorganic carbon, which in turn feeds back on carbon uptake and growth
of the cyanobacteria. The expanding cyanobacterial population also increases the
turbidity of the water column, thereby diminishing light available for further
photosynthesis and growth. The model is described in full detail in section S2.
The model parameters were measured experimentally, and include system
parameters (e.g., incident light intensity, pCO2 level in the gas flow, dilution rate of the
chemostats; Table S4) and species parameters (e.g., maximum uptake rates, halfsaturation constants; Table S5). In particular, the carbon uptake kinetics and
respiration rates measured by MIMS (Fig. 2; Tables S2 and S3) served as input to
predict the carbon uptake kinetics and concomitant changes in inorganic carbon
chemistry at both low and high pCO2. The model and its parametrization are described
in detail in section S2.
For the lake model (section S3), we choose parameter values representative for
the summer situation in eutrophic lakes dominated by dense Microcystis blooms. The
species parameters are identical to those of Microcystis PCC 7806 (Table S5), where
we distinguished between a plastic phenotype, low pCO2 phenotype and high pCO2
phenotype as described in the Results section. The system parameters for the lake
model are summarized in Table S6.
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Supplementary Materials
Section S1. Description of bicarbonate uptake of Microcystis PCC 7941.
Bicarbonate uptake rates of Microcystis PCC 7941 showed a pattern that differs from
Microcystis PCC 7806 and most other cyanobacteria and green algae investigated so
far (Fig. S1, C and D). Instead of standard Michaelis-Menten kinetics, bicarbonate
uptake rates of Microcystis PCC 7941 increased sharply to maximum levels at low to
intermediate bicarbonate concentrations (4 – 100 μmol L-1), but then decreased and
leveled off to a lower uptake rate at high bicarbonate concentrations (>500 μmol L-1).
Therefore, we extended the Michaelis-Menten equation with a hyperbolic inhibition
term to capture the asymptotic decrease of its bicarbonate uptake rate at high
bicarbonate concentrations:
ܸுைଷ = ൬

ೌೣ,ಹೀయ [ୌେష
య]
భ/మ,ಹೀయ ା [ୌେష
య]

൰ ൬

భ/మ,ಹೀయ

భ/మ,ಹೀయ

ା [ୌେష
య]

+ ݄൰

(1.1)

Here, Umax,HCO3 is the hypothetical maximum bicarbonate uptake rate in the
absence of inhibition, K1/2,HCO3 is the half-saturation constant, B1/2,HCO3 is the halfsaturation inhibition constant (i.e., the concentration where inhibition is half of the
maximum inhibition rate), and h describes the maximum uptake rate realized at high
bicarbonate concentrations as fraction of the hypothetical maximum uptake rate.
When we fitted this model to the data, we found that the half-saturation inhibition
constant B1/2,HCO3 was very similar and in several replicates even identical to the halfsaturation constant for uptake, K1/2,HCO3. Therefore, we simplified the model
accordingly, and fitted all bicarbonate uptake kinetics of Microcystis PCC 7941 to the
following model:
ܸுைଷ = ൬

ೌೣ,ಹೀయ [ୌେష
య]
భ/మ,ಹೀయ ା [ୌେష
య]

൰ ൬

భ/మ,ಹೀయ

భ/మ,ಹೀయ

ା [ୌେష
య]

+ ݄൰

(1.2)

To compare maximum bicarbonate uptake rates among different species, we
calculated the asymptotic maximum bicarbonate uptake rate realized by Microcystis
PCC 7941 at high bicarbonate concentrations:
ܸ௫,ுைଷ = ܷ௫,ுைଷ ݄

(1.3)

The results show that Vmax,HCO3 of Microcystis PCC 7941 was 40% lower in cells
acclimated to high pCO2 than in cells acclimated to low pCO2 (Fig. S1, C and D; Fig.
3B). A reduction of the maximum bicarbonate uptake rate at high pCO2 was not
observed in Microcystis PCC 7806, but is known from other cyanobacteria (Table 1 in
the main text).
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Section S2. Description of the mathematical model
Introduction
To predict the population dynamics of Microcystis at different pCO2 levels, we
developed a mathematical model that combines earlier theoretical and experimental
work on phytoplankton growth under light-limited (42, 48) and carbon-limited
conditions (11, 36). The model considers a well-mixed water column (in this case, a
chemostat vessel) with a depth z running from 0 at the surface to zmax at the bottom.
The model assumes eutrophic conditions, in which all nutrients are in ample supply
and hence do not limit cyanobacterial growth. Population dynamics of the
cyanobacteria are governed by the carbon balance, which depends on the light-driven
uptake of CO2 and bicarbonate and on carbon losses through respiration. Uptake of
dissolved CO2 and bicarbonate induces changes in pH, and uptake of nutrients also
changes alkalinity. These changes in pH and alkalinity affect the dissolved CO2 and
bicarbonate concentrations, which in turn feed back on carbon uptake and growth of
the cyanobacteria. The expanding cyanobacterial population also increases the
turbidity of the water column, thereby diminishing light available for further
photosynthesis and growth.
Population dynamics
Let B denote the population density of cyanobacteria. The population dynamics can
be written as:
ௗ
ௗ௧

= ߤ ܤെ ܤܦ

(2.1)

where μ is the specific growth rate of the cyanobacteria as function of inorganic carbon
and light availability, and D is the dilution rate of the chemostat.
Carbon uptake kinetics
We assume that the growth rate of cyanobacteria in nutrient-saturated waters is
governed by their carbon balance. The carbon balance depends on gross uptake of
CO2 (VCO2, gross) and bicarbonate (VHCO3) and on losses of CO2 by respiration (r). Hence,
the specific growth rate is calculated as:
ߤ=

ଵ
ொ

൫ܸைଶ,௦௦ + ܸுைଷ െ ݎ൯

(2.2)

where QC is the cellular carbon content. For notational convenience, we also define
the net CO2 uptake rate as VCO2,net = VCO2,gross – r.
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Our model assumes that uptake rates of CO2 and bicarbonate are increasing
functions of the dissolved CO2 and bicarbonate concentration according to MichaelisMenten kinetics and are driven by the energy obtained from the light reactions of
photosynthesis:
ܸைଶ,௦௦ = ൬
ܸுைଷ = ൬

ೌೣ,ೀమ,ೝೞೞ [େమ ]
భ/మ,ೀమ ା[େమ ]

ೌೣ,ಹೀయ [ୌେష
య]
భ/మ,ಹೀయ ା[ୌେష
య]

൰ܲ

൰ܲ

(2.3)
(2.4)

where Vmax,CO2, gross and Vmax,HCO3 are the maximum uptake rates of CO2 and
bicarbonate, respectively, and K1/2,CO2 and K1/2,HCO3 are the half-saturation constants.
For Microcystis PCC 7941, we extended equation (2.4) with an inhibition term to
capture the asymptotic decrease of its bicarbonate uptake rate at high bicarbonate
concentrations (see section S1 for details). Since carbon fixation requires energy from
photosynthesis, carbon uptake rates also depend on photosynthetic activity and hence
on light availability. Here, P is the relative photosynthetic activity of the cyanobacteria
(with 0 d P d 1) as further specified below.
Phenotypic plasticity of carbon uptake kinetics
Phenotypically plastic traits are assumed to adjust dynamically to the prevailing
environmental conditions. Let x denote the value of a plastic trait (such as Vmax and
K1/2). Dynamic changes of this trait value are described as
ௗ௫
ௗ௧

= ܿ(݂[COଶ ] െ ))ݐ(ݔ

(2.5)

where the function f[CO2] describes the acclimated trait value as function of the
dissolved CO2 concentration, x(t) is the actual trait value at time t, and c is the
acclimation rate. The function f[CO2] is replaced by ݂[HCOି
ଷ ] for traits involved in
bicarbonate uptake. Hence, the trait value is at equilibrium if it has converged to the
acclimated trait value, i.e., if x = f[CO2].
The functions f[CO2] and ݂[HCOି
ଷ ] can be interpreted as the reaction norms of
the plastic traits involved in CO2 and bicarbonate uptake, respectively. We assume
that the reaction norms have an S-shaped form, bound between the physiological
limits xlow and xhigh (Fig. 1C). This S-shape is captured by logistic equations:
݂[COଶ ] = ݔ௪ +

௫ ି௫ೢ

(2.6)

ଵାୣ

݂[HCOି
ଷ ] = ݔ௪ +
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௫ ି௫ೢ
షಹೀయ ቀౢౝൣౄిోష
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(2.7)
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where dCO2 and dHCO3 represent the steepness of the logistic reaction norms, and SCO2
and SHCO3 are the CO2 and bicarbonate concentration at the inflection point.
Light conditions and photosynthetic activity
The underwater light gradient is described by Lambert-Beer’s law (42, 48):
(2.8)

ܫ = )ݖ(ܫ exp(െܭ  ݖെ ݇)ݖܤ

where I(z) is the light intensity at depth z, Iin is the incident light intensity, Kbg is the
background turbidity of the water itself, and k is the specific light attenuation coefficient
of the cyanobacteria. We note that the light gradient changes dynamically, because
the light intensity at a given depth decreases with increasing population densities B of
the cyanobacteria. We define Iout as the light intensity reaching the bottom of the water
column (i.e., Iout=I(zmax)).
Light availability drives the light reactions of photosynthesis, and thereby the
amount of energy available for carbon fixation. We calculate the relative
photosynthetic activity of the cyanobacteria from the depth-averaged photosynthetic
rate (48):
ܲ=

௭ೌೣ
ଵ
ݖ݀))ݖ(ܫ (

௭ೌೣ 

(2.9)

where p(I(z)) is the specific photosynthetic rate as a function p of the local light intensity
I, which in turn is a function of depth z, and zmax is the total depth of the water column.
The specific photosynthetic rate is described by a simple Monod function of light
intensity:
ூ

( = )ܫ(

(2.10)

ೌೣ Τఈ)ାூ

where Į is the initial slope of the p(I) curve at I=0 and pmax is the maximum
photosynthetic rate, which is defined as pmax = Vmax,CO2,gross + Vmax, HCO3. We note that
the specific photosynthetic rate is scaled between 0 d p(I) d 1, consistent with its
application in equations (2.3) and (2.4).
With the Monod function in equation (2.10) and Lambert-Beer’s law in equation
(2.8), the depth integral in equation (2.9) can be solved analytically (48). This yields:
ܲ=ቀ

ଵ

୪୬(ூ Τூೠ )

(

Τఈ)ାூ

ቁ ln ቀ( ೌೣΤ
ೌೣ

ఈ )ାூೠ

ቁ

(2.11)

DIC, alkalinity and pH
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Changes in the concentration of total dissolved inorganic carbon, [DIC], are described
by (11):
ௗ[DIC]
ௗ௧

= [(ܦDIC] െ [DIC]) +

CO2
௭ೌೣ

െ ൫ܸைଶ,௦௦ + ܸுைଷ ൯ ܤ+ ܤݎ

(2.12)

The first term on the right-hand side of this equation describes changes through
the influx ([DIC]in) and efflux of water containing DIC. The second term describes CO2
exchange with the atmosphere, where gCO2 is the CO2 flux across the air-water
interface and division by zmax converts the flux per unit surface area into the
corresponding change in DIC concentration. The third term describes CO2 and
bicarbonate uptake by the photosynthetic activity of the cyanobacterial population, and
the fourth term describes CO2 release by respiration.
The CO2 flux, gCO2, depends on the difference in partial pressure across the airwater interface. More specifically, gCO2 depends on the difference between the
expected concentration of dissolved CO2 in water if it would be in equilibrium with the
partial pressure in the atmosphere and the actual dissolved CO2 concentration (52,
53):
݃ைଶ = ܭ(ݒ ܱܥଶ െ [COଶ ])

(2.13)

where v is the gas transfer velocity (also known as piston velocity), K0 is the solubility
of CO2 gas in water (also known as Henry’s constant), pCO2 is the partial pressure of
CO2 in the atmosphere, and [CO2] is the dissolved CO2 concentration. In chemostats,
gas transfer will also depend on the gas flow rate (a) and we therefore assume that v
= b a, where b is a constant of proportionality.
Concentrations of dissolved CO2, bicarbonate and carbonate can be calculated
from [DIC] and pH (45). Changes in pH depend, in turn, on the alkalinity of water. In
our application, alkalinity largely depends on the inorganic carbon and phosphate
concentrations (11, 46):
ଷି
ଶି
ଶି
ି
ା
[ = ܭܮܣHCOି
ଷ ] + 2[COଷ ] + [HPOସ ] + 2[POସ ] െ [Hଷ POସ ] + [OH ] െ [H ] (2.14)

According to this equation, changes in dissolved CO2 do not affect alkalinity.
Furthermore, uptake of bicarbonate by phytoplankton requires the simultaneous
uptake of a proton to maintain charge balance, and hence does not change alkalinity
either. However, uptake of nutrients such as nitrate, phosphate and sulfate is
accompanied by proton consumption to maintain charge balance and therefore
increases alkalinity (46). Our model therefore treats alkalinity as a dynamic variable:
ௗ
ௗ௧
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where ALKin is the alkalinity of the influx, and QN, QP and QS are the cellular nitrogen,
phosphorus and sulfur contents of the cyanobacteria (see below). Nitrate and
phosphate uptake increase alkalinity by one mole equivalent, whereas sulfate uptake
increases alkalinity by 2 mole equivalents (46). Accordingly, although nutrients are
supplied in saturating concentrations and hence do not limit cyanobacterial growth in
our model and experiments, the model does keep track of the nitrate, phosphate and
sulfate concentration (see below) to calculate changes in alkalinity, and hence in pH
and carbon speciation.
We used an iterative algorithm adapted from Portielje and Lijklema (54) that, at
each time step, calculates pH and the dissolved CO2, bicarbonate and carbonate
concentration from the [DIC] and alkalinity predicted by equation (2.12) and equation
(2.15). The algorithm is described in the Supporting Information of (11).
Nutrient uptake
In our model application, nutrients do not limit cyanobacterial growth. However, the
model keeps track of nutrients such as nitrate, phosphate and sulfate, because the
uptake of these nutrients affects alkalinity and hence pH and carbon speciation (see
above). For simplicity, we assume that the cellular carbon:nutrient stoichiometry
remains constant. Hence, the cellular nitrogen, phosphorus and sulfur contents (QN,
QP, QS) can be calculated from the cellular carbon content:
ܳே =

ொ
ಿ

, ܳ =

ொ
ು

, ܳௌ =

ொ
ೄ

(2.16)

where CN, CP and CS denote the cellular C:N, C:P and C:S ratio of the
cyanobacteria. Dynamic changes in the concentrations of dissolved inorganic
nitrogen ([DIN]), phosphorus ([DIP]) and sulfur ([DIS]) in the chemostat depend on
the influx and efflux of these nutrients and on nutrient uptake by the growing
cyanobacterial population:
ௗ[DIN]
ௗ௧
ௗ[DIP]
ௗ௧
ௗ[DIS]
ௗ௧

= [(ܦDIN] െ [DIN]) െ ߤܳே ܤ
= [(ܦDIP] െ [DIP]) െ ߤܳ ܤ

(2.17)

= [(ܦDIS] െ [DIS]) െ ߤܳௌ ܤ

where [DIN]in, [DIP]in and [DIS]in are the concentrations of dissolved inorganic nitrogen,
phosphorus and sulfur in the influx.
Model parameterization
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The model parameters consist of system parameters and species parameters. System
parameters are under experimental control and were regularly measured during the
experiments. We already specified several of the system parameters, such as the
incident light intensity (Iin), pCO2 level in the gas flow, and dilution rate (D) of the
chemostats in the Materials and Methods section. A complete list of all system
parameters is provided in Table S4.
Species parameters describe the traits of the species, in this case of Microcystis
PCC 7806 and PCC 7941 (Table S5). Almost all species parameters were based on
experimental measurements. Carbon uptake parameters (Vmax,CO2,gross, Vmax,HCO3,
Umax,HCO3, K1/2,CO2, K1/2,HCO3, h) and respiration rates (r) were measured for Microcystis
grown at low pCO2 and at high pCO2 using MIMS, as described in the Materials and
Methods section. The cellular carbon content (QC) and cellular C:N, C:P and C:S ratios
(CN, CP and CS) were calculated from the cellular carbon, nitrogen, phosphorus and
sulfur contents of Microcystis measured in the steady-state chemostats.
The specific light attenuation coefficient (k) of Microcystis and the background
turbidity (Kbg) were estimated from the chemostat experiments performed at low and
high pCO2. More specifically, according to Lambert-Beer’s law, equation (2.8) can be
written as ln(Iin/Iout)/zmax = Kbg + kB. Hence, the specific light attenuation coefficient (k)
was estimated as the slope of a linear regression of ln(Iin/Iout)/zmax versus population
density B, and the background turbidity (Kbg) was estimated as the intercept.
The initial slope Į of the p(I) curve at I=0 was used as ‘calibration parameter’ in
our model. It was estimated by fitting the model predictions to the observed dynamics
in the experiments using a least-squares approach. More specifically, we estimated Į
by fitting the time courses of population density, light transmission (Iout), pH, DIC, CO2,
bicarbonate and carbonate predicted by the model to the time courses of these
variables measured in the experiments, following the same methodology as in earlier
studies (11, 42).
The CO2 and bicarbonate uptake parameters that were significantly affected by
pCO2 in the experiments (Fig. 3) are considered to be plastic traits in our model. The
physiological limits xlow and xhigh of these plastic traits were set at the parameter values
measured at low and at high pCO2, respectively. The trait acclimation rate c was
estimated from earlier chemostat experiments, in which Microcystis PCC 7806 was
shifted from low to high pCO2 (33). Since we measured the carbon uptake kinetics
only for two experimental conditions (low and high pCO2), we lack experimentally
robust estimates of the steepness d and inflection point S of the functions f[CO2] and
f[HCO3]. Instead, the parameters d and S were guesstimated by assuming that the
shift from low-pCO2 uptake kinetics to high-pCO2 uptake kinetics occurred at dissolved
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CO2 and bicarbonate concentrations somewhere halfway between the concentrations
measured in the low-pCO2 and high-pCO2 chemostats.
The carbon uptake parameters that were not significantly affected by pCO2 in
the experiments (Fig. 3) were not plastic in our model. For these parameters, a
constant value was used that equaled the average of the values measured in the low
and high pCO2 experiments.
Sensitivity analysis
We performed a sensitivity analysis to assess how variation in the value of the
calibration parameter Į would affect the model predictions. The normalized sensitivity
coefficient (SC) is a local sensitivity index that quantifies the relative change in model
output Y in response to a relative change in input parameter Z (11, 55):
(οΤ)
οΤ)

SC= (

(2.18)

We based the calculation of SC on the change in the predicted population density
at steady state in response to a 1% increment of Į. |SC|>>1 indicates that the model
predictions are very sensitive to a change in Į, whereas |SC|<<1 indicates that they
are rather insensitive. The results show that the model predictions were insensitive to
variation in Į at low pCO2 (SC = 0.056 for PCC 7806 and SC = 0.012 for PCC 7941),
but more sensitive to variation in Į at high pCO2 (SC = 0.64 for PCC 7806 and SC =
0.66 for PCC 7941). This is in line with expectation, as it indicates that the population
dynamics of Microcystis are sensitive to variation in the initial slope of the p(I) curve
when growth is light-limited (at high pCO2) but not when growth is carbon-limited (at
low pCO2).
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Section S3. Extrapolation of the model to lakes
Introduction and approach
The chemostat systems in which we cultured Microcystis are designed to carry out
experiments and test model predictions under highly controlled conditions in the
laboratory. Natural systems, however, function at larger temporal and spatial scales,
and are more complex than our small-scale laboratory experiments. Here, we describe
how we extended and adapted our model to bear more semblance to cyanobacterial
bloom dynamics in lakes (11). We do not aim at a model that describes the detailed
spatial and temporal development of a specific Microcystis bloom in a specific lake.
Instead, our aim is to develop a generic model that captures the main features of
Microcystis blooms, to gain an improved understanding of how acclimation of the
carbon uptake kinetics as observed in our experiments may modify the response of
Microcystis blooms to rising atmospheric pCO2.
For this purpose, we up-scale the dimensions of the model from the laboratory
chemostat to lake dimensions and include additional loss processes of the
cyanobacterial population (e.g., by grazing or viruses). Similar to the chemostat
experiments, we assume eutrophic conditions to assure that Microcystis bloom
development is not limited by nutrients but primarily controlled by the availability of
inorganic carbon and light. In addition, we include (partial) mineralization of the carbon
and nutrient contents of dead cyanobacteria. Furthermore, we include the impact of
chemical enhancement, the additional influx of atmospheric CO2 into waters of high
pH caused by the reaction of CO2 with hydroxide ions (15, 56).
Model description
To model Microcystis blooms in lakes, we use a similar model structure as for the
chemostats (section S2). However, we make the following changes:
Up-scaling: We adapt our model system from a small laboratory chemostat to
a eutrophic lake with a mixing depth of 7 m. The high background turbidity of the
chemostat is reduced to a lower background turbidity of a lake. The low incident light
intensity (ܫ ) of 40 Pmol photons m-2 s-1 in the chemostat is replaced by a much higher
incident light intensity of 400 Pmol photons m-2 s-1 in the lake. The high dilution rate of
the chemostat is replaced by a low turnover rate, representing a lake with a residence
time of 100 days. The low alkalinity in the chemostat is replaced by the wide range of
alkalinities observed in lakes. The very high phosphate and nitrate concentrations in
the mineral medium of the chemostat are diminished to a lower (but still fairly high)
phosphate concentration of 4 Pmol L-1 and nitrate concentration of 160 μmol L-1
representative for eutrophic lakes dominated by cyanobacterial blooms (57, 58).
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Population dynamics: In the chemostats, we assumed that Microcystis losses
were dominated by the dilution rate. In lakes, cyanobacteria are exposed to many
other loss factors, such as sedimentation, grazing by zooplankton and viral lysis. We
therefore included an additional loss factor. Let B denote the population density of
Microcystis. The population dynamics can then be described by the following equation:
ௗ
ௗ௧

= (ߤ െ  ܦെ ݉)ܤ

(3.1)

where μ is the specific growth rate of Microcystis as function of inorganic carbon and
light availability, D is the low turnover rate of the lake (i.e., the inverse of the residence
time), and m is the specific mortality rate of Microcystis due to, e.g., sedimentation,
zooplankton or viruses.
We assume that the specific growth rate of Microcystis is governed by the
carbon balance, which again depends on the photosynthetic uptake of CO2 and
bicarbonate and on losses of CO2 by respiration. Hence, the specific growth rate is
formulated similarly as before, as described by equations (2.2) - (2.11) in section S2.
Carbon and nutrient recycling: In chemostats, inorganic carbon and nutrients
are supplied by the gas flow and the influx of mineral medium, while organic carbon
and nutrients contained in cyanobacterial cells are washed out by dilution and lost. In
contrast, dead phytoplankton in lakes is often mineralized, which recycles carbon and
nutrients from dead organic matter into the inorganic carbon and nutrient pools. For
simplicity, we assume that recycling of dead material is instantaneous, so that the
carbon and nutrient contents of dead cyanobacteria immediately enter the DIC and
nutrient pools. However, we assume that the recycling efficiency is less than 100%.
That is, a fraction H of the dead cyanobacteria is recycled, whereas a fraction 1-H is
permanently lost from the water column, for instance by burial in the sediment. We
assumed a recycling efficiency of H = 0.95.
The dynamics of dissolved inorganic nitrogen, phosphorus and sulfur can
therefore be described as follows:
ௗ[DIN]
ௗ௧
ௗ[DIP]
ௗ௧
ௗ[DIS]
ௗ௧

= [(ܦDIN] െ [DIN]) െ ߤܳே  ܤ+ ߝ݉ܳே ܤ
= [(ܦDIP] െ [DIP]) െ ߤܳ  ܤ+ ߝ݉ܳ ܤ

(3.2)

= [(ܦDIS] െ [DIS]) െ ߤܳௌ  ܤ+ ߝ݉ܳௌ ܤ

These equations are identical to equations (2.17) in section S2, but include an
additional term representing the mineralization rates of nutrients from dead Microcystis
cells.
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Similarly, changes in dissolved inorganic carbon, DIC, are described by the
following equation:
ௗ[DIC]
ௗ௧

= [(ܦDIC] െ [DIC]) +

CO2
௭ೌೣ

െ ൫ܸைଶ,௦௦ + ܸுைଷ ൯ ܤ+  ܤݎ+ ߝ݉ܳ ( ܤ3.3)

This equation is identical to equation (2.12) in section S2, but also includes the
mineralization rate of organic carbon from dead Microcystis.
Uptake of nitrate, phosphate and sulfate by cyanobacteria increases alkalinity,
whereas mineralization of these nutrients decreases alkalinity (46). Hence, dynamic
changes in alkalinity can be described as:
ௗ
ௗ௧

= ܭܮܣ(ܦ െ  )ܭܮܣ+ (ܳே + ܳ + 2ܳௌ )ߤ ܤെ ߝ(ܳே + ܳ + 2ܳௌ )݉ܤ

(3.4)

This equation is identical to equation (2.15) in section S2, but also includes
effects of nutrient mineralization on alkalinity.
Gas flux across the air-water interface: Similar to the chemostat experiments,
we assume that the CO2 gas flux across the air-water interface is proportional to the
difference between the expected concentration of dissolved CO2 in water if it would be
in equilibrium with the atmosphere (calculated from Henry’s law) and the actual
concentration of dissolved CO2 (52, 53). At high pH, the CO2 influx is further
augmented by the reaction CO2 + OHí ՞ HCO3í, which removes CO2 and thereby
ensures a steeper CO2 concentration gradient in the boundary layer (15, 56). This
augmented CO2 influx is commonly known as chemical enhancement, and
represented by the chemical enhancement factor ߚ:
݃ைଶ = ܭ(ߚݒ ܱܥଶ െ [COଶ ])

(3.5)

where v is the gas transfer velocity (also known as piston velocity) across the air-water
interface, ܭ is the solubility constant of CO2 gas in water, and pCO2 is the partial
pressure of CO2 in the atmosphere. The gas transfer velocity depends on several
parameters, especially wind speed. A typical value for the gas transfer velocity of lakes
is ߥ= 0.0185 m h-1 (56, 59). The chemical enhancement factor ߚ can vary from a
baseline value of 1 for pH < 5, but may rise exponentially to values of 4 to 8 for pH >
9 (56).
Similar to previous studies (15, 56), the chemical enhancement factor was
calculated as:
ఛ

ߚ=
(ఛିଵ)ା୲ୟ୬୦൜ቀ
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where ܦ is the molecular diffusivity and  ݖis the thickness of the stagnant boundary
layer, which is equal to ܦ Τ݃ைଶ . The parameter ߬ is defined as:
߬=

[ୌశ ]మ
భ మ ାభ [ୌశ ]

+1

(3.7)

where ܭଵ and ܭଶ are the equilibrium constants describing the reactions CO2 + H22ļ
HCO3í + H+, and HCO3í ļ&23í + H+, respectively. Finally, ȡ is the combined rate of
the forward reactions of CO2 with H2O and OHí:
ߩ = ݇ைଶ + ݇ைு [OHି ]

(3.8)

where ݇ைଶ is the rate of the forward reaction CO2 + H22ĺ+&23í+H+, and ݇ைு is the
rate of the forward reaction CO2 + OHí ĺ+&23í.
Model parameterization
We choose parameter values representative for the summer situation in eutrophic and
hypertrophic lakes dominated by dense blooms of the cyanobacterium Microcystis.
The species parameters are identical to those of Microcystis PCC 7806 measured in
our chemostat experiments (Table S5). System parameters specific for the lake model
are summarized in Table S6.
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Fig. S1. Carbon uptake kinetics of Microcystis PCC 7941 acclimated to either low or high pCO2.
(A and B) Net CO2 uptake rate as function of the dissolved CO2 concentration, after acclimation to (A)
low pCO2 and (B) high pCO2. (C and D) Bicarbonate uptake rate as function of the bicarbonate
concentration, after acclimation to (C) low pCO2 and (D) high pCO2. Carbon uptake kinetics were
measured after ~20 days of acclimation to the steady-state conditions in the chemostats.
Measurements were replicated fourfold, as indicated by the different colors. Lines are MichaelisMenten fits to each of the replicates (see section S1 for our modified bicarbonate uptake model and
Table S2 for parameter estimates). Insets zoom in at the carbon uptake kinetics at low dissolved CO2
and bicarbonate concentrations.

56

Chapter 2 | Phenotypic plasticity of carbon fixation

Fig. S2. Population density, inorganic carbon chemistry and pH in chemostat experiments with
Microcystis PCC 7941 at low and at high pCO2. Chemostat experiments were performed in duplicate,
at low pCO2 (left panels) and at high pCO2 (right panels). (A and B) Microcystis population density (n=3
technical replicates per chemostat) and light transmission Iout (n=10) through the chemostat. (C and D)
Dissolved CO2, bicarbonate and carbonate concentrations. (E and F) Dissolved inorganic carbon (DIC)
and pH (n=3 technical replicates per chemostat). Symbols indicate experimental data of the duplicate
chemostat experiments, error bars indicate standard deviations (SD) of technical replicates, and lines
indicate model predictions. Error bars in (E) and (F) did not exceed the size of the symbols. For
comparison, gray lines in (A) and (B) are model predictions for non-acclimated cells, that either (A) grow
at low pCO2 but with carbon uptake kinetics acclimated to high pCO2, or (B) grow at high pCO2 but with
carbon uptake kinetics acclimated low pCO2. Steady-state characteristics of the experiments are
summarized in Table S1 and parameter values of the model are listed in Tables S4 and S5.
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Table S1. Steady-state characteristics of the chemostat experiments with Microcystis PCC 7806
and Microcystis PCC 7941. Steady-state values were calculated as average values ± SD of the n=35 consecutive data points measured towards the end of the chemostat experiments.
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Table S2. Kinetic parameters estimated from the carbon uptake experiments with Microcystis
PCC 7806 and Microcystis PCC 7941. Carbon uptake kinetics were measured after ~20 days of
acclimation to steady-state conditions at either low pCO2 or high pCO2. The carbon uptake kinetics
were replicated three or four times per pCO2 treatment. Kinetic parameters were estimated by fitting
Michaelis-Menten equations to each replicate (Fig. 2 and Fig. S1). For the bicarbonate uptake of
Microcystis PCC 7941 we used a variant of the Michaelis-Menten equation with an additional
parameter h to capture the asymptotic decrease of the bicarbonate uptake rate at high bicarbonate
concentrations (see section S1 for details).

Units for Vmax, Umax and r are μmol C (mg chl a)-1 h-1; units for K1/2 are μmol L-1; h is dimensionless.
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Table S3. Tests of significant differences between kinetic parameters estimated at low versus
high pCO2. Parameter values are given as mean ± SD based on n=3-4 assays per pCO2 treatment.
Significant differences between parameter values are assessed with an independent-samples t-test,
corrected for multiple hypothesis testing using the false discovery rate (44).

Units for Vmax and r are μmol C (mg chl a)-1 h-1; units for K1/2 are μmol L-1.
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Table S4. System parameters applied in the chemostat experiments.
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Table S5. Species parameters measured experimentally.

(a)

Parameter range of plastic trait, from xlow to xhigh.
Units were converted from μmol C (mg Chl a)-1 h-1 to μmol C mm-3 d-1 using the cellular Chl a content and cell
size reported in Table S1.
(c) The parameter values of Į were estimated by calibrating the model predictions to the time courses of the
experiments.
(b)
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Table S6. System parameters applied in the lake model.

(a)

In our lake model, ALKin was a set parameter and [DIC]in was calculated from ALKin and [DIP]in.
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Abstract
Rising atmospheric CO2 concentrations are likely to affect many ecosystems
worldwide. Yet, to what extent elevated CO2 will induce evolutionary changes in
photosynthetic organisms is still a major open question. Here, we show rapid
microevolutionary adaptation of a harmful cyanobacterium to changes in inorganic
carbon (Ci) availability. We studied the cyanobacterium Microcystis, a notorious genus
that can develop toxic cyanobacterial blooms in many eutrophic lakes and reservoirs
worldwide. Microcystis displays genetic variation in the Ci uptake systems BicA and
SbtA, where BicA has a low affinity for bicarbonate but high flux rate, whereas SbtA
has a high affinity but low flux rate. Our laboratory competition experiments show that
bicA+sbtA genotypes were favored by natural selection at low CO2 levels, but were
partially replaced by the bicA genotype at elevated CO2. Similarly, in a eutrophic lake,
bicA+sbtA strains were dominant when Ci concentrations were depleted during a
dense cyanobacterial bloom, but were replaced by strains with only the high-flux bicA
gene when Ci concentrations increased later in the season. Hence, our results provide
both laboratory and field evidence that increasing carbon concentrations induce rapid
adaptive changes in the genotype composition of harmful cyanobacterial blooms.

Significance statement
Cyanobacterial blooms pose a major threat to the water quality of many eutrophic
lakes and reservoirs. Cyanobacteria are thought to be very effective competitors when
CO2 levels are depleted during dense blooms. Their response to elevated CO2 is less
understood, however. We study competition among cyanobacteria, and find both
laboratory and field evidence for natural selection of strains with different carbon
uptake systems at different CO2 levels. Our results demonstrate that changes in
inorganic carbon availability act as an important selective factor in cyanobacterial
communities, and suggest that future harmful cyanobacterial blooms will have a
genotype composition that differs from contemporary blooms and will be tuned to the
high-CO2 conditions.
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Introduction
Atmospheric CO2 concentrations are predicted to double during this century (1, 2).
Species may adapt to elevated CO2 by the sorting of existing genetic variation and the
establishment of new beneficial mutations. These evolutionary processes can alter the
physiological and ecological response of photosynthetic species to future CO2 levels
(3). Several recent laboratory studies have investigated the potential for evolutionary
changes in response to rising CO2 concentrations (4-9). For instance, selection
experiments with the green alga Chlamydomonas reinhardtii revealed that some cell
lines grown at elevated CO2 levels for 1,000 generations had obtained a reduced
growth rate at ambient CO2, presumably because mutations reduced the effectiveness
of CO2 acquisition (4, 5). Other lab studies argue that elevated atmospheric CO2 fails
to evoke specific evolutionary adaptation in phytoplankton species (7). Thus far,
however, the specific genetic and molecular adaptations to rising CO2 favored by
natural selection are not well understood. Furthermore, adaptation to changing CO2
conditions has rarely been investigated within complex species assemblages (9) and,
to our knowledge, has never been reported from natural waters.
Cyanobacteria produce dense and often toxic blooms in many eutrophic lakes
ZRUOGZLGH í DQGDUHOLNHO\WRbenefit from eutrophication and global warming
í 'HQVHF\DQREDFWHULDOEORRPVFDQGHSOHWHWKHGLVVROYHG&22 (CO2(aq))
FRQFHQWUDWLRQ í ZKLFKSURYLGHVDQRSSRUWXQLW\WRVWXG\DGDSWDWLRQWRFKDQJHV
in carbon availability. Cyanobacteria are often thought to be superior competitors when
CO2(aq) concentrations are depleted, because they use a very effective CO2concentrating mechanism (CCM) (19, 20). The cyanobacterial CCM is based on the
uptake of CO2 and bicarbonate, and subsequent accumulation of inorganic carbon (Ci)
in specialized compartments, called carboxysomes, for CO2 fixation by the enzyme
RuBisCO (21). Five Ci uptake systems are known in cyanobacteria. Two CO2 uptake
systems and the ATP-dependent bicarbonate transporter BCT1 are present in most
IUHVKZDWHUF\DQREDFWHULD í 7ZRRWKHUELFDUERQDWHXSWDNHV\VWHPV%LF$
and SbtA, are less widespread. Both are sodium-dependent symporters, but BicA has
a low affinity for bicarbonate and high flux rate, whereas SbtA has a high affinity and
low flux rate (21, 24). Affinity refers here to the effectiveness of bicarbonate uptake at
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low bicarbonate concentrations, whereas the flux rate refers to the bicarbonate uptake
rate at high bicarbonate concentrations.
We recently compared CCM gene sequences of 20 strains of Microcystis (23),
a ubiquitous cyanobacterium which can produce a potent family of hepatotoxins known
as microcystins (25). The strains were very similar in their CCM gene composition, but
interestingly some strains lacked the high-flux bicarbonate uptake gene bicA, whereas
others lacked the high-affinity bicarbonate uptake gene sbtA. Hence, three different Ci
uptake genotypes can be distinguished (23): sbtA strains (with sbtA but no or
incomplete bicA), bicA strains (with bicA but no sbtA), and bicA+sbtA strains (Fig. 1).
The three genotypes produce different phenotypes. Laboratory experiments showed
that the growth rate of the sbtA genotype is reduced at high Ci levels, the bicA
genotype has reduced growth at low Ci levels, whereas the bicA+sbtA genotype
maintains a constant growth rate across a wide range of Ci levels (23). Little is known,
however, about the occurrence of these three Ci uptake genotypes in lakes, and how
their relative frequencies may change in response to increasing Ci concentrations.
Here, we test the potential for adaptive microevolution of Microcystis in response to
elevated CO2, by investigating changes in the relative frequencies of the different Ci
uptake genotypes in laboratory competition experiments and a lake study.

Fig. 1. The three Ci uptake genotypes of Microcystis. The variable genomic regions contain the
transcriptional regulator gene ccmR2, the sodium-dependent bicarbonate uptake genes bicA and sbtA,
a post-translation regulator gene of SbtA known as sbtB, and the sodium/proton antiporter gene nhaS3.
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Results
Competition experiments
We ran competition experiments in three chemostats at low CO2 (100 ppm) and three
chemostats at high CO2 (1,000 ppm) levels. Each chemostat was inoculated with five
Microcystis strains, including two sbtA strains (CCAP 1450/10 and HUB 5-2-4), one
bicA strain (PCC 7806) and two bicA+sbtA strains (PCC 7005 and PCC 7941) (SI
Appendix, Table S1). Four strains produced the hepatotoxin microcystin, whereas
PCC 7005 was the only non-toxic strain. In the low CO2 chemostats, the total
Microcystis biomass increased until a steady state was reached, at which the CO2(aq)
and bicarbonate concentration were depleted to 1.5×10-4 ȝPRO/-1 DQGȝPRO/-1,
respectively, and pH increased to 11.2 (Fig. 2A,C). The high CO2 chemostats
produced a 2.5-fold higher Microcystis biomass, with much higher steady-state
CO2 DT DQGELFDUERQDWHFRQFHQWUDWLRQVRIȝPRO/-1 DQGȝPRO/-1, respectively,
and a lower pH of 8.8 (Fig. 2B,D).
In the low CO2 chemostats, the toxic bicA+sbtA strain PCC 7941 competitively
replaced the two sbtA strains, the bicA strain and the non-toxic bicA+sbtA strain, and
comprised ~90% of the total Microcystis population at steady state (Fig. 2E). In
contrast, in the high CO2 chemostats, the non-toxic bicA+sbtA strain PCC 7005
coexisted with the toxic bicA strain PCC 7806, with relative abundances of ~60% and
~30%, respectively, at steady state (Fig. 2F). Selection coefficients, calculated from
the replacement rates of the strains and their generation times, ranged from 0.16 to
0.62 in the low CO2 chemostats and from 0.08 to 0.20 in the high CO2 chemostats (SI
Appendix, Fig. S1 and Table S2).
Lake study
Our field study was carried out in Lake Kennemermeer, a slightly brackish coastal
dune lake in the Netherlands, in summer and autumn of 2013 (Fig. 3A). Water
temperature was 20-23°C in summer, and then gradually declined to 11°C in early
autumn (SI Appendix, Fig. S2). The lake contained high phytoplankton abundances,
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Fig. 2. Laboratory competition experiments with five Microcystis strains at low and high CO2
levels. Left panels show low CO2 chemostats and right panels high CO2 chemostats. (A,B) Microcystis
biomass (expressed as biovolume) and the light intensity Iout transmitted through the chemostats. (C,D)
Concentrations of dissolved CO2 (CO2(aq)) and bicarbonate, and pH. (E,F) Relative abundances of the
five Microcystis strains. The data points show the mean values (±SD) of three replicated chemostat
experiments.

with particularly dense blooms in weeks 26-28 and week 36 (Fig. 3B). The
phytoplankton community consisted largely of cyanobacteria (>95% of the total
biovolume), including Pseudoanabaenaceae, small Chroococcales, Anabaenopsis
hungarica and Microcystis spp. The Microcystis population was dominated by
potentially toxic genotypes containing the microcystin synthetase gene mcyB (SI
Appendix, Fig. S2). Concentrations of Microcystis and the two dominant microcystin
types, MC-LR and MC-RR, peaked in week 34 (Fig. 3C). The MC-LR concentration
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(up to 23.2 μg L-1) exceeded the provisional guideline for safe drinking water (1 μg L1

) of the World Health Organization and common guidelines for recreational waters

(26), justifying closure of the lake for recreation.

Fig. 3. Phytoplankton biomass and inorganic carbon speciation in Lake Kennemermeer. (A) Map
of Lake Kennemermeer with the sampling station. (B) Total phytoplankton biomass (expressed as
biovolume) and pH. (C) Microcystis biomass (expressed as biovolume) and concentrations of the two
most abundant microcystin variants (MC-LR and MC-RR). (D) Concentrations of CO2(aq), bicarbonate
and carbonate. Data points represent the mean (±SD) of three replicate measurements; error bars that
are not visible do not exceed the size of the symbols.

In summer, CO2(aq) concentrations in the lake were reduced below 3.5 μmol L1

and were strongly depleted to <0.4 μmol L-1 in weeks 28-30 and week 36 (Fig. 3D).

When phytoplankton abundance decreased in autumn, the CO2(aq) concentration
increased to ~15 μmol L-1, equilibrating with the atmospheric pCO2 levels (390 ppm).
CO2 depletion during the summer bloom led to a strong increase in pH, with values up
to ~10 during the two peaks in phytoplankton abundance (Fig. 3B; Pearson correlation
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of pH vs log CO2: ȡ = -0.98, n = 10, p < 0.001). At pH between 8 and 10, bicarbonate
is the dominant Ci species. Bicarbonate concentrations showed similar temporal
dynamics as the CO2(aq) concentration, with relatively low bicarbonate concentrations
during the summer blooms and higher concentrations in autumn (Fig. 3D; Pearson
correlation of CO2(aq) vs bicarbonate: ȡ = 0.90, n = 10, p < 0.001). The sodium
concentration in the lake (measured in week 29) was 12.7±0.4 mmol L-1, which allows
maximum

or near-maximum activity of the sodium-dependent bicarbonate

transporters BicA and SbtA, since both transporters have half-saturation constants of
1-2 mmol L-1 sodium (24, 27).
All three Ci uptake genotypes of Microcystis were present in the lake (Fig. 1; SI
Appendix, Tables S3 and S4), but their relative abundances changed during the study
period (Fig. 4A). The sbtA strains represented ~20% of the Microcystis population
during the entire season (Fig. 4B). The bicA+sbtA strains dominated the Microcystis
population in weeks 24-32, especially during the strong CO2 depletion in weeks 28-29,
but were largely replaced by bicA strains in late summer and autumn when Ci
concentrations in the lake increased. Relative abundances of the bicA+sbtA strains
were negatively correlated with the bicarbonate concentration (Fig. 4C; Pearson
correlation: ȡ = -0.84, n = 10, p < 0.01), whereas those of the bicA strains were
positively correlated with bicarbonate (Fig. 4D; Pearson correlation: ȡ = 0.91, n = 10,
p < 0.001). Replacement of bicA+sbtA strains by bicA strains occurred in ~2 months.
With a generation time of 1.5-5.2 days (28), this corresponds to 12-42 generations and
a selection coefficient of 0.06-0.19 per generation, which is comparable to the
selection coefficients in the chemostats (SI Appendix, Fig. S3 and Table S2).
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Fig. 4. Ci uptake genotypes of Microcystis in the lake study. (A) Relative abundances of the three
Ci uptake genotypes (sbtA strains, bicA strains and bicA+sbtA strains). (B-D) Relation between the
relative abundances of the Ci uptake genotypes and the bicarbonate concentration. The data points
show the mean (±SD) of three replicate measurements. The trend lines are based on linear regression
(N = 10).

Discussion
Our laboratory competition experiments and lake study show qualitatively similar
changes in strain composition. In both systems, the Microcystis population was
dominated by bicA+sbtA strains at low Ci levels, that were (partly) replaced by bicA
strains at high Ci levels (Figs. 2 and 4). Previous studies have shown that the high74
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affinity but low-flux bicarbonate uptake system SbtA is more effective at low
bicarbonate concentrations, whereas the low-affinity but high-flux enzyme BicA is
more effective at high bicarbonate concentrations (23, 24). Hence, the trade-off
between affinity and flux rate offers a likely explanation for the observed shift in strain
composition. In particular, with increasing CO2 and bicarbonate concentrations, highaffinity bicarbonate uptake systems are no longer needed. We note that, in bicA+sbtA
strains of Microcystis, bicA and sbtA are located on the same operon and hence are
co-transcribed (23). Superfluous transcription of sbtA or post-transcriptional downregulation of the SbtA enzyme, for example by SbtB (27), will be costly when SbtA
cannot be efficiently used, which will disfavour bicA+sbtA strains at high bicarbonate
concentrations. Our results thus provide both laboratory and field evidence
demonstrating that bicA strains, i.e., strains with low-affinity but high-flux bicarbonate
uptake systems, have a selective advantage at high Ci availability.
In addition to bicarbonate uptake systems, cyanobacteria also deploy two
intracellular CO2 ‘uptake’ systems, which convert CO2 passively diffusing into the cell
into bicarbonate (21, 29, 30). In all Microcystis strains investigated so far, both CO2
uptake systems were present (23) and the genes encoding these two CO2 uptake
V\VWHPVZHUHFRQVWLWXWLYHO\H[SUHVVHG í $SRVVLEOHH[SODQDWLRQPLJKWEHWKDW
the sustained activity of both intracellular CO2 uptake systems helps to maintain a low
CO2(aq) concentration in the cytoplasm, thus maximizing the diffusive influx of CO2.
Bloom-forming cyanobacteria like Microcystis usually occur in mildly to highly alkaline
waters (pH>7.5), where bicarbonate concentrations are much higher than the CO2(aq)
concentration (Fig. 3D). Lab studies have shown that the high-affinity bicarbonate
uptake system BCT ceases its activity while the BicA enzyme remains active at
elevated CO2 levels (31, 32), and that bicarbonate still accounts for most of the Ci
uptake even at elevated CO2 OHYHOV í +HQFHLQDONDOLQHZDWHUVDGDSWDWLRQRI
the bicarbonate uptake systems to changes in Ci availability is indeed likely to have
major fitness consequences.
Quantitatively, bicA strains responded more strongly to increasing Ci
concentrations in the lake than in the chemostat experiments, while sbtA strains
persisted in the lake but were competitively excluded from the chemostats. These
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dissimilarities might be attributed to differences in environmental conditions between
lakes and lab experiments. For example, the chemostat experiments used continuous
illumination, whereas Microcystis in Lake Kennemermeer experienced large daily
fluctuations in both light conditions and inorganic carbon concentrations, which
induced diel variation in expression of the bicarbonate uptake genes and several other
CCM genes (33). Furthermore, the chemostats applied homogeneous mixing to
single-celled Microcystis populations, whereas Microcystis often develops multicellular
colonies migrating vertically in stagnant lakes (37). Microcystis is also known to survive
prolonged burial in lake sediments, after which it can be resuspended in the water
column (38). Both spatio-temporal heterogeneity and reseeding from the sediments
tend to promote diversity, and may explain the observed co-occurrence of all three Ci
uptake genotypes in the lake.
Some of our results may also be due to further variation among Microcystis
strains other than their Ci uptake genes (39, 40). For instance, the strains in our
selection experiments differed in the production of microcystin. In addition to its toxicity
to humans and mammals, microcystin can also bind to cyanobacterial proteins such
as the RuBisCO enzyme to offer protection against oxidative stress (41). Carbonlimited conditions are likely to induce more oxidative stress than elevated CO2
concentrations, which may explain why the microcystin-producing bicA+sbtA strain
PCC 7941 performed better at 100 ppm CO2 whereas the non-microcystin-producing
bicA+sbtA strain PCC 7005 performed better at 1,000 ppm (Fig. 2). Our lake study,
however, did not show a relation between the relative abundance of microcystinproducing strains and the Ci concentrations (SI Appendix, Fig. S2C), indicating that
selection among the different Ci uptake genotypes played a much larger role in the
adaptation to changing Ci concentrations than genetic variation in microcystin
production.
Our results add to the growing literature showing that plankton species are
capable of rapid evolutionary adaptation to changing conditions, e.g., in response to
rising CO2 levels (6, 8, 9), increasing temperature (42, 43) and changes in predation
pressure (44, 45). A key advance of the present work is that the adaptive changes
could be linked to specific genetic and molecular traits, which enabled monitoring of
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natural selection not only in confined laboratory experiments but also in lakes. In our
VWXG\DQGVHYHUDOSUHYLRXVVWXGLHV í WKHDGDSWLYHFKDQJHVDUHPRVWOLNHO\
caused by sorting of existing genetic variation rather than by de novo mutations. This
implies that at the time scale of cyanobacterial bloom development, the traits (in this
case, the Ci uptake kinetics) of cyanobacterial species may change due to a reshuffling
of the relative abundances of different genotypes within the species. Hence,
predictions of harmful algal bloom development cannot be based on the assumption
that species traits remain constant. Instead, an eco-evolutionary approach will be
UHTXLUHG í  LQ ZKLFK WUDLWV HYROYH LQ UHVSRQVH WR FKDQJHV LQ HQYLURQPHQWDO
conditions that, in case of CO2 depletion, are at least partly induced by the
phytoplankton blooms themselves.
In conclusion, our study shows that changes in Ci availability act as an important
selective factor in cyanobacterial communities. Some strains perform better at low Ci
concentrations, whereas other strains are better competitors at high Ci levels, causing
a succession of different Ci uptake genotypes during bloom development. Models and
laboratory experiments predict that rising atmospheric CO2 levels will lead to higher
CO2(aq) and bicarbonate concentrations, and a later onset and shorter duration of
CO2-depleted conditions during dense summer blooms (14, 15). Our results suggest
that this increased Ci availability will favor low-affinity but high-flux bicarbonate uptake
genotypes. Hence, future harmful cyanobacterial blooms will most likely have a
genotype composition that differs from contemporary blooms, and will be adapted to
the new conditions in a high-CO2 world.

Materials and Methods
Competition experiments
Competition experiments were conducted in CO2-controlled chemostats designed
specifically for phytoplankton studies (14, 31, 49). The chemostats consisted of flat
culture vessels with an optical path length of 5 cm and an effective working volume of
1.8 L. The chemostats were illuminated from one side at a constant incident irradiance
of Iin ȝPROSKRWRQVP-2 s-1 using white fluorescent tubes (Philips Master TL-D 90
De Luxe 18 W/965, Philips Lighting, Eindhoven, the Netherlands). The chemostats
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were maintained at a constant temperature of 25°C, using a nutrient-rich mineral
medium without (bi)carbonate salts, and aerated with small gas bubbles containing
either 100 or 1,000 ppm CO2 at a flow rate of 30 L h-1 (31). The chemostats were run
at a dilution rate of 0.2 day-1.
Microcystis strains CCAP 1450/10, HUB 5-2-4, PCC 7806, PCC 7005 and PCC
7941 (SI Appendix, Table S1) were pre-cultured in monoculture chemostats at 400
ppm CO2. Subsequently, six chemostats were each inoculated with the five precultured strains mixed at equal initial abundances and a total initial Microcystis
biovolume of ~160 mm3 L-1. Three chemostats were exposed to 100 ppm pCO2 (‘low
CO2’) and the three other chemostats to 1,000 ppm pCO2 (‘high CO2’). The chemostats
were run for a total of 175 days and were sampled 1-3 times per week for further
analysis. Cell numbers, biovolumes, light conditions and pH were measured as
described before (31).
Lake study
Lake Kennemermeer (52°27'18.5"N, 4°33'48.6"E) is a shallow coastal dune lake
located north-west of Amsterdam, the Netherlands, close to the North Sea (Fig. 2A).
The lake is not an official swimming location, because of yearly recurrent problems
caused by dense harmful cyanobacterial blooms. The lake has a maximum depth of
~1 m and a surface area of ~ 0.1 km2. The lake is well mixed by wind throughout the
year.
From June to October 2013, we sampled the lake two to three times per month,
always at 10:30 AM, at a fixed location at the north side using a small boat. Aliquots
of lake water (three replicates of 5 L each) were collected 0.2 m below the surface and
processed immediately on land. A Hydrolab Surveyor and Datasonde 4a (OTT
Hydromet, Loveland, CO, USA) measured temperature and pH at 0.2 m depth.
Phytoplankton cells were preserved with Lugol’s iodine for microscopic analysis (see
SI Materials and Methods for details).
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Chemical analyses
Dissolved inorganic carbon (DIC) and sodium concentrations were measured in
filtered supernatant of the chemostat and lake samples. CO2(aq), bicarbonate and
carbonate concentrations were calculated from DIC, pH and temperature (Table S5).
Microcystins were extracted from filtered cells with 75% MeOH and analyzed by HPLC
(49). See SI Materials and Methods for details.
Analysis of genotype composition
Genomic DNA (gDNA) was isolated from chemostat samples and lake samples filtered
on-site, using spin column DNA extraction kits (see SI Materials and Methods for
details).
We first investigated whether all three Microcystis Ci uptake genotypes were
present in purified gDNA lake samples, using PCR reactions with the GoTaq® Hot
Start Polymerase kit (Promega Corporation, Madison, WI, USA) according to the
supplier’s instructions (see SI Materials and Methods). The Microcystis-specific
primers used for this purpose are listed in SI Appendix, Table S3.
Subsequently, qPCR reactions were applied to purified gDNA to quantify the
relative abundances of the different genotypes in the chemostat and lake samples
(see SI Materials and Methods). For this purpose, we designed gene-specific primers
to target the 16S rRNA gene, rbcX, bicA, sbtA, bicA+sbtA, mcyB and isiA (SI Appendix,
Table S3), using gDNA from axenic laboratory strains as reference samples.
LinRegPCR software (version 2012.3) was used for baseline correction, calculation of
Cq values and calculation of the amplification efficiency of individual runs (SI Appendix,
Table S3). Relative ratios of the numbers of gene copies were calculated according to
the comparative CT method (50). The qPCR analysis was validated using defined
mixtures of isolated Microcystis strains (SI Appendix, Fig. S4). Since our field data set
was limited to one lake sampled during one summer, we did not attempt to separate
the statistical effects of many environmental variables on the genotype assemblage.
Instead, we applied simple correlation analyses to describe relationships between the
relative frequencies of the Ci uptake genotypes and the Ci concentration. The rate of
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replacement was estimated from the slope of the linear regression of ln(x1/x2) versus
time (51, 52), where x1 and x2 are the relative frequencies of two genotypes. The
selection coefficient was calculated by scaling the replacement rate to the generation
time (51). The generation time in the chemostats was calculated as td = ln(2)/μ, where
μ is the growth rate of the total Microcystis population (taking into account the dilution
rate).
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Supplementary Information
SI Materials and Methods
Cell counts of lake samples. Lugol’s iodine was added to fresh lake samples (1:100
v/v of a 5% solution) to preserve phytoplankton cells for microscopy. The samples
were stored at 4°C until identification. Phytoplankton was identified to genus level, and
if possible to the species level, and counted according to the Utermöhl-method
adjusted to the European standard protocol NEN-EN 15204 using a Lyca DM IRB
inverted light microscope (Lyca Microsystems BV, Rijswijk, The Netherlands).
Biovolume was estimated from cellular dimensions and geometry (1). Individual
Microcystis cells were counted after disintegrating the colonies with KOH (2).
Dissolved inorganic carbon and sodium. Chemostat samples for dissolved
inorganic carbon (DIC) measurements were centrifuged for 15 minutes at 4000 g and
4°C, and subsequently the supernatant was filtered using a 47 mm GF/C filter
(Whatman, Maidstone, UK) followed by a 0.45 μm pore size 47 mm diameter
polyethersulfone membrane filter (Sartorius AG, Göttingen, Germany). Lake samples
for analysis of DIC and sodium concentrations were filtered on-site using the same
filtration procedure. The filtrates of chemostat and lake samples were transferred to
sterile plastic urine analysis tubes (VF-109SURI; Terumo Europe N.V., Leuven,
Belgium), which were filled completely and stored at 4°C until further analysis. DIC (35 technical replicates per sample) was measured with a TOC-VCPH TOC analyzer
(Shimadzu, Kyoto, Japan). Concentrations of CO2(aq), bicarbonate and carbonate
were calculated from DIC, pH and temperature (3) (Table S5). Sodium concentrations
were measured using an Optima 8000 ICP-OES Spectrometer (Perkin Elmer,
Waltham, MA, USA).
Toxin analysis. For microcystin analysis, lake samples were filtered on-site over 1.2
μm pore size 25 mm diameter GF/C filters (Whatman). The loaded filters were stored
at -20°C and subsequently freeze-dried. Microcystins were extracted with 75% MeOH
and analyzed by HPLC as described previously (4), using a Shimadzu LC-20AD HPLC
system with a SPD-M20A photodiode array detector (Shimadzu, Kyoto, Japan). The
two largest microcystin peaks of the lake samples matched with the retention times
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and UV-spectra of MC-LR and MC-RR standards kindly provided by the University of
Dundee.
DNA isolation. Chemostat samples for gDNA isolation were centrifuged for 15 min at
4000 g and 4°C. Subsequently, gDNA was isolated from the pellets using the DNeasy
Blood & Tissue kit (Qiagen GmbH, Hilden, Germany) according to the supplier’s
instructions. Lake samples were filtered on-site over 1.2 μm pore size 25 mm diameter
GF/C filters (Whatman), and loaded filters were stored at -20°C. Subsequently, gDNA
from lake samples was extracted using the ZR Fungal/Bacterial DNA MiniPrep™ kit
(Zymo Research, Orange, CA, USA) according to the supplier’s instructions. Both the
chemostat and the lake gDNA samples were further purified using the DNA Clean &
Concentrator™-25 kit (Zymo Research) according to the supplier’s instructions. The
quality of the gDNA in the chemostat and lake samples was assessed using a
Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA),
which resulted in A260/A280 values above 1.8 for all samples. The gDNA concentrations
were quantified using the Nanodrop 1000 spectrophotometer for the lake samples and
a Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) for the
chemostat samples.
Primer development and PCR reactions. To detect the presence of different
Microcystis Ci uptake genotypes, we designed primers targeting bicA encoding for a
low-affinity but high-flux bicarbonate uptake system, sbtA encoding for a high-affinity
but low-flux bicarbonate uptake system, and the combined presence of bicA+sbtA
(Table S1). We also designed primers targeting sbtB (a gene often linked with sbtA
and encoding for a post-translational regulator of SbtA [5]), the sodium/proton
antiporter gene nhaS3 and the LysR-family transcriptional regulator ccmR2. In
Microcystis, the bicA, sbtA, sbtB and nhaS3 genes are all located on the same operon,
and ccmR2 is the transcriptional regulator located upstream (Fig. 1) (6). Furthermore,
to detect the presence of toxic (microcystin-producing) genotypes, we included
primers targeting the mcyB gene involved in microcystin synthesis. We developed
primers targeting the iron stress induced protein gene isiA, to distinguish strain CCAP
1450/10 from the other strains (Table S1). Finally, we also developed primers targeting
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the 16S rDNA genes and the RuBisCO chaperone gene rbcX, to quantify the overall
Microcystis population.
The primers were designed to match sequences of 13 Microcystis strains for
which the full genome was sequenced, including Microcystis NIES-843 (7), Microcystis
PCC 7806 (8), Microcystis PCC 7005 (6) and ten other Microcystis strains (9). The
primers targeting the ccmR2, bicA, sbtA, sbtB and nhaS3 genes also matched
sequences of seven additional strains for which only ccmR2 and the bicA-sbtABnhaS3 operon were sequenced (6); hence, the primers are based on 20 Microcystis
strains in total. Sequences of several other (non-Microcystis) cyanobacteria were used
to ensure that the primer design included several mismatches with these other
sequences. Furthermore, discrimination between Microcystis and other cyanobacteria
is aided by the observation that Microcystis is thus far the only known cyanobacterial
genus with bicA and sbtA located next to each other in the same operon (6). Other
cyanobacteria with both bicA and sbtA have these genes placed in separate locations
in the genome. Table S3 provides an overview of all primers used in this study.
PCR reactions, to test the developed primers, were done with the GoTaq® Hot
Start Polymerase kit (Promega Corporation, Madison, WI, USA) according to the
supplier’s instructions. After an initial denaturation of 2 min at 95°C, 35 cycles were
used that consisted of a denaturation step at 95°C for 45 s, an annealing temperature
step at 60°C for 30 s and an extension step at 72°C for 3 min. Subsequently, a final
extension step at 72°C was used for 5 min. The reactions contained 0.3 μmol L-1
primers and 10 ng gDNA in a total reaction volume of 25 μL. Other reaction
components were added as instructed by the supplier. The developed primers were
tested with gDNA of various Microcystis laboratory strains (CCAP 1450/10, CCAP
1450/11, HUB 5.3, HUB 5.2.4, NIES-843, NIVA-CYA 140, PCC 7005, PCC 7806, PCC
7941, V145 and V163) using PCR and gel electrophoresis, which confirmed that only
the targeted gDNA sequences were amplified (no by-products were detected). As
negative control, the primers were tested on gDNA of several ubiquitous freshwater
cyanobacterial species, Anabaena circinalis CCAP 1403/18, Aphanizomenon flosaquae CCAP 1401/7 and Planktothrix agardhii CCAP 1460/1, which did not result in
amplified PCR products.
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Next, PCR reactions and gel electrophoresis were performed to detect the
different Microcystis Ci uptake genotypes in purified gDNA from Lake Kennemermeer
samples. Again the GoTaq® Hot Start Polymerase kit (Promega Corporation) was
used, and gDNA of five Microcystis laboratory strains was investigated for comparison.
All three Microcystis Ci uptake genotypes, bicA strains (no sbtA), sbtA strains (no bicA)
and bicA+sbtA strains, were detected in all lake samples (Table S4). PCR-products of
strain NIVA-CYA 140, which has a transposon insert in bicA (6), were not detected in
Lake Kennemermeer. This indicates that strains with such a transposon insert in bicA
were not present in the lake.
Quantification of Ci uptake genotypes with qPCR. Relative abundances of the
different genotypes of Microcystis were quantified using qPCR, by applying the
Maxima® SYBR Green Master Mix (2x) kit (Thermo Fisher Scientific, Waltham, MA,
USA) to purified gDNA according to the supplier’s instructions in an ABI 7500 RealTime PCR system (Applied Biosystems, Foster City, CA, USA). The two-step cycling
protocol was used, with a denaturation temperature of 95°C (15 s) and a combined
annealing/extension temperature of 60°C (60 s) during 40 cycles. The reactions
contained 0.3 μmol L-1 primers, with 1 ng gDNA when using chemostat samples and
10 ng gDNA when using lake samples, in a total reaction volume of 25 μL. Other
reaction components were added as instructed by the supplier. ROX solution was
used to correct for any well-to-well variation and melting curve analysis was performed
on all measured samples to rule out non-specific qPCR products. Each qPCR plate
contained reference gDNA samples and samples with primers targeting reference
genes (see below) to overcome plate effects. The LinRegPCR software tool (version
2012.3) (10, 11) was used for baseline correction, calculation of quantification cycle
(Cq) values using linear regression, and calculation of the amplification efficiency of
each individual run (Table S3). LinRegPCR did not detect samples without
amplification or a plateau (except for negative controls), or samples with a baseline
error or noise error, or with deviating amplification efficiencies. To calculate relative
ratios between the numbers of gene copies, the comparative CT method was used
(12).
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To determine the relative abundance of toxic genotypes, we used the
microcystin synthetase gene mcyB (primers mcyB-F and mcyB-R) as ‘target gene’ and
the RuBisCO chaperone gene rbcX (primers rbcX-F and rbcX-R) present in all
Microcystis strains as ‘reference gene’. Purified gDNA of the axenic toxic strains PCC
7806 and PCC 7941 was used as ‘reference samples’.
To determine the relative abundances of the different Ci uptake genotypes in
lake samples, we used the gene bicA (primers bicA-F2 and bicA-R1) and the gene
sbtA (primers sbtA-F2 and sbtA-R2) as ‘target genes’. The combined bicA+sbtA gene
(primers bicA-F3 and sbtA-R3) was detected in all lake samples based on observed
PCR product size (Table S4) and served as ‘reference gene’. Purified gDNA of the
axenic laboratory strains PCC 7005 and PCC 7941 (both bicA+sbtA strains) served
as ‘reference samples’, to calculate the relative ratios of (i) the bicA+sbtA gene versus
the bicA gene, and (ii) the bicA+sbtA gene versus the sbtA gene. We note that the
bicA gene is present in both bicA+sbtA strains and bicA strains, and similarly the sbtA
gene is present in both bicA+sbtA strains and sbtA strains. Hence, the relative
abundances of the different Ci uptake genotypes can be calculated from the above
two ratios based on the assumption that the sum of the bicA+sbtA strains, bicA strains,
and sbtA strains equals 100%.
To determine the relative abundances of the five Microcystis strains in the
chemostat experiments, we used the bicA, sbtA, bicA+sbtA, mcyB and isiA genes as
‘target genes’ to distinguish the different strains (Table S1). The two sbtA strains could
be distinguished because one of them (strain CCAP 1450/10) lacked the isiA gene.
Likewise, the two bicA+sbtA strains could be distinguished because one of them
(strain PCC 7005) lacked the mcyB gene. We used the 16S rRNA gene (primers 16SF and 16S-R) to quantify the overall Microcystis population (‘reference gene’). Purified
gDNA of monocultures of strain PCC 7941 (which contained all five target genes)
served as ‘reference samples’ to calculate the relative abundances of strains with and
without bicA, sbtA, bicA+sbtA, mcyB and isiA, assuming that the sum of the five strains
equals 100%.
Validation of qPCR method. To validate the developed method, exponentially
growing cultures of the five laboratory strains of Microcystis were mixed with equal cell
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numbers (20% each when mixing five strains, and 50% each when mixing two strains).
Cell numbers were counted using a Casy 1 TTC cell counter with a 60 μm capillary
(Schärfe System GmbH, Reutlingen, Germany).
The gDNA of the mixtures was extracted and used for relative quantification of
the three defined Microcystis Ci uptake genotypes using the qPCR approach
described above. Non-mixed gDNA of the monocultures of strains PCC 7005, PCC
7806 and PCC 7941 was used as reference samples for the calculations.
In all our validation experiments, the relative abundances of the different
genotypes measured by qPCR were very similar to the expected relative abundances
(Fig. S4).
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Fig. S1. Replacement rates of the Ci uptake genotypes in the chemostat experiments. (A)
Replacement rate of the bicA strain by bicA+sbtA strains in the low CO2 chemostats. (B) Replacement
rate of the sbtA strains by bicA+sbtA strains in the low CO2 chemostats. (C) Replacement rate of strain
PCC 7005 by strain PCC 7941 in the low CO2 chemostats. (D) Replacement rate of sbtA strains by bicA
and bicA+sbtA strains in the high CO2 chemostats; note the biphasic pattern. (E) Replacement rate of
strain PCC 7941 by strain PCC 7005 in the high CO2 chemostats. The rate of replacement was
calculated from the slope of the linear regression of ln(genotype 1/genotype 2) versus time. Data points
show the mean values of three replicated chemostat experiments.
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Fig. S2. Temperature and cyanobacterial composition of Lake Kennemermeer. (A) Water
temperature. (B) Biomass (expressed as biovolume) of the dominant cyanobacteria in summer and
autumn of 2013, including Pseudanabaenaceae (Pseudanabaena and Planktolyngbya), small
Chroococcales (mainly Cyanonephron and Cyanodictyon), Anabaenopsis hungarica, and Microcystis
spp. (M. aeruginosa and M. flos-aquae). Early in the season, Microcystis spp. also includes some
Woronichinia pusilla. (C) Relative abundance of toxic Microcystis genotypes, based on the mcyB gene
for microcystin production. (D) Total microcystin concentration increases with the Microcystis biomass
(expressed as biovolume) (Pearson correlation of log microcystin concentration vs log Microcystis
biomass: ȡ = 0.92, N = 10, p < 0.001). The trend line in (D) is based on linear regression. Error bars
represent SD (N = 3).
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Fig. S3. The replacement rate of bicA+sbtA strains by bicA strains in the lake study. The rate of
replacement was calculated from the slope of the linear regression of ln(bicA strains/bicA+sbtA strains)
versus time, using the data points of week 29-38 (blue markers). The data points are the mean of three
replicate measurements. Regression statistics: y = 0.0368x – 8.2066 (R2 = 0.89, N = 6, p < 0.01).
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Fig. S4. Validation of the qPCR method quantifying the relative abundances of different
Microcystis genotypes. (A) Mixture of CCAP 1450/10 (sbtA strain) and PCC 7806 (bicA strain), with
50% of cell numbers each. (B) Mixture of HUB 5-2-4 (sbtA strain) and PCC 7941 (bicA+sbtA strain),
with 50% of cell numbers each. (C,D) Mixture of CCAP 1450/10, HUB 5-2-4, PCC 7005, PCC 7806 and
PCC 7941, with 20% of cell numbers each. Quantification of the different genotypes was based on, (AC) 16S rDNA as reference gene and, (D) bicA+sbtA as reference gene. Error bars represent SD
obtained from four replicate qPCR measurements (N=4).
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Table S1. Properties of the five Microcystis strains in the competition experiments.

The origins of the strains are indicated with three-letter ISO codes of the different countries. The plus sign (+) or
minus sign (í) indicates the presence or absence of a specific gene or microcystin production.
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Table S2. Selection coefficients calculated for the chemostat experiments and lake study.

Replacement rates were estimated from the slope of the linear regression of ln(x1/x2) versus time, where x1 and x2 are the relative
frequencies of two genotypes (Figures S1 and S3).
Generation times were calculated as td = ln(2)/μ, where μ is the growth rate of the total Microcystis population (including the
dilution rate).
Selection coefficients were calculated as products of the replacement rates and generation times.
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Table S3. Overview of Microcystis primer pairs used for PCR analysis.

The locus tags are from Microcystis PCC 7806 (IPF) and Microcystis NIES-843 (MAE). The amplification efficiency
E was based on 50-65 amplification curves for each of the primer sets.
nd: not determined.
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Table S4. Results of PCR reactions on gDNA from lake samples.

The PCR reactions on gDNA were used to investigate the presence of the different Ci uptake genotypes in lake samples (last
column). For comparison, five isolated Microcystis strains were used as reference. A minus sign (í) indicates that no PCR product
was detected because the gene was absent in that strain.
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Table S5. Inorganic carbon measurements in the chemostat experiments and lake study.

The standard deviations (SD) are based on three different lake samples or three replicate chemostats.
Concentrations of CO2(aq), bicarbonate and carbonate were calculated from DIC, pH and temperature (3).

99

Chapter 3 | Rapid adaptation to rising CO2

100

Chapter 4 | Competition between cyanobacteria and green algae: who will win?

4
Competition between cyanobacteria and
green algae at low versus elevated CO2:
who will win, and why?

101

Chapter 4 | Competition between cyanobacteria and green algae: who will win?

Competition between cyanobacteria and green algae at low versus
elevated CO2: who will win, and why?
Xing Ji1, Jolanda M. H. Verspagen1, Maayke Stomp1# and Jef Huisman1

1

Department of Aquatic Microbiology, Institute for Biodiversity and Ecosystem

Dynamics, University of Amsterdam, P.O. Box 942 48, 1090 GE Amsterdam, The
Netherlands

#

Deceased, August 4, 2017.

This chapter is published as:
Ji, X., Verspagen, J. M. H., Stomp, M. & Huisman, J. Competition between
cyanobacteria and green algae at low versus elevated CO2: who will win,
and why? Journal of Experimental Botany 68, 3815–3828 (2017).

The publication was highlighted in a commentary by:
Beardall & Raven. Journal of Experimental Botany 68, 3697-3699 (2017).

102

Chapter 4 | Competition between cyanobacteria and green algae: who will win?

Abstract
Traditionally, it has often been hypothesized that cyanobacteria are superior
competitors at low CO2 and high pH in comparison to eukaryotic algae, owing to
their effective CO2-concentrating mechanism (CCM). However, recent work
indicates that green algae can also have a sophisticated CCM tuned to low CO2
levels. Conversely, cyanobacteria with the high-flux bicarbonate uptake system
BicA appear well adapted to high inorganic carbon concentrations. To investigate
these ideas we studied competition between three species of green algae and a
bicA strain of the harmful cyanobacterium Microcystis aeruginosa at low (100 ppm)
and high (2,000 ppm) CO2. Two of the green algae were competitively superior to
the cyanobacterium at low CO2, whereas the cyanobacterium increased its
competitive ability with respect to the green algae at high CO2. The experiments
were supported by a resource competition model linking the population dynamics
of the phytoplankton species with dynamic changes in carbon speciation, pH and
light. Our results show (i) that competition between phytoplankton species at
different CO2 levels can be predicted from species traits in monoculture, (ii) that
green algae can be strong competitors under CO2-depleted conditions, and (iii) that
bloom-forming cyanobacteria with high-flux bicarbonate uptake systems will benefit
from elevated CO2 concentrations.
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Introduction
Cyanobacterial blooms have become a major water quality problem in many
eutrophic lakes worldwide (Chorus and Bartram, 1999; Verspagen et al., 2006; Guo,
2007; Michalak et al., 2013). Cyanobacterial blooms produce taste and odor
compounds, which may interfere with the recreational function of lakes and the
preparation of drinking water (Chorus and Bartram, 1999; Watson et al., 2008).
Moreover, cyanobacteria can produce a variety of toxins, causing liver, digestive
and neurological diseases when ingested by waterfowl, pets, cattle and humans
(Carmichael, 2001; Codd et al., 2005; Huisman et al., 2005; Merel et al., 2013).
Hence, an improved understanding of the environmental conditions that favor the
dominance of cyanobacteria over eukaryotic phytoplankton species is desirable.
Dense cyanobacterial blooms often deplete the dissolved CO2 concentration
LQVXUIDFHZDWHUVVRPHWLPHVGRZQWROHVVWKDQȝPRO/-1 corresponding to pCO2
less than 3 ppm (Lazzarino et al., 2009; Balmer and Downing, 2011). CO2 depletion
by dense blooms induces high pH values, above 9 or even 10 (Talling, 1976;
Ibelings and Maberly, 1998; Verspagen et al., 2014a). At these pH values, most
DIC is in the form of bicarbonate, and with increasing pH an increasing fraction of
DIC is converted to carbonate. Under these conditions, CO2 availability can become
an important limiting factor for photosynthesis. Cyanobacteria have developed a
highly efficient CO2-concentrating mechanism (CCM) to take up CO2 and
bicarbonate as inorganic carbon (Ci) source, and to augment the intracellular
CO2 level around the RuBisCO enzyme responsible for carbon fixation (Price et al.,
2008; Raven et al., 2012; Burnap et al., 2015). It has therefore been hypothesized
that cyanobacteria are superior competitors at low CO2 levels, and will dominate
waters in which the dissolved CO2 concentration has been depleted (Shapiro, 1990,
1997). Conversely, eukaryotic phytoplankton might be better competitors at high
CO2 levels. This classic paradigm has received support from several competition
experiments between cyanobacteria and green algae (Caraco and Miller, 1998;
Low-Décarie et al., 2011, 2015; but see Verschoor et al., 2013). If this paradigm is
true, the logical corollary is that rising CO2 levels will particularly benefit eukaryotic
phytoplankton species at the expense of cyanobacteria.
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Yet, recent insights indicate that this classic paradigm might be too simple.
Although the details of the eukaryotic CCM are not yet fully understood, green algae
can also deploy a sophisticated CCM well adapted to low CO2 levels (Moroney and
Ynalvez, 2007; Wang et al., 2011; Meyer and Griffiths, 2013). Furthermore, recent
studies have revealed a striking genetic and phenotypic diversity in the CCM of
harmful cyanobacteria (Sandrini et al., 2014, 2015a; Visser et al., 2016). All harmful
freshwater cyanobacteria investigated so far contain two CO2 uptake systems and
the ATP-dependent bicarbonate uptake system BCT1. In addition, however, some
cyanobacteria deploy the high-affinity but low-flux bicarbonate uptake system SbtA,
whereas other cyanobacteria deploy the low-affinity but high-flux bicarbonate
uptake system BicA (Sandrini et al., 2014). Therefore, three Ci uptake genotypes
can be distinguished: (i) sbtA strains (high-affinity specialists), (ii) bicA strains (highflux specialists) and (iii) bicA+sbtA strains (CCM generalists). These three
genotypes were first described for the genus Microcystis (Sandrini et al., 2014,
2016), but similar genetic diversity also exists within other harmful cyanobacterial
genera such as Dolichospermum (formerly known as Anabaena) and Planktothrix
(Visser et al., 2016).
Laboratory selection experiments with mixtures of several Microcystis strains
found that the strain composition shifted from bicA+sbtA strains at low pCO2 to bicA
strains at high pCO2 (Sandrini et al., 2016). Similarly, in a eutrophic lake, bicA+sbtA
strains were dominant when Ci concentrations in the lake were depleted during a
dense cyanobacterial bloom, but were replaced by bicA strains when Ci
concentrations increased later in the season (Sandrini et al., 2016). These results
show that the genetic composition of cyanobacterial communities adapts to
changes in Ci availability by means of natural selection, favoring CCM generalists
at low CO2 levels while favoring high-flux specialists at high CO2. In natural waters,
however, cyanobacteria compete not only amongst each other, but also against
eukaryotic phytoplankton. How the competitive abilities of different cyanobacterial
Ci uptake genotypes perform against eukaryotic species such as green algae has
not yet been investigated.
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Resource competition theory provides a theoretical framework to understand
and predict how changes in resource availability may affect the species composition
(Tilman, 1982; Huisman and Weissing, 1994; Grover, 1997). This body of theory
uses the kinetic traits of species measured in monoculture to predict the dynamics
and outcome of competition for limiting resources in species mixtures. Resource
competition models have been successfully applied to predict competition for
nutrients and light, both in qualitative and quantitative terms (Tilman, 1977; Sommer,
1985; Huisman et al., 1999; Litchman et al., 2004; Stomp et al., 2004; Passarge et
al., 2006). Competition for inorganic carbon is conceptually more complicated,
however, because the species compete for two resources (CO2 and bicarbonate)
whose concentrations depend not only on resource uptake but also on pH and
alkalinity. Moreover, pH and alkalinity depend in turn on a variety of biogeochemical
processes and also change in response to the carbon and nutrient uptake activity
by the phytoplankton community (Talling, 1976; Wolf-Gladrow et al., 2007;
Verspagen et al., 2014a).
This study investigates competition between a harmful cyanobacterium
(Microcystis PCC 7806) and three species of green algae (Monoraphidium griffithii,
Scenedesmus obliquus, Chlorella vulgaris) at low and at high CO2 concentrations.
Microcystis PCC 7806 is a bicA strain (Sandrini et al., 2014), and is therefore
expected to be a relatively weak competitor at low CO2 levels but a stronger
competitor at high CO2. To investigate this hypothesis, we run monoculture
experiments of each species at both low and high CO2 levels (100 ppm and 2,000
ppm). The results of these monoculture experiments are used to parameterize a
resource competition model, which predicts the competitive interactions between
the species based on dynamic changes in inorganic carbon chemistry, alkalinity
and pH induced by the growing phytoplankton populations. Next, competition
experiments are carried out to test the model predictions. Together, the theory and
experiments may help to understand shifts in phytoplankton community
composition in response to rising CO2 levels.
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Competition model: theory and development
We first develop a model to investigate competition for inorganic carbon and light
among phytoplankton species. The model combines previous theoretical work on
growth and competition under light-limited (Huisman and Weissing, 1994; Huisman
et al., 1999; Passarge et al., 2006) and carbon-limited conditions (Van de Waal et
al., 2011; Verspagen et al., 2014a, b).
The model considers a well-mixed vertical water column, where depth z runs
from 0 at the water surface to zmax at the bottom of the water column. The population
dynamics of the phytoplankton species are governed by their light-dependent
assimilation of carbon dioxide and bicarbonate. The model assumes eutrophic
conditions, in which all nutrients are in ample supply and hence do not limit
phytoplankton growth. Uptake of inorganic carbon and nutrients induces dynamic
changes in pH and alkalinity. These changes in pH and alkalinity affect the
availability of the different inorganic carbon species, which feeds back on
phytoplankton growth. The growing phytoplankton populations also increase the
turbidity of the water column, thereby diminishing the light available for further
photosynthesis and growth.
Species dynamics
The model assumes that the specific growth rates of the species depend on their
carbon assimilation. Let Xi denote the population density of phytoplankton species
i, and let Qi denote its cellular carbon content (also known as carbon quota; sensu
Droop, 1973). The population dynamics of a number of n competing species can
then be written as:
ௗ
ௗ௧

= ߤ (ܳ )ܺ െ ݉ ܺ

i=1,…,n

(1)

where μi(Qi) is the specific growth rate of species i as an increasing function of its
carbon content, and mi is its loss rate. We assume that each species requires a
minimum cellular carbon content in order to function, and reaches its maximum
specific growth rate when cells are satiated with carbon (see Supplementary Model
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at JXB online). In our application, the loss rates of the species will be governed by
the dilution rate of the chemostat (i.e., mi=D).
The carbon contents of the species increase through uptake of carbon
dioxide (uCO2,i) and bicarbonate (uHCO3,i), and decrease through respiration (ri) and
dilution of the carbon content by growth:
ௗொ
ௗ௧

= ݑைଶ, + ݑுைଷ, െ ݎ െ ߤ (ܳ )ܳ

i=1,…,n

(2)

We assume that uptake rates of CO2 (uCO2,i) and bicarbonate (uHCO3,i) are increasing
functions of the ambient CO2 and bicarbonate concentration according to MichaelisMenten kinetics. Carbon uptake and assimilation require energy from the light
reactions of photosynthesis, and therefore the carbon uptake rates also depend on
the photosynthetic activity of the cells and hence on light availability. Furthermore,
we incorporated a simple negative feedback loop in which carbon uptake rates
decrease with increasing cellular carbon content, such that carbon uptake systems
are active under carbon-limiting conditions (Eisenhut et al., 2007; Burnap et al.,
2015; Wang et al., 2015) and down-regulated when cells become satiated with
carbon (Beardall and Giordano, 2002; Sandrini et al., 2015b). Respiration rates (ri)
of the species increase with their cellular carbon content, approaching maximum
values when cells become satiated with carbon. The mathematical equations
describing these relationships are presented in the Supplementary Model.
Light conditions
The underwater light gradient is described by Lambert-Beer’s law (Huisman et al.,
1999):
ܫ = )ݖ(ܫ exp(െܭ  ݖെ σୀଵ ݇ ܺ )ݖ

(3)

where I(z) is the light intensity at depth z, Iin is the incident light intensity, Kbg is the
background turbidity of the water itself, and ki is the specific light attenuation
coefficient of phytoplankton species i. We note that the light gradient changes
dynamically, because the light intensity at a given depth decreases with increasing
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phytoplankton densities. We define Iout as the light intensity reaching the bottom of
the water column (i.e., Iout=I(zmax)).
Dissolved inorganic carbon
Changes in the concentration of total dissolved inorganic carbon, [DIC], are
described by (Verspagen et al., 2014a):
ௗ[DIC]
ௗ௧

= [(ܦDIC] െ [DIC]) +

CO2
௭ೌೣ

െ σୀଵ൫ݑCO2, + ݑHCO3, ൯ܺ + σୀଵ ݎ ܺ (4)

The first term on the right-hand side of this equation describes changes through the
influx ([DIC]in) and efflux of water containing DIC. The second term describes CO2
exchange with the atmosphere, where gCO2 is the CO2 flux across the air-water
interface and division by zmax converts the flux per unit surface area into the
corresponding change in DIC concentration. The third term describes uptake of
dissolved CO2 and bicarbonate by the photosynthetic activity of the phytoplankton
community. Finally, the fourth term describes CO2 release by respiration of the
phytoplankton species.
The CO2 flux across the air-water interface, gCO2, depends on the difference
in partial pressure. More specifically, gCO2 depends on the difference between the
expected concentration of dissolved CO2 in water if in equilibrium with the partial
pressure in the atmosphere and the actual dissolved CO2 concentration
(Siegenthaler and Sarmiento, 1993; Cole et al., 2010):
݃ைଶ = ܭ(ݒ ܱܥଶ െ [COଶ ])

(5)

where v is the gas transfer velocity (also known as piston velocity), K0 is the
solubility of CO2 gas in water (also known as Henry’s constant), pCO2 is the partial
pressure of CO2 in the atmosphere, and [CO2] is the dissolved CO2 concentration.
In chemostats, gas transfer will depend on the gas flow rate (a). We therefore
assume that v = b a, where b is a constant of proportionality.
Dissolved CO2, bicarbonate and carbonate concentrations and pH were
calculated from [DIC] and alkalinity (Stumm and Morgan, 1996). Assimilation of
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nitrate, phosphate and sulfate by phytoplankton involves proton consumption, thus
increasing alkalinity (Wolf-Gladrow et al., 2007; Verspagen et al., 2014a). Therefore,
the model treats alkalinity as a dynamic variable (see Supplementary Model for
details).

Materials and methods
Species
We performed monoculture and competition experiments with four freshwater
phytoplankton species: the green algae Monoraphidium griffithii (Berk.) Kom.-Legn.
(strain CCAP 202/15A), Scenedesmus obliquus (strain CCAP 276/3A) and
Chlorella vulgaris Beyerinck (strain UTEX 259) and the cyanobacterium Microcystis
aeruginosa (strain PCC 7806). Microcystis PCC 7806 produces the hepatotoxins
microcystin-LR

and

[Asp3]-microcystin-LR

and

the

potential

neurotoxins

cyanopeptolin A, C and 970 (Tonk et al., 2009; Faltermann et al., 2014). All four
species were unialgal but not axenic. Regular microscopic inspection confirmed that
concentrations of heterotrophic bacteria remained low throughout the experiments
(<1% of the total biovolume measured with a CASY TTC cell counter; OLS OMNI
Life Science, Bremen, Germany).
Chemostat experiments
All experiments were conducted in laboratory-built chemostats, specifically
designed to study the population dynamics of phytoplankton species (Huisman et
al., 2002; Passarge et al., 2006; Verspagen et al., 2014a). The chemostats allowed
full control of light conditions, temperature, pCO2 in the gas flow and nutrient
concentrations in the mineral medium. Each chemostat consisted of a flat culture
vessel with an optimal path length (‘mixing depth’) of zmax = 5 cm and a working
volume of ~1.7 L. The vessel was illuminated from one side to create a
unidirectional light gradient, using a constant incident light intensity (Iin) of 50 ± 1
Pmol photons m-2 s-1 provided by white fluorescent tubes (Philips PL-L 24W/840/4P,
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Philips Lighting, Eindhoven, The Netherlands). The temperature was maintained at
20 ± 1 ° C with a stainless steel cooling finger inside each chemostat and connected
to a Colora thermocryostat. To avoid nutrient limitation, the chemostats were
provided with a very nutrient-rich mineral medium (Van de Waal et al., 2009;
Verspagen et al., 2014b). The dilution rate was maintained at D = 0.125 d-1.
CO2 supply
We applied two CO2 treatments. The chemostats were bubbled with gas containing
a CO2 concentration of either 100 ppm (‘low pCO2’) or 2,000 ppm (‘high pCO2’)
(Table 1). The gas was prepared as a mixture of pressurized air from which the
variable CO2 concentration was completely removed using a CO2 scrubber (Ecodry
K-MT6; Parker Zander, Lancaster, NY, USA) and subsequently a defined amount
of pure CO2 gas was added to obtain the desired concentration using Mass Flow
Controllers (GT 1355R-2-15-A316 SS and 5850S, Brooks Instrument, Hatfield, PA,
USA). Before entering the chemostats, the mixed gas was filter sterilized (0.2 μm
Midisart 2000 Filter, Sartorius Stedim Biotech GmbH, Göttingen, Germany) and
moisturized with Milli-Q water to suppress evaporation from the chemostats. The
gas was dispersed as fine bubbles supplied from the bottom of the chemostat
vessels at a constant flow rate of a = 25 L h-1, which also ensured homogeneous
mixing of the phytoplankton populations. We checked the CO2 concentration in the
gas flow regularly using an Environmental Gas Monitor (EGM-4; PP Systems,
Amesbury, MA, USA).
Experimental measurements
The experiments were sampled at least every other day. The incident light intensity
(Iin) was measured with a LI-COR LI-250 quantum photometer (LI-COR Biosciences,
Lincoln, NE, USA) at 10 randomly chosen positions at the front surface of the
chemostat vessel. Likewise, the light intensity transmitted through the chemostat
(Iout) was measured at the back surface of the chemostat vessel (Huisman et al.,
2002).
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Table 1. System parameters applied in the experiments.

*Background turbidity varied among the chemostat vessels.
#
The first value refers to the low pCO2 experiments and the second value to the high pCO2
experiments.

Population densities and biovolumes in samples of the monoculture
experiments were measured in triplicate with a CASY TTC automated cell counter
(OLS OMNI Life Science, Bremen, Germany) using a 60 μm capillary. The cell
counter could not distinguish between the different species. Therefore, population
densities in the competition experiments were counted on an Accuri C6 flow
cytometer (Accuri Cytometers Inc., Ann Arbor, MI), which distinguished the different
species in these experiments on the basis of differences in pigmentation and cell
size (side scatter). We did not perform competition experiments between
Scenedesmus and Chlorella, because the flow cytometer could not adequately
distinguish between these two chlorophytes.
Temperature and pH were measured immediately after sampling, using a
SCHOTT pH meter (SCHOTT AG, Mainz, Germany). For DIC analysis, 35 mL
samples were transferred to 50 mL falcon tubes, centrifuged for 15 min at 4,000
rpm, immediately filtered over 0.45 m polyethersulfone membrane filters (Sartorius
Stedim Biotech GmbH, Göttingen, Germany), transferred to gas-tight urine tubes
(Terumo Europe NV, Leuven, Belgium) and stored at 4 ºC until analysis. DIC was
analyzed by phosphoric acid addition using a Model 700 TOC Analyzer (OI
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Corporation, College Station, TX, USA). Concentrations of CO2(aq), bicarbonate
and carbonate were calculated from DIC and pH, based on the dissociation
constants of inorganic carbon corrected for temperature and salinity (Stumm and
Morgan, 1996; Verspagen et al., 2014a).
To determine the cellular carbon, nitrogen and sulfur content, pellets from
the 50 mL falcon tube were transferred into 2 mL eppendorf tubes, washed three
times with a nutrient-free NaCl solution with a salinity equal to our medium, and
stored at -20 ºC. Subsequently, the pellets were freeze-dried and weighted, and the
carbon, nitrogen and sulfur content of homogenised freeze-dried cell powder were
analysed with a Vario EL Elemental Analyzer (Elementar Analysensysteme GmbH,
Hanau, Germany).
Model parameterization
The model parameters consist of system parameters and species parameters.
System parameters are under experimental control and were regularly measured
during the experiments. We already specified several of the system parameters,
such as the incident light intensity (Iin), pCO2 level in the gas flow, and dilution rate
(D) of the chemostats. A complete list of all system parameters is provided in Table
1.
Species parameters describe the traits of the species. Some species
parameters were measured experimentally. The maximum specific growth rate
(μmax,i) and minimum cellular carbon content (Qmin,i) were determined in batch
cultures at an Iin of 50r1 Pmol photons m-2 s-1 and a temperature of 20 ± 1 ° C.
Maximum specific growth rate was measured in batch cultures aerated with gas
containing a saturating CO2 concentration of 10,000 ppm. The minimum cellular
carbon content was measured as the cellular carbon content in unaerated dense
batch cultures that were first grown for a day in medium to which no DIC was added,
and were subsequently incubated overnight in the dark. The cellular N:C and S:C
ratios (cN,i and cS,i) were calculated from the cellular carbon, nitrogen and sulfur
contents measured in the steady-state monocultures of the species. The specific
light attenuation coefficients (ki) of the species were estimated from the monoculture
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experiments using Lambert-Beer’s law. For monocultures, Eqn (3) can be written
as ln(Iin/Iout)/zmax=Kbg+kiXi. Hence, the specific light attenuation coefficient (ki) was
estimated as the slope of a linear regression of ln(Iin/Iout)/zmax versus the population
density Xi, and the background turbidity (Kbg) was estimated as the intercept.
All other species parameters were estimated by fitting the model predictions
to the observed dynamics in the monoculture experiments. More specifically, we
fitted the time courses of population density, light transmission (Iout), pH and
inorganic carbon concentrations predicted by the model to the time courses
measured in the monoculture experiments, following the same methodology as in
earlier studies (Huisman et al., 1999; Passarge et al., 2006; Verspagen et al.,
2014a). To avoid overfitting, the model was fitted simultaneously to both the low
pCO2 and high pCO2 monocultures, resulting in 8 parameter estimates per species.
The species parameters obtained from the monoculture experiments were
combined with the system parameters to predict the population dynamics and
inorganic carbon chemistry in the competition experiments.
In the competition experiments, we calculated the rate of competitive
displacement (RCD) from the slope of the linear regression of ln(X1/X2) versus time,
where X1 and X2 are the population densities of the two competing species (Grover,
1991; Passarge et al., 2006).
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Results
Monoculture experiments at low pCO2
At low pCO2, the phytoplankton species increased until a steady state was reached
with population densities (expressed as biovolumes) ranging from 370 mm3 L-1 for
Chlorella to 720 mm3 L-1 for Scenedesmus (Fig. 1A-D; Supplementary Table S1).
The growing phytoplankton populations reduced the light intensity penetrating
through the chemostats (Iout) to 6.2 – 9.3 μmol photons m-2 s-1 and depleted the
dissolved CO2 concentration by several orders of magnLWXGHWRȝPRO/-1 (Fig.
1E-H). Bicarbonate concentrations decreased about one order of magnitude, and
were offset by a similar increase of the carbonate concentrations, such that the total
DIC concentration in the chemostats remained more or less constant. Alkalinity
increased to 1.3 – 2.0 mEq L-1 depending on the species (Supplementary Table S1).
The pH increased by more than two units, from initial values of ~8 to steady state
values of ~10.7 (Fig. 1I-L). The relatively high values of Iout in combination with
severe CO2 depletion and a high pH indicate that the phytoplankton growth rates in
these experiments were carbon limited.
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Monoculture experiments at high pCO2
At high pCO2, the phytoplankton species reached population densities ranging from
~2,000 mm3 L-1 for Monoraphidium to ~2,500 mm3 L-1 for Scenedesmus (Fig. 2AD; Supplementary Table S1). These values are 3.5 to 6 times higher than in the low
pCO2 experiments (Fig. 1A-D), thus confirming that phytoplankton growth

Fig. 1. Monoculture experiments at low pCO2 (100 ppm). (A-D) Population density (expressed as
biovolume) and light intensity Iout penetrating through the chemostat. (E-H) CO2(aq), bicarbonate
and carbonate concentrations. (I-L) Dissolved inorganic carbon (DIC) and pH. Different panels
represent different species: (A,E,I) Monoraphidium; (B,F,J) Microcystis; (C,G,K) Scenedesmus;
(D,H,L) Chlorella. Symbols indicate experimental data, and lines indicate model fits. Parameter
values of the model are provided in Table 1 and Table 2.

in the low pCO2 experiments was indeed carbon limited. The dense phytoplankton
populations absorbed almost all incident light, reducing the light intensity
penetrating through the chemostats (Iout) to <0.2 μmol photons m-2 s-1 (Fig. 2A-D).
The dissolved CO2 cRQFHQWUDWLRQ ZDV RQO\ VOLJKWO\ UHGXFHG WR a ȝPRO /-1 (Fig.
2E-H). By contrast, the bicarbonate and carbonate concentration and hence also
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the total DIC concentration increased during the experiments (Fig. 2I-L). The DIC
increase is enabled by a rise in alkalinity, from 2.3 mEq L-1 at the start of the
experiments to 6.2 – 8.4 mEq L-1 at steady state (Supplementary Table S1).
Alkalinity increased during the experiments, because the high uptake rates of nitrate,
phosphate and sulfate by the growing phytoplankton populations are accompanied
by proton consumption to maintain charge balance (Goldman and

Fig. 2. Monoculture experiments at high pCO2 (2,000 ppm). (A-D) Population density (expressed
as biovolume) and light intensity Iout penetrating through the chemostat. (E-H) CO2(aq), bicarbonate
and carbonate concentrations. (I-L) Dissolved inorganic carbon (DIC) and pH. Different panels
represent different species: (A,E,I) Monoraphidium; (B,F,J) Microcystis; (C,G,K) Scenedesmus;
(D,H,L) Chlorella. Symbols indicate experimental data, and lines indicate model fits. Parameter
values of the model are provided in Table 1 and Table 2.

Brewer, 1980; Wolf-Gladrow et al., 2007). A similar increase in DIC and alkalinity
induced by dense phytoplankton populations was also observed in earlier
chemostat studies (Verspagen et al., 2014a). The pH increased only slightly from
~8 to ~8.6 (Fig. 2I-L). The very low Iout values in combination with high dissolved
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CO2 and bicarbonate concentrations indicate that the phytoplankton growth rates in
these experiments were light limited.

Predictions derived from the monoculture experiments
The monoculture experiments show dynamic changes in population abundances,
light conditions, carbon speciation, alkalinity and pH, which caused concomitant
changes in the growth rates of the species. We tried to capture these dynamics by
Table 2. Species parameters estimated from the monoculture experiments.

*Parameter values measured experimentally, given as mean ± standard error.
#
Parameter values estimated by fitting the model predictions to time courses of the experiments.

the development of a mathematical model. The results show that the model
generally fitted well to the monoculture data, both in the experiments at low pCO2
(Fig. 1) and at high pCO2 (Fig. 2). The species parameters estimated from the
monoculture experiments are summarized in Table 2, and will be used to predict
the dynamics of the competition experiments.
Resource competition theory can provide some further insights. Consider
several species competing for a single limiting resource. Each species has its own
critical R*, defined as the resource availability at which the specific growth rate of a
species equals its loss rate. During competition, resource availability diminishes as
the resource is consumed by the species. One by one, species start to decline when
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resource availability is depleted below their R* values. This process continues, until
eventually the species with lowest R* has competitively displaced all other species.
Hence, resource competition theory predicts that the species with lowest R* will be
the superior competitor (Tilman, 1982; Grover, 1997).
In many applications, the R* value of each species is measured as the
steady-state concentration of the limiting resource in monoculture (e.g., Tilman,
1981; Passarge et al., 2006; Wilson et al., 2007). In our application, however, CO2
and bicarbonate provide two alternative inorganic carbon sources that are rapidly
inter-converted by the chemical reaction of CO2 with water, which makes it difficult
to measure the R* for CO2 and R* for bicarbonate independently. Nevertheless, the
steady-state concentrations of CO2 and bicarbonate in carbon-limited monoculture
may provide useful information on the competitive abilities for inorganic carbon of
the species. That is, if we assume that a low steady-state CO2 concentration in
monoculture implies a high competitive ability for CO2, then the species can be
ranked according to their competitive ability for CO2 as (Fig. 3A): Scenedesmus >
Chlorella > Microcystis > Monoraphidium. Similarly, based on the steady-state
bicarbonate concentrations, the species can be ranked according to their
competitive ability for bicarbonate as (Fig. 3B): Scenedesmus > Chlorella >
Microcystis > Monoraphidium. Accordingly, the ranking of the species is the same
for both CO2 and bicarbonate, indicating that Scenedesmus will be the best
competitor for inorganic carbon, followed by Chlorella and then Microcystis, while
Monoraphidium is the worst competitor for inorganic carbon.
At high CO2 levels, CO2 and bicarbonate were in ample supply, but light
becomes a limiting resource (Fig. 2A-D). Analogous to R*, competition theory
predicts that the species with lowest critical light intensity (Iout*) is the superior
competitor for light (Huisman and Weissing, 1994; Huisman et al., 1999). The
critical light intensities of the species were measured as the steady-state values
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Fig. 3. R* values of the species. R* values for (A) CO2(aq) and (B) bicarbonate of the species,
indicative of their competitive abilities for inorganic carbon. R* values were estimated from the CO2
and bicarbonate concentrations measured in the steady-state monocultures at low pCO2. (C) Critical
light intensities (Iout*) of the species, indicative of their competitive abilities for light. Critical light
intensities were estimated from the light intensities penetrating through the steady-state
monocultures at high pCO2. All estimates are based on the mean ± SD of the last 5 datapoints of
each
monoculture
experiment.
Sce=Scenedesmus;
Chl=Chlorella;
Mic=Microcystis;
Mon=Monoraphidium.

of Iout in the monoculture experiments at high pCO2. Based on their critical light
intensities, the species can be ranked according to their competitive ability for light
as (Fig. 3C): Microcystis § Scenedesmus > Chlorella > Monoraphidium. Hence,
from the monoculture data, Microcystis and Scenedesmus are predicted to be the
best competitors for light with an approximately similar competitive ability, followed
by Chlorella, while Monoraphidium is the worst competitor for light.
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Comparison of the above species rankings indicates that Microcystis will
become a stronger competitor when the species interactions shift from competition
for inorganic carbon at low pCO2 to competition for light at high pCO2. The relative
ranking among the three green algae remains unaltered with rising pCO2.
Competition experiments
The competition experiments largely confirmed the predictions derived from the
monoculture experiments. For instance, in the competition experiment at low pCO2
between Monoraphidium and Scenedesmus, both species increased during the first
6 days (Fig. 4A). Meanwhile, pH increased to 10.8 (Supplementary Fig. S1A), the
dissolved CO2 FRQFHQWUDWLRQZDVGHSOHWHGWRȝmol L-1 and the bicarbonate
FRQFHQWUDWLRQ GHFUHDVHG WR a ȝPRO /-1 (Supplementary Fig. S2A). These
concentrations are below the R* values for CO2 and bicarbonate of Monoraphidium
(Fig. 3A,B). Hence, as predicted, Monoraphidium started to decline after the first
week, and was competitively displaced by Scenedesmus (Fig. 4A).
At low pCO2, Monoraphidium was also outcompeted by Chlorella (Fig. 4C) and
Microcystis (Fig. 4E). Hence, Monoraphidium was the weakest competitor.
Furthermore, in line with expectation, Scenedesmus competitively displaced
Microcystis (Fig. 4G). Contrary to expectation, Chlorella and Microcystis appeared
to coexist at low pCO2 (Fig. 4I). During the last 20 days of this experiment, however,
Chlorella tended to increase slowly at the cost of Microcystis, although the
experiment didn’t last long enough to witness the final outcome. The latter result is
in agreement with the rate of competitive displacement (Table 3), which indicated
that Chlorella was indeed slowly displacing Microcystis. According to the
competition experiments, the competitive ranking of the species at low pCO2 can
thus be summarized as follows: Scenedesmus > Chlorella t Microcystis >
Monoraphidium. This is in good agreement with the rankings based on the R*
values for CO2 and bicarbonate estimated in the monoculture experiments.
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Fig. 4. Competition experiments. The competition experiments were performed at low pCO2 (100
ppm; left panels) and high pCO2 (2,000 ppm; right panels). (A,B) Competition between
Monoraphidium and Scenedesmus. (C,D) Competition between Monoraphidium and Chlorella. (E,F)
Competition between Monoraphidium and Microcystis. (G,H) Competition between Microcystis and
Scenedesmus. (I,J) Competition between Microcystis and Chlorella. Dynamic changes in light
conditions, carbon speciation and pH during the competition experiments are presented in
Supplementary Figs. S1 and S2. Symbols indicate experimental data, and lines indicate model
predictions. Parameter values of the model are provided in Table 1 and Table 2.
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Table 3. Rates of competitive displacement (RCD ± standard error) in the competition
experiments.

RCD was calculated as the slope of a linear regression of ln(X1/X2) versus time, where X1 and X2
are the population densities of species 1 and species 2. The coefficient of determination (R2),
number of data points (n) and significance (P) of the linear regression are indicated.

In their competition experiment at high pCO2, both Monoraphidium and
Scenedesmus increased during the first 20 days (Fig. 4B). Meanwhile, pH stabilized
at ~8.5 (Supplementary Fig. S1B), the dissolved CO2 concentration slightly
GHFUHDVHGWRaȝPRO/-1 and the bicarbonate concentration increased to >3,000
ȝPRO /-1 (Supplementary Fig. S2B). However, the incident light was almost
completely absorbed by the dense species mixture, with <0.1 μmol photons m-2 s-1
penetrating through the chemostat (Supplementary Fig. S1B). This value is below
the critical light intensity of Monoraphidium (Fig. 3C). Hence, after the first 20 days,
Monoraphidium declined, and was gradually displaced by Scenedesmus (Fig. 4B).
At high pCO2, Monoraphidium was also outcompeted by Chlorella (Fig. 4D)
and Microcystis (Fig. 4F), and hence it was again the weakest competitor.
Interestingly, Scenedesmus and Microcystis appeared to coexist (Fig. 4H), in
agreement with the similar critical light intensities of these two species (Fig. 3C).
Their coexistence at high pCO2 was confirmed by the rate of competitive
displacement, which did not differ significantly from zero for this species pair (Table
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3). In line with expectation, Microcystis competitively displaced Chlorella (Fig. 4J).
Hence, according to the competition experiments, the competitive abilities of the
species at high pCO2 can be ranked as follows: Microcystis § Scenedesmus >
Chlorella > Monoraphidium. This matches the species ranking based on their critical
light intensities in monoculture.
Also quantitatively, the population dynamics predicted by the competition
model agreed well with the results of the competition experiments (compare lines
versus symbols in Fig. 4, Supplementary Figs. S1 and S2), both at low pCO2 and
at high pCO2.
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Discussion
Cyanobacteria versus green algae
Both our model predictions and our experimental results contradict the classic view
(Shapiro, 1990; Caraco and Miller, 1998; Low-Décarie et al., 2011, 2015) that
cyanobacteria are strong competitors at low CO2 levels, whereas eukaryotic
phytoplankton such as green algae are better competitors at elevated CO2. We
found the opposite. At low CO2 levels, the cyanobacterium Microcystis was a
relatively poor competitor. It lost the competition from Scenedesmus, was slowly
replaced by Chlorella, and won only from Monoraphidium. At high CO2 levels,
Microcystis was a stronger competitor. It won the competition from both
Monoraphidium and Chlorella, and coexisted with Scenedesmus. Microcystis was
the only species which increased its competitive ranking at elevated CO2; the
relative ranking among the three species of green algae did not change.
Competition at low CO2
In the competition experiments at low pCO2, the growing phytoplankton populations
depleted the dissolved CO2 concentration within the first 1-3 weeks of the
experiments and also the bicarbonate concentration declined. As a consequence,
the growth rates of the phytoplankton populations slowed down, and one of the
species in the experiments started to displace the other. Interestingly, both the
ranking of the R* values estimated from the monocultures and the competitive
replacements observed in the competition experiments show that the green algae
Scenedesmus and Chlorella were stronger competitors for inorganic carbon than
the cyanobacterium Microcystis.
These results can to a large extent be explained by the CCMs of the species.
In particular, the cyanobacterium Microcystis PCC 7806 used in this study is a bicA
strain (sensu Sandrini et al., 2014). It contains the bicarbonate uptake systems BicA
and BCT1, but lacks the high-affinity bicarbonate uptake system SbtA. Batch
experiments have shown that Microcystis PCC 7806 has a lower growth rate at low
Ci levels than strains that do have SbtA (Sandrini et al., 2014). BCT1 is induced
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when Microcystis PCC 7806 grows at low CO2 levels (Sandrini et al., 2015a,b), but
this uptake system appears to have a slightly lower affinity for bicarbonate than
SbtA, at least in the cyanobacteria Synechocystis PCC 6803 and Synechococcus
PCC 7002 (Price et al., 2004, 2008). Moreover, bicarbonate uptake by BCT1 is ATP
dependent and therefore energetically quite expensive. The Na+-dependent
bicarbonate uptake system BicA has a high flux rate but low affinity for bicarbonate
(Price et al., 2004). Hence, the lack of SbtA offers a plausible explanation of why
Microcystis PCC 7806 had a selective disadvantage under Ci-limited conditions.
Previous experiments have indeed shown that such bicA strains were selectively
displaced by bicA+sbtA strains under Ci-limited conditions (Sandrini et al., 2016).
Our results show that cyanobacteria that lack the high-affinity bicarbonate uptake
system SbtA are relatively poor competitors under Ci-limited conditions, not only in
comparison to other cyanobacteria but also in comparison to green algae such as
Scenedesmus and Chlorella.
Our results do of course not imply that cyanobacteria are generally poor
competitors under Ci limited conditions. Microcystis strains containing the highaffinity bicarbonate uptake system SbtA sustain higher growth rates at low Ci
concentrations than bicA strains such as Microcystis PCC 7806 (Sandrini et al.,
2014). Moreover, recent selection experiments and lake data show that bicA+sbtA
strains have a competitive advantage over bicA strains at low CO2 levels (Sandrini
et al., 2016). Whether SbtA-containing cyanobacteria or green algae such as
Scenedesmus and Chlorella are better competitors at low CO2 levels thus remains
an interesting open question.
Compared to cyanobacteria, less is known about the functioning of the
CCMs in green algae. Our current understanding of eukaryotic CCMs comes largely
from studies with the model organism Chlamydomonas reinhardtii (Moroney and
Ynalvez 2007; Spalding, 2008; Wang et al., 2011; Meyer and Griffiths, 2013). Briefly,
the key components of the eukaryotic CCM are quite similar to the cyanobacterial
CCM and involves active CO2 and bicarbonate uptake, interconversion between
these two Ci species by carbonic anhydrases (CAs), and a microcompartment that
contains RuBisCo (Wang et al., 2015). In Chlamydomonas, five Ci transporters
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have been localized, including two confirmed bicarbonate transporters (HLA3 on
the plasma membrane and LCIA on the chloroplast envelope) and three undefined
Ci transporters (LCIl on the plasma membrane and CCAP1/2 on the chloroplast
envelope).

Inside

the

chloroplast,

RuBisCO

is

densely

packed

in

a

microcompartment named the pyrenoid (Kuchitsu et al., 1988; Engel et al., 2015).
Within the pyrenoid, bicarbonate is dehydrated to CO2 by a CA and released to
RuBisCo (Moroney and Ynalvez, 2007).
So far, there are no studies on the CCM genes of the green algal strains we
used in this study, but there is some recent work on the CCM genes of a different
species of Chlorella, C. pyrenoidosa, indicating that this species has a CCM similar
to that of Chlamydomonas (Fan et al., 2016). For instance, when shifting C.
pyrenoidosa from high CO2 to low CO2 conditions, CCM-related genes such as
LCIA, LCIB, and HLA3 showed increased expression, similar to the response of C.
reinhardtii (Fan et al., 2015). Interestingly, earlier work indicates that there is
substantial variation in CCM activity within the Chlorella genus and even between
different strains of the same species of Chlorella. For example, C. vulgaris strain 11
h and strain UTEX 263 seem to utilize only CO2 as a carbon source (Miyachi et al.,
1983, Tu et al., 1986), whereas C. vulgaris strain C-3, strain UTEX 259 and C.
pyrenoidosa can use both CO2 and bicarbonate (Miyachi et al., 1983). Our results
indicate that the C. vulgaris strain we used can utilize bicarbonate: if this species
could only use CO2, it would not be able to grow in monoculture in our chemostats
at a dilution rate of 0.125 d-1 and dissolved CO2 concentrations lower than 0.01
μmol L-1 (Fig. 1).
Similarly, the fact that S. obliquus and M. griffithii were also able to grow at
CO2 concentrations below 0.01 μmol L-1 in our chemostat experiments indicates
that these species can also utilize bicarbonate as carbon source. Earlier studies
confirm the presence of a functional CCM in a different strain of S. obliquus. WT
strain D3 has increased intracellular and extracellular carbonic anhydrase (CA)
activity, as well as a higher affinity for the uptake of CO2 and bicarbonate at low
compared to high CO2 concentrations (Palmqvist et al., 1994). Furthermore, in our
experiments S. obliquus could deplete dissolved CO2 and bicarbonate
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concentrations to even lower levels than Microcystis PCC 7806 (Fig. 3), and
displace Microcystis in the competition experiments at low CO2 (Fig. 4). Similar
results were obtained in CO2 limited mesocosm experiments by Verschoor et al.
(2013), where the same strain of S. obliquus displaced the cyanobacterium
Synechocystis PCC 6803, a strain that contains all five Ci uptake systems (Badger
et al., 2006). So far, very little is known about the CCM of Monoraphidium griffithii,
but a related species, M. braunii, can photoactivate a blue-light dependent
bicarbonate transport system under CO2 limiting conditions (Mora et al., 2002).
In total, these physiological studies indicate that many green algae are well
adapted to cope with Ci limitation. Similar to cyanobacteria, many species of green
algae are able to induce a CCM under CO2 limiting conditions (Meyer and Griffiths,
2013). Furthermore, in eutrophic lakes, not only cyanobacteria but also green algae
have been observed to develop dense blooms at low CO2 concentrations and high
pH (Jeppesen et al., 1990; Jensen et al., 1994; Beklioglu and Moss, 1995). The
results of our competition experiments are in agreement with these physiological
studies and field observations, and demonstrate that green algae can indeed be
very effective competitors at low CO2 levels.
Competition at elevated CO2
The notion that Microcystis PCC 7806 lacks the high-affinity uptake system SbtA
explains not only why it was a poor competitor at low CO2 levels, but may also help
to understand why it was more successful at high CO2 levels. In bicA+sbtA strains
of Microcystis, the bicarbonate uptake genes bicA and sbtA are located on the same
operon and are co-transcribed (Sandrini et al., 2014). Transcription of sbtA will be
inefficient and costly, however, when inorganic concentrations are high and hence
the high-affinity but low-flux system SbtA is no longer needed. This reasoning is
supported by recent selection experiments, which have shown that bicA strains
have a competitive advantage over bicA+sbtA strains at elevated CO2 levels
(Sandrini et al., 2016).
Yet, the presence of the high-flux bicarbonate uptake system BicA is
probably not sufficient to explain its competitive success at elevated CO2 levels.
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Elevated CO2 increased the dissolved Ci concentrations, but also yielded 3-8 fold
higher population densities, which in turn generated very low light availabilities (Figs.
1 and 2, Supplementary Table S1). At these high CO2 but low light levels, carbon
availability is no longer a major limiting factor and bicarbonate uptake systems tend
to be down-regulated (Beardall, 1991; Sandrini et al., 2015b). Instead, the intense
shading induced by the dense phytoplankton populations will favor species adapted
to low light environments (Huisman et al., 1999). A range of studies have suggested
that cyanobacteria are superior competitors for light (Mur et al., 1977; Reynolds et
al., 1987; Huisman et al., 2004; Yang and Jin, 2008; Schwaderer et al., 2011).
Comparison of the traits of the species investigated in this study shows that
Microcystis PCC 7806 had the lowest half-saturation constant for light-limited
growth (Table 2), indicating that it can sustain a relatively high growth rate at low
light levels in comparison to the other species. Scenedesmus also had a relatively
low half-saturation constant for light-limited growth, albeit higher than Microcystis,
and had the highest maximum growth rate of all four species (Table 2). Indeed, the
competitive ability of the cyanobacterium Microcystis increased at elevated CO2,
and together with Scenedesmus it became the best competitor for light (Fig. 3).
Model predictions
Comparison of the model predictions and experimental results shows that the
impact of elevated CO2 on phytoplankton competition can be quite accurately
predicted under controlled laboratory conditions. First, the system parameters and
several species parameters were measured in monoculture experiments, while the
remaining species parameters were estimated from least-squares fits of the model
predictions to the monoculture dynamics (Figs. 1 and 2). Hence, the model is
calibrated with the monoculture data. Subsequently, the parameter estimates from
the monocultures were used to predict the time course and outcome of competition
in the species mixtures. Accordingly, the model predictions are validated with the
competition experiments (Fig.4; Supplementary Figs. S1 and S2).
Our model and experiments are of course still a major simplification in
comparison to the complexities of the real CCMs of cyanobacteria and green algae
competing in natural waters. For instance, the model brushes over many of the
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physiological details involved in the regulation of CCMs in response to changes in
carbon and light availability (e.g., Beardall and Giordano, 2002; Burnap et al., 2015).
Furthermore, the experiments were limited to only a small number of phytoplankton
species under controlled laboratory conditions, in isolation from a multitude of other
hydrological, biogeochemical and ecological processes that are important in lakes.
Species might be superior competitors for inorganic carbon or light, but if they are
also preferentially grazed by zooplankton they are still unlikely to gain dominance
in natural waters. Hence, further improvement of the model predictions might be
obtained by further refinement of the underlying physiological and ecological
processes.
Nevertheless, the results are promising. Our model and experiments
seemed to capture the basic ingredients required to predict phytoplankton
competition at different CO2 levels. Similar to several previous studies (e.g., Caraco
and Miller, 1998; Low-Décarie et al., 2011; Trimborn et al., 2013), we have shown
that species traits measured in monoculture can be used to predict changes in
phytoplankton species composition at elevated CO2. To our knowledge, our study
is the first experimental demonstration that a mathematical model can quantitatively
predict dynamic changes in phytoplankton species composition, carbon speciation,
pH, alkalinity and light during the competition process.

Conclusions
Our experimental results call for a revision of the classic paradigm that
cyanobacteria are superior competitors at low CO2 levels and high pH, whereas
eukaryotic phytoplankton such as green algae are superior competitors at elevated
CO2. Such simple dichotomies do not capture the diversity of CCMs that have been
found among and within different phytoplankton taxa. First, our results demonstrate
that green algae can also be very effective competitors at low CO2 levels. Second,
our results show that some cyanobacterial strains are relatively poor competitors
when CO2 is limiting but become stronger competitors at elevated CO2. We
therefore urge the CCM scientific community to further elucidate and compare the
performance of different CCMs, and their selective advantages and disadvantages
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across a wide range of different species at the molecular, physiological and
ecological level. Such a comparative approach will be essential if we are to
understand and predict how the species composition of natural phytoplankton
communities will respond to the anticipated rise in CO2 levels.
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Supplementary Information
Supplementary model. Detailed description of the model.
Phytoplankton dynamics
Consider a number of i=1,…,n phytoplankton species. Let Xi denote the population
density of phytoplankton species i, and let Qi denote its cellular carbon content. The
population dynamics of the competing phytoplankton species can then be written as a
series of ordinary differential equations:
ௗ
ௗ௧

i=1,…,n

= ߤ (ܳ )ܺ െ ݉ ܺ

(A1)

where Pi(Qi) is the specific growth rate of species i as an increasing function of its
carbon content, and mi is its loss rate.
Similar to previous models (Verspagen et al., 2014a,b), we assume that carbon
assimilated by phytoplankton is allocated to structural carbon biomass and a transient
carbon pool. We define Qmin,i as the minimum amount of cellular carbon that needs to
be incorporated into the structural biomass of species i. Furthermore, we define Qmax,i
as the maximum amount of carbon that can be stored in its cell. The relative size of
the transient carbon pool, Ti, is then given by:
ܶ =

ொ ିொ,

(A2)

ொೌೣ, ିொ,

Accordingly, the relative size of the transient carbon pool is constrained to 0 d Ti d 1.
The transient carbon pool can be invested to make new structural biomass,
which contributes to further phytoplankton growth. The specific growth rate of a
species is therefore determined by the size of its transient carbon pool:
ʅi (ܳ )=ʅmax,i Ti = ʅmax,i ൬

Qi ି Qmin,i
Qmax,i ି Qmin,i

൰

where μmax,i is the maximum specific growth rate of species i.
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This model formulation resembles Droop’s (1973) classic growth model.
However, Droop’s growth equation considered only the minimum cellular quota Qmin,i.
In our model, the cellular carbon quota are constrained between Qmin,i and Qmax,i, as
there are physical limits to the amount of carbon that can be stored inside a cell. The
specific growth rate equals zero if the transient carbon pool is exhausted (i.e., μi = 0 if
Qi = Qmin,i), and reaches its maximum if cells are satiated with carbon (i.e., μi = μmax,i if
Qi = Qmax,i).

Carbon uptake
The carbon contents of the phytoplankton species increase through uptake of carbon
dioxide (uCO2,i) and bicarbonate (uHCO3,i), and decrease through respiration (ri) and
dilution of the cellular carbon content by growth:
ௗொ
ௗ௧

= ݑைଶ, + ݑுைଷ, െ ݎ െ ߤ (ܳ )ܳ

i=1,…,n

(A4)

Our model assumes that short-term uptake rates of carbon dioxide and bicarbonate
are increasing functions of the ambient CO2 and bicarbonate availability according to
Michaelis-Menten kinetics. Since carbon uptake and assimilation require energy from
the light reactions of photosynthesis, we further assume that the carbon uptake rates
depend on photosynthetic activity. Finally, we assume that the carbon uptake rates
decrease with an increasing size of the transient carbon pool (as in Verspagen et al.,
2014a,b). This provides a very simple negative feedback loop, such that the carbon
uptake systems have the highest activity under carbon-limiting conditions and are
down-regulated when cells are satiated with carbon. The uptake rates of CO2 and
bicarbonate by a phytoplankton species i can then be described by:
ݑைଶ, = ൬

௨ೌೣ,ೀమ, [େమ ]

ݑுைଷ, = ൬

ுೀమ, ା[େమ ]

൰ (1 െ ܶ )ܲ

௨ೌೣ,ಹೀయ, [ୌେష
య]
ுಹೀయ, ା[ୌେష
య]

൰ (1 െ ܶ )ܲ

(A5)

(A6)
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where umax,CO2,i and umax,HCO3,i are the maximum uptake rates of CO2 and bicarbonate,
respectively, HCO2,i and HHCO3,i are the half-saturation constants, Ti is the relative size
of the transient carbon pool (with 0 d Ti d 1), and Pi is the relative photosynthetic activity
of phytoplankton species i (with 0 d Pi d 1).
Light availability determines the photosynthetic rate, and thereby the amount of
energy available for carbon assimilation. We therefore calculate the relative
photosynthetic activity of a phytoplankton species from its depth-averaged
photosynthetic rate (Huisman and Weissing, 1994):
ܲ =

௭ೌೣ
ଵ
 ( ݖ݀))ݖ(ܫ

௭ೌೣ 

(A7)

where pi is the photosynthetic rate of species i, and zmax is the total depth of the water
column. The notation pi(I(z)) indicates that the photosynthetic rate is a function pi of
the local light intensity I, which in turn is a function of depth z.
The photosynthetic rate of a phytoplankton species is described by a simple
Monod function of light intensity
 (= )ܫ

ೌೣ, ூ

(A8)

ு, ାூ

where pmax,i is the maximum photosynthetic rate of species i, and HI,i is its halfsaturation constant for light. The maximum carbon uptake rate is already accounted
for in equations (A5) and (A6). Therefore, without loss of generality, we can set pmax,i
= 1 (which constrains the depth integral in equation (A7) to 0 < Pi < 1).
With the help of the Monod function (equation A8) and Lambert-Beer’s law
(equation 3 in the main text), the depth integral in equation (A7) can be solved
analytically (Huisman and Weissing, 1994). This yields:
ܲ = ቀ

ଵ

୪୬(ூ Τூೠ )

ቁ ln ൬

ு, ାூ
ு, ାூೠ

൰

(A9)

Carbon is lost by respiration. We assume that the respiration rate of species i is
proportional to the size of its transient carbon pool:
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(A10)

ݎ = ݎ௫, ܶ

where rmax,i is the maximum respiration rate when its cells are fully satiated with carbon.
DIC, alkalinity and pH
Changes in the concentration of total dissolved inorganic carbon, [DIC], are described
by (Verspagen et al., 2014a):
ௗ[DIC]
ௗ௧

= [(ܦDIC] െ [DIC]) +

CO2
௭ೌೣ

െ σୀଵ൫ݑCO2, + ݑHCO3, ൯ܺ + σୀଵ ݎ ܺ (A11)

The first term on the right-hand side of this equation describes changes through the
influx ([DIC]in) and efflux of water containing DIC. The second term describes CO2
exchange with the atmosphere, where gCO2 is the CO2 flux across the air-water
interface and division by zmax converts the flux per unit surface area into the
corresponding change in DIC concentration. The third term describes uptake of
dissolved CO2 and bicarbonate by the photosynthetic activity of the phytoplankton
community. Finally, the fourth term describes CO2 release by respiration of the
phytoplankton species.
The CO2 flux across the air-water interface, gCO2, depends on the difference in
partial pressure. More specifically, gCO2 depends on the difference between the
expected concentration of dissolved CO2 in water if in equilibrium with the partial
pressure in the atmosphere and the actual dissolved CO2 concentration (Siegenthaler
and Sarmiento, 1993; Cole et al., 2010):
݃ைଶ = ܭ(ݒ ܱܥଶ െ [COଶ ])

(A12)

where v is the gas transfer velocity (also known as piston velocity), K0 is the solubility
of CO2 gas in water (also known as Henry’s constant), pCO2 is the partial pressure of
CO2 in the atmosphere, and [CO2] is the dissolved CO2 concentration. In chemostats,
gas transfer will depend on the gas flow rate (a). We therefore assume that v = b a,
where b is a constant of proportionality.
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Concentrations of dissolved CO2, bicarbonate and carbonate can be calculated
from [DIC] and pH (Stumm and Morgan, 1996). Changes in pH depend, in turn, on the
alkalinity of water. In our application, alkalinity largely depends on the inorganic carbon
and phosphate concentrations (Wolf-Gladrow et al., 2007):
ଷି
ଶି
ଶି
ି
ା
[ = ܭܮܣHCOି
ଷ ] + 2[COଷ ] + [HPOସ ] + 2[POସ ] + [OH ] െ [Hଷ POସ ] െ [H ] (A13)

Changes in dissolved CO2 do not change alkalinity (see the above equation), and
uptake of bicarbonate by phytoplankton requires the simultaneous uptake of a proton
to maintain charge balance and hence does not change alkalinity either. However,
assimilation of nutrients such as nitrate, phosphate and sulfate is accompanied by
proton consumption to maintain charge balance and therefore increases alkalinity
(Wolf-Gladrow et al., 2007). Our model therefore treats alkalinity as a dynamic variable:
ௗ
ௗ௧

= ܭܮܣ(ܦ െ  )ܭܮܣ+ σୀଵ൫ݑே, + ݑ, + 2ݑௌ, ൯ ܺ

(A14)

where ALKin is the alkalinity of the influx, and uN,i, uP,i and uS,i are the nitrate, phosphate
and sulfate assimilation rates of phytoplankton species i. Nitrate and phosphate
assimilation increase alkalinity by one mole equivalent, whereas sulfate assimilation
increases alkalinity by 2 mole equivalents (Wolf-Gladrow et al., 2007). Accordingly,
although nutrients do not limit phytoplankton growth in our model, the model does keep
track of the nitrate, phosphate and sulfate concentration (see below) to calculate
changes in alkalinity, and hence in pH and carbon speciation.
We used an iterative algorithm adapted from Portielje and Lijklema (1995) that,
at each time step, calculates pH and the dissolved CO2, bicarbonate and carbonate
concentration from the [DIC] and alkalinity predicted by Eqs. (A11) and (A14). The
algorithm is described in the Supporting Information of Verspagen et al. (2014a).

Nutrient assimilation
In our model application, nutrients do not limit phytoplankton growth. However, the
model keeps track of nutrients such as phosphate, nitrate and sulfate, because the
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assimilation of these nutrients affects alkalinity and hence pH and carbon speciation
(see above). For simplicity, we assume that the uptake rates of nitrate, phosphate
and sulfate are proportional to the net uptake rate of carbon
u j ,i

c j ,i uCO 2,i  u HCO 3,i  ri

with j = N,P,S

(A15)

where uN,i, uP,i and uS,i are the uptake rates of nitrate, phosphate and sulfate by
species i, and cN,i, cP,i and cS,i are the cellular N:C, P:C and S:C ratio of species i.
Dynamic changes in the concentrations of dissolved inorganic nitrogen ([DIN]),
phosphorus ([DIP]) and sulfur ([DIS]) can then be calculated from the uptake rates of
the different species in the community:
d [DIN]
dt

n

D [DIN]IN  [DIN]  ¦ u N ,i X i
i 1

n

d [DIP]
dt

D [DIP]IN  [DIP]  ¦ u P ,i X i

d [DIS]
dt

D [DIS]IN  [DIS]  ¦ uS ,i X i

(A16)

i 1

n

i 1

where [DIN]IN, [DIP]IN and [DIS]IN are the concentrations of dissolved inorganic
nitrogen, phosphorus and sulfur in the influx.
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Table S1. Steady-state characteristics in the monoculture experiments.

The steady-state values (± SD) are based on the last 5 time points measured in each of the monoculture
experiments (i.e., n=5).
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Fig. S1. Dynamic changes in light, DIC and pH during the competition experiments.
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Fig. S2. Dynamic changes in carbon speciation during the competition experiments.
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Abstract
Although phytoplankton provide the base of aquatic food webs and can have a major
impact on water quality, it is not yet fully understood how phytoplankton communities
will respond to climate change. Here, we investigate variation in phytoplankton
community composition in relation to water temperature and CO2 availability across
~1000 lakes from the contiguous United States. Our results show an increasing
relative abundance of dinoflagellates and euglenophytes, at the expense of
chrysophytes, with increasing lake temperature. Furthermore, the probability of
dominance of diatoms strongly declined at high temperature. Contrary to expectation,
the relative abundance and probability of dominance of cyanobacteria was not affected
by temperature, but temperature did have a major effect on the taxonomic composition
of cyanobacteria. Similarly, diatoms and chlorophytes showed pronounced variation
in taxonomic composition in response to temperature. Relative abundances of
chrysophytes and euglenophytes, which lack a well-developed CO2 concentrating
mechanism, increased with increasing dissolved CO2 concentrations. Conversely, the
relative abundance and probability of dominance of cyanobacteria was highest in
eutrophic and hypertrophic lakes with low dissolved CO2 concentrations, which most
likely reflects CO2 depletion by dense cyanobacterial blooms. In total, these results
indicate that increasing CO2 concentrations and lake temperatures will not only affect
specific phytoplankton groups, but are likely to cause major changes in the entire
taxonomic composition of lake phytoplankton.
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Introduction
Phytoplankton play a fundamental role as primary producers at the base of aquatic
food webs (Reynolds 2006; Falkowski and Raven, 2007). In addition, some
phytoplankton groups have large impacts on biogeochemical processes, such as silica
drawdown by diatoms (Smol and Stoermer 2010) and nitrogen fixation by
cyanobacteria (Howarth et al. 1988; Huisman et al. 2018). Other functional groups
contain mixotrophic species that can fix CO2 by photosynthesis but may also release
CO2 by heterotrophic growth (Flynn 2012, Hansson et al. 2019). Again other
phytoplankton taxa have adverse effects on water quality, such as toxin-producing
cyanobacteria (Chorus and Bartram 1999, Meriluoto et al. 2017, Huisman et al. 2018)
and chrysophytes (Hiltunen et al. 2012). For these reasons, changes in the species
composition of phytoplankton communities can have major consequences for the
productivity, water quality and ecological functioning of lakes.
Climate change will alter lakes in many ways (Adrian et al. 2009), but it is not
yet fully clear how it will affect their phytoplankton community composition. Global
warming will stimulate the thermal stratification of lakes, which suppresses vertical
mixing and is therefore expected to favor buoyant species including several bloomforming cyanobacteria (Huisman et al. 2004; Elliott 2010) and motile species such as
dinoflagellates (Berman and Shteinman 1998; Winder and Sommer 2012). Conversely,
large diatom species may be at a disadvantage in stratified lakes, as they tend to sink
to the sediments due to their relatively heavy silica frustules (Huisman et al. 2002;
Winder et al. 2008; Rühland et al. 2015). Moreover, although there is considerable
interspecific variation, cyanobacteria and chlorophytes tend to have higher
temperature optima than diatoms (Lürling et al. 2013; Paerl and Otten 2013; Visser et
al. 2016). Consequently, many field studies have reported an increasing dominance
of cyanobacteria at higher temperatures (Jöhnk et al. 2008; Wagner and Adrian 2009;
Kosten et al. 2012; Beaulieu et al. 2013) and decreasing dominance of large diatoms
(Winder et al. 2008; Rühland et al. 2015), but how other phytoplankton taxa respond
to rising temperatures is not yet well known.
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In addition to the contribution of CO2 to global warming, increasing CO2
concentrations may also have direct effects on phytoplankton community composition.
CO2 concentrations in lakes are very sensitive to changes in the production and
consumption of CO2, and are therefore seldom in equilibrium with the atmospheric
CO2 pressure (Talling 1976). Instead, dissolved CO2 concentrations in lakes vary over
several orders of magnitude (Sobek et al. 2005; Balmer and Downing 2011) and can
be quickly depleted during phytoplankton blooms (Verspagen et al. 2014; Visser et al.
2016). Many phytoplankton species have evolved CO2-concentrating mechanisms
(CCMs), allowing them to overcome the low CO2 affinity of the carbon-fixing enzyme
RuBisCO and utilize bicarbonate (HCO3-) as an additional carbon source (Raven et al.
2012; Burnap et al. 2015). Thus, it is often hypothesized that high CO2 concentrations
will benefit phytoplankton that invest less in CCMs or lack CCMs such as chrysophytes
(Raven et al. 2005, Maberly et al. 2009), at the expense of phytoplankton with
energetically costly CCMs such as cyanobacteria (Shapiro 1997; Low-Décarie et al.
2011). Competition experiments have produced conflicting results, however, as some
studies reported a replacement of cyanobacteria by chlorophytes at elevated pCO2
(Caraco and Miller 1998; Low-Décarie et al. 2011), whereas other studies found the
opposite (Verschoor et al. 2013; Ji et al. 2017).
To date, much of our knowledge on the response of phytoplankton taxa to
changes in temperature and CO2 is based on ecophysiological studies with single
species or a small number of species grown under controlled laboratory conditions.
Although such lab-based studies have greatly contributed to our understanding, they
may not be representative of complex natural communities with a high diversity of
interacting species (Burford et al. 2019). Several analyses of large-scale lake surveys
have investigated changes in phytoplankton abundances along major environmental
gradients but focused specifically on cyanobacteria (Kosten et al. 2012; Beaulieu et al.
2013; Rigosi et al. 2014). Comprehensive studies of how variation in temperature and
CO2 concentrations affect entire phytoplankton communities at a continental scale are
rare (but see Vogt et al. 2017 for boreal lakes).
In this study, we analyze large-scale variation in phytoplankton community
composition in relation to water temperature and dissolved CO2 concentrations in
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~1,000 lakes across the continental U.S.A. Our analysis is based on data collected
during the national lake assessment of the U.S. Environmental Protection Agency
(EPA) in the summer of 2012. Throughout our analysis we distinguish between lakes
of different trophic status, because eutrophication is known to have a major impact on
phytoplankton community composition and may affect the response of phytoplankton
communities to temperature and CO2 (Beaulieu et al. 2013; Rigosi et al. 2014).

Results
Geographical distribution of lake variables
We estimated dissolved CO2 concentrations from data of lake pH, acid neutralizing
capacity (ANC), temperature (T) and conductivity collected during the EPA national
lake assessment, assuming that the inorganic carbon complex is the major
determinant of ANC (Stumm and Morgan 1996). Dissolved CO2 was expressed as
partial pressure (pCO2) using Henry’s law (see Materials and Methods). Generally
speaking, pCO2 tended to be higher and pH tended to be lower in the coastal states
and Great Lakes Area than in the Midwest and Southwest of the U.S.A. (Fig. 1A and
B). These variations might be largely associated with soil chemistry and precipitation,
with higher rainfall leaching alkaline elements from the soil causing lower pH.
Furthermore, underlying rocks in the Eastern U.S. and Great Lakes Area are largely
dominated by acidic granite rather than alkaline shale or limestone. Lake temperature
was considerably higher in the Southeast and in Southern California than in the
Midwest and Northern U.S.A. (Fig. 1C). Trophic status of the lakes varied
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Fig. 1. Distribution of inorganic carbon, pH and trophic status in lakes across the contiguous
U.S.A. (A) Dissolved CO2 (pCO2), (B) pH, (C) lake temperature, and (D) trophic status across 999 lakes.
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both locally and regionally, with the most oligotrophic lakes in the Appalachian
Mountains, Rocky Mountains and Sierra Nevada (Fig. 1D).
Many lake variables were correlated with each other (Fig. 2). Chlorophyll a (Chl
a), dissolved organic carbon (DOC), total nitrogen (TN) and total phosphorus (TP)
were all positively correlated, illustrating that high nutrient levels favor high aquatic
primary production. Temperature also showed a modest positive correlation with Chl
a. Waters with high pH had low pCO2 and high HCO3- concentrations, in agreement
with the pH dependence of carbon speciation. Furthermore, pCO2 showed a weak
negative correlation with Chl a, but no significant correlation with DOC in this data set
(Fig. 2).
Phytoplankton composition in relation to lake temperature
Phytoplankton community composition varied with lake temperature (Fig. 3).
Surprisingly, the contribution of diatoms and chlorophytes to total phytoplankton
biomass did not display significant variation with temperature (Fig. 3A-C and E; see SI
Appendix, Table S1 for the statistics). Cyanobacteria showed a weak increase with
temperature only in mesotrophic lakes (Fig. 3A). Relative abundances of
dinoflagellates and euglenophytes increased with temperature (Fig. 3D and F),
whereas chrysophytes tended to decrease with temperature (Fig. 3G).
Interestingly, patterns at the genus level were more responsive to temperature
and did not always reflect the response of the phytoplankton group (SI Appendix, Fig.
S1 and Table S2). Within the cyanobacteria, Aphanizomenon decreased, whereas
Cylindrospermopsis, Planktolyngbya and Pseudanabaena increased significantly with
lake temperature (SI Appendix, Fig. S1A). Within the diatoms, Fragilaria decreased
but Aulocoseira increased with lake temperature (SI Appendix, Fig. S1B). Furthermore,
the cryptophyte Plagioselmis and chrysophyte Dinobryon decreased with lake
temperature, whereas the chlorophytes Staurastrum and Tetraedron, dinoflagellate
Peridinium and euglenophytes Euglena, Phacus and Trachelomonas all increased
with temperature (SI Appendix, Fig. S1C-G).

154

Chapter 5 | Phytoplankton community composition with temperature and CO2

Fig. 2. Correlation matrix between lake variables across the contiguous U.S.A. Left panels report
Pearson correlation coefficients, where the font size increases with the magnitude of the correlation
coefficients to highlight the strongest correlations. Right panels show scatter plots of the data with a
fitted regression line; each dot represents an individual lake (n=999 lakes in total). All parameters except
pH were log-transformed to improve homoscedasticity of the data. n.s. = not significant.

Phytoplankton composition in relation to lake pCO2 and pH
Phytoplankton community composition varied with lake pCO2 and pH, and this
variation depended on the trophic status of the lakes (Fig. 4; SI Appendix, Fig. S2).
Cyanobacteria contributed significantly more to total phytoplankton biomass in lakes
with low pCO2 (< 200 ppm) and high pH (pH > 8.5) than in lakes with high pCO2 (>
800 ppm) and low pH (pH < 7), especially in eutrophic and hypertrophic lakes (Fig. 4A;
SI Appendix, Fig. S2A; see Tables S3 and S4 for the statistics). Conversely,
euglenophytes and chrysophytes reached their highest relative abundances in lakes
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Fig. 3. Relative abundances of phytoplankton groups in lakes with different temperatures. (A)
Cyanobacteria, (B) diatoms, (C) chlorophytes, (D) dinoflagellates, (E) cryptophytes, (F) euglenophytes,
and (G) chrysophytes. The lakes are classified by temperature level and trophic status. The number of
lakes per category is indicated above panel A. Relative abundances were calculated on the basis of
phytoplankton biovolume, and expressed as mean percentage ± SE. Bars labeled with different letters
indicate significant differences between lakes of the same trophic status but with different temperature
levels, as tested by nonparametric Kruskal-Wallis tests (SI Appendix, Table S1) followed by post-hoc
comparison of the relative abundances using Dunn’s test. Since only 2 oligotrophic lakes had
temperatures > 29 oC, this category was not included in the statistical analysis.
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Fig. 4. Relative abundances of phytoplankton groups in lakes with different pCO2. (A)
Cyanobacteria, (B) diatoms, (C) chlorophytes, (D) dinoflagellates, (E) cryptophytes, (F) euglenophytes,
and (G) chrysophytes. The lakes are classified by pCO2 level and trophic status. The number of lakes
per category is indicated above panel A. Relative abundances were calculated on the basis of
phytoplankton biovolume, and expressed as mean percentage ± SE. Bars labeled with different letters
indicate significant differences between lakes of the same trophic status but with different pCO2 levels ,
as tested by nonparametric Kruskal-Wallis tests (SI Appendix, Table S3) followed by post-hoc
comparison of the relative abundances using Dunn’s test.
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with high pCO2 and low pH (Fig. 4F and G; SI Appendix, Fig. S2F and G). This pattern
was most pronounced for euglenophytes in hypertrophic lakes (Fig. 4F) and for
chrysophytes in mesotrophic lakes (Fig. 4G). Other phytoplankton groups (diatoms,
chlorophytes, dinoflagellates, cryptophytes) showed less conspicuous or no variation
with lake pCO2 and pH (Fig. 4B-E; SI Appendix, Fig. S2B-E), at least at this high level
of taxonomic aggregation.
Zooming in at the genus level revealed further insight into taxonomic variation
with respect to lake pCO2 (SI Appendix, Fig. S3 and Table S5). Relative abundances
of the filamentous nitrogen-fixing cyanobacteria Anabaena and Aphanizomenon and
the diatoms Fragilaria and Synedra were significantly higher in lakes with low and
intermediate pCO2. Conversely, the cryptophyte Cryptomonas, the dinoflagellate
Peridinium, the euglenophytes Phacus and Trachelomonas and the chrysophyte
Dinobryon were all significantly more abundant in lakes with high pCO2.
Dominance patterns
We also investigated to what extent the dominance of specific phytoplankton groups
was associated with lake pCO2, temperature and trophic status. For this purpose, we
define a phytoplankton group as ‘dominant’ in a particular lake, if it contributes > 75%
of the total phytoplankton biomass in that lake. The ‘probability of dominance’ was
calculated as the percentage of lakes in which a phytoplankton group was dominant.
For cyanobacteria, the probability of dominance showed a significant decrease with
pCO2 and increase with lake trophic status (Fig. 5A; see SI Appendix, Table S6 for the
statistics). Specifically, cyanobacteria were dominant in 27% of the lakes with low
pCO2 and in 32% of the hypertrophic lakes. The probability of dominance of diatoms
decreased significantly with lake temperature and trophic status (Fig. 5B), whereas
the probability of dinoflagellate dominance increased with lake pCO2 (Fig. 5D). The
probability of dominance of the other phytoplankton groups was not significantly
related to lake pCO2, temperature or trophic status (Fig. 5).
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Fig. 5. Probability of dominance of different phytoplankton groups in relation to lake pCO2,
temperature and trophic status. (A) Cyanobacteria, (B) diatoms, (C) chlorophytes, (D) dinoflagellates,
(E) cryptophytes, (F) euglenophytes, and (G) chrysophytes. A phytoplankton group is defined as
‘dominant’, if it contributes > 75% of the total phytoplankton biovolume in a given lake. The number of
lakes per category is indicated above panel A. Bars labeled with different letters indicate significant
differences between lakes with different pCO2 levels, temperature levels, or trophic status, as tested by
Chi-square tests (SI Appendix, Table S6) followed by post-hoc comparisons using the two-proportions
Z-test.

159

Chapter 5 | Phytoplankton community composition with temperature and CO2

Discussion
Relations between lake variables
The ~1,000 lakes analyzed in this study span a wide range of geographical regions
and environmental conditions, from cold mountain waters to warm subtropical lakes,
from oligotrophic to hypertrophic, and from very acidic to highly alkaline lakes (Fig. 1).
In line with expectation, several lake variables were strongly correlated. For instance,
high nutrient levels favored high aquatic primary production, as illustrated by the
positive correlations between chlorophyll a, TN and TP (Fig. 2). Temperature also had
a mild positive effect on the chlorophyll a concentration.
The pCO2 in lakes varied over ~5 orders of magnitude, from extremely CO2
undersaturated to highly supersaturated waters. As expected, there was a strong
negative correlation between pCO2 and pH, which implies that variation in pCO2 also
represents variation in pH among lakes. Interestingly pCO2 did not correlate
significantly with DOC in this data set. This deviates from an earlier multi-lake
comparison, in which high pCO2 levels were associated with high DOC concentrations
(Sobek et al. 2005). The discrepancy between the two studies might be related to
differences in biogeographical location of the lakes and land use in their water sheds.
Also, the data of our study were all obtained during the summer period when
photosynthetic activity of the phytoplankton community can cause highly dynamic
changes in pCO2 independent of the DOC concentration. In particular, the decrease
in pCO2 and increase in pH with chlorophyll a concentrations in eutrophic and
hypertrophic lakes dominated by cyanobacteria (SI Appendix, Fig. S4) are indicative
of the drawdown of pCO2 levels by the photosynthetic activity of dense cyanobacterial
blooms.
Variation in taxonomic composition
Cyanobacteria: Our results show that cyanobacteria increased strongly with the
trophic status of lakes, decreased with
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and showed little relationship with lake temperature (Figs. 3-5). The increase of
cyanobacteria with trophic status is in agreement with many previous studies, which
have shown that high nutrient loads stimulate the development of cyanobacterial
blooms (Paerl et al. 2001; Downing et al. 2001; O’Neil et al. 2012; Huisman et al. 2018).
High relative abundances of cyanobacteria in lakes with low pCO2 might be
interpreted as a preference of cyanobacteria for CO2-depleted waters and poor
performance of cyanobacteria at elevated CO2 concentrations. This interpretation
would be in agreement with earlier studies arguing that the energetically costly CCM
of cyanobacteria is beneficial under CO2-limited conditions but can become a burden
at elevated pCO2 (e.g., Shapiro 1997; Low-Décarie et al. 2011). However, more recent
studies have emphasized that the (potential) presence of three bicarbonate uptake
systems, with different kinetic properties, makes cyanobacteria highly effective in
bicarbonate uptake. Bicarbonate is the dominant inorganic carbon species at pH > 6.5,
which offers a more plausible explanation for the high cyanobacterial abundances in
relatively alkaline lakes with high pH and low pCO2 in this data set. Moreover, dense
cyanobacterial blooms can be responsible for the drawdown of pCO2, as indicated by
the negative correlation between pCO2 and chlorophyll a in eutrophic and hypertrophic
lakes dominated by cyanobacteria (SI Appendix, Fig. S4). That is, cyanobacterial
dominance is not necessarily favored by low pCO2 waters, but cyanobacterial blooms
in nutrient-rich waters take up CO2 and bicarbonate by photosynthesis, and thereby
cause a high pH and low pCO2. This interpretation is consistent with recent studies
demonstrating that the flexibility of the cyanobacterial CCM allows rapid acclimation
and adaptation of bloom-forming cyanobacteria to changes in CO2 and bicarbonate
availability (Sandrini et al. 2016; Ji et al. 2020). A steep pCO2 gradient across the airwater interface due to the rise of atmospheric pCO2 and depletion of dissolved CO2 by
surface blooms will increase the CO2 influx into the water column, which may further
intensify cyanobacterial bloom development (Verspagen et al. 2014; Visser et al. 2016;
Ji et al. 2020).
The lack of a clear relationship between cyanobacterial relative abundance and
lake temperature is surprising, because numerous studies have pointed out that the
development of cyanobacterial blooms will benefit from high temperatures (Paerl and
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Huisman 2008; Wagner and Adrian 2009; O’Neil et al. 2012; Kosten et al. 2012; Visser
et al. 2016; Huisman et al. 2018). Even analyses of the national lake data of the U.S.
Environmental Protection Agency (EPA) collected several years earlier, in the summer
of 2007, found positive effects of temperature on cyanobacteria (Beaulieu et al. 2013;
Rigosi et al. 2014). However, these studies also found that nutrients had stronger
effects on cyanobacterial abundance than temperature. Moreover, Rigosi et al. (2014)
reported that temperature mostly affected cyanobacterial abundance in mesotrophic
lakes, which is consistent with our study where temperature only had a significant
effect on cyanobacterial abundance in mesotrophic lakes (Fig. 3A).
At the genus level, temperature did affect the relative abundances of
cyanobacteria (SI Appendix, Fig. S1A). In particular, relative abundances of the bloomforming genera Cylindrospermopsis, Planktolyngbya and Pseudanabaena increased
significantly with lake temperature, whereas other genera such as Aphanizomenon,
Chroococcus

and

Merismopedia

decreased

with

lake

temperature.

Cylindrospermopsis is a genus generally found in warmer waters that has rapidly
expanded from tropical to temperate zones in recent decades (Padisák 1997),
presumably in response to global warming (Briand et al. 2004). Also Pseudanabaena
is known to prefer relatively warm waters (Gao et al. 2018). These opposite
temperature effects on different cyanobacterial genera could potentially cancel out
temperature effects at higher levels of taxonomic aggregation, and hence may explain
the lack of significant temperature responses for cyanobacteria as a whole.
Diatoms: The probability of dominance of diatoms decreased strongly with lake
temperature and lake trophic status (Fig. 5B). These results are in line with the
common observation that, as a functional group, freshwater diatoms often dominate
in cold and relatively nutrient-poor waters (e.g., Reynolds 2006; Edwards et al. 2012).
The relative abundance of diatoms was not significantly affected by lake
temperature (Figs. 3B). However, cell size, temperature dependence and nutrient
physiology vary considerably among diatom taxa, which may cause substantial
changes in diatom species composition along temperature and nutrient gradients
(Kilham et al. 1996; Winder et al. 2008; Rühland et al. 2015). This is also illustrated by
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our results, which show large variation in temperature responses among different
diatom taxa (SI Appendix, Fig. S1B). For instance, the relative abundance of Fragilaria
decreased significantly with lake temperature (SI Appendix, Fig. S1B). Fragilaria is a
diatom genus consisting of medium-sized and large species, often with high sinking
velocities (e.g., Ptacnik et al. 2003). High temperatures will stimulate thermal
stratification, which is particularly disadvantageous for the larger diatom species as
they suffer high sedimentation losses in stratified waters (Huisman et al. 2002;
Rühland et al. 2008; Winder et al. 2008).
Chlorophytes: Chlorophytes did not display clear patterns in relation to lake
temperature, pCO2 or trophic status. Similar to the diatoms, our data analysis shows
large variation in temperature, pCO2 and nutrient responses among the different
chlorophyte taxa (SI Appendix, Fig. S1C and Fig. S3C), which likely explains the lack
of major trends at the level of the entire functional group.
Dinoflagellates:

Relative

abundances

of

dinoflagellates

increased

with

temperature (Fig. 3D). Dinoflagellates are motile species that are particularly sensitive
to shear stress generated by turbulence (Thomas and Gibson 1990; Berdalet et al.
2007), although there is substantial variation among dinoflagellate species (Smayda
2002; Sullivan and Swift 2003). High temperatures strengthen stratification, which
suppresses turbulent mixing and thereby improves conditions for the motile behavior
of flagellated phytoplankton species (Huisman et al. 1999; Winder and Sommer 2012).
Thus, dinoflagellate blooms often develop in stratified waters during periods of
prolonged calm weather (Jones and Gowen 1990; Berman and Shteinman 1998). Also,
high temperatures enhance flagellar motility and swimming speed of dinoflagellates
(Heaney and Eppley 1981; Kamykowski and McCollum 1986; Lewis et al. 2006), which
may further explain why dinoflagellates prefer warm waters.
In our study, the probability of dominance of dinoflagellates increased strongly
with pCO2 (Fig. 5D). This is somewhat surprising, because dinoflagellates can have a
quite effective CCM (Berman-Frank et al. 1998; Rost et al. 2006) and hence would be
expected to dominate at low pCO2. However, many dinoflagellate species can grow
mixotrophically, combining photosynthesis and heterotrophy (Stoecker 1999; Flynn et
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al. 2012). In a recent study, the relative abundance of mixotrophic phytoplankton in
boreal lakes was positively correlated with lake pCO2 (Hansson et al. 2019). This
positive correlation does probably not reflect a direct causal relation between
mixotrophs and CO2, since mixotrophs can feed on bacterioplankton as alternative
carbon source. Instead, CO2 supersaturation in lakes is often attributed to a high
heterotrophic activity (Cole et al. 2000; Jonsson et al. 2003), caused by high bacterial
abundances, which may provide favorable conditions for the growth of mixotrophic
species feeding on those bacteria.
Chrysophytes, cryptophytes and euglenophytes: According to the phycological
literature, chrysophytes are typically associated with oligotrophic or mesotrophic
waters with a slightly acidic to neutral pH, cryptophytes can be found in a wide range
of aquatic ecosystems, and euglenophytes are particularly abundant in nutrient-rich
waters and also in acidic environments (Reynolds 2006; Wehr et al. 2015). This is in
good agreement with the distribution patterns observed in our study.
In general, less attention has been given to the CCMs of chrysophytes,
cryptophytes and euglenophytes than to the CCMs of other phytoplankton groups. For
cryptophytes, in particular, the existence of a CCM has not yet been well investigated
(Kroth 2015). Chrysophytes can take up CO2 but not bicarbonate, and hence appear
to lack a CCM (Maberly et al. 2009). Euglenophytes have either no CCM or a relatively
ineffective CCM, depending on the species (Colman and Balkos 2005). Hence,
chrysophytes and euglenophytes are likely to benefit from high CO2 availability. This
is confirmed by our results, where relative abundances of chrysophytes and
euglenophytes increased with pCO2 and remained low in alkaline lakes where
bicarbonate is the predominant inorganic carbon source (Fig. 4F and G; SI Appendix,
Fig. S2F and G).
Interestingly, chrysophytes had higher relative abundances in cold lakes,
whereas euglenophytes reached high relative abundance in warm lakes (Fig. 3F and
G). Indeed, several experimental and field studies have shown that chrysophytes
prefer relatively cold waters and can be sensitive to high temperatures (Sandgren et
al. 1995; Butterwick et al. 2005; Bergkemper et al. 2018). The temperature response
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of euglenophytes has received less attention, but blooms of euglenophytes are quite
common in (sub)tropical climates and several studies found a positive relationship
between euglenophyte abundances and water temperature (e.g., Chattopadhyay and
Banerjee 2007; Rahman et al. 2007).

Conclusions
Overall, our analysis of this large-scale data set confirms that trophic status,
temperature, pCO2 and pH are major determinants of the phytoplankton community
composition in lakes. Our results are based on correlations, which do not necessarily
reflect causal relationships, as phytoplankton communities may be influenced by
temperature and pCO2 through a variety of pathways and mechanisms. For example,
the association between high cyanobacterial abundances and low pCO2 in eutrophic
and hypertrophic lakes may be indicative of a preference of cyanobacteria for low
pCO2 conditions, but most likely also reflects CO2 depletion by dense cyanobacterial
blooms. Furthermore, in addition to direct effects, temperature and pCO2 may also
have indirect effects on phytoplankton community composition, for instance through
changes in food web structure (Beklioglu and Moss 1995; Jeppesen et al. 2010).
Despite these caveats, the lake data indicate that rising pCO2 will benefit
species that lack CCMs or have a very ineffective CCM such as chrysophytes and
euglenophytes. Furthermore, rising temperature are likely to favor dinoflagellates and
euglenophytes at the expense of chrysophytes. Furthermore, the dominance of
diatoms is expected to decline with increasing temperature. Although cyanobacteria
and chlorophytes showed less conspicuous variation at the aggregated level of the
entire phytoplankton group, the taxonomic composition within these groups is likely to
show major changes in response to temperature and pCO2. One of the most
pronounced patterns is the strong increase of cyanobacterial dominance with the
trophic status of lakes. Reducing nutrient loads will therefore remain a crucial measure
in the mitigation of cyanobacterial blooms, also in a future climate.
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Materials and Methods
Data collection
All data used for this study were obtained from the National Lake Assessment 2012 of
the EPA. A total of 1,038 lakes from the contiguous U.S.A. with a size greater than 1
ha were sampled once or twice during summer (May–September) (US EPA 2011a).
In this study, we investigated one sample per lake and therefore used only the data
from the first visit for those lakes that were visited twice. At each lake, an extensive
suite of abiotic and biotic parameters was measured. In total, 999 lakes had data for
all variables relevant for this study, as briefly outlined below. We refer to the EPA
reports for more extensive methodological details of the sampling and analyses (US
EPA 2011b, 2012).
Depth profiles of water temperature and pH were measured with a water quality
probe or multi-parameter sonde. We used these data to calculate the average
temperature and pH of the surface water, at 0-2 meter depth.
Furthermore, water samples were collected from the surface water, at the
location where the lake reached its deepest point, using a 2 m “integrated sampler”. If
the euphotic zone (estimated from Secchi disk measurements) was less than 2 m deep,
water samples were taken only within the euphotic zone (US EPA 2011b). Chlorophylla (Chl a) content was extracted with 90% acetone and analyzed by fluorometry.
Dissolved organic carbon (DOC) was measured using UV-promoted persulfate
oxidation to CO2 with infrared detection. Total nitrogen (TN) and total phosphorus (TP)
were measured using flow injection analysis following by persulfate digestion. Acid
neutralizing capacity (ANC) was determined using automated acidimetric titration to
S+ZLWKPRGLILHG*UDQSORWDQDO\VLV&RQGXFWLYLW\ZDVPHDVXUHGDW&XVLQJ
TitraSip Systems (Man-Tech, Guelph, Canada) (US EPA 2012).
Dissolved CO2 (dCO2) and HCO3- concentrations were not measured in the
lakes. Therefore, we calculated the dCO2 and HCO3- concentrations from pH and ANC
(Stumm and Morgan 1996), and then transformed dCO2 concentrations to partial
pressure (pCO2, in ppm) based on Henry’s law using equilibrium constants corrected
166

Chapter 5 | Phytoplankton community composition with temperature and CO2

for salinity and temperature (Weiss 1970; Millero et al. 2006). Salinity was calculated
from conductivity (Lewis 1980). Extreme pH (pH < 4 measured in two lakes, and pH >
11 in one lake) increased the inaccuracy of the pCO2 calculation, resulting in unrealistic
values. For this reason, we only included lakes with pH between 4 and 11 in our
analysis.
Phytoplankton samples were taken from 0.3 m depth, at the same locations
where the other parameters were measured, and preserved with Lugol’s iodine.
Phytoplankton was identified to the species or genus level, depending on the taxon,
and counted with an inverted microscope using Utermöhl sedimentation chambers. A
total of 400 natural algal units per sample was counted in 8-100 randomly selected
fields. Phytoplankton biovolume of each taxon was calculated from cellular dimensions
and geometric shapes measured by microscopic examination (Hillebrand et al. 1999).
A detailed description of the procedures can be found in US EPA (2012). For each
lake, we calculated ‘relative abundances’ of the different taxa, defined as the relative
contributions of these taxa to the total phytoplankton biovolume. We focused our
analysis on the relative abundances of the seven most abundant phytoplankton groups
(cyanobacteria, diatoms, chlorophytes, dinoflagellates, cryptophytes, euglenophytes
and chrysophytes), which together comprised >98% of the total phytoplankton
biovolume when averaged over all lakes. We also analyzed relative abundances at
the genus level, for those phytoplankton genera that appeared in more than 100 lakes.
We used the genus names as they were given in the National Lake Assessment
dataset.
Furthermore, we calculated the ‘probability of dominance’ of each
phytoplankton group. The probability of dominance was defined as the percentage of
lakes in which a given phytoplankton group comprised >75% of the total phytoplankton
biovolume.
Lake classification
For the purpose of our analysis, the lakes were classified into different categories
according to their trophic status, temperature, pCO2 and pH. The trophic status of the
lakes was classified according to Chl a concentration using the criteria of the EPA
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2012 campaignDVROLJRWURSKLF ȝJ/RI&KOa), mesotrophic (2-ȝJ/ HXWURSKLF
(7-ȝJ/ RUK\SHUWURSKLF ! ȝJ/  86(3$  Temperature of the lakes was
classified into four categories (<19, 19-24, 24-29, >29 ºC), pCO2 was classified into
three categories (<200, 200-800, >800 ppm), and pH was classified into three
categories (< 7, 7-8.5, >8.5).
Statistical analysis
Correlations between lake variables were investigated using Pearson’s productmoment correlation, with p values corrected for multiple hypothesis testing using the
false discovery rate (FDR; Benjamini and Yekutieli 2001).
Relative abundances of the phytoplankton groups were not normally distributed
over the lakes, as tested using the Kolmogorov-Smirnov test. The data set was
therefore separated according to the trophic status of the lakes. For each trophic status,
we performed non-parametric Kruskal–Wallis one-way analysis of variance tests to
assess effects of lake temperature, pCO2 and pH on the relative abundances of the
phytoplankton. Kruskal-Wallis p-values were corrected for multiple hypothesis testing
using the FDR and followed by Dunn’s post hoc pairwise comparisons adjusted by
Bonferroni correction for multiple tests.
We investigated whether the probability of dominance of the phytoplankton
groups differed among lakes with different pCO2, temperature and trophic status using
Chi-square tests. If Chi-square tests were significant, we used the Z-test for post hoc
pairwise comparisons of the probabilities of dominance. The p-values of the Chisquare tests and Z-tests were corrected for multiple hypothesis testing using the FDR.
Statistical tests were performed using SPSS Statistics (Version 24).
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Supporting Information

Fig. S1. Relative abundances of phytoplankton genera in lakes with different temperatures. (A)
Cyanobacteria, (B) diatoms, (C) chlorophytes, (D) dinoflagellates, (E) cryptophytes, (F) euglenophytes,
and (G) chrysophytes. All genera present in >100 lakes are shown. Relative abundances were
calculated on the basis of phytoplankton biovolume, and expressed as mean percentage ± SE, for 166
ODNHVÛ&ODNHVRI-Û&ODNHVRI-Û&DQGODNHV!Û&%DUVODEHOHGZLWK
different letters indicate significant differences between lakes of different temperature levels, as tested
by nonparametric Kruskal-Wallis tests (SI Appendix, Table S2) followed by post-hoc comparison of the
relative abundances using Dunn’s test.
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Fig. S2. Relative abundances of phytoplankton groups in lakes with different pH. (A)
Cyanobacteria, (B) diatoms, (C) chlorophytes, (D) dinoflagellates, (E), cryptophytes (F) euglenophytes,
and (G) chrysophytes. The lakes are classified by pH and trophic status. Relative abundances were
calculated on the basis of phytoplankton biovolume, and expressed as mean percentage ± SE. The
number of lakes per category is indicated above panel A. Bars labeled with different letters indicate
significant differences between lakes of the same trophic status but with different pH, as tested by
nonparametric Kruskal-Wallis tests (SI Appendix, Table S4) followed by post-hoc comparison of the
relative abundances using Dunn’s test.
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Fig. S3. Relative abundances of phytoplankton genera in lakes with different pCO2. (A)
Cyanobacteria, (B) diatoms, (C) chlorophytes, (D), dinoflagellates (E) cryptophytes, (F) euglenophytes,
and (G) chrysophytes. All genera present in >100 lakes are shown. Relative abundances were
calculated on the basis of phytoplankton biovolume, and expressed as mean percentage ± SE, for 200
lakes < 200 ppm, 384 lakes of 200-800 ppm, and 415 lakes > 800 ppm. Bars labeled with different
letters indicate significant differences between lakes of different pCO2 levels, as tested by
nonparametric Kruskal-Wallis tests (SI Appendix, Table S5) followed by post-hoc comparison of the
relative abundances using Dunn’s test.
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Fig. S4. Correlation between inorganic carbon chemistry and phytoplankton abundance, for
eutrophic and hypertrophic lakes in which cyanobacteria were dominant. (A) Negative correlation
between pCO2 and Chl a. (B) Positive correlation between pH and Chl a. Cyanobacteria were said to
be dominant if they contributed >75% of the total phytoplankton biomass in a given lake; this applied to
n=108 lakes in the dataset. Each dot represents an individual lake and the line is a linear trend line.
Pearson correlation tests were performed, and the correlation coefficients (r) and their significance are
reported. All parameters except pH were log-transformed to improve homoscedasticity of the data.
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Table S1. Kruskal-Wallis tests of variation in phytoplankton group composition with temperature.

* p values are corrected for multiple hypothesis testing using the false discovery rate (Benjamini and Yekutieli 2001);
n.s. = not significant.
# For chlorophytes in mesotrophic lakes, the Kruskal-Wallis test was significant, but post hoc pairwise comparison
of the means using Dunn’s test did not reveal significant differences between the temperature levels.
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Table S2. Kruskal-Wallis tests of variation in phytoplankton composition at the genus level with
temperature.

* p values are corrected for multiple hypothesis testing using the false discovery rate (Benjamini and Yekutieli 2001);
n.s. = not significant.
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Table S3. Kruskal-Wallis tests of variation in phytoplankton group composition with pCO2.

* p values are corrected for multiple hypothesis testing using the false discovery rate (Benjamini and Yekutieli 2001);
n.s. = not significant.
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Table S4. Kruskal-Wallis tests of variation in phytoplankton group composition with lake pH.

* p values are corrected for multiple hypothesis testing using the false discovery rate (Benjamini and Yekutieli 2001);
n.s. = not significant.
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Table S5. Kruskal-Wallis tests of variation in phytoplankton composition at the genus level with
pCO2.

* p values are corrected for multiple hypothesis testing using the false discovery rate (Benjamini and Yekutieli 2001);
n.s. = not significant.
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Table S6. Chi-square tests of variation in the probability of dominance of phytoplankton groups
with lake pCO2, temperature and trophic status.

* p values are corrected for multiple hypothesis testing using the false discovery rate (Benjamini and Yekutieli
2001); n.s. = not significant
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Afterthoughts
Why study effects of rising CO2 in freshwater ecosystems?
The possible impacts of rising atmospheric CO2 levels on freshwater ecosystems have
received surprisingly little attention thus far. In comparison to marine ecosystems, the
pH and alkalinity of freshwater ecosystems vary across a much broader range
(Lazzarino et al., 2009; Balmer and Downing, 2011), which strongly affects inorganic
carbon speciation. In fact, dissolved CO2 concentrations in freshwater systems are
commonly supersaturated, owing to vast inputs of organic carbon from terrestrial areas
and subsequent degradation of this organic carbon by bacterial activity in lakes and
reservoirs (Cole et al., 1994; Sobek et al., 2005). It is quite common for a lake to
achieve CO2 concentrations of 1,000-3,000 ppm, and in some lakes, CO2
concentrations may even exceed 10,000 ppm at times (Cole et al., 1994; Lazzarino et
al., 2009). However, CO2 can be temporally and locally limiting for phytoplankton
photosynthesis, especially in eutrophic and hypertrophic systems, where all nutrients
are in excess. In these systems, the high photosynthetic activity of dense
cyanobacterial blooms often leads to strong CO2 depletion in surface waters and
consequently causes extreme carbon limiting conditions (Talling, 1976; Ibelings and
Maberly, 1998). In oligotrophic systems, due to the lack of nutrients, population
densities are low, and CO2 will probably not be the primary limiting factor for
phytoplankton growth (Verspagen et al., 2014). Thus, in this thesis, we mainly
investigate eutrophic and hypertrophic systems.
There is considerable debate on whether cyanobacterial abundance will
increase, or will decrease with rising atmospheric CO2 concentrations. A decrease in
cyanobacterial abundance might be a consequence of competitive replacement by
eukaryotic phytoplankton after the alleviation of carbon limitation. Cyanobacteria have
CCMs that are energetically costly but are considered to be more efficient than the
CCMs of eukaryotic algae (Raven et al., 2012). Consequently, cyanobacteria are often
assumed to be superior competitors for inorganic carbon, who will outcompete
eukaryotic algae at low CO2 concentrations (Shapiro, 1990, 1997). Rising CO2 levels,
however, will alleviate eukaryotic algae from carbon limitation, thus making them
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stronger competitors than cyanobacteria (Low-Décarie et al., 2011). This paradigm is
supported by some competition studies, which report a replacement of cyanobacteria
by green algae at elevated CO2 (Caraco and Miller, 1998; Low-Décarie et al., 2011,
2015).
However, recent studies of the cyanobacterial CCMs by Sandrini et al. (2014,
2015) have discovered quite some variation in carbon uptake systems, not only
between cyanobacterial species but also among different strains of the same species.
Intriguingly, cyanobacteria that contain the high-flux bicarbonate uptake system BicA
but miss the high-affinity bicarbonate uptake system SbtA (high-flux specialists) seem
to be equipped for rapid carbon uptake in high CO2 environments (Sandrini et al., 2014,
Visser et al., 2016), and may, therefore, increase their competitive ability at elevated
CO2 concentrations.
My Thesis provided new insights into this debate. In Chapter 2, our results
showed that two strains of the cyanobacterium Microcystis display enormous plasticity
in carbon uptake kinetics in their response to rising CO2. Looking further in Chapter 3,
we discovered changes in Microcystis strain composition in response to rising pCO2
using both laboratory chemostat experiments and field data from a Dutch lake. In
Chapter 4, we proved that a high-flux specialist Microcystis species became a
stronger competitor at elevated CO2, in pair-wise competition experiments with three
green algae. Finally, in Chapter 5, by using data from ~1000 freshwater lakes, we
revealed that changes in the availability of inorganic carbon may have the potential to
alter the phytoplankton community composition in the future.
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What does phenotypic plasticity imply?
Our results show an unusually high phenotypic plasticity in the CO2 uptake rate of
Microcystis (Chapter 2). This plasticity (a 1.8-5-fold increase in CO2 uptake rate)
exceeded the plasticity reported for any other phytoplankton species thus far. Here, I
will try to graphically summarize these implications in the light of resource competition
theory advanced by Tilman (1982). As shown in Fig. 1, cyanobacteria can take up two
forms of inorganic carbon, namely CO2 (on the x-axis) and

Fig. 1. Graphical representation of competition for CO2 and bicarbonate between cyanobacteria
(blue lines) and chrysophytes (green lines). (A) Cyanobacteria acclimated to low pCO2 and (B)
cyanobacteria acclimated to high pCO2. See the text for a full explanation.

bicarbonate (on the y-axis). The solid blue line represents the zero growth isocline of
a cyanobacterium. The zero growth isocline represents the minimum amount of CO2
and bicarbonate that this cyanobacterium needs to maintain zero growth. At CO2 and
bicarbonate concentrations below this line, the cyanobacterium cannot survive. In the
same manner, we introduce a chrysophyte into the resource plane. Chrysophytes are
known to lack a CCM and can only take up CO2 but not bicarbonate (Maberly et al.,
2009). Thus, the zero-growth isocline of a chrysophyte is represented by a straight
vertical green line, indicating the minimum amount of CO2 they require for growth. In
both graphs, the dashed lines represent the consumption vectors of the
cyanobacterium and the chrysophyte. Consumption vectors indicate the ratio at which
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the two resources are consumed by a species. The consumption vector of the
chrysophyte is a straight horizontal line because it only uses CO2. The consumption
vector of the cyanobacterium is a diagonal line because it uses both CO2 and
bicarbonate. The steeper the consumption vector, the higher the contribution of
bicarbonate relative to CO2 uptake. Depending on the configuration of the zero growth
isoclines and consumption vectors, there will be an intermediate region where
competition leads to stable coexistence between the cyanobacterium and the
chrysophyte.
An example is shown in Fig. 1A. According to this configuration, the
cyanobacterium can utilize bicarbonate as an additional inorganic carbon source and
is therefore predicted to win in alkaline lakes with high bicarbonate concentrations.
Conversely, the chrysophyte is a better CO2 competitor and wins in softwater lakes
with low bicarbonate concentrations. There is a broad intermediate region in which
both species can coexist.
In Chapter 2, the carbon uptake kinetics of the cyanobacterium Microcystis was
shown to be highly plastic. In particular, at elevated CO2, Microcystis increased its CO2
uptake rate, while bicarbonate uptake rate remained almost unaffected. This implies
that the zero-growth isocline of cyanobacteria for CO2 will become steeper so that it
intersects the x-axis at a lower CO2 concentration, while the consumption vector will
become less steep (Fig. 1B). This change in the configuration of the species traits will
alter the outcome of the competition. As shown in Fig. 1B, the range of conditions
where cyanobacteria are predicted to win will be widened, so that they will also
become dominant in less alkaline lakes with less high bicarbonate concentrations.
Conversely, the range of soft water lakes with low bicarbonate concentrations in which
chrysophytes are predicted to win, becomes narrower. And lastly, the range of
conditions that allow coexistence will also diminish. Hence, the high phenotypic
plasticity of Microcystis in response to rising CO2 may imply that this bloom-forming
cyanobacterium will be able to expand over a wider range of (relatively alkaline) lakes
than previously anticipated, whereas chrysophytes will withdraw to a smaller range of
softwater lakes.
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However, in this thesis, we only looked into the phenotypic plasticity of the
bloom-forming cyanobacterium Microcystis. Similar studies have confirmed that not
only cyanobacteria but also their competitors, green algae, display phenotypic
plasticity (Palmqvist et al., 1994; Amoroso et al., 1998; Hunnik et al., 2002). Thus far,
very few studies have looked into changes in carbon uptake kinetics of other
freshwater phytoplankton, such as diatoms, chrysophytes, dinoflagellates, and
euglenophytes (but see: Colman and Balkos, 2005; Maberly et al., 2009; Clement et
al., 2017). In Fig. 1, we assumed that the traits of chrysophytes do not change with
rising pCO2 levels, but how realistic is this? What happens if the traits of chrysophytes
are also plastic? To what extent might that change the competitive landscape? Future
studies with controlled laboratory experiments will be vital to assess the potential for
physiological acclimation and phenotypic plasticity of the CCMs in different groups of
phytoplankton.
The strong increase in CO2 uptake rates at elevated CO2 reported in Chapter
2 seems puzzling when compared to previous studies on gene expression by Sandrini
et al. (2015a, 2015b). In these studies, the expression of genes encoding the two CO2
uptake systems of Microcystis did not increase with elevated CO2. Although this seems
contradictory to my findings in Chapter 2, there are a few possible explanations. First,
there might be post-transcriptional regulation, meaning that more CO2 uptake systems
are being synthesized at elevated CO2, even though gene expression does not change
in comparison with low CO2. Second, since the two CO2 uptake systems require
NADPH, there can be NADP-regulation on the activity of the CO2 uptake systems.
NADPH supply can increase at elevated CO2 or the unblocking of the CO2 uptake
systems by other regulators can potentially speed up the functioning of the enzymes
at high CO2 concentrations. Lastly, the activity of the two CO2 uptake systems (NADPH
dehydrogenases converting CO2 into bicarbonate) may not be the main rate-limiting
factor for CO2 uptake. For example, regulation of the permeability of the cell membrane
for CO2 can also increase the CO2 flux into the cell, e.g., through an increase in porin
production at elevated CO2. For follow-up studies, it would be important to investigate
what physiological mechanism is responsible for this strong plasticity of CO2 uptake
rates, which might contribute to a better understanding and more accurate prediction
of the response of bloom-forming cyanobacteria to rising CO2.
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Can we incorporate phenotypic plasticity into competition models?
In Chapter 3, we discovered rapid microevolutionary adaptation of Microcystis CCM
genotypes to changes in pCO2 levels in a chemostat experiment and field data.
Microcystis strains containing both bicA and sbtA (CCM generalists) were dominant
when CO2 was depleted in water, but were replaced by high-flux specialist Microcystis
strains at high CO2 concentrations. Furthermore, in Chapter 4, we introduced a
competition model to predict the population dynamic changes between a high-flux
specialist Microcystis strain and three species of green algae under low and high pCO2
levels, combining earlier theoretical work on phytoplankton growth under light- and
carbon-limitation (Huisman and Weissing, 1994; Huisman et al., 1999; Passarge et al.,
2006; Van de Waal et al., 2011; Verspagen et al., 2014). What would happen if the
measured plasticity of the two Microcystis strains in Chapter 2 were incorporated into
the competition model of Chapter 4? Will the model output match, at least qualitatively,
the competition outcome of the chemostat experiment in Chapter 3?
With these questions in mind, the competition model described in Chapter 4
was run using the carbon uptake kinetics of Microcystis PCC 7806 and Microcystis
PCC 7941 measured at low and at high pCO2 in Chapter 2.
Fig. 2 compares the population dynamics of Microcystis PCC 7806 (the highflux specialist) and Microcystis PCC 7941 (the CCM generalist) observed in the
competition experiment of Chapter 3 (Fig. 2 A and B) with the predictions of this
competition model (Fig. 2 C and D). The model predicts that the CCM generalist will
win at low pCO2 whereas the high-flux specialist should gradually displace the CCM
generalist at high pCO2, which matches qualitatively with the experimental results.
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Fig. 2. Comparison of model predictions and experimental results obtained for competition
between Microcystis strains with different carbon uptake strategies at low and high pCO2. (A, B)
Competition between 5 different Microcystis strains, including the high-flux specialist Microcystis PCC
7806 (in red) and the CCM generalist Microcystis PCC 7941 (in blue), in chemostat experiments at (A)
low pCO2, and (B) high pCO2. Data points show the mean values (±SD) of three replicated chemostat
experiments. (C,D) Competition between the high-flux specialist (red) and CCM generalist (blue)
predicted by a competition model at (C) low pCO2, and (D) high pCO2. The data in (A, B) are from the
competition experiments in Chapter 3. The model predictions in (C, D) are based on the competition
model of Chapter 4, after incorporation of the phenotypic plasticity of the carbon uptake kinetics of both
Microcystis strains as measured in Chapter 2.

Furthermore, this shift in strain composition is predicted by the model only if it
incorporates the observed phenotypic plasticity of the carbon uptake kinetics of the
two strains. Hence, the model supports the main conclusion of Chapter 3 that rising
pCO2 will induce predictable changes in the strain composition of cyanobacterial
blooms. Moreover, these results provide one of the first demonstrations that
incorporation of phenotypic plasticity will improve model predictions of how competitive
interactions are affected by climate change.
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In this thesis, I only investigated the phenotypic plasticity of a high-flux specialist
and a CCM generalist. For later research, it would be greatly beneficial to also look
into the phenotypic plasticity of high-affinity specialists, to assess if they can increase
their CO2 uptake rate at high pCO2 to a similar extent as high-flux specialists or
whether they are more specialized to low pCO2 levels. Also, we have investigated the
carbon uptake kinetics of Microcystis, but lack data on the physiological and genetic
attributes of other common species of bloom-forming cyanobacteria. An improved
understanding of the phenotypic plasticity and genetic variation of CCMs of other
bloom-forming cyanobacteria will enable more accurate prediction of the species
composition of cyanobacterial blooms in future climate change scenarios.
Phytoplankton community composition with changing pCO2 across lakes
In Chapter 5, we zoom out from cyanobacteria to the entire phytoplankton community,
to investigate changes in species composition in response to variation in lake
temperature

and

dissolved

CO2 concentrations.

Knowledge

of

the

major

environmental variables that drive the composition and abundance of different
phytoplankton groups across large spatial scales (in this case, the continental USA)
can be highly valuable. Especially, comparison of the species composition among
lakes across climatic regions, with different temperatures and dissolved CO2
concentrations can provide very useful information to understand how the structure
and dynamics of aquatic ecosystems may alter in response to climate change.
Contrary to expectation, our results showed hardly any effects of temperature
on the relative abundance of cyanobacteria as a group. However, temperature had a
major effect on the taxonomic composition of cyanobacteria. Relative abundances of
Cylindrospermopsis, Planktolyngbya and Pseudanabaena increased significantly with
lake temperature. This matches their known geographical distributions. Both
Cylindrospermopsis and Pseudanabaena are widespread in warm waters of
subtropical and Mediterranean climates (Padisák, 1997; Gao et al., 2018). During the
past several decades, Cylindrospermopsis has expanded to higher latitudes across
Europe and the USA (Padisák, 1997), presumably in response to global warming
(Briand et al., 2004). Conversely, relative abundances of other genera such as
Aphanizomenon, Chroococcus and Merismopedia decreased with lake temperature.
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We found in Chapter 5 that the relative abundance of cyanobacteria across
~1000 U.S. lakes did not increase significantly with the dissolved CO2 concentration,
which might seem contradictory to the results from the previous chapters. Looking into
the data, this apparent discrepancy can be explained by the fact that lake pCO2 was
negatively correlated with lake pH (see Fig. 2 of Chapter 5). Across U.S. lakes, high
pCO2 lakes (>800 ppm) often have low pH (pH < 7). Previous studies have shown that
cyanobacterial dominance is closely associated with nutrient-rich and alkaline
conditions (e.g., Maileht et al., 2013). Indeed, also in these U.S. lakes, cyanobacteria
reach their highest relative abundances in alkaline lakes with pH > 8.5, whereas the
relative abundance of cyanobacteria is low in lakes with pH < 7 (SI Fig. S2 in Chapter
5). Hence, the cyanobacterial distribution patterns in Chapter 5 seem to be driven by
a pH gradient rather than by a gradient in CO2 availability.
The lake data in Chapter 5 differ from the scenarios investigated in our
laboratory experiments (Chapters 2-4), where pCO2 was increased while pH did not
decline below 7. Also, these lake data differ from our future expectations for many
eutrophic lakes, where a continued rise in atmospheric pCO2 will probably lead to an
increase in dissolved CO2 concentrations whereas pH will remain on the alkaline side
(i.e., pH > 7) and, hence, bicarbonate will remain the dominant inorganic carbon
species. In other words, the continued rise in atmospheric pCO2 may lead to new
combinations of dissolved CO2, bicarbonate and pH that are still quite unusual in many
lakes today.
In Chapter 5, relative abundances of chrysophytes and euglenophytes, which
lack CCMs or have poorly-developed CCMs (Maberly 2009, Colman and Balkos,
2005), increased significantly with increasing dissolved CO2 concentrations.
Furthermore, low temperatures favored diatoms and chrysophytes, whereas high
temperatures favored dinoflagellates and euglenophytes (Chapter 5). The collinearity
between several environmental variables in this data set (particularly between lake
pCO2 and pH) warrants more detailed investigation of the CO2 and temperature
responses of these taxa under controlled conditions. Yet, although these field data are
based on single snapshots in time and correlation does not necessarily imply
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causation, these results indicate that increases in lake pCO2 and lake temperature will
most likely cause major changes in the community composition of lake phytoplankton.
What can we conclude from this thesis˛
˛
This thesis provides new insights into the response of bloom-forming cyanobacteria to
elevated pCO2. Many bloom-forming cyanobacteria are known to produce toxins,
which may lead to the closure of lakes for recreation and may deterioriate the water
quality for drinking water and fisheries. Our laboratory results show that the common
bloom-forming cyanobacterium Microcystis displays a high degree of phenotypic
plasticity in its CO2 uptake kinetics, and can strongly increase its CO2 uptake rate in
response to elevated pCO2. Furthermore, rising CO2 concentrations can shift the
genetic composition of cyanobacterial communities in lakes, which will favor bicA
genotypes (high-flux specialists) at the expense of sbtA genotypes (high-affinity
specialists). Our competition experiments show that eukaryotic phytoplankton such as
green algae can be superior competitors at low pCO2, whereas cyanobacteria that are
high-flux specialists increase their competitive ability at elevated pCO2. Hence, this
thesis calls for a major revision of the classic paradigm that cyanobacteria are poor
competitors at high pCO2. Instead, it is likely that bloom-forming cyanobacteria such
as Microcystis will benefit from rising atmospheric CO2 and global warming, at least in
eutrophic and alkaline waters.
An important implication of these findings is that future cyanobacterial blooms
are likely to deviate from present-day blooms. Rising atmospheric CO2 concentrations
will increase the CO2 influx into lakes and change the balance between inorganic
carbon species, which is expected to stimulate cyanobacterial bloom development in
eutrophic and (relatively) alkaline lakes. Moreover, our results indicate that future
climatic conditions may not only intensify cyanobacterial blooms, but may also lead to
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changes in their physiological traits, genetic composition and species composition
(Fig. 3).

Fig. 3. How rising pCO2 is expected to affect cyanobacterial blooms in lakes. (A) The lake
ecosystem at low pCO2. (B) The lake ecosystem at high pCO2. Rising atmospheric pCO2 is expected
to increase the CO2 influx into lakes, to change the balance between inorganic carbon species, and to
stimulate the growth of cyanobacteria. This may lead to changes in the physiological traits, genetic
composition and species composition of cyanobacterial blooms (green and blue cells), and may also
select for phytoplankton taxa that lack CCMs or have poorly developed CCMs such as chrysophytes
and euglenophytes (yellow diamonds).

Furthermore, other phytoplankton taxa are likely to respond to a changing
climate as well. Comparison of data from ~1,000 lakes shows the large-scale variation
in phytoplankton community composition in response to pCO2, temperature, and
nutrient availability. This large-scale comparison indicates that high lake pCO2will most
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likely benefit species that lack CCMs or have a very ineffective CCM such as
chrysophytes and euglenophytes, whereas high lake temperatures may favor
dinoflagellates and euglenophytes at the expense of chrysophytes and diatoms.
Finally, our results are relevant not only in the context of phytoplankton
communities but also have broader implications for ecology in general. Our results
provide one of the first demonstrations that incorporation of the phenotypic plasticity
and genetic variation of species will improve predictions of how competitive
interactions are affected by rising CO2. Incorporating phenotypic plasticity and genetic
variation into existing theoretical frameworks should, therefore, be a firm goal for nextgeneration models in community ecology, to advance our understanding of the
impacts of climate change on the species composition of natural communities.
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Samenvatting
Fytoplankton zetten CO2 en zonlicht om in biomassa, en vormen de basis van het
voedselweb in zoet water en zeewater. Cyanobacteriën (blauwalgen) evolueerden ca.
drie miljard jaar geleden, en behoren nog altijd tot de meest wijdverbreide fytoplankton
groepen. Sommige cyanobacteriën zijn echter giftig, en hun dichte bloeien leiden
wereldwijd tot een verslechtering van de waterkwaliteit in plassen en meren.
Cyanobacterie-bloeien zullen naar verwachting toenemen door opwarming van de
aarde, maar hoe ze beïnvloed worden door de stijgende CO2 concentratie in de
atmosfeer is nog onbekend.
Klimaatscenario’s voorspellen dat de CO2 concentratie in de atmosfeer eind
deze eeuw zal zijn verdubbeld. Het is bekend dat cyanobacteriën en verschillende
andere fytoplankton groepen geavanceerde CO2-concentratie mechanismen (CCMs)
hebben ontwikkeld, waarmee ze zowel CO2 als bicarbonaat kunnen opnemen.
Cyanobacteriën maken gebruik van meerdere CO2- en bicarbonaat opname systemen
met verschillende kinetische eigenschappen. Bovendien kunnen cyanobacteriën deze
opname systemen op verschillende manieren combineren. Deze variatie kan leiden
tot adaptieve aanpassingen van de koolstof opnamesnelheid geïnduceerd door een
toename van de CO2 concentratie. Deze aanpassingen van de koolstof
opnamesnelheid kunnen gevolgen hebben voor de concurrentieverhoudingen met
andere soorten, wat uiteindelijk kan leiden tot veranderingen in de fytoplankton
soortensamenstelling. In dit proefschrift gebruik ik een combinatie van laboratorium
experimenten, wiskundige modellen en veldgegevens om meer inzicht te verkrijgen in
de effecten van stijgende CO2 concentraties op de groei van cyanobacteriën en de
soortensamenstelling van het fytoplankton.
Allereerst werd de fenotypische plasticiteit van de koolstof opnamesnelheid van
de

cyanobacterie

Microcystis

onderzocht,

een

algemene

soort

die

veel

blauwalgenbloei veroorzaakt (Hoofdstuk 2). Onze resultaten lieten zien dat de
maximale opname snelheid van CO2 in deze soort bijzonder snel toeneemt bij
verhoogd pCO2. Een nieuw wiskundig model, waarin deze fenotypische plasticiteit
was ingebouwd, maakte nauwkeurige voorspellingen mogelijk van de populatiegroei
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gemeten in onze chemostaat experimenten. Vervolgens hebben we het model
opgeschaald van de chemostaat in het laboratorium naar echte meren. Het model
voorspelt dat stijgende CO2 concentraties in de atmosfeer zullen leiden tot
intensievere Microcystis bloeien in een breed scala aan voedselrijke meren.
Hierna werd onderzocht in hoeverre stijgende CO2 concentraties kleine
evolutionaire veranderingen kunnen veroorzaken in bloeien van blauwalgen
(Hoofdstuk 3). We ontdekten een opvallende verandering in de genotype
samenstelling van Microcystis. Zowel in het laboratorium als in een Nederlands meer
vonden we een toename van genotypen met hoge flux koolstof opnamesystemen als
reactie op stijgende CO2 concentraties. Deze resultaten laten zien dat verhoogde CO2
waarden tot een genetische herschikking van Microcystis stammen kan leiden,
waardoor bloeien in de toekomst hoogstwaarschijnlijk een andere genetische
samenstelling zullen hebben dan de huidige blauwalg bloeien.
Daarna onderzochten we de concurrentie tussen een cyanobacterie en drie
soorten groenalgen bij hoge en lage pCO2 (Hoofdstuk 4). Onze modelvoorspellingen
en experimenten toonden aan dat twee van de drie groenalgen het meest
concurrentiekrachtig waren bij lage pCO2, terwijl een Microcystis stam met hoge flux
opnamesystemen sterker ging concurreren bij hoge pCO2. Deze resultaten zijn in
tegenspraak met één van de klassieke paradigma’s in de aquatische ecologie,
namelijk dat cyanobacteriën beter zouden concurreren bij lage pCO2, terwijl eukaryoot
fytoplankton zoals groenalgen beter zouden concurreren bij verhoogde pCO2. In
plaats daarvan laten onze resultaten juist zien dat bloeivormende cyanobacteriën met
hoge flux opnamesystemen zullen profiteren van het stijgende CO2 aanbod. Een
uitgebreider begrip van de diversiteit van CCMs is daarom nodig om goed te kunnen
voorspellen hoe de soortensamenstelling van het fytoplankton zal reageren op
stijgende pCO2.
Als laatste stap zoomden we uit van cyanobacteriën naar de complete
soortensamenstelling van het fytoplankton (Hoofdstuk 5). We analyseerden
gegevens van ca. 1000 meren in de Verenigde Staten om te onderzoeken hoe de
natuurlijk variatie in opgelost CO2 en de watertemperatuur van meren de relatieve
samenstelling van de belangrijkste fytoplankton groepen beïnvloedt. Onze resultaten
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suggereren dat een stijging van opgeloste CO2 concentraties hoogstwaarschijnlijk
gunstig is voor soorten die geen of een ineffectief CCM hebben, zoals bijvoorbeeld
chrysofyten

(goudalgen)

en

euglenofyten

(oogdiertjes).

Hoge

temperaturen

daarentegen zullen hoogstwaarschijnlijk voordeel opleveren voor dinoflagellaten en
euglenofyten, ten koste van chrysofyten en diatomeeën (kiezelwieren).
Het onderzoek in dit proefschrift laat zien dat blauwalgbloeien in de toekomst
hoogstwaarschijnlijk fundamenteel zullen verschillen van huidige bloeien, niet alleen
in hun intensiteit en frequentie, maar ook in hun fysiologische eigenschappen,
genetische samenstelling en soortensamenstelling (Hoofdstuk 6). Het is daarom aan
te raden om fenotypische en genetische variatie te onderzoeken en in te bouwen in
bestaande theoretische modellen, aangezien dit voorspellingen over hoe de plankton
samenstelling zal veranderen als gevolg van klimaatverandering aanzienlijk kan
verbeteren. Ik hoop dat dit proefschrift niet alleen gedegen inzichten zal bieden over
de effecten van stijgende CO2 concentraties op de samenstelling van het fytoplankton,
maar ook ecologen, microbiologen, evolutiebiologen en waterkwaliteitsbeheerders zal
inspireren om deze kennis te integreren in hun toekomstige studies en besluitvorming.
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Phytoplankton convert CO2 and sunlight into biomass, and form the base of freshwater
and marine food webs. Cyanobacteria evolved three billions years ago, and belong to
the most widespread phytoplankton groups. However, some cyanobacteria are toxic
and their dense blooms are often deteriorating water quality in many lakes and
reservoirs across the globe. Cyanobacterial blooms are predicted to increase with
global warming, but how they are affected by rising atmospheric CO2 levels has not
yet been resolved.
Climate change scenarios predict that the atmospheric CO2 concentration will
have doubled by the end of this century. We know that cyanobacteria and other
phytoplankton groups have evolved sophisticated CO2-concentrating mechanisms
(CCMs) that enable them to transport and utilize both CO2 and bicarbonate.
Intriguingly, cyanobacteria use several CO2 and bicarbonate transporters with different
kinetic properties and can combine these transporters in different ways. This variation
may lead to adaptive changes in their carbon uptake kinetics in response to elevated
CO2, may affect their competitive interactions with other species, and may ultimately
alter phytoplankton community composition. In this thesis, I use a combination of
laboratory experiments, mathematical models, and field data to obtain more insight
into the impacts of rising CO2 concentrations on cyanobacterial growth and
phytoplankton community composition.
First, phenotypic plasticity of the carbon uptake kinetics was investigated for
the common bloom-forming cyanobacterium Microcystis (Chapter 2). Our results
revealed a strong increase of the maximum CO2 uptake rate of Microcystis at elevated
pCO2. Furthermore, a new mathematical model incorporating this phenotypic plasticity
enabled accurate prediction of the population dynamics observed in our chemostat
experiments. We up-scaled our model from laboratory chemostats to lakes. The model
predicts that rising pCO2 will intensify Microcystis blooms across a wide range of
eutrophic lakes.
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Subsequently, the extent to which rising CO2 concentrations may induce microevolutionary changes in cyanobacteria was investigated (Chapter 3). We detected,
both in the laboratory and in a Dutch lake, a striking change in the genotype
composition of Microcystis in response to rising CO2, with an increase of genotypes
with high-flux carbon uptake systems. These results show that elevated CO2 levels
will lead to a genetic reshuffle of Microcystis strains, such that future blooms will most
likely have a genetic composition that differs from current blooms.
Thereafter, competition between a cyanobacterium and three species of green
algae was explored at low and high pCO2 (Chapter 4). Our model predictions and
experiments showed that two of the three green algae were superior competitors at
low pCO2, whereas a high-flux specialist Microcystis strain became a strong
competitor at high pCO2. These results contradict one of the classic paradigms in
aquatic ecology, i.e., that cyanobacteria would be superior competitors at low pCO2
whereas eukaryotic phytoplankton like green algae would be stronger competitors at
high pCO2. Instead, our results demonstrate that bloom-forming cyanobacteria with
high-flux carbon uptake systems will benefit from elevated CO2. We therefore call for
a more comprehensive understanding of the diversity of CCMs, if we are to predict
how the species composition of natural phytoplankton communities will respond to
rising pCO2.
As a next step, I zoomed out from cyanobacteria to the phytoplankton
community level (Chapter 5). Data from ~1,000 lakes across the United States were
analyzed to investigate how natural variation in dissolved CO2 and lake temperature
may affect the relative abundances of the main phytoplankton groups. Our results
suggest that increasing dissolved CO2 concentrations will most likely benefit species
that lack CCMs or have a very ineffective CCM such as chrysophytes and
euglenophytes, whereas higher temperatures are likely to favor dinoflagellates and
euglenophytes at the expense of chrysophytes and diatoms.
In conclusion, this thesis shows that future phytoplankton blooms are likely to
differ significantly from present-day blooms, not only in terms of their intensity and
frequency but also in terms of their physiological traits, genetic composition, and
species composition (Chapter 6). For this reason, investigating and incorporating
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phenotypic and genetic variation into existing theoretical frameworks is highly
recommended to improve predictions of how plankton communities will respond to
environmental change. I hope this thesis will not only provide solid insights into the
effects of rising CO2 concentrations on the phytoplankton community, but will also
inspire ecologists, microbiologists, evolutionary biologists, and water quality managers
to integrate this knowledge in their future studies and decision-making.
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