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A B S T R A C T

Global increases in atmospheric CO2 and temperatures will impact aquatic systems, with freshwater habitats
being affected. Some studies suggest that these conditions will promote cyanobacterial dominance. There is a
need for a clearer picture of how algal species and strains within species will respond to higher temperatures and
CO2, especially in combination. This study examined two chlorophytes (Monoraphidium and Staurastrum), and
two strains of the cyanobacterium Raphidiopsis raciborskii (straight S07 and coiled C03), to determine how the
combination of higher temperature and CO2 levels will affect their growth and maximum cell concentrations.
Continuous cultures were used to compare the steady state cell concentrations at 28 °C and 30 °C, and CO2 partial
pressures (pCO2), 400 and 750 ppm for all cultures, and in addition 1000 ppm at 28 °C for R. raciborskii strains.
This study showed that, for all species, water temperature had a greater effect than higher pCO2 on cell con-
centrations. There were clear differences in response between the chlorophyte species, with Monoraphidium
preferring 28 °C and Staurastrum preferring 30 °C. There were also differences in response of the R. raciborskii
strains to increasing temperature and pCO2, with S07 having a greater increase in cell concentration. Genome
analysis of R. raciborskii showed that the straight strain has five additional carbon acquisition genes (β-CA, chpY,
cmpB, cmpD and NdhD4), indicative of increased carbon metabolism. These differences in the strains’ response to
elevated pCO2 will lead to changes in the species population structure and distribution in the water column. This
study shows that it is important to examine the effects of both pCO2 and temperature, and to consider strain
variation, to understand how species composition of natural systems may change under future climate condi-
tions.

1. Introduction

Atmospheric CO2 concentrations are rising at about 0.7 ppm y-1 as a
result of human actions and may reach 1000 ppm by the year 2100
(Kump, 2002; Royer, 2006; IPCC, 2014). Increasing CO2 levels will also
affect global temperatures, with projections for increases ranging from
1 to 6 °C depending on which models are used, and the willingness of
humans to curb greenhouse gas emissions (IPCC, 2014). Much of our
understanding of the impact of changes in temperature and CO2 levels
on aquatic systems has come from studies in marine systems, with a
focus on vulnerable habitats such as coral reefs (e.g. Hughes et al.,
2017). However, other aquatic systems, such as freshwater habitats, are
also being impacted by increases in greenhouse gas emissions, directly
and indirectly.

Cyanobacterial harmful algae blooms (cyano-HABs) are a risk to the
functioning and resilience of freshwater systems worldwide. They also
adversely affect water supplies. Cyano-HABs have been increasing in
frequency and duration as a result of eutrophication of freshwaters, and
future climate conditions, with increasing temperatures and higher CO2

partial pressures (pCO2), are likely to favour cyanobacterial growth
(Paerl and Huisman, 2008; O’Neil et al., 2012; Visser et al., 2016). One
species of concern is the potentially toxic diazotrophic cyanobacterium
Raphidiopsis raciborskii (Wołoszyńska) Aguilera, Berrendero Gómez,
Kastovsky, Echenique & Salerno (basionym Cylindrospermopsis raci-
borskii (Wołoszyńska) Seenayya & Subba Raju) (Aguilera et al., 2018)),
because its global range and occurrence has already expanded in recent
years, likely due to climate change (Sinha et al., 2012; Wood et al.,
2014).
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Some studies suggest that increased temperature and associated
stratification will promote cyanobacterial dominance over other algal
species and lead to increased cell densities (Visser et al., 2016; Sherman
et al., 1998). This is because temperature affects algae directly, via their
metabolic activities and growth rates, and indirectly via water strati-
fication promoting cyanobacteria capable of regulating their buoyancy
(Wood et al., 2017). In countries with low winter temperatures, algal
blooms may also commence earlier and persist for longer in the spring
and summer months in a warming world (Wiedner et al., 2007).

Some studies have shown that elevated pCO2 will advantage cya-
nobacteria (Visser et al., 2016), however, other studies have proposed
that increasing CO2 levels will have greater benefits for species lacking
carbon-concentrating mechanisms (CCMs) than for those species that
possess them, e.g. cyanobacteria (Raven et al., 2005; Griffiths and
Rickaby, 2017). There is a lack of consistency in findings regarding the
effect of elevated pCO2 on diazotrophic cyanobacterial species
(Hutchins et al., 2009; Law et al., 2012; Gradoville et al., 2014).

CCMs allow species to actively take up bicarbonate or CO2 and
accumulate CO2 at the active site of the CO2-fixing enzyme Ribulose
bisphosphate Carboxylase Oxygenase (RubisCO) thus giving them a
competitive advantage when CO2 levels are low (Price et al., 2008;
Meyer and Griffith, 2013). However, there is a trade-off between the
activity of CCMs and the specificity of RubisCOs. In general terms, or-
ganisms such as cyanobacteria, with low RubisCO specificity, require
high CCM activity to be competitive, whereas other taxa such as
chlorophytes have higher RubisCO specificity and hence can satisfy
inorganic carbon requirements with lower CCM activity (Meyer and
Griffith, 2013; Tortell, 2000). Therefore, it is likely different species
will respond differently to rising pCO2. Species with less efficient or no
inorganic carbon uptake mechanisms, such as chrysophytes, may be
favoured in a higher CO2 world (Maberly et al., 2009). However, some
field studies, such as a recent study in a Chinese lake, showed that
higher pCO2 benefitted cyanobacteria (Shi et al., 2017). Li et al. (2016)
also showed that increased pCO2 combined with higher temperature
favoured cyanobacteria. Conversely, other studies suggest that elevated
CO2 concentrations will favour chlorophytes over other taxonomic
groups, since this is the taxonomic group with the weakest CO2 con-
centrating capacity, and relatively low RubisCO specificity (Badger
et al., 1998), of the groups studied (Tortell et al., 2000; Low-Décarie,
2014; Low-Décarie et al., 2015).

Furthermore, intraspecific variation will also affect how species
respond to environmental changes. R. raciborskii, like all phytoplankton
species, has multiple strains or ecotypes (for a review see Burford et al.,
2016), that co-occur in a waterbody (Willis et al., 2016), and changes in
environmental variables can lead to changes in the overall population
characteristics, such as average cylindrospermopsin cell quota (Burford
et al., 2014). An understanding of the range of strain variation within
mixed populations is needed to help explain within-species population
responses to environmental changes (Xiao et al., 2017b). R. raciborskii is
known to flourish under higher temperatures (Briand et al., 2004; Sinha
et al., 2012; Thomas and Litchman, 2016), with strains differing in their
optimum temperature for growth (Xiao et al., 2017a). Strain differences
in response to pCO2 have also been found, with increased pCO2 re-
sulting in slightly higher (∼9 %) (Pierangelini et al., 2014), or slightly
lower (∼8 %) growth rates (Lines et al., 2018) depending on strain.
This may give R. raciborskii a competitive advantage as average global
temperatures and pCO2 continue to increase.

Some studies suggest that increasing atmospheric CO2 levels will
increase primary production in freshwater lakes and reservoirs (Jansson
et al., 2012), as algae may be inorganic carbon-limited at present day
CO2 partial pressures (∼ 400 ppm). However, Vogt et al. (2017) in their
study of 69 boreal lakes with a CO2 gradient, argue that increased CO2

is unlikely to change species composition and production. They con-
clude that environmental context is the key to determining how CO2

will affect algal species.
Therefore, there is a need for a clearer picture of how algal species

respond to the interacting effects of higher temperatures and CO2 le-
vels. Our study examined three species that are common or dominant in
a subtropical reservoir system to determine how the combination of
higher temperature and pCO2 levels affected cell concentration. The
species, two chlorophytes and two strains of the cyanobacterium R.
raciborskii, were isolated from a single water sample and cultured under
continuous culture conditions to compare the effects of temperature
and pCO2 on steady state cell concentrations, as a measure of how
population density of the species/strains would respond to a changing
environment.

2. Methods

2.1. Cultures

Staurastrum sp. (Chlorophyta, Desmidiaceae), Monoraphidium sp.
(Chlorophyta, Spaeropleales) and Raphidiopsis raciborskii
(Cyanophyceae, Nostocales) strains S07 and C03 were isolated from a
surface water sample from Lake Wivenhoe (27°23.6′ S, 152°36.5′ E,
Queensland, Australia), as previously described (Willis et al., 2016).
Strain S07 has straight trichomes and C03 has coiled morphology; both
strains are toxic with 214.09 ± 12.60 and 121.13 ± 5.50 fg combined
cylindrospermopsin and deoxy-cylindrospermopsin cell quotas, re-
spectively. Stock cultures were maintained in 250mL flasks in Jaworski
Medium (JM) (Thompson et al., 1988) at 28 °C, under a 12h:12 h
light:dark cycle at 15 μmol photon (PAR)·m-2 ·s-1 using a cool white LED
light (Enttec, Australia). Experiments were commenced within a year of
isolation of strains and species to minimise physiological changes in-
duced by culture conditions (Lakeman et al., 2009).

2.2. Continuous cultures

The continuous culture apparatus consisted of 1 L elongated glass
vessels with rounded ends, diameter 75mm, height 250mm, a glass frit
located at the bottom and an outlet tube on the upper side. Jaworskii’s
Medium (JM, Thompson et al., 1988) was continuously added via a
peristaltic pump at a rate of 0.1 L d-1 throughout the entire experiment.
Compressed air (Air Liquide, Australia) had background CO2 removed
by passing through soda lime (Sigma-Aldrich), then CO2 was added to
give final concentrations of 400, 750 and 1000 ppm (5 % CO2 air, Air
Liquide, Australia) controlled via a gas mixer (Blender Model
FMA4621A1) and adjusted regularly as needed. The blended mixture
was bubbled through the glass frit into culture medium. There was a
single continuous culture vessel per treatment, and six replicate sam-
ples were taken over two weeks of steady state cell concentrations.

Continuous culture experiments with R. raciborskii strains were run
using three CO2 partial pressures (400, 750 and 1000 ppm) at 28 °C, and
all other cultures at two CO2 partial pressures (400 ppm, 750 ppm)
representing the current day levels and a projected 2100 future level in
IPCC scenario RCP6 and RCP8.5 (IPCC, 2014), and two temperatures
(28 °C and 30 °C) a) reflecting current maximum water temperatures in
the reservoir from which the cells were isolated, and b) a likely future
increase in temperature (Burford and O’Donohue, 2006). Each species
and strain were cultured as non-axenic (with minimal bacterial con-
tamination) monocultures under sterile conditions in the continuous
culture vessels. The vessels were inoculated with an initial cell con-
centration of ∼3×103 cells mL-1 in the case of R. raciborskii,
∼1×106 cells mL-1 for Monorapidium and ∼8×103 cells mL-1 for
Staurastrum. This was measured spectrophometrically for optical den-
sity at 750 nm (OD750) (Novaspec II, Pharmacia Biotech) by calibrating
the OD750 against the quantified cell densities using a microscope.
Cultures were run for 54 days, with steady state cell concentrations
attained in the last 14 days and final samples collected within the last
10 days. Room temperature was controlled at two temperatures 28 and
30 °C, under a 10 h:14 h light:dark cycle at 20 μmol photons (PAR) ·m-2

·s-1 using cool white LED light (Enttec, Australia) shining into the rear of
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the vessels. Continuous cultures were established as chemostats: where
inflowing CO2 concentration was changed between experiments and
dilution rates were kept constant; cultures then acclimated and stabi-
lised to the experimental conditions, reaching ‘steady-state’ where cell
concentration remained constant (Andersen, 2005).

2.3. Sampling and sample analysis

Each vessel was monitored for temperature, pH and inflow air CO2

ppm three times a week throughout the whole experiment. To achieve
this, a 100mL sample was collected from each vessel and pH and
temperature were measured immediately with a pH probe (Aqua-pH,
TPS, Qld, Australia), CO2 was monitored using an Infra-Red Gas
Analyser (LICOR LI-820 John Morris Scientific Pty Ltd, Australia), slight
(∼5 - 10 % of the set value) decreases in CO2 concentrations occurred
during a 24 h period and CO2 inputs were adjusted daily as needed. A
5mL subsample was used to measure the OD750 and maximum
quantum yield of Photosystem II using a PHYTOPAM (Walz) after
equilibrating samples in the dark for> 20min. This subsample was
then fixed with Lugol’s iodine solution (approximately 1 % final con-
centration) to preserve cells for enumeration. The specific cell division
rate (μc) was calculated using first order rate kinetics during ex-
ponential phase - before steady state and after taking into account the
dilution rate, as previously described (Willis et al., 2017). During the
steady state the growth rate was equal to the dilution rate.

2.4. Steady state sample analysis

During steady state, a 100mL sample was collected and pH, tem-
perature, photosynthetic yield using a PHYTOPAM (Walz), and a
sample for cell enumeration prepared as outlined above. Cell enu-
meration was performed as previously described (Willis et al., 2015),
and cell volume calculated on a subset of cells based on a cylinder shape
for R. raciborskii, two cones for Monoraphidium, and two truncated
cones for Staurastrum (Hillebrand et al., 1999).

For alkalinity measurements, a 40mL subsample was centrifuged
for 5min at 4000 rpm at 4 °C (Eppendorf AG, Hamburg, Germany), the
supernatant was collected and filtered through 0.22 μm pore size filters
(Minisart, Sartorius, Germany) and stored frozen (-30 °C). The cell
pellet was washed twice with 1mL 15mmoL L-1 sodium chloride solu-
tion, transferred to 2mL Eppendorf tubes and centrifuged for 2min at
∼27,000 g (Biofuge-pico, Heraeus, Germany), the supernatant was
removed, and the cell pellet stored frozen for C and N analysis. Prior to
analysis, the cell pellet was thawed and then dried at 60 °C, and the
particulate C and N was analyzed using a mass spectrometer (GV
Isoprime, Manchester, UK).

The alkalinity was measured potentiometrically according to the
method of Talling (1973) as described and modified by Denny et al.
(1983) using a Radiometer Copenhagen RTS80 autotitration system
consisting of a PHM63 digital pH meter (with separate glass and ca-
lomel reference electrodes), a TTT80 autotitrator and an ABU80 digital
autoburette. For analysis, triplicate 2mL subsamples were titrated with
0.1 N hydrochloric acid that had been standardised to four significant
figures against a standardised solution of ignited NaHCO3. Between 3
and 6 pH/voLume data pairs were collected between pH 4.3 and pH
3.7, and the corresponding F-values calculated. Gran plots were con-
structed from the F-value/volume data pairs and the theoretical alka-
linity end point volumes for each titration determined by linear re-
gression (Stumm and Morgan, 1996). Replicate endpoint volumes
rarely varied by more than 2 μL. Dissolved inorganic carbon (DIC)
speciation and concentrations were then calculated theoretically for
each component (free-CO2, HCO3 , and CO3

2 ) from measured alkalinity,
culture temperature and culture pH (corrected for ionic strength) using
the equations given by Mackereth et al. (1989). The salinity of the
media was measured using a WP81 salinity probe (TPS, Brendale, Qld,
Australia).

2.5. Statistical analysis

To determine statistically significant differences between R. raci-
borskii strains under the three pCO2 treatments (n=6 except for cells
mL-1 and C:N where n=3), ANOVAs with post-hoc Tukey tests were
performed using the software R (R Core team, 2013). To determine
statistically significant differences between the measured parameters
for each species and strain in different temperature and CO2 treatments
(n= 3), a nested-ANOVA with post-hoc Tukey tests were performed
using R (R Core Team, 2013).

2.6. Comparative genomics of Raphidiopsis raciborskii strains

The sequenced genomes of R. raciborskii strains C03 and S07 are
available on Genbank (accession numbers: C03 NJHU01000000; S07
NJHX01000000; as described in Willis et al., 2019). The carbon ac-
quisition genes were identified in the genomes of both strains by
searching the annotated genomes and cross-referencing by blast sear-
ches to confirm gene identity using Microcystis and/or Synecococcus
genes (as in Sandrini et al., 2016). Variable genes between C03 and S07
were identified from the list previously identified (Willis et al., 2018),
and cross-referenced by BLASTn searches to the genome of R. raciborskii
strain CS-505 (Fuentes-Valdés et al., 2016).

2.7. Dissolved CO2 data of Lake Wivenhoe

Weekly data for free CO2, total−CO2, pH, and alkalinity were ob-
tained from Seqwater for the sampling site ‘Dam Wall, Lake Wivenhoe’
from January to December 2009. Values are 5m depth integrated
samples taken from within the surface mixed layer, which is about 6M
when the reservoir is stratified.

3. Results

3.1. Raphidiopsis raciborskii strains comparisons under pCO2 levels of 400,
750, and 1000 ppm

The steady state cell concentrations of the two strains were not
significantly different at 400 ppm, but in both cases were significantly
(p< 0.05) higher at 750 ppm compared to 400 ppm. The increase with
the higher pCO2 was greater for strain S07 compared to C03 (Fig. 1).
The cell concentrations of S07 at steady state were significantly
(p< 0.05) different between each pCO2 treatment, increasing from
4.1×106± 0.61× 106 cells mL-1 at 400 ppm, to

Fig. 1. The cell concentrations (mean ± SD) of Raphidiopsis raciborskii strains
C03 (black columns) and S07 (grey columns) in continuous cultures during
steady state with pCO2 of 400 ppm, 750 ppm and 1000 ppm. (N=3; within
treatment ANOVA * = p < 0.05; and within strain ANOVA with post-hoc
Tukey’s test, where different letters equals p < 0.5).
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11.2×106±1.6× 106 cells mL-1 at 750 ppm CO2. At 1000 ppm, cell
concentrations were 1.7-fold higher than at 400 ppm, i.e.
7.1× 106± 0.61× 106 cells mL-1.

The steady state cell concentration of C03 was not significantly
different between 400 ppm (4.4×106±0.16×106 cells mL-1) and
1000 ppm (4.5× 106± 0.4×106 cells mL-1) but was significantly
(p< 0.05) higher at 750 ppm (5.7× 106±0.24×106 cells mL-1).

In the continuous culture of strain C03, the pH (8) was significantly
higher (p< 0.05) in the 750 ppm treatment compared to both 400 (pH
7.3) and 1000 (pH 7.6) ppm. While in the culture of strain S07, the pH
was significantly lower (p< 0.05) in the 400 ppm (pH 6.9) treatment
compared to the 750 (pH 7.9) and 1000 ppm (pH 7.9) treatments
(Table 1). The alkalinity was significantly lower (0.1 ± 0.0; p< 0.05)
in both strains at 1000 ppm compared to 400 (0.7 ± 0.1) and 750 ppm
(0.6 ± 0.1, 0.7 ± 0.1, respectively).

The biovolume of C03 was significantly higher (205.3 ± 8.6 mm3 L-

1; p< 0.05) at 750 ppm compared to 400 and 1000 ppm (116.6 ± 4.2
mm3 L-1 and 108.1 ± 9.0 mm3 L-1, respectively). Strain S07 also had
the highest biovolume at 750 ppm (209.2 ± 29.2 mm3 L-1) and lower
biovolumes at 400 and 1000 ppm (73.5 ± 10.8 mm3 L-1 and
115.6 ± 10 mm3 L-1, respectively). The C:N molar ratio was sig-
nificantly lower (4.3 ± 0.1; p< 0.05) in strain S07 at 750 ppm com-
pared to 400 ppm. However, there was no significant difference
(p> 0.05) between 1000 ppm and 400 ppm for both strains. The pho-
tosynthetic yield, Fv/Fm was significantly lower (0.49 ± 0.0;
p< 0.05) at 750 ppm for both strains compared to values in cells grown
at 400 and 1000 ppm, which were not significantly different from one
another.

3.2. Comparative genomics of Raphidiopsis raciborskii strains

The genomes of both strains contain a near complete set of genes
involved in carbon acquisition and transport (Supplementary Table 1),
including two CCM genes (ccmL and ccmK), the low -affinity sodium-
dependent bicarbonate uptake genes (bicA), the putative bicarbonate
transporter (ictB), the sodium/proton antiporter gene (nha), and the
carbonic anhydrase (γ-CA) and the CO2 hydration protein (chpY) genes.
The low−CO2 high affinity HCO3 - transporter (cmpABCD) is present
with two copies of cmpB, cmpC and cmpD genes in the variable genome
of both strains, strain S07 has an additional carbonic anhydrase (β-CA),
cmpB, cmpD, chpY, and ndhD4. The high-affinity sodium-dependent
bicarbonate uptake gene (sbtA) was absent from both genomes.

3.3. Comparison of species and strains under pCO2 levels of 400 and
750 ppm, and temperatures of 28 and 30 °C

Each species and strain varied in its response to the two temperature
and pCO2 levels in the continuous cultures, as measured at steady state.
For the cyanobacterium R. raciborskii C03, the highest cell concentra-
tions were at the highest temperature (30 °C, p< 0.001) with the po-
sitive effect of higher pCO2 levels (750 ppm) being less pronounced
than for temperature, but still statistically significant (Fig. 2). The in-
dividual cell biovolumes were statistically larger in the higher pCO2

level (750 ppm) but at the lowest temperature tested (28 °C) (Table 2).
However, the maximum quantum yield of PSII, Fv/Fm, was lower in
these conditions, while values were similar in all other treatments. C:N
ratios did not vary between treatments.

The other R. raciborskii strain, S07, had higher cell concentrations at
the higher temperature (30 °C), but only at pCO2 of 400 ppm, and there
was a significant interaction between temperature and pCO2 (Fig. 2).
The higher pCO2 treatment had significantly higher steady state cell
concentrations than the lower pCO2 treatment, but only at 28 °C. Other
parameters were similar between treatments, except that the C:N ratio
at 750 ppm pCO2 was lower than that at 400 ppm at a temperature of
28 °C (Table 2).

In the case of the chlorophyte alga, Monoraphidium sp., temperatureTa
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affected cell concentrations, but pCO2 did not (Fig. 2). This species
reached higher steady state cell concentrations at 28 °C compared to
30 °C (p< 0.001). The C:N ratios were lower in the 750 ppm pCO2 and
28 °C treatment, compared with other treatments, and Fv/Fm was lower
in this treatment compared to that at 400 ppm and 28 °C (Table 2). All
other parameters were the same between treatments.

For Staurastrum sp., cell concentrations were statistically higher at
30 °C, compared to 28 °C (p< 0.001), with pCO2 level having no effect.
For other parameters, there was no statistical difference between
treatments (Table 2). The exceptions were lower C:N ratios in the
750 ppm and 28 °C treatment compared with the other treatments.
Biovolume was also statistically higher in the 750 ppm and 30 °C
treatment compared with the other treatments.

3.4. Dissolved CO2 data of Lake Wivenhoe

Weekly measurements of the ‘Dam Wall’ site shows that between 6
January and 31 December 2009, the alkalinity of Lake Wivenhoe varied
from 0.98 to 1.58meq L-1 and pH ranged from 7.3–9.6 (Supplementary
Fig. 1a-b). Free CO2 ranged from as low as 0.43 μmol L-1 to a high of
157 μmol L-1 over the same period. Free CO2 exceeded air equilibrium
for more than 50 % of the time and exceeded the photosynthetic sa-
turation point of ∼20 μmol L-1 during the winter months. Diel pH
variation (data not shown) was typically about 0.3 pH units with pH
being lower in the mornings following free CO2 production from noc-
turnal respiration, and higher in the late afternoon following net CO2

consumption during the day. Supplementary Fig. 1b showed that total
CO2 tracked alkalinity, at these pH’s most CO2 exists as bicarbonate and
typically accounted for at least 80 %, and regularly between 90 % and
97 % of the total CO2.

4. Discussion

This study showed that higher water temperature generally had a
greater effect on supporting higher cell concentrations at steady state
than did increased pCO2 for the two chlorophyte and one cyano-
bacterial species. There were clear differences in response between the
two chlorophyte species, with Monoraphidium having a greater biomass
at 28 °C, and Staurastrum at 30 °C. There were also differences in re-
sponse between the two strains of R. raciborskii, with the magnitude of
the response differing between the strains. The highest cell concentra-
tions occurred at 750 ppm, rather than 1000 ppm, with strain C03
greater at 30 °C compared to S07 at 28 °C. At 28 °C the steady state cell
concentration of the straight strain, S07, was double at pCO2 of
750 ppm compared to 400 ppm, while the cell concentration of the

coiled strain, C03, only increased by 10 %. However, because the cell
volume of C03 was 1.5 times greater than S07 at 400 ppm and increased
by 35 % at 750 ppm the resultant biovolume (μm3 L-1) of the cultures
was the same for both strains.

Our results demonstrate within-waterbody strain variability in re-
sponse to elevated pCO2, suggesting the possibility that the relative
proportion of R. raciborskii straight strains in the population will in-
crease compared to coiled strains. This is despite all strains and species
being isolated from a single sample from a subtropical reservoir where
water temperatures in surface waters in this reservoir in summer are
typically 26 °C–28 °C (Burford and O’Donohue, 2006; Burford et al.,
2012). The free−CO2 in this reservoir ranges from 0.43–157 μmol L-1,
these fluctuations exceed air equilibrium more than 50 % of the time,
with increasing pCO2 the average free−CO2 will increase supporting
the phytoplankton that can directly utilise it. Currently, R. raciborskii
and Monoraphidium sp. have been identified as numerically dominant
within this reservoir (Burford and O’Donohue, 2006). Staurastrum sp.
was less common, but our results indicate that this species may increase
in abundance as water temperatures increase from the current norm.

Several mesocosm/microcosm studies in temperate systems, and
culture studies of temperate species, suggest that elevated CO2 con-
centrations will favour chlorophytes over other taxonomic groups, since
this is the taxonomic group with weak carbon-concentrating activity
but moderate RubisCO specificity (Tortell, 2000; Badger et al., 1998;
Low-Décarie et al., 2014, 2015; Ji et al., 2017). However, the two
chlorophytes in our study did not show higher cell concentrations in
response to higher pCO2, suggesting that the increased DIC did not lead
to higher net photosynthetic rates and organic carbon production by the
cells. Staurastrum species can either be exclusive CO2 users or also take
up HCO3 , likely affecting their distribution (Spijkerman et al., 2005;
Lines and Beardall, 2018), while Monoraphidium braunii (Nägeli) Ko-
márková-Legnerová has an inducible HCO3 uptake system under low
CO2 (Giráldez et al., 2000). Therefore, the cell concentration response
to elevated pCO2 is likely to be species and strain specific.

Speciation of the DIC components in water is driven by pH and the
resulting changes in the proportion of HCO3 , the preferred carbon
source for the species examined here, can affect phytoplankton growth.
The pH of the continuous cultures was influenced by both increases in
pCO2 and algal growth, as they either remove DIC from the water
during photosynthesis or release it during respiration. Under the pCO2

treatments used in this study, the pH at steady state meant that HCO3
was the dominant DIC component. Additionally, at 1000 ppm the total
DIC was significantly lower than at either 400 or 750 ppm.
Interestingly, for both R. raciborskii strains, the cell concentration at
steady state was lower at 1000 ppm compared to 750 ppm. As the DIC

Fig. 2. Cell concentrations (cells mL-1) at
steady state in continuous cultures under
combinations of two temperatures (28 and
30 °C) and two pCO2 (400, 750 ppm) treat-
ments: a) Monoraphidium sp.; b) Staurastrum
sp.; c) R. raciborskii strain C03; and d) R. raci-
borskii strain S07. Nested ANOVA with post-
hoc Tukey’s test indicates significant differ-
ences between treatments within species,
where different letters indicate p < 0.05.
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speciation was similar in both treatments, this result is likely caused by
an imbalance between light availability and CCM activity. Lines et al.
(2018) showed that the photosynthetic affinity for CO2 of R. raciborskii
is slightly lower at 1000 ppm than 400 ppm, but the change in affinity
was less than occurs in other species and suggests constitutive CCM
activity. A constitutive CCM may be a disadvantage at the higher pCO2

and low light intensities, because more bicarbonate would be taken up
than could be assimilated, reducing growth. However, low light levels
may also restrict the activity of CCMs (Beardall, 1991). This may have
occurred in the cultures at 1000 ppm compared to 750 ppm, suggesting
that the cells at 1000 ppm were most likely light-limited relative to
available carbon (Huisman and Weissing, 1994; Jahn et al., 2018), and
accumulated more CO2 than could be fixed by the available RubisCO.
The increase in the particulate C:N, is further indicative of changes in
the cellular carbon content, and supports an active CCM with cellular
inorganic carbon increased in the cell, but not translating into increased
cell concentrations.

Cyanobacteria have been shown to have highly efficient CCMs,
counteracting their poor RubisCO specificity, suggesting that they
might be more competitive under pCO2 limitation than other species,
and conversely that higher pCO2 will benefit other species (Raven and
Beardall, 2003). However, CCMs can vary, and specifically the range of
transporters used for inorganic carbon acquisition can be different
across strains and species. Cyanobacteria for instance can express up to
five different transporters of inorganic carbon with differing capacity,
substrates and affinity, while in eukaryotes, inorganic carbon acquisi-
tion can involve active transport across either or both the plasmalemma
and the chloroplast envelope (Beardall and Raven, 2017). Sandrini
et al., (2014; 2016) and Ji et al. (2017) showed that genotypes of the
cyanobacteriumMicrocystis aeruginosa (Kützing) Lemmermann can vary
considerably in their inorganic carbon uptake systems with those with a
low affinity but high-flux bicarbonate uptake system having a selective
advantage when inorganic carbon availability is high.

Genetic differences identified between the R. raciborskii strains in-
dicate that possible differences in the carbon acquisition mechanisms
exist and are likely the foundation for the different growth responses.
The core genomes of strains C03 and S07 both contain a near complete
set of genes involved in the CCM and carbon acquisition, the exception
is the absence of the sbtA gene. Importantly, strain S07, has additional
copies of the bicarbonate transporters cmpB, cmpD, chpY, a carbonic
anhydrase (β-CA), and a NAD(P)H-quinone oxidoreductase subunit D4
(ndhD4). The five additional carbon acquisition genes identified in
strain S07, and their absence in C03, are typical of the variable genomes
of straight and coiled morphotypes previously characterised (Sinha
et al., 2014; Willis et al., 2018), suggesting these differences are mor-
photype specific. The additional carbon acquisition genes in the straight
morphotypes may result in a higher rate of bicarbonate (HCO3 ) uptake
and transport within the cell to the carboxysomes and Rubisco enzymes,
similar to the response found in M. aeruginosa (Sandrini et al., 2014,
2016).

Li et al. (2016) also showed that pCO2, combined with temperature
favoured cyanobacteria over eukaryotic algae. Vogt et al. (2017) in
their study of 69 boreal lakes with a CO2 gradient, agree that en-
vironmental context is the key to determining interactions between
algal species and CO2. Indeed, these authors argue that increased CO2

alone is unlikely to change species composition and production in
boreal lakes. Our study showed that increased pCO2 did increase steady
state cell concentrations of two strains of the cyanobacterium, R. raci-
borskii, but the scale of effect differed between the strains and in one
case there was an interaction with temperature.

Our study has also shown that examination of the effects of pCO2 on
cell concentrations without also examining the commensurate in-
creased temperatures that will also result from climate change gives a
false impression of how species composition of natural systems may
change. Burford et al. (2019) argue that studies of cyanobacteria and
climate change should examine multiple stressors, rather than focussing

on one parameter. They also identify that a range of scientific methods
and approaches should be used to understand climate change effects.
Shi et al. (2017) used microcosm experiments in a Chinese lake to show
that higher pCO2 levels will preferentially benefit cyanobacteria, which
is consistent with our findings. Our study shows it depends on the strain
of cyanobacteria being examined. It is likely that the effect shown by
Shi et al. (2017) would be more pronounced if pCO2 had been increased
in combination with higher temperatures. Light intensity can also be
important in influencing the response of cells to elevated CO2. Opera-
tion of CCMs is energetically expensive so at low light levels where
energy is potentially limiting, down-regulation of CCMs could ‘free up’
energy that can be used for other processes, supporting faster growth
(Li and Campbell, 2012; Gao et al., 2012).

Phytoplankton populations are composed of a mix of species, in-
cluding members of the Bacillariophyta, Chlorophyta, and Cyanophyta,
which usually have seasonal variation in their relative abundance.
Studies have shown a range of responses of different phytoplankton
species to elevated pCO2 (Fu et al., 2007; Li et al., 2016; Pierangelini
et al., 2017), therefore changes in species dynamics is expected under
future climate conditions (Li et al., 2016; Ji et al., 2017). An increase in
cyano-HABs, either as an increase in occurrence or increase in duration
and magnitude, typically result in a decrease in the species diversity
(Monchamp et al., 2018). Generally, there is significant evidence of an
increase in cyano-HABs. However, the the current study shows that
strain variability will also lead to changes in the composition of the
bloom, with an increase in straight strain morphologies within the
population likely to lead to a denser bloom closer to the water surface.
This may have follow-on effects for the whole ecosystem functioning
(Sukenik et al., 2015), with a denser bloom leading to more self-shading
(Xiao et al., 2017a) and a decrease in light penetrating the water
column.

Our culture study only focussed on temperature and pCO2, however,
nutrient availability and stratification also affects species population
density and composition. Several studies have examined nutrient
availability (e.g. Burford et al., 2014; Low-Décarie et al., 2015). How-
ever, this is most effectively done in micro- and mesocosm studies, and
therefore was not the focus of the present study.

The differences measured between species and strain responses to
changes in temperature and pCO2 highlight the importance of ex-
amining multiple cultures under both interacting conditions. The three
species in our study came from the same reservoir and were collected at
the same time. Despite this, there were clear differences in response,
with increased temperature having a greater effect than pCO2. The
difference in response is particularly pertinent for the R. raciborskii
strains: because strain differences in the population can lead to varia-
tion in toxin yield (Burford et al., 2014). Willis et al. (2016) have
previously shown that R. raciborskii isolates from one reservoir can vary
substantially in their growth rates, toxin cell quotas and morphological
attributes when cultured under the same environmental conditions.
Studies that attempt to generalize about differences in group or class
response to climate change may also need to consider the variability of
response within species.
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