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Abstract Rising lake temperatures and changing
nutrient inputs are believed to favour the spread of a
toxic invasive cyanobacterium, Cylindrospermopsis
raciborskii (Woloszynska) Seenayya and Subba Raju,
in temperate lakes. However, most evidence for these
hypotheses is observational or based on physiological
measurements in monocultures. We lack clear experimental evidence relating temperature and nutrients to
the competitive success of C. raciborskii. To address
this, we performed a 2 9 2 factorial laboratory
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experiment to study the dynamics of mixed phytoplankton communities subjected to different levels of
temperature and phosphorus over 51 days. We
allowed C. raciborskii to compete with ten different
species from major taxonomic groups (diatoms, green
algae, cryptophytes, and cyanobacteria) typical of
temperate lakes, under low and high summer temperatures (25 and 30 °C) at two levels of phosphorus
supply (1 and 25 lmol L-1). Cylindrospermopsis
raciborskii dominated the communities and strongly
decreased diversity under low-phosphorus conditions,
consistent with the hypothesis that it is a good
phosphorus competitor. In contrast, it remained
extremely rare in high-phosphorus conditions, where
fast-growing green algae dominated. Surprisingly,
temperature played a negligible role in influencing
community composition, suggesting that changes in
summer temperature may not be important in determining C. raciborskii’s spread.
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Introduction
Climate change and eutrophication are driving major
changes in aquatic ecosystems. They have altered
phytoplankton
community
composition
and
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decreased their diversity, most obviously by driving
increases in harmful algal blooms (HABs) (Heisler
et al. 2008; Paerl and Huisman 2009; Kosten et al.
2012). These changes in composition and diversity
may impair the ecosystem functioning of the phytoplankton community and also influence higher
trophic levels by altering food availability and toxin
concentrations (da Costa et al. 2013). They have also
been implicated in the spread of invasive species,
including microbes, by favouring the growth of
species originating in very different environments
(Litchman 2010). One species of particular concern
is the potentially toxic freshwater cyanobacterium
Cylindrospermopsis raciborskii, a nitrogen-fixing
HAB former spreading through temperate lakes
around the world (Padisák 1997; Isvánovics et al.
2000; Burford et al. 2016). Cylindrospermopsis
raciborskii is responsible for multiple cases of
human poisoning and animal mortality (Hawkins
et al. 1985), and understanding the drivers behind its
competitive success and recent invasion are important goals for protecting human health.
Cylindrospermopsis raciborskii has a number of
traits that have contributed to its success, including the
ability to fix nitrogen facultatively, tolerate low light,
produce akinetes, compete strongly for phosphorus,
tolerate high temperatures, allelopathy, and buoyancy
(Padisák 1997; Isvánovics et al. 2000; Shafik et al.
2001; Briand et al. 2004; Figueredo et al. 2007; Wu
et al. 2009; Moisander et al. 2012; Rzymski et al.
2014; Soares et al. 2013; Burford et al. 2016; Thomas
and Litchman 2016). However, none of these traits
clearly explains why its invasion has been so recent. A
number of hypotheses have been put forth to explain
this, including (1) lake warming as a result of climate
change opening up new habitable environments
(Briand et al. 2004; Sinha et al. 2012), (2) recent
selection producing C. raciborskii strains that can
tolerate the cold temperatures and lower light levels
characteristic of temperate lakes (Briand et al. 2004),
and (3) anthropogenic dispersal extending the species’
range into temperate regions. Despite temperature
being a major factor in two of these three hypotheses,
competitive success is most probably influenced by its
ability to grow at low levels of limiting resources such
as phosphorus or light (Tilman 1977, 1982). Crucially,
few studies have examined how changes in specific
environmental variables influence C. raciborskii in
competition with other species, and fewer still have
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examined how multiple environmental variables interact to influence its competitive ability (Sinha et al.
2012). Since such interactions strongly influence
growth rate, nutrient uptake rates, and other physiological traits in phytoplankton, including C. raciborskii (Reay et al. 1999; Wu et al. 2012a; Kehoe et al.
2015; Thomas and Litchman 2016), it is highly likely
that competitive ability and invasibility are environment dependent (Marinho et al. 2013). Therefore,
understanding the conditions under which C. raciborskii will succeed requires us to examine how the
invader performs while competing against a diverse
community. Microcosm experiments with mixed
communities are a valuable tool with which to address
questions such as these, and experiments with phytoplankton have been used extensively to develop and
test ecological theory (Tilman 1977; Tilman and
Kiesling 1984; Grover 1988, 1991). Patterns in
microcosm experiments have been shown to predict
those in natural systems well (Tilman 1977; Drake
et al. 1996; Smith et al. 2005). However, few such
experiments have been performed with invasive
microbes (but see Sperfeld et al. 2010; Chislock
et al. 2014). Examining interactions between temperature and nutrients in such experiments is particularly
important, because both variables are undergoing
strong changes in the environment, and because traits
determining competition for nutrients are highly
temperature-dependent (Tilman et al. 1981).
We performed a 2 9 2 factorial laboratory experiment (three replicates per treatment combination) to
examine how changes in peak summer temperature
(25 and 30 °C) and phosphate concentrations (1 and
25 lmol L-1) influence the competitive success of C.
raciborskii and the diversity of the phytoplankton
community. We assume that species compete by
depleting limiting resources, consistent with an extensive body of theory and experimentation (Tilman
1982). In our case, the limiting resource is expected to
be phosphorus in our low-phosphorus treatments, but
other resources (such as nitrogen or light) may limit
growth in the high-phosphorus treatments. The lower
temperature corresponds to peak summer temperatures in moderately-sized temperate lakes. The higher
temperature may be reached in these lakes later this
century as a result of warming and is already reached
in many shallow lakes (de Stasio et al. 1996).
Cylindrospermopsis raciborskii competed with an
assembled laboratory phytoplankton community
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consisting of ten species, from four major phytoplankton functional groups: diatoms (Asterionella formosa,
Fragilaria crotonensis, Synedra acus), chlorophytes
(Chlamydomonas reinhardtii, Scenedesmus quadricauda, Ankistrodesmus falcatus), cryptophytes (Rhodomonas sp., Cryptomonas ovata), and cyanobacteria
(Planktothrix sp., Microcystis aeruginosa). These ten
species are native to many temperate lakes and are
likely to be encountered by C. raciborskii following its
invasion. We tracked the dynamics of the community
over 51 days, sampling the community every 3 days.

Materials and methods
The isolates we used were largely obtained from
culture collections with the exception of C. raciborskii
strain IN (isolated in 2005 from Lake Lemon, IN,
USA), which was provided to us by Dr. Carole Lembi,
Purdue University, and Microcystis aeruginosa strain
Gull B-00, provided to us by Dr. Alan Wilson Auburn
University. The remaining strains were Fragilaria
crotonensis (UTEX strain LB FD496), Synedra acus
(UTEX strain LB FD340), Asterionella formosa
(provenance unknown), Chlamydomonas reinhardtii
(CBSC strain 2935), Scenedesmus quadricauda
(UTEX strain 614), Ankistrodesmus falcatus (provenance unknown), Rhodomonas minuta (UTCC strain
344), Cryptomonas ovata (UTEX strain LB 2783), and
Planktothrix rubescens (UTCC strain 507). Isolates
were not axenic. Despite differences in isolation
location, we expect that competition between these
strains will be informative about outcomes in natural
systems because there is little evidence for local
adaptation in competitive traits within species, i.e.
traits appear to be conserved at a species level
(Thomas et al. 2012; Boyd et al. 2013). However, it
is possible that adaptation to enriched laboratory
conditions in some of these strains influenced community dynamics; community experiments should
ideally be performed with recently isolated strains,
but this is often not feasible.
Experimental set-up
We performed a 2 9 2 factorial experiment with three
replicates for each treatment combination, for a total
of 12 communities. Temperatures were 30 °C (high)
and 25 °C (low), and phosphorus concentrations in the

465

supplied medium were 25 lmol L-1 (high) and
1 lmol L-1 (low). All communities were grown in
50% WC medium (Guillard 1975) with a nitrate
concentration of 500 lmol L-1 and a silicate concentration of 100 lmol L-1. The experiment was performed using an irradiance level of 100 lE m-2 s-1
and a 14:10 light/dark cycle. All species were
acclimated to their experimental temperature and
phosphate conditions for one week before the experiment. Cultures were only diluted during this week if
they reached high densities, which would have
reflected a decrease in the phosphate concentration.
During this acclimation period, some species
increased in density and others remained approximately constant, but none experienced clear population declines, indicating that survival in these
conditions was possible for all species.
Each community was inoculated with an approximately equal concentration (in terms of biovolume) of
all species, 240.9 lm3 mL-1 in 250 mL of 50% WC
medium (Guillard 1975), maintained in 500-mL glass
conical flasks. This concentration was chosen based on
the maximum concentration obtained in the acclimated monocultures of the most dilute species,
Synedra acus. After communities were mixed initially, they were immediately returned to their treatment conditions. Growth media was replaced daily to
achieve a semi-continuous culture with a dilution rate
of 0.2 day-1. Flasks were shaken by hand daily to
prevent the influence of spatial structure (e.g. light and
nutrient gradients) within the flasks. No wall growth
was observed over the course of the experiment. Every
3 days, the volume removed during dilution was
preserved for microscopic analysis using Lugol’s
solution.
Quantifying species dynamics through microscopy
Microscopic inspection of preserved samples showed
that cell biovolume changed strongly between treatments and through time (data not shown). This change
in biovolume was particularly noticeable for C.
raciborskii in the low-phosphorus treatments. This
made it impossible to use a standard (species-specific)
formula to calculate the biovolume contribution of
each species based on cell counts; such a comparison
would have required characterising the mean biovolume of each species in each community at every time
point. Therefore, though expressing our results in
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terms of biovolume would have been preferable, we
chose instead to compare species dynamics based on
cell density. As we saw very strong dominance ([99%
by cell density) by 1–2 species at the end of the
experiment, we believe that our substantive conclusions would not have changed as a result of using
biovolume estimates instead of cell density.
Species composition and cell densities were determined by microscopic counts. A total of 20 fields of a
Palmer cell were counted at 2009 or 4009 magnification, depending on density, and cell densities
estimated (detection limit of approximately
1000 cells mL-1). One sample was lost, a replicate
of day 12 of the 25 °C high-phosphorus treatment
group. Transient dynamics were completed by approximately 24 days, which we observed during our
sample counts. Therefore, we decided to count every
third sample thereafter (i.e. every 9 days) to reduce
experimental effort without reducing our understanding of the community’s trajectory. During the latter
half of the experiment, we also performed colorimetric
analysis of dissolved nitrate and phosphate concentrations (Lachat QuikChem FIA, Lachat Instruments)
in these samples, with a detection limit for phosphate
of 1 lg L-1 (0.03 lmol L-1) and for nitrate of
10 lg L-1 (0.71 lmol L-1).
Statistical analysis
We performed two-way ANOVAs to identify whether
temperature and phosphorus influenced the distributions of Shannon diversity (calculated based on
species’ cell densities) and phosphorus concentration
at the end of the experiment. Concentrations of C.
raciborskii differed by three orders of magnitude
between phosphorus treatments. The species also went
extinct (i.e. fell below our detection limit) in some of
the high-phosphorus replicates, violating the distributional assumptions of ANOVAs, and so we used
Welch’s unequal variance t test to test for differences.
Because of deviations of the residual distributions
from normality, we avoided the use of a basic ANOVA
when examining the effects of temperature and
phosphorus on the rate of increase in C. raciborskii
(i.e. the slope of C. raciborskii abundance against
time). Instead, we resampled the data to generate
10,000 residual bootstraps of C. raciborskii log
abundance against time. For each bootstrap, we compared the explanatory power of four models
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(temperature alone; phosphorus alone; both main
effects but no interaction term; and both main effects
and the interaction term). This allowed us to more
carefully examine the influence of both variables on C.
raciborskii’s rate of increase.
We compared the models using small-sample
corrected Akaike Information Criterion (AICc), a
measure of the relative quality of different models
(especially nested ones) when fitted to the same
dataset (Burnham and Anderson 2002). Relative to
standard AIC, AICc imposes a stronger penalty for
increasing the number of model parameters and is
preferred for datasets with a small number of points
(AIC and AICc values converge at large sample sizes).
When comparing two models fit to the same dataset, a
lower AIC or AICc value indicates a better model fit.
Delta AIC or AICc (i.e. the difference between model
AIC or AICc values) is therefore used to characterise
relative model quality. By convention, a delta AIC or
AICc value of 2 indicates a significant difference in
quality (Burnham and Anderson 2002).
We also tested for differences between distributions
of dissolved phosphate and nitrate at the end of the
experiment using five nested linear models (only
intercept; temperature alone; phosphorus alone; both
main effects but no interaction term; and both main
effects and the interaction term) which we compared
using AIC.
All analyses were performed in the R statistical
environment (R Core Team 2015).

Results
Phytoplankton community composition differed
strongly between phosphorus treatments, but not
temperature treatments (Fig. 1). Cylindrospermopsis
raciborskii dominated under low-phosphorus conditions, and two chlorophytes (Chlamydomonas reinhardtii and Scenedesmus quadricauda) dominated
under high-phosphorus conditions. The relative abundance of C. raciborskii was therefore highly dependent on phosphorus level (Welch’s unequal variances
t test, p \ 0.001); under low-phosphorus conditions, it
was approximately 99% by cell (or filament) number.
Consequently, community diversity declined in all
treatments (Fig. 2) and the low-phosphorus treatments
had the lowest diversity at the end of the study
(Welch’s unequal variances t test, p \ 0.001).
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Fig. 1 Community dynamics over the course of the experiment
(six most abundant species shown). C. raciborskii dominates
when phosphorus supply is low, and green algae dominate when
phosphorus supply is high. Error bars represent standard error
of the mean in three replicates. Cell densities below our
detection limit (approximately 1000 cells mL-1) were assigned

1.0
0.5
0.0

Shannon diversity

1.5

25 High P
25 Low P
30 High P
30 Low P

10

20

30

40

50

Day
Fig. 2 Dynamics of community diversity (Shannon index) over
the course of the experiment. Error bars represent the standard
error of the mean in three replicates. Note that the estimated
diversity values at the earliest sampling dates are biased
downwards because most species were below our detection
limit at this point, especially in the low-phosphorus treatments

a value of 100 to enable plotting on a log scale. The biovolumes
of individual cells/filaments changed over the course of the
experiment in low-phosphorus treatments, especially in C.
raciborskii. This may explain the sharp increase in C. raciborskii
density in low-phosphorus treatments after day 20

There was no detectable effect of temperature or an
interaction on the final abundance of C. raciborskii.
We used 10,000 bootstrap simulations to test whether
temperature and phosphorus influenced the rate of
change of C. raciborskii within the communities (i.e.
the slope of C. raciborskii log abundance against
time). We compared the explanatory power of four
models (temperature alone; phosphorus alone; both
main effects but no interaction term; and both main
effects and the interaction term) by AICc. In 55% of
the bootstraps, the best model contained only phosphorus, while in the remaining 45%, the best model
had phosphorus, temperature, and the interaction term.
This mixed support indicates that phosphorus was the
most important driver of dynamics, but that there may
have been a weak role of temperature in influencing C.
raciborskii’s takeover of the community.
Most species went extinct during the experiment
(Table 1). For each species in each treatment, we
characterised the ‘mean time to extinction’ i.e. the
duration till the species fell below our microscopy
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Table 1 Mean time to extinction for each species in all treatments over the 51-day experiment
Functional group

Diatoms

Chlorophytes

Cryptophytes
Cyanobacteria

Species

Average time (in days) to extinction
25°/high P

25°/low P

30°/high P

30°/low P

Synedra acus

BD

BD

BD

BD

Fragilaria crotonensis

BD

BD

BD

BD

Asterionella formosa

15

BD

BD

BD

Chlamydomonas reinhardtii

–

–

–

–

Scenedesmus quadricauda

–

–

–

–

Ankistrodesmus falcatus

33

–

–

–

Cryptomonas ovata

12

BD

12

12

Rhodomonas sp.

15

18

24

18

Microcystis aeruginosa

–

–

42

33

Planktothrix sp.

18

BD

–

15

Cylindrospermopsis raciborskii

–

–

24

–

Communities were sampled every 3 days. Note that some species never increased beyond the detection limit (‘BD’), and others never
went extinct (indicated with a dash)
BD below detection limit in all samples

detection limit for the final time (in a few cases, it
fluctuated around the detection limit for a short period;
Fig. 1; Table 1). The diatoms (Synedra acus, Fragilaria crotonensis, and Asterionella formosa) did not
reproduce rapidly enough to rise beyond the detection
limit despite surviving a week-long acclimation period
without declining in density. The temperature conditions may have been at the limits of their tolerance, and
the daily dilution therefore drove a rapid decline in
their abundance. The cryptophytes (Cryptomonas
ovata and Rhodomonas sp.) persisted for longer
(Table 1), but fluctuated at very low densities.
The increase in community cell density through the
experiment in all treatments is reflected in the decline
in dissolved nutrients (Fig. 3). Phosphate, which was
expected to be the limiting nutrient, declined rapidly at
the beginning of the experiment, but remained
approximately constant from day 18 (we sampled
sparsely before this, so this may have occurred at an
earlier time point). However, there remained approximately tenfold greater phosphate in the high-phosphorus communities than in the low-phosphorus ones.
In contrast, nitrate continued to decline throughout the
course of the experiment (Fig. 3). Concentrations of
both nutrients at the end were strongly influenced by
phosphate supply level (p \ 0.001), with temperature
possibly having a weak effect (AIC of a model
including a temperature term is \2 higher than the
model with phosphate alone).
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Discussion
Our experiments demonstrate that C. raciborskii is
highly competitive under low-phosphorus conditions
and strongly reduces diversity (Figs. 1, 2). Green
algae were better competitors under high-phosphorus conditions, suggesting that they were able to
take up nutrients quickly and reproduce more
rapidly than C. raciborskii under similar conditions.
Growth may also have been limited by other factors
(such as nitrate or light) in the high-phosphorus
treatments for which green algae are better
competitors.
Previous studies have shown that C. raciborskii is
able to perform well under phosphorus-depleted
conditions (Isvánovics et al. 2000; Wu et al. 2012b)
and dominated communities in field mesocosms
(Chislock et al. 2014), but this has not been previously
demonstrated in a controlled laboratory study. All else
being equal, C. raciborskii appears capable of competing in low-phosphorus lakes, a habitat infrequently
dominated by toxic cyanobacteria, particularly diazotrophs. This may be because phosphorus concentrations in lakes can be far lower than the
concentration we supplied, but we note that by the
end of each 3-day period, it was depleted to approximately 0.1 lmol L-1 in our low-phosphorus treatments. Another possibility is that physical mixing or
covariance between environmental factors (such as
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Fig. 3 Dynamics of dissolved phosphate and nitrate over the
course of the experiment. Phosphate concentrations decrease
rapidly at the start of the experiment and then stabilise at the

point where it limits growth. In the low-phosphorus treatments,
nitrate concentrations gradually decrease even after phosphate
appears to stop declining. Note that Y-axes are on a log scale

light and nutrients)—which we largely removed in our
experiment—may contribute to their relative lack of
success. Unexpectedly, given the attention that
temperature has received in explaining its spread
(Briand et al. 2004), we found at most a weak effect
of temperature on competitive ability (Fig. 1).
Cylindrospermopsis raciborskii’s dominance in
low-phosphorus treatments was reflected in a greater
decline in dissolved phosphate in these communities
(Fig. 3). Dissolved phosphate in the high-phosphorus treatments declined to levels similar to the
starting concentration in the low-phosphorus treatments. However, concentrations in the low-phosphorus treatments were an order of magnitude lower
at the end of the experiment. Cylindrospermopsis
raciborskii can therefore tolerate and grow at lower
phosphorus concentrations than the other species in
our study, possibly indicating that it has a lower R*
(minimum equilibrium resource concentration; Tilman 1982) for phosphorus at both 25 and 30 °C. If
its R* is indeed lower and there was additional
phosphate available in the high-phosphorus treatments, why did C. raciborskii not take over in these
communities as well and reduce the phosphate
concentrations further? We believe that this is due
to the fluctuations in phosphate introduced by our
semi-continuous culture method.

The evidence for the effects of nutrient pulses on
cyanobacteria, and C. raciborskii in particular, is
unclear and the subject requires additional experimentation to address. Some HAB-forming cyanobacteria are able to physiologically ‘anticipate’ pulses and
optimise their uptake response to them, allowing them
to benefit from periodic supply (Aubriot et al. 2011;
Aubriot and Bonilla 2012). Field experiments with C.
raciborskii appear to support a modest increase in its
proportion of the community and possibly abundance,
with pulsed phosphate additions (although this was not
controlled for with non-pulsed phosphate addition)
(Posselt et al. 2009). In contrast, experiments with C.
raciborskii laboratory cultures clearly show that it is
negatively affected by large phosphorus pulses
(Isvánovics et al. 2000), but possibly benefits from
small, frequent ones (Amaral et al. 2014; Willis et al.
2015). The larger phosphate pulses in our highphosphorus treatment may have effectively increased
its R* for phosphorus in these conditions by preventing C. raciborskii from acclimating to the lowphosphorus conditions occurring between dilutions.
Additional evidence for this can be found in the slow
but steady decline in dissolved nitrogen over the entire
course of the experiment (Fig. 3).
The continued decline in nitrate after phosphate
concentration had plateaued strongly implies that
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phosphorus-use efficiency continued to increase several weeks after the experiment began. We observed a
large decline in the filament size (both length and
width) of C. raciborskii in the low-phosphorus treatments later in the experiment, which further supports
this explanation. This suggests that physiological
acclimation to low-phosphorus conditions in C. raciborskii may give it a strong competitive advantage,
although this will require additional work to establish.
In contrast, the fast-growing green algae Scenedesmus
quadricauda and Chlamydomonas reinhardtii may be
well adapted to resource-rich pulsed conditions and
have a weaker acclamatory response.
If our assumptions about the effect of nutrient
pulses on C. raciborskii are correct, our results imply
that if a similar experiment was performed in a
chemostat, C. raciborskii would dominate by driving
the phosphorus concentration well below the level
reached in the high-phosphorus treatment. Overall, our
results suggest that increases in peak summer temperature are unlikely to have a large effect on C.
raciborskii’s invasion. This assumes that regular
phosphate pulses characterise lake nutrient dynamics
adequately. However, in lakes that experience a more
steady inflow of nutrients, C. raciborskii may prove to
be a better competitor.
Peak summer temperature may not be the critical
determinant of invasion success, however. Field
studies have shown that the period of time during
which temperatures are above 15–17 °C may be more
important, as this is a threshold below which C.
raciborskii is not capable of growth (Wiedner et al.
2007). This has also received recent experimental
support, with multiple strains of C. raciborskii being
found to exhibit a Tmin (minimum persistence temperature, or the temperature below which population
growth rate is negative) between 15 and 18 °C
(Thomas and Litchman 2016). Tmin is also nutrient
dependent, with nitrogen deprivation increasing this
value (i.e. decreasing low-temperature tolerance).
Temperature–nutrient interactions may therefore still
play an important role in determining C. raciborskii’s
spread and invasion, but they may be more relevant at
temperatures in spring and early summer, when
akinete germination occurs.
Differences between experimental conditions and
natural ecosystems are inevitable. The existence of trait
and toxin diversity within species, as well as variation
in the dynamics of light, temperature, nutrients, and
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predators, are among the factors likely to play important
roles in determining invasion outcomes in specific
lakes. Nonetheless, controlled microcosm experiments
are valuable because they offer us the ability to
disentangle mechanisms, which should lead to better
predictive ability on average. Our experiment strongly
indicates that phosphate concentrations are more
important for C. raciborskii’s success than variation
in summer temperatures, information that is more
difficult to come by through monitoring of natural
ecosystems. A combination of theory, experiments, and
observation is likely to provide us with the most fruitful
path towards understanding.
The invasion of C. raciborskii has important
implications for public health, and understanding the
environmental and physiological reasons behind its
competitive success and spread is an important
challenge for freshwater ecologists. Replicated community experiments such as this allow us to rigorously
test hypotheses attempting to explain its spread, as
well as forecast the future of the invasion and the
consequences for aquatic ecosystems. Our work points
towards phosphorus as being a far more important
determinant of its success than summer temperature
variation. However, we believe that the interaction of
nutrients with spring and fall temperatures has the
potential to limit C. raciborskii’s growth and deserves
further investigation.
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