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frequency at elevated CO2. This predictable change in com-
munity composition with changes in CO2 is not altered by 
changes in the availability of other nutrients.
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Introduction

Atmospheric CO2 concentrations are rising at a dramatic 
pace and may reach levels of 1,000 ppm by the year 2100 
(Kump 2002; Royer 2006; IPCC and Press 2007). At the 
same time, we are experiencing growing anthropogenic 
eutrophication (Carpenter et al. 2011) through the contin-
ued addition of mineral nutrients, including micronutri-
ents, to lakes and rivers (Kolak et al. 1998; Bennett et al. 
2001; Tilman et al. 2001; Elser 2011). This study aims to 
experimentally explore the importance of CO2 for fresh-
water biota in light of the simultaneously occurring global 
changes in the availability nutrients. In marine systems, 
rising CO2 and associated ocean acidification are being 
thoroughly studied and have been found to impact the 
ecology and evolution of numerous marine organisms 
(Orr et al. 2005; Anthony et al. 2008; Lohbeck et al. 2012; 
Gao et al. 2012; Pespeni et al. 2013). In contrast, fresh-
water biota are believed to be only indirectly affected by 
increasing CO2 through its effect on climatic factors such 
as rising temperature, changes in precipitation patterns and 
increases in extreme events (Kundzewicz et al. 2008; Car-
penter et al. 2011). The direct effects of CO2 on freshwa-
ter systems have received little consideration compared to 
marine systems, probably because freshwater systems tend 
to be supersaturated with CO2 (Duarte and Prairie 2005) 
and lake phytoplankton production is typically limited by 
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phosphorus rather than carbon (Schindler 1971, 2006). In 
addition, in both freshwater and marine systems, many of 
the primary producers can utilize bicarbonate, though CO2 
is the preferred substrate.

A number of observations call for a reconsideration of 
the role of free dissolved CO2 in freshwater ecosystems. 
First, increasing atmospheric CO2 will result in higher CO2 
concentration even in lakes that are supersaturated with 
CO2. The rate of gas exchange between water and air is 
directly proportional to the concentration gradient of the gas 
across the phase boundary (McGillis et al. 2007). Increases 
in atmospheric CO2 will lead to a new, elevated equilibrium 
between outgassing to the atmosphere on the one hand, 
and the imbalance between respiration and photosynthesis 
on the other, which is responsible for CO2 supersaturation 
in freshwater. Second, the tenet of strict phosphorus limi-
tation has been questioned (Lewis and Wurtsbaugh 2008; 
Sterner 2008), as many freshwater systems appear to be 
limited by nitrogen or have a synergistic response to the 
combined addition of phosphorus and nitrogen (Elser et al. 
1990; Lewis and Wurtsbaugh 2008; Harpole et al. 2011). 
Co-limitation by micronutrients may also be common in 
freshwater systems (Downs et al. 2008). Third, CO2 can 
be locally and temporarily depleted. Though lakes may on 
average, through time and space, have high CO2 concen-
trations, phytoplankton can deplete CO2 (Talling 2010) to 
levels that are limiting for phytoplankton growth (Schindler 
1971), and in highly eutrophic lakes productivity is deter-
mined by import of CO2 from the atmosphere (Schindler 
and Fee 1973). A recent study showed that CO2 supersatu-
ration in lakes increases productivity by a factor of up to 
tenfold compared to the same system in equilibrium with 
the atmosphere, even in lakes where phosphorus limitation 
is expected (Jansson et al. 2012). And fourth, increase in 
the availability of other nutrients, which become corre-
spondingly less limiting, may increase the role of CO2 in 
controlling phytoplankton growth. Most freshwater systems 
receive some form of anthropogenic nutrient supplemen-
tation. Over 75 % of phosphorus stores in terrestrial and 
freshwater systems are from anthropogenic sources (Ben-
nett et al. 2001) and humans have more than doubled the 
rate of nitrogen fixation from the atmosphere (Fowler et al. 
2013). Human activity also causes mobilization of num-
ber of micronutrients, which can be released to the atmos-
phere and then deposited in freshwater systems or directly 
released to aquatic systems (Rauch and Pacyna 2009).

The current larger variation in CO2 concentrations 
between lakes (Cole et al. 1994), which is driven by vari-
ations in biotic and abiotic factors (reviewed in Cole and 
Prairie 2009; Talling 2010), may be an important driver 
of phytoplankton community assemblage. Major taxa dif-
fer in their nutrient requirements and each taxon may be 
limited by a different resource in different systems (Huszar 

and Caraco 1998), with nutrient addition changing commu-
nity composition (Findlay and Kasian 1987). Taxa differ in 
their ability to take up CO2 and in their growth response 
to elevated CO2 (Riebesell 2004). Though there is vari-
ation within major taxonomic groups (Spijkerman et al. 
2005) and even within species (Sandrini et al. 2014), on 
average, chlorophytes have lower carbon uptake capacity 
than cyanobacteria and lower RubisCO specificity for CO2 
than diatoms (Tortell 2000). The maintenance of the domi-
nance of cyanobacteria during cyanobacteria blooms may 
be ensured by the efficient depletion of CO2 from the water 
column by these organisms (Shapiro 1997). Chlorophytes 
thus stand to gain relative to cyanobacteria and diatoms 
from an increase in the availability of free aqueous CO2.

We previously performed laboratory experiments to 
test the effect of atmospheric CO2 concentration on phyto-
plankton community composition and found that increased 
CO2 levels led to predictable changes in competitive abil-
ity among major taxa and, in a community context, favored 
chlorophytes over cyanobacteria and diatoms (Low-
Décarie et al. 2011). Similar shifts have been observed in 
natural marine communities in response to changes in CO2 
supply, where higher CO2 concentrations led diatoms to 
increase in abundance at the expense of prymnesiophytes, 
(Tortell et al. 2002), and the differences between taxa in 
their response to CO2 appear to be maintained even after 
long-term selection under elevated CO2 (Low-Décarie et al. 
2013). In this report, we extend the results of microcosm 
experiments in the laboratory to mesocosm experiments 
conducted under near-natural conditions. We delivered 
defined quantities of CO2 and mineral nutrients to enclo-
sures of over 2,500 L suspended in a lake and recorded the 
response of the phytoplankton community in two separate 
experiments. We found a strong synergistic effect of ele-
vated CO2 and nutrient addition on phytoplankton growth 
and an important effect of CO2 on community composition.

Materials and methods

Experimental design

We conducted the following experiments.
The first experiment, conducted in September 2012, 

included a CO2 treatment and an input treatment for 
which a portion of the treated mesocosms was continu-
ously exchanged with lake water from 1 m depth at a rate 
of 10 % per day using diaphragm pumps (TOM Aquat-
ics Aqualifter Pump). Nutrients were added to half the 
mesocosms mid-way through the experiment (300 mL of 
Scotts Miracle Grow Quick Start 4-12-4 fertilizer, equiva-
lent to an addition of ~6.8 mg/L of phosphorus; chemical 
details provided in Text S1). Each treatment combination 
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(CO2 × input × fertilization) was replicated two times. The 
total duration of the experiment was 16; 9 days before and 
7 days after the addition of nutrients.

The second experiment, conducted in October 2012, 
included the CO2 treatment and a nutrient addition treat-
ment (600 mL of Miracle Grow Quick Start 4-12-4 ferti-
lizer, equivalent to an addition of ~13.7 mg/L of phospho-
rus), added at the onset of the experiment. Each treatment 
combination (CO2 × fertilization) was replicated four 
times. The experiment lasted a total of 16 days.

The nutrient addition treatment was designed to elimi-
nate mineral nutrient limitation of phytoplankton growth 
and to simulate conditions of heavy impact by anthropo-
genic nutrient supplementation such as would be caused by 
fertilizer runoff from intensive agriculture. The concentra-
tion of phosphorus in mesocosms receiving nutrient addi-
tion likely exceeded the concentrations reported for natural 
lakes (majority ranging from 0.002 to 1 mg/L with some 
lakes reaching 10 mg/L; Smith 2009).

The lake water input treatment was added to attempt to 
account for the “bottle” effect, in which isolated commu-
nities of mesocosms diverge from the source community 
(Haukka et al. 2006).

A pilot CO2 experiment, which did not include a nutri-
ent addition treatment, was conducted in July 2012. Details 
of this experiments and results are provided in supplemen-
tal material (Text S2) and are consistent with the other 
experiments.

Mesocosms

The experiments took place at the Lake Hertel mesocosm 
facility of McGill University’s Gault Nature Reserve, Mont 
Saint-Hilaire, Quebec. Lake Hertel has a reported average 
total phosphorus concentration of 11 μg/L P and an aver-
age chlorophyll-a concentration of 2 μg/L (Rooney and 
Kalff 2003); for further details on Lac Hertel, see Gos-
wami (1971) and Kalff (1972). The mesocosm facility con-
sists of a dock extending to the deep part of the lake from 
which the mesocosms can be suspended. The mesocosms 
were 0.15-mm-thick transparent polyethylene tubes of 1 m 
diameter held 30 cm above the surface by an 87-cm ring 
attached to the dock structure. The tubes were closed at the 
bottom with two cable ties and weighted down with a cin-
der block. The mesocosms extended to a depth of 3.5 m, 
enclosing ~2.75 m3 of lake water. The mesocosms were 
filled using a centrifugal pump with the unobstructed inlet 
at 1 m below the water surface.

CO2 control

CO2 concentration was controlled in the mesocosms by 
15 min of bubbling every 1.5 h. Perforated hoses weighted 

to the bottom of the mesocosms provided bubbling. Ambi-
ent CO2 mesocosms were bubbled with atmospheric air. 
Elevated CO2 mesocosms were bubbled with air into which 
CO2 was injected using an IRGA controller (CDMC-6; 
Green Air Products) activating two solenoid valves (Mil-
waukee Instruments) on two CO2 tanks (MEGS Specialty 
Gases and Equipment). The CO2 concentration in the 
air being bubbled into the elevated CO2 treatment was 
4,500 ppm. The intermittent bubbling was not expected 
to be sufficient to lead to equilibration of the water with 
the bubbled air concentration. Dissolved CO2 concentra-
tions in the mesocosms were not expected to match CO2 
concentrations of the air used for bubbling because inter-
mittent bubbling was not expected to lead to equilibration 
of the water column with the bubbled air. Dissolved CO2 
concentration in the elevated CO2 treatment was expected 
to be lower than the CO2 concentration in the bubbled air 
because most of the additional CO2 would not readily dis-
solved and would be lost to the atmosphere. Average aque-
ous CO2 concentrations in the ambient treatment may have 
been marginally lower or higher than atmospheric CO2 
concentrations depending on the balance between hetero-
trophic and photosynthetic activity.

Measurements

Samples and measurements were taken at 30 cm depth as 
the intermittent bubbling homogenized the water column 
in the mesocosms. Dissolved CO2 was measured using the 
headspace equilibration method (Cole and Prairie 2009). 
A 30-mL sample of culture was vigorously shaken with 
30 mL of air from which CO2 was previously removed 
using indicator Sofnolime (Molecular Products). The 
equilibrated air sample was injected through a hydrophobic 
0.2-µm filter into an infrared gas analyzer (IRGA; EGM-4 
by PP-Systems) that was set up for static sampling. Meas-
urements of pH, salinity and temperature were made with 
an YSI-63 probe. Aqueous CO2 concentrations were cal-
culated from the measure of CO2 in the equilibrated CO2 
samples, adjusted for temperature and salinity (Hope et al. 
1995; Cole and Prairie 2009). Other parameters of the car-
bon system were calculated using CO2calc (Robbins et al. 
2010).

Total chlorophyll-a and taxon-specific chlorophyll-a 
concentrations (chlorophytes, cyanobacteria, cryptophytes, 
diatoms) were measured with a Fluoroprobe BBE Moldae-
nke (Catherine et al. 2012).

Analysis

Separate analyses were conducted for each experiment. The 
effect of lake water input, CO2 treatment and fertilization 
and their interaction on total chlorophyll-a concentration 
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were investigated using repeated measures ANOVA with 
time as a co-variate (Text S3: summary tables of analysis of 
variance). The effect of the treatments and their interaction 
on community composition (percentage contribution of 
each major taxonomic group to total chlorophyll-a, arcsine-
transformed for normality) were studied using a multivari-
ate analysis of variance (MANOVA) with the same model 
structure as for the ANOVA. Subsequent analysis of vari-
ance for each major group was conducted using ANOVA 
with the same model structure.

Several mesocosms were eventually damaged and data 
were excluded from the analyses from the time the dam-
age was observed to the end of the experiment for these 
mesocosms. One mesocosm from the September and two 
mesocosms from the October experiment were damaged 
early in the experiment and were completely removed 
from the analysis. Mesocosm integrity dictated the dura-
tion of the experiments. All other mesocosms lasted at least 
13 days and were included in the analyses, with the mean 
value taken over the period during which the mesocosms 
were intact. For the bloom phases caused by fertilization, 
we computed growth rate (r) of the phytoplankton commu-
nity and each of its major taxa as the slope of a regression 
of ln-transformed chlorophyll-a concentrations over time 
(growth rate calculations are based on data from the time of 
addition of fertilizer to the end of the experiment).

All analyses and plots were conducted using the R sta-
tistical package (R Development Core Team 2012) and a 
number of R packages.

Results

CO2 supplementation and nutrient addition were effec-
tive in manipulating water chemistry. Around 4 days 
were required for CO2 levels to stabilize. Ambient aque-
ous CO2 concentration were different between treatments 
(P ≪ 0.01; Text S3) averaged 655 ppm and elevated treat-
ment CO2 averaged 2,269 ppm across all experiments and 
nutrient addition treatments (Fig. 1). These CO2 concentra-
tions are well within the range reported for lakes at current 
day atmospheric CO2 concentration, which varied in aque-
ous CO2 concentration from 1 to 20,249 ppm (Cole et al. 
1994). Aqueous CO2 concentration in Lake Hertel for the 
experimental periods averaged 628 ppm with a range from 
65 to 1,067 ppm (Fig. 1). CO2 and nutrient addition were 
both associated with a decrease in pH of less than 0.4 units 
(P ≪ 0.01; Fig. 2; Text S3), well within the seasonal vari-
ation in pH for the study lake (Kalff 1972), which had a 
mean pH of 8.2 and a range of 7.75–8.90 for the experi-
mental periods. The decrease in pH associated with nutri-
ent addition caused an average increase in the aqueous CO2 
concentration of 361 ppm in mesocosms receiving nutrient 

addition. CO2 treatments also altered the total dissolved 
inorganic carbon (DIC) and bicarbonate concentration 
(Figs. S1, S2).

In the September experiment, we did not find a signifi-
cant effect of the continuous addition of lake water on total 
chlorophyll-a (P > 0.52 for input and date by input interac-
tion) or on community composition (P > 0.34 for input and 
date by input interaction).

Aqueous CO2 concentration caused an increase in 
total chlorophyll in both experiments (P < 0.05), which 
increased with time at least in the September experiment 
(CO2 by time interaction for September P = 0.001 and 
for October P = 0.061). The effect of CO2 concentration 
on overall community composition increase with time in 
both experiments (CO2 by time interaction P < 0.05). The 
main shift in response to CO2 was a growing increase in 
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chlorophytes in elevated CO2 mesocosms (CO2 by time 
interaction P < 0.05), with an average across time and 
experiments of 9 % increase in the relative amount of 
chlorophytes from 55 % of total chlorophyll-a in ambient 
CO2 to 64 % in high CO2 in the absence of nutrient addi-
tion (Fig. 4). Though of marginal statistical significance, 
the increase in chlorophytes was accompanied by the 
expected decrease in cyanobacteria frequency in the Octo-
ber experiment (P = 0.096) and this decrease grew with 
time in the September experiment (CO2 by time interac-
tion P = 0.071). In the September experiment, there was 
an increase in diatoms (P = 0.012) and a time-dependent 
decrease in cryptophytes (P = 0.018) with higher CO2 con-
centrations. A time-dependent decrease in diatoms with 
elevated CO2 occurred in the October experiment (CO2 by 
time interaction P = 0.033).

The addition of nutrients led to a substantial increase 
in total chlorophyll-a at ambient CO2 reaching on the 
last day of each experiment an average of 4.20 μg/L or 
more than double the concentration of treatments not 
receiving nutrient addition in September and 37.29 μg/L 
or more than eight times the concentration of treatments 
not receiving nutrient addition in October; this effect 
increased with time (nutrient addition effect P < 0.005, 
nutrient addition by time interaction P < 0.001; Fig. 1). 
Nutrient addition also altered the community composition 
in a time-dependent manner (nutrient addition by time 
interaction P < 0.05; Fig. 4). In both experiments, nutri-
ent addition increased the proportion of chlorophytes and 
cyanobacteria though this was only significant in the sec-
ond experiment, which had a longer period during which 
the mesocosms experienced nutrient enrichment (for both 
chlorophytes and cyanobacteria, nutrient addition effect 
P < 0.05, for chlorophytes, nutrient addition by time inter-
action P < 0.001). A large proportion of the increase in 
total chlorophyll appears to be related to this increase 
in chlorophytes with nutrient addition (Fig. S3). Other 
effects of nutrient addition were not consistent between 
experiments.

Nutrient addition and CO2 had a synergistic effect on 
total chlorophyll-a. In fertilized mesocosms, growth rate 
of the phytoplankton doubled from an average of r = 0.12 
day−1 at ambient CO2 to r = 0.24 day−1 at elevated CO2 
(Fig. 3). Mesocosms receiving both elevated CO2 and 
nutrient addition had an average chlorophyll concentra-
tion of 7.0 μg/L when averaged across both experiments 
and time. Hence, chlorophyll in the combined treatment 
mesocosms was 77 % higher than in mesocosms receiving 
only nutrient addition, 164 % (10.0 μg/L) higher compared 
to elevated CO2 treatments without nutrient addition and 
190 % (10.5 μg/L) higher compared to mesocosms receiv-
ing neither treatment (CO2 and nutrient addition interac-
tion, P < 0.003; Fig. 4). In the October experiment, the 

magnitude of the interaction between CO2 and fertilization 
increased with time (P = 0.004; Fig. 4).

Discussion

Our results suggest that CO2 concentrations can modulate 
the response of a lake to traditional drivers of eutrophi-
cation, with a potential increase in their sensitivity with 
increasing atmospheric CO2 concentrations. Even in the 
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absence of nutrient addition or changes in algae density, 
CO2 concentration may shape the composition of phyto-
plankton communities in a predictable way. Previous stud-
ies may have neglected the effect of CO2 on phytoplankton 
community structure because the changes in community 
composition may not have been matched by changes in 
phytoplankton total biomass.

Primary productivity of Lake Hertel is evidently limited 
by the availability of one or many mineral nutrients as is 
shown by the large increase in growth with nutrient addi-
tion. The large increase in growth associated with the addi-
tion of multiple mineral nutrients may be in part caused by 
the synergistic effect of these nutrients through co-limi-
tation. In addition, this large increase in growth of phyto-
plankton may also be due in part to nutrient and CO2 co-
limitation as the nutrient addition caused a decrease in pH 
and an associated increase in dissolved CO2. This increase 
in CO2 availability may have contributed to the effect of the 
nutrient addition and decrease the expect effect of further 
rising CO2 concentrations.

The synergistic effect of increased nutrient and CO2 
availability on phytoplankton growth indicates co-limita-
tion by these two agents. Although independent co-limita-
tion of phytoplankton growth by CO2 and phosphorus has 
been reported in the laboratory (Spijkerman et al. 2011), 
our findings are best characterized as serial co-limitation 
of CO2 and other nutrients including phosphorus, nitro-
gen and micronutrients (Harpole et al. 2011). When added 
separately, CO2 does not cause a strong increase in phyto-
plankton, whereas the other nutrients added together do, 
and the addition of both causes a synergistic (non-additive) 
increase in phytoplankton. Serial co-limitation is usu-
ally explained by the step-wise depletion of resources, in 
line with Liebig’s law of the minimum and limitation by 
a single resource (Harpole et al. 2011). The system would 
first be limited by nutrients, then sequentially by CO2, fol-
lowed by an eventual limitation by light availability when 
nutrient and CO2 needs have been met and phytoplankton 
abundance is large enough to lead to substantial self-shad-
ing (Verspagen et al. 2014). In our system, which received 
periodic bubbling and thus a large CO2 influx, no CO2 
drawdown was observed even in conditions where nutrients 
other than CO2, including phosphorus, nitrogen and micro-
nutrients, were provided in abundance and phytoplank-
ton densities were high (Fig. 1), precluding the step-wise 
depletion explanation for our findings of CO2 limitation 
when other nutrients are plentiful.

An alternative scenario of serial co-limitation is that 
increased CO2 concentration and flux lead to higher growth 
rates, through increased photosynthesis and increased nutri-
ent uptake. Under this realistic scenario, P, N or a micronu-
trient would eventually become limiting and would deter-
mine the endpoint of biomass production, whereas CO2, in 

conjunction with other factors such as light and tempera-
ture, would limit how rapidly this endpoint is reached. In 
other words, P, N or a micronutrient may limit yield while 
CO2 limits growth rate (Low-Decarie et al. 2014). If this 
mechanism is verified, we would expect that in a high-CO2 
world, long-term global freshwater phytoplankton produc-
tion would not be affected. By accelerating growth, how-
ever, CO2 would affect bloom dynamics and the seasonal 
patterns of phytoplankton biomass production in nutrient-
rich systems. Such shifts in resource limitation depending 
on temporal scale also apply to N and P limitation in ter-
restrial systems (Menge et al. 2012) and nutrients in marine 
systems (Moore et al. 2013). Although our results are con-
sistent with this scenario, our experiments did not last long 
enough to observe maximum yield, as experiment duration 
was determined by mesocosm integrity. In a marine meso-
cosm study in which all mesocosms received a nutrient 
pulse, elevated CO2 did cause an increase the maximum 
amount of chlorophyll attained in the mesocosms, suggest-
ing that CO2 does not only limit growth rate in marine sys-
tems (Riebesell et al. 2007).

Our results show that CO2 can play a role as a limit-
ing resource in freshwater systems. Furthermore, the syn-
ergistic effect of CO2 with nutrient addition may be more 
important in natural systems without bubbling in which 
CO2 concentration could be depleted (Talling 2010), or 
far exceed the maximum CO2 concentration found in our 
mesocosms (Cole et al. 1994). The exact steps and nutri-
ents involved in the serial-co-limitation process will require 
experiments where each nutrient found in the fertilizer 
used in this experiment, including nitrogen, phosphorus 
and micronutrients, are separately manipulated in a facto-
rial design with CO2 concentration. Phosphorus, nitrogen 
and iron co-limitation have already been reported for a lake 
(North et al. 2007). Exploration of the potential distinc-
tion between rate and yield limiting resources will require 
longer experiments.

Even in context in which total phytoplankton productiv-
ity may be limited mostly by phosphorus, each major taxo-
nomic group may be limited or co-limited by a particular 
nutrient (Miller et al. 2005) so that community composition 
is determined by, and changes with, the balance of available 
nutrients. Our own previous study with laboratory phyto-
plankton cultures suggests that increasing CO2 favors chlo-
rophytes over cyanobacteria and diatoms, consistent with 
predictions made from the physiological characteristics of 
these major taxonomic groups (Low-Décarie et al. 2011). 
Similar predictable responses of community composition to 
rising CO2 have also been reported in marine macrophytes 
(Falkenberg et al. 2012) and land plants (Poorter and Navas 
2003). However, changes in CO2 concentration may not 
always predictably alter the competitive outcome between 
all pairs of species, as shown by an experiment in which a 
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cyanobacteria species benefited from the increase in CO2 at 
the expense of the species of chlorophyte (Verschoor et al. 
2013). We conclude that contemporary phytoplankton com-
munity composition may be partly determined by CO2 con-
centrations, and we suggest that phytoplankton community 
composition is likely to change in a future high-CO2 world.

Elevated CO2 concentrations favor chlorophytes, the 
taxonomic group with the weakest carbon concentration 
capacity and RubisCO specificity of the groups studied 
(Tortell 2000; Low-Decarie et al. 2014). Chlorophytes 
increase in frequency at the expense of cryptophytes, which 
can most likely acquire carbon through phagotrophy (Por-
ter 1988; Sanders 1991) and would thus benefit less from 
the increase CO2 concentration. The consistent effect of 
CO2 on community composition even under these argu-
ably extreme nutrient levels suggests that the effect of CO2 
concentration on community composition is quite robust to 
changes in other nutrients. This claim is further strength-
ened by the similar outcome of CO2 supplementation in 
laboratory cultures containing 3–7 times more phosphorus 
and other nutrients than in our mesocosms receiving nutri-
ent addition (53.3 mg/L P in the laboratory cultures) (Low-
Décarie et al. 2011). In addition to potentially explaining 
variation in chlorophytes dominance across lakes and pro-
viding a predictions for increase in chlorophytes with ris-
ing CO2 concentration, the benefits of high free CO2 for the 
competitive ability of chlorophytes may explain their domi-
nance in freshwater systems compared to marine systems, 
which have, on average, higher carbon stores but lower free 
CO2 than freshwater systems and are dominated by dia-
toms, prymnesiophytes and cyanobacteria. The expected 
corollary of increasing chlorophytes with increasing CO2 
concentration is a decrease in cyanobacteria concentra-
tions. The observation of a decrease in cyanobacteria with 
increasing CO2 concentration may not have been possible 
in our experiments due to the low overall abundance of 
cyanobacteria.

Though our findings are consistent with our laboratory 
experiments in which pH was buffered against change, the 
change in community composition observed in our meso-
cosms with CO2 treatments could be an indirect response 
related to the change in pH caused by the different CO2 
concentrations. In an experiment in which CO2 and alkalin-
ity were manipulated in a factorial design, CO2 had both 
a direct effect mostly at lower pH and an indirect effect, 
through changes in pH, on the dominance of a cyanobac-
teria species (Caraco and Miller 1998). The similarity in 
the effect of CO2 concentration on the composition of the 
communities of mesocosms receiving nutrient addition and 
those not receiving nutrients, which altered pH and alka-
linity of these mesocosms, suggests an important role for 
a direct response. Yet, elucidating the relative importance 
of direct and indirect controls of community composition 

by CO2 concentrations in natural systems would require 
experiments across lakes of different alkalinity and pH.

Mesocosm studies such as presented here fit on the con-
tinuum between highly tractable and artificial laboratory 
systems and hard to replicate realistic whole-system experi-
ments (Sommer 2002), the feasibility of which generally 
precludes the replicated study of interactions between fac-
tors through factorial design experiments. Conditions in 
our mesocosms differed from conditions in the surrounding 
lake due to factors intrinsic to mesocosm studies (Haukka 
et al. 2006; Schindler 1998; but see Drenner and Mazumder 
1999). Bubbling arguably causes the largest departure of 
our experimental system from a natural system. To the best 
of our knowledge, all aquatic CO2 perturbation studies in 
the field involve bubbling; however, some experiments con-
duct the bubbling only at the onset of the experiment and 
allow the CO2 concentrations to decrease during the experi-
ments (e.g., Pelagic Ecosystem CO2 Enrichment Study 
PeECE I-III; Bellerby et al. 2008). Whole-lake experiments 
in which atmospheric CO2 concentration can be controlled 
without altering conditions influencing gas flux (analogous 
to the free air CO2 enrichment FACE experiments for land 
plants; Ainsworth and Long 2005) would be ideal to test 
for the effect of atmospheric CO2 changes but are techni-
cally extremely challenging to perform (Low-Decarie et al. 
2014). Though our observed changes in community com-
position with CO2 concentrations are unlikely to be driven 
solely by the constraints of a mesocosm, nutrient limita-
tion of communities can be dependent on the temporal and 
geographic scale of the study (Moore et al. 2013) and pro-
cesses outside the water column. Because the role of nutri-
ents and CO2 in limiting phytoplankton growth may change 
with climatic factors and lake characteristics, a network of 
experiments spanning lake types and whole growing sea-
sons would be ideal.

Our work reveals that increasing nutrient input and ris-
ing atmospheric CO2 have synergistic effects on phyto-
plankton growth and that aqueous CO2 concentration alone 
can play a major role in shaping community composition. 
Our field experiments corroborate our laboratory findings, 
which indicated that phytoplankton community composi-
tion is influenced by CO2 concentration in a predictable 
way. Changes in phytoplankton community composition 
could alter whole food webs and nutrient cycles. As zoo-
plankton grazers can select their prey by major taxonomic 
group (Meyer-Harms and von Bodungen 1997), changes 
in the frequency of their preferred prey could affect their 
productivity and changes in food webs can alter carbon 
cycling (Atwood et al. 2013). We believe our study makes a 
compelling field case for the important role of CO2 in shap-
ing phytoplankton communities and their response to nutri-
ent addition. This is a step towards predicting the combined 
effect of CO2 and increased nutrient availability on whole 
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communities in freshwater systems, from plankton to fish, 
and consequent shifts in global geochemical cycles.

Data accessibility analysis scripts and data are made 
available on Dryad (https://datadryad.org).
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