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Abstract Although aquatic ecosystems are a major

carbon reservoir, how their carbon dynamics will

respond to increasing concentrations of atmospheric

CO2 is not well understood. The availability of essential

nutrients has the potential to modify carbon fluxes under

elevated CO2 by altering carbon processing and storage

in the biota. Here, we describe a semi-continuous culture

experiment with natural phytoplankton and bacteria

assemblages designed to investigate (1) how carbon

dynamics in aquatic ecosystems respond to continu-

ously elevated atmospheric CO2, and (2) whether

carbon fluxes resulting from elevated CO2 are modified

by changes in inorganic nitrogen and phosphorus

availability. Our results showed that elevated CO2 led

to significant increases in photosynthetic carbon uptake,

despite a decrease in the algal chlorophyll a concentra-

tions and no significant change in total algal biovolume.

This enhancement of inorganic carbon uptake was

accompanied by a significant increase in dissolved

organic carbon (DOC) production. Concurrent increases

in the C/N and C/P ratios of dissolved organic matter

also suggested that DOC stability increased. Nutrient

availability, especially nitrogen availability, had strong

effects on inorganic carbon uptake and biomass carbon

pools. In contrast, CO2-enhanced DOC production was

not significantly affected by varying concentrations of

inorganic nitrogen and phosphorus. Our study under-

scores the importance of DOC as a potential carbon sink

in aquatic ecosystems. The observed responses to

changes in CO2 and nutrient availability could have

important implications for long-term carbon cycling in

aquatic ecosystems, and highlight the potential buffer-

ing capacity of aquatic ecosystems to future environ-

mental change.
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Introduction

Aquatic ecosystems play a crucial role in modulating

the global carbon (C) cycle. For example, phytoplank-

ton fix 48.3 petagrams of C per year, accounting for

almost half of global net annual primary production

(Geider et al. 2001). The oceans alone harbor 38,000

petagrams C, and are responsible for modulating
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atmospheric CO2 concentrations over geologic time-

scales (Schlesinger 1997). Over recent millennia, the

oceans have played an important role in modulating

the global flux of anthropogenically-produced C.

Sabine et al. (2004) have estimated that the oceanic

C sink accounted for 48 % of the total fossil-fuel and

cement-manufacturing C emissions between 1800 and

1994. In addition, inland freshwaters are estimated

to receive 1.9 petagrams C from a combination of

background and anthropogenic sources, 1.0 petagrams

of which are either exchanged with atmosphere or

buried in sediments (Cole et al. 2007). By virtue of the

vast size of their C reservoirs, the world’s aquatic

ecosystems are important C sinks for anthropogeni-

cally-produced CO2, and even small changes in C

fixation or transport in aquatic ecosystems can poten-

tially have strong impacts on global C dynamics.

Biological processes play a multifaceted role in

governing C flux and storage in aquatic ecosystems.

The biological pump, which refers to the transport of

photosynthetically fixed C to the deep ocean and

subsequent sinking to the sediments as particulate

matter (Eppley and Peterson 1979), has been of

primary interest because it provides a potential sink

for anthropogenic CO2 emission (Ducklow et al. 2001).

More recently, the production of recalcitrant dissolved

organic carbon (DOC) by bacteria through direct

exudation, viral lysis of microbial cells, or particulate

matter degradation has been highlighted as another

potential C sequestration mechanism (Jiao et al. 2010).

Laboratory incubations have shown that DOC derived

from labile C sources can persist over long experi-

mental timeframes (Ogawa et al. 2001), and radiocar-

bon studies have revealed that the age of recalcitrant

DOC in the oceans is about 4,000–6,000 years (Bauer

et al. 1992). The enormous amount of recalcitrant DOC

in the ocean (Hansell et al. 2009), combined with its

slow turnover rate, makes it particularly important to

understand how the fluxes into and out of this

refractory C pool will be influenced by increased C

availability from rising atmospheric CO2.

A major consequence of rising atmospheric CO2

concentrations is an increase in inorganic C in aquatic

ecosystems. As CO2 dissolves into and reacts with

water, concentrations of carbonic acid, bicarbonate,

and carbonate come to an equilibrium determined by

the partial pressures of CO2 in the atmosphere and in

the water. As the partial pressure of CO2 in the

atmosphere increases due to anthropogenic activities,

the carbonic acid equilibrium shifts, increasing both

dissolved CO2 and bicarbonate concentrations. This

shift could potentially stimulate photosynthetic C

fixation, and evidence from mesocosm experiments

performed under elevated CO2 (Riebesell et al. 2007)

and from large scale oceanic inorganic C surveys

(Hein and Sand-Jensen 1997) both suggest that aquatic

ecosystems act as potential C sinks.

Although C availability undoubtedly influences

rates of C fixation, the response of phytoplankton to

rising atmospheric CO2 may be confounded by

changing nutrient availability in aquatic ecosystems.

Despite the fact that nitrogen (N) and phosphorus

(P) often limit primary production in aquatic ecosys-

tems and are very tightly linked to phytoplankton

growth (Schindler 1977; Smith 1979, 2006; Elser et al.

2007; Harpole et al. 2011), the addition of N can

potentially suppress photosynthetic rates, presumably

via competition for metabolites between the Calvin–

Benson cycle and N assimilation pathways (Elrifi and

Turpin 1986). This means that uptake of inorganic C

by phytoplankton in response to elevated CO2 is likely

to be mediated by the availability of inorganic N, and

also potentially by any essential resources (Hopkinson

et al. 2010). Phytoplankton also have the ability to

regulate C concentrating mechanisms to maintain their

cellular C/N stoichiometry (Falkowski and Raven

2007), implying a potential shift in C and N acquisi-

tion economics under elevated CO2, and resulting in

different patterns of C and N flux through aquatic

ecosystems. For example, inorganic C and nutrient

availability can change the stoichiometry of phyto-

plankton cells and organic matter they produce,

thereby influencing nutrient recycling and organic

matter recalcitrance (Ballantyne et al. 2008, Hessen

2008; van de Waal et al. 2010). Changes in DOC

stoichiometry in turn can potentially affect long term

C sequestration (Hutchins et al. 2007). Considering

that warming increases the intensity of thermal

stratification of lakes and oceans, which in turn

reduces vertical mixing and nutrient flux from nutri-

ent-rich deep water into the euphotic zone (Sarmiento

et al. 2004; Peeters et al. 2007), it is imperative to

study the effects of increasing CO2 in the context of

varying nutrient availability.

Despite great progress in understanding C dynamics

in aquatic ecosystems, we still lack a comprehensive

understanding of equilibrium C dynamics under con-

ditions of continuous elevated CO2 and altered nutrient
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inflow. Most C perturbation experiments to date have

supplied a pulse of CO2 and nutrients, and then

monitored any subsequent phytoplankton or ecosystem

responses. Such experimental systems experience

transient dynamics that involve the rapid depletion of

inorganic C, N, and P, and are therefore not at

equilibrium. Studying the steady-state responses of

aquatic ecosystems to rising CO2 and altered nutrient

availability may provide additional new insights into

long term C dynamics under future climate change

scenarios. In this study, we conducted a semi-contin-

uous culture experiment with natural freshwater phy-

toplankton and bacterial assemblages (1) to explore

how elevated atmospheric CO2 influences C dynamics

in aquatic ecosystems at steady state, and (2) to assess

the extent to which the effects elevated CO2 may be

modified by inorganic N and P availability.

Materials and methods

Phytoplankton culture

We used natural phytoplankton and bacterial commu-

nities obtained from the Frank B. Cross Reservoir

(39.05�N, 95.18�W, May 28th, 2010) at the University

of Kansas Field Station to inoculate our laboratory

experiments. Although we used freshwater phyto-

plankton and bacterial assemblages, the findings from

our experiment should be generalizable to marine

ecosystems because previous studies have reported

strong similarities in nutrient uptake and growth,

resource competition, productivity (Halterman and

Toetz 1984; Kilham and Hecky 1988; Smith 2006),

inorganic C uptake, and photosynthetic apparatus

(Falkowski and Raven 2007) between freshwater and

marine phytoplankton. After taking a 10 L integrated

sample of the euphotic zone (0–6 m) to obtain a

diverse and representative assemblage of natural

occurring phytoplankton and bacteria, we filtered the

water through a 50 lm mesh filter to eliminate macro-

zooplankton grazers. We then inoculated 24 250 mL

baffled polycarbonate flasks with 2 ml of the filtered

lakewater sample and 148 mL WC growth medium.

Each culture flask was fitted with a vented screw cap to

allow full gas exchange. We modified the WC medium

(Guillard 1975) by omitting NaHCO3. Inorganic N

(NaNO3) and P (KH2PO4) were adjusted in the WC

medium to obtain two N concentrations (40 and

160 lmol L-1) and two P concentrations (4 and

16 lmol L-1), yielding 4 nutrient combinations. We

chose these N and P concentrations based on a

limnological survey of multiple reservoirs and lakes

in this region, and thus they represent the natural range

of nutrient availability experienced by the phyto-

plankton and bacteria community used as the inocu-

lum in this experiment. Each of the 4 nutrient

treatments was replicated 3 times at two atmospheric

CO2 concentrations for a total of 24 flasks. We placed

these culture flasks in 2 Conviron BDR16 growth

chambers at a constant temperature of 20 �C and light

intensity of 100 lmol photons m-2 s-1. One growth

chamber was maintained at 380 ppm CO2 and the

other was maintained at 700 ppm CO2. Cultures were

exposed to constant CO2 concentration during the

course of experiment to mimic a constant increase in

atmospheric CO2. We grew the natural phytoplankton

and bacteria assemblage in semi-continuous culture,

diluting daily (pipetting out 5 mL of well-mixed

culture and replacing the volume with 5 mL growth

medium every day to maintain a semi-constant

nutrient inflow rate of 1/30 day-1) and shaking flasks

manually 2–3 times per day to provide cell re-

suspension and mixing. Each day, we measured the

optical density (OD) at 480 nm of a water sample from

the 5 mL outflow of each flask using a spectropho-

tometer as a turbidometric measure of total algal

biomass. We assumed that the cultures had attained

steady state once the mean daily OD was stationary.

Measurements

We harvested the cultures once they reached steady

state, and made the following measurements: pH prior

to harvest, cell size and abundance of each phyto-

plankton genus, chlorophyll a, DOC, nitrate plus

nitrite, total dissolved N, dissolved inorganic phos-

phate, and total dissolved P. Upon harvest, a 50 mL

aliquot from each flask was filtered through a Whatman

GF/F glass fiber filter. Filters were air-dried in the dark

for 12 h, and then processed immediately for chloro-

phyll a analysis. Chlorophyll a concentrations were

measured using spectrophotometric methods after

90 % hot ethanol extraction of dried filters in the dark

for 24 h (Sartory and Grobbelaar 1984). We measured

the cell size and abundance of each phytoplankton

genus presented in the sample with an ocular microm-

eter using a compound microscope under 4009
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magnification. Cell volume of each phytoplankton

genus was calculated based on a geometric approxi-

mation of its cell shape (Sun and Liu 2003). We then

estimated phytoplankton biomass C from total cell

volume using the following equations established

from empirical data: Pg C cell-1 = 0.216 9 biovo-

lume0.939 for non-diatom species, and Pg C

cell-1 = 0.228 9 biovolume0.811 for diatoms (Men-

den-Deuer and Lessard 2000). Bacterial biomass C was

estimated indirectly using the empirical equation

log(bacterial biomass C) = 0.219 9 log(phytoplank-

ton biomass C) ? 1.39, which was reported in a meta-

analysis of limnetic studies by Simon et al. (1992). We

computed total biomass C (BioC) as the sum of

phytoplankton biomass C and bacterial biomass C, and

used BioC as an estimate of particulate C because

detritus was observed to be minimal to nonexistent in

our experimental cultures.

We used the GF/F filtrate to determine nitrate plus

nitrite, total dissolved N, phosphate, total dissolved P,

and DOC concentrations. DOC was measured by high

temperature combustion with a Shimadzu TOC-

5000A carbon analyzer. We measured concentrations

of nitrate and nitrite using a nitrate reductase-based

reduction step and the standard Griess reaction

(Campbell et al. 2006). We measured phosphate using

a malachite green-molybdate binding reaction (Van

Veldhoven and Mannaerts 1987; Biovision K410-500

phosphate colorimetric assay kit). Total dissolved N

and total dissolved P were measured by first oxidizing

the filtrate with persulfate (Langner and Hendrix

1982), and then using the same analytical methods

employed for nitrate and phosphate.

With the exception of one flask, in all cultures that

we analyzed, we did not find significant densities of

N2-fixing cyanobacteria. Therefore, we assumed that

nitrogen fixation was minimal to non-existent, and all

N and P in the experimental cultures was derived from

the WC medium. As a consequence, we assumed that

total N and total P concentrations in the flasks were

equal to the inorganic N and P concentration in the

inflowing growth medium. Based on this assumption,

we calculated biomass N and P as the difference

between total N and P and our measured values for

total dissolved N and P. Similarly, dissolved organic N

and P were calculated as the difference between total

dissolved N and P and measured concentrations of

inorganic N (nitrate ? nitrite) and P (phosphate). We

did not account for ammonia in our calculation, but

ammonia is unlikely to be significant under the highly

oxidizing conditions associated with a dense phyto-

plankton cultures grown in well-lit conditions. In

addition, the absence of macrozooplankton eliminated

the possibility of ammonification from excreted

organic N. Furthermore, any ammonia that was

produced through mineralization of organic matter

was presumably utilized as fast or faster than nitrate,

considering the high N demand in our experimental

cultures as evidenced by consistently low steady-state

nitrate and nitrite concentrations.

Calculations

We modeled C dynamics in each flask as fluxes

between three primary C pools: dissolved inorganic C

(DIC), DOC, and BioC (Fig. 1b). We defined net DOC

production rate as DOC production rate minus DOC

uptake rate, and we defined net C uptake rate as

photosynthetic rate minus respiration rate. Employing

these two definitions, we focused our modeling on the

DOC and BioC pool dynamics in our experimental

cultures using the following two differential equations:

d½DOC�
dt

¼ net DOC production rate� dilution rate

d½BioC�
dt

¼ Inorganic carbon uptake rate

� net DOC production rate

� dilution rate

Because we fixed the dilution rate of each flask at 1/

30 per day, C removal due to daily dilution from each

carbon pool was 1/30 of the pool size per day. At

steady state, we assumed that all C pools remained at

constant concentrations, and by setting the above

differential equations equal to 0, we calculated net C

uptake rate and net DOC production rate. We

expressed all calculated carbon flux rates as changes

in concentration per day:

Net DOC production rateðlmol per Liter per dayÞ

¼ ½DOC�
30

Net photosynthetic inorganic carbon uptake rate

ðlmol per Liter per dayÞ ¼ ½BioC� þ ½DOC�
30
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Statistical analyses

We performed multi-way analysis of variance to

analyze the effects of varying CO2, N and P on

chlorophyll a concentrations, total cell volumes, DOC

and BioC pool sizes, inorganic C uptake rates, and C/N

and C/P ratios in biomass and dissolved organic matter

(DOM). We log-transformed each response variable

prior to statistical analysis to homogenize variance. As

outlined above, net DOC production rate is propor-

tional to DOC concentration, and we thus only report

the results of ANOVA for DOC pool size. All

statistical analyses were performed in R, version

2.15.0 (R Development Core Team 2011).

Results

Culture growth

All but one of the cultures reached a steady state,

defined by stationary OD after 38 days of dilution.

Only one flask (40 lmol L-1 N, 16 lmol L-1 P,

and 380 ppm CO2) was still accumulating biomass

at the time of harvest. Our microscope counts revealed

that this flask was dominated by the N2-fixing

cyanobacterium Anabaena sp. and we excluded it

from all statistical analyses because it was not at

steady state.

Carbon dynamics

The steady-state pH of cultures continuously exposed

to 380 and 700 ppm CO2 was 7.29 and 7.20 respec-

tively. This difference in pH is less than the *0.2–0.4

unit change predicted by Caldeira and Wickett (2003)

due to the buffering capacity of growth medium.

Assuming chemical equilibrium and diffusion equi-

librium with the atmosphere, we calculated inorganic

C concentration in the experimental cultures as a

function of pH and temperature. Calculated concen-

trations of dissolved CO2 were 14.82 and 27.30 lmol

L-1 in the 380 and 700 ppm CO2 treatments, respec-

tively. Bicarbonate was the main form of DIC in both

CO2 treatments, comprising 89.02 % (at 380 ppm

CO2) and 86.86 % (at 700 ppm CO2) of total DIC.

Total DIC concentrations under 380 and 700 ppm CO2

were 135.94 and 208.63 lmol L-1, respectively.

Algal C dynamics exhibited a mix of responses to our

experimental manipulations. Chlorophyll a concentra-

tions responded positively to increasing N availability,

but responded negatively to increasing CO2 (Fig. 2d;

Tables 1, 2). Total phytoplankton cell volume was

significantly higher when N availability was high. BioC,

as calculated from cell volume and the empirical

relationship between phytoplankton biomass C and

bacterial biomass C (see ‘‘Materials and methods’’

section), similarly showed a strong positive response to

increasing N availability (Fig. 2b; Tables 1, 2). How-

ever, we did not find significant effects of elevated CO2

Atmospheric CO2

Dissolved inorganic C

Dissolved organic C

Biomass C

Diffusion

Photosynthesis

Respiration

DOC production

Dilution

Dilution

Culture flask

D
ilution

Dilution

DOC uptake

Fig. 1 Schematic diagram of carbon pools and carbon fluxes in the experimental systems
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on BioC (Fig. 2b; Tables 1, 2). In contrast, we observed

significantly higher DOC concentrations under

700 ppm CO2 treatment (Fig. 2c; Table 1, 2), and this

enhancement was consistent across the nutrient treat-

ments. Surprisingly, nutrient treatments did not signif-

icantly change DOC concentrations (Fig. 2c; Table 1).

Finally, both elevated CO2 levels and high N availability

(160 lM) significantly stimulated the net photosyn-

thetic C uptake rate (Fig. 2a; Tables 1, 2).

C/nutrient stoichiometry

Dissolved inorganic N and P concentrations at steady

state were low in general ([nitrate] \6.3 lmol L-1, and

[phosphate]\1 lmol L-1), and did not vary much

across treatments. Thus, most of the supplied N and P was

taken up by phytoplankton and bacteria. As a conse-

quence, high input N and P concentrations resulted in

significantly lower biomass C/N and C/P ratio respec-

tively (Fig. 3a, b; Tables 1, 2). However, varying

inorganic N and P availability did not significantly

influence C/N or C/P in DOM (Tables 1, 2). The

influence of elevated CO2 on biomass stoichiometry

was not pronounced but the C/N and C/P ratios of DOM

were both significantly higher under elevated CO2

(Tables 1, 2). For example, the C/N molar ratio in

DOM averaged 6.34 and 21.99 at 380 ppm CO2 and

700 ppm CO2, respectively. Similarly, the C/P molar ra-

tio in DOM averaged 572.23 and 1,374.81 at 380 and

700 ppm CO2, respectively.
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Discussion

Enhanced inorganic C uptake and accumulation

of DOC under elevated CO2

Our experiment showed that continuously elevated

atmospheric CO2 significantly enhanced the DOC

production rate in experimental microcosms popu-

lated by phytoplankton and bacteria (Fig. 2c;

Table 1). We also found statistically significant

increases in inorganic C uptake rate under the high

CO2 treatment, although the pattern was not as

pronounced (Fig. 2a; Table 1). The fact that chloro-

phyll a concentrations decreased under elevated CO2

means that the apparently enhanced rate of C fixation

under elevated CO2 was the result of an increased rate

of photosynthetic C uptake per unit mass of chloro-

phyll a. Such an increase in photosynthetic efficiency

under elevated CO2 has been observed in previous

studies using single species algal cultures, such as the

cyanobacterium Spirulina platensis (Gordillo et al.

1999), the diatom Thalassiosira pseudonana (Sobrino

et al. 2008), and the coccolithophorid Emiliania

huxleyi (Lefebvre et al. 2012), as well as in natural

mixed-species plankton communities (Riebesell et al.

2007).

Although inorganic C has historically been consid-

ered abundant for primary production in aquatic

ecosystems (Raven and Johnston 1991; Falkowski

1994), evidence for CO2-stimulated productivity in

aquatic ecosystems is increasing. This evidence is

consistent with our current understanding of phyto-

plankton inorganic carbon uptake mechanisms. The

intracellular carboxylation enzymes in most phyto-

plankton species require 25–35 lmol L-1 CO2 to

saturate (Raven and Johnston 1991), but at current

atmospheric concentrations of 380 ppm CO2 and

ambient temperatures, the equilibrium concentration

of dissolved CO2 in water is only about 10 lmol L-1,

a value that is insufficient to saturate carboxylation.

This can result in potential C limitation for photosyn-

thetic C fixation, especially for phytoplankton species

that cannot concentrate CO2 internally by actively

transporting and converting HCO3
- (Riebesell et al.

1993). For example, photosynthetic carboxylation in

phytoplankton species without C concentrating mech-

anisms such as coccolithophorids Emiliania huxleyi

(Engel et al. 2005) and Gephyrocapsa oceanica

(Riebesell et al. 2000), can be far below saturation

under current atmospheric CO2 concentrations. Even

for algal species possessing C concentrating mecha-

nisms which enable abundant HCO3
- to be converted

to CO2 via b-carbonic anhydrase, elevated CO2 could

still stimulate C fixation because the C concentrating

process is often limited by available energy (Riebesell

2004) or by the availability of enzyme cofactors such

as zinc (Morel et al. 1994). Thus, an increase in

dissolved CO2 due to elevated atmospheric CO2

essentially allows more energy efficient C acquisition

(Raven 1991).

Under our experimental conditions, carbonate chem-

istry predicts that dissolved CO2 in equilibrium with the

atmosphere should increase from 14.82 lmol L-1 at

380 ppm atmospheric CO2 to a level of 27.30 lmol L-1

at 700 ppm atmospheric CO2. The significant increase

in dissolved CO2 may have increased the concentration

Table 1 p-value of analysis of variance showing the effects of treatments and their interaction on each response variable

CO2 N P CO2:N CO2:P N:P CO2:N:P

DOC \0.001*(?) 0.17 0.091 0.75 0.062 0.037* 0.14

Dissolved organic matter C/N 0.003*(?) 0.63 0.73 0.40 0.43 0.17 0.75

Dissolved organic matter C/P 0.003*(?) 0.61 0.40 0.92 0.067 0.63 0.082

BioC 0.34 0.014*(?) 0.69 0.65 0.61 0.012* 0.33

Biomass C/N 0.22 \0.001*(-) 0.74 0.91 0.46 0.025* 0.55

Biomass C/P 0.33 0.014*(?) \0.001*(-) 0.68 0.61 0.011* 0.32

Inorganic carbon uptake rate 0.05*(?) 0.012*(?) 0.63 0.76 0.30 0.018 0.57

Chlorophyll a 0.046*(-) \0.001*(?) 0.31 0.63 0.54 0.19 0.77

Total cell volume 0.19 0.044*(?) 0.55 0.79 0.84 0.007* 0.36

(*) indicates a significant effect at 5 % significance level. When the treatment has a significant effect, (?) and (-) indicates positive

and negative effects respectively
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of dissolved CO2 enough to stimulate primary produc-

tion. This provides a possible explanation for enhanced

photosynthetic C fixation under elevated CO2 even

though inorganic C is abundant in aquatic ecosystems at

current CO2 levels.

Our experimental results are also consistent with

the evidence for enhanced net primary production

under elevated atmospheric CO2 that have been

reported in other studies. A relatively recent short-

term CO2 perturbation experiment with marine

phytoplankton communities grown in large mesco-

soms resulted in a 39 % increase in total C

consumption at 1,050 ppm CO2 relative to ambient

CO2 levels (Riebesell et al. 2007). Yue and Chen

(2005) observed more than a doubling of Chlorella

biomass when CO2 concentrations were increased to

10 % (volume ratio). Similarly, during incubations

of natural phytoplankton assemblages obtained from

a nutrient-poor central Atlantic transect, C fixation

was enhanced by up to 15 % in response to a

threefold increase in CO2 concentration (Hein and

Sand-Jensen 1997). Even more remarkably, Jansson

et al. (2012) recently demonstrated that rates of

phytoplankton primary production were up to ten-

fold higher in CO2-supersaturated lake water, rela-

tive to water containing CO2 at normal equilibrium

concentrations. Our results differ importantly from

previous studies in that we observed a significant

CO2 effect on phytoplankton net primary production

under continuous CO2 enrichment. Combined with

results from previous studies, our data suggest that a

significant enhancement in net photosynthetic car-

bon uptake can occur in response to continuously

elevated atmospheric CO2.

A sustained increase in photosynthetic C uptake

rate in aquatic ecosystems has the potential to

sequester additional C and buffer increasing atmo-

sphere CO2 to some extent, even if N and P

availability does not increase. We observed signif-

icant positive effects of both N availability and CO2

on photosynthetic C fixation rate (Table 1), but we

did not find a statistically significant CO2 9 nutri-

ents interaction on any C pool size and flux rate

(Table 1). We did not observe evidence that CO2

fertilization effects depend on nutrient availability.

Although this could result from low statistical power

due to low replication, it is consistent with previous

observations that CO2 enrichment can result in

excess C fixation independent of nutrient availabilityT
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in aquatic ecosystems (Hessen et al. 2004; Hessen

and Anderson 2008). Previous studies have observed

various fates of the excess C. For example,

Leonardos and Geider (2005) found that increased

atmospheric CO2 concentration enhanced particulate

organic C production under nutrient limited condi-

tions. Borchard and Engel (2012) observed a

significant increase in organic matter exudation of

Emiliania huxleyi under elevated CO2 and controlled

P conditions. In our study, we only observed

enhanced DOC production, and not an increase in

biomass under elevated CO2. Together, these results

suggest that excess C uptake relative to nutrients

could potentially be sustained under continuous CO2

enrichment, but the ultimate fate of excess C could

be highly variable.

Enhanced DOC production with shifting

C/nutrient stoichiometry

The dramatically enhanced steady state rates of DOC

production under elevated CO2 (Fig. 2c) may have

implications for long-term C storage in aquatic

ecosystems. Understanding the dynamics of DOC is

important because DOC plays a significant role in the

creation of sinking biogenic particles and in the

formation of recalcitrant DOC. First, DOC is an

important precursor for the formation of transparent

exopolymetric particles (TEPs) (Passow 2000). Owing

to their surface-reactive nature, TEP support coagu-

lation processes and enhance the formation of large

particle aggregates (Passow 2002). The formation of

TEP is an important pathway to convert dissolved into
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and C/P stoichiometry. a C/

N ratios in biomass; b C/P

ratios in biomass; c C/N

ratios in dissolved organic

matter and d C/P ratios in

dissolved organic matter.

All ratios are expressed in

moles. The error bars

indicate one standard error

Biogeochemistry (2014) 118:49–60 57

123



particulate organic C (Engel et al. 2004), and subse-

quently facilitates vertical transport of particulate

organic C below the mixed layer (Alldredge et al.

1993). Enhanced TEP production in a high CO2

environment has been observed in natural phytoplank-

ton communities (Engel 2002) as well as in monospe-

cific cultures of the diatom Thalassiosira weissflogii

and the coccolithophorid Emiliania huxleyi (Engel

et al. 2005). The increased rates of DOC production

we observed under elevated CO2 provide a potential

explanation for increasing TEP results from increased

C availability. Second, DOC itself is a large C pool and

an important potential C reservoir (Hansell et al.

2009). Recalcitrant DOC can be formed from labile C

via heterotrophic metabolism, and can form a long

term C reservoir in the upper layers of aquatic

ecosystems (Jiao et al. 2010). In a 36 day incubation

of Pseudomonas chlororaphis, the only C source, D-

glucose, was consumed within 2 days but 5–10 % of

the C derived from D-glucose persisted until the end of

the experiment (Gruber et al. 2006). A year long

incubation of marine bacterial assemblages showed

that up to 50 % of C derived from labile C sources

persisted until the end of the incubation, indicating

that heterotrophic bacteria can generate relatively

stable C from labile sources (Ogawa et al. 2001). Since

DOC can be transformed to recalcitrant forms by

various pathways, the enhanced DOC production at

steady state observed in our experiment also suggests

the potential for enhanced flux into the large and

relatively stable refractory DOC reservoir in aquatic

ecosystems.

Finally, the elemental stoichiometry we computed

allowed us to infer the recalcitrance to of DOC.

Hopkinson and Vallino (2005) showed that C/N/P

stoichiometry of relatively recalcitrant deep-water

DOM (molar ratio of C/N/P = 3511/202/1) is dramat-

ically different from that in relatively labile, newly

produced DOM (199/20/1). In our experiment, the C/N

ratio and C/P ratio of DOM increased significantly in

the high CO2 treatments (Fig. 3c; Tables 1, 2). The

mean C/N and C/P ratio of DOM (Table 2) under high

CO2 was comparable to the stoichiometry of recalci-

trant DOM (3511/202/1) reported by Hopkinson and

Vallino (2005), suggesting a possible shift in the

production of relatively labile DOC under ambient

CO2 to the production of more recalcitrant DOC under

elevated CO2. Such a shift is consistent with an

increase in the stability of DOC with rising CO2.

However, C/N and C/P stoichiometry is only a rough

indicator of stability. Detailed molecular characteriza-

tion is needed to more decisively evaluate the stability

of DOC. Regardless, our experiment demonstrates that

continuous CO2 enrichment enhances DOC production

and that newly produced DOC has higher C/nutrient

ratio. Further analyses are needed to confirm the

biological stability of this newly generated DOC.
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