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Abstract   The physiological responses of Nitzschia palea Kützing, a freshwater diatom, to elevated 
CO2 were investigated and compared with those of a marine diatom, Chaetoceros muelleri Lemmermann 
previously reported. Elevated CO2 concentration to 700 μl/L increased the dissolved inorganic carbon 
(DIC) and lowered the pH in the cultures of N. palea, thus enhancing the growth by 4%–20% during the 
whole growth period. High CO2-grown N. palea cells showed lower levels of dark respiration rates and 
higher Ik values. Light-saturated photosynthetic rates and photosynthetic efficiencies decreased in N. 
palea with the doubling CO2 concentration in airflow to the bottom of cultures, although the doubling 
CO2 concentration in airflow to the surface cultures had few effects on these two photosynthetic 
parameters. N. palea cells were found to be capable of using HCO3̄ in addition to gaseous CO2, and the 
CO2 enrichment decreased their affinity for HCO3̄ and CO2. Although doubled CO2 level would enhance 
the biomass of N. palea and C. muelleri to different extents, compared with the marine diatom, it had a 
significant effect on the specific growth rates of N. palea. In addition, the responses of photosynthetic 
parameters of N. palea to doubled CO2 concentration were almost opposite to those of C. muelleri. 
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1 INTRODUCTION 

Atmospheric CO2 concentration has been 
anticipated to be doubled by Year 2100 with the 
progressive increase in CO2 emissions (Houghton et 
al., 1996). Such an increased CO2 concentration 
would raise the seawater and freshwater dissolved 
inorganic carbon by 6% and 0.6%, and decrease pH 
by 0.279 and 0.298 units, respectively (Stumm and 
Morgan, 1996). The growth and photosynthetic CO2 
fixation of marine phytoplankton were found to be 
enhanced by elevated levels of CO2 (Riebesell et al., 
1993; Hein and Sand-Jensen, 1997). Although large 
rivers (Raymond et al., 1997) and most lakes (Cole 
et al., 1994) are supersaturated with CO2 in contrast 
to the atmosphere, elevation of atmospheric CO2 
may result in a drastic increase of the productivity in 
eutrophic freshwater systems (Hein, 1997; 
Schippers et al., 2004a, b). Laboratory experiments 
showed that doubling of atmospheric CO2 

significantly affected the growth pattern in 
Microcystis aeruginosa (Qiu and Gao, 2002) and 
Chlorella pyrenoidosa (Xia and Gao, 2003) while 
influencing their photosynthetic behavior. 

Diatoms, ubiquitously distributed in freshwater 
and marine ecosystems, are eukaryotic microalgae 
that play important roles in biogeochemical cycling 
of essential nutrients (Falkowski et al., 1998). 
Marine diatoms are known to account for 
approximately 25% of global primary production, 
while freshwater diatoms are dominant in lakes with 
intermediate dissolved inorganic carbon or even in 
softwater acidic lakes (Hein, 1997). Theoretically, 
photosynthesis of diatoms could be limited by CO2 
supply in both seawater and freshwater as the 
ribulose-1,5-bisphosphate carboxylase-oxygenase 
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(RubisCO), with the K1/2 (CO2) values of 30–60 
μmol/L, was much undersaturated at the CO2 
concentrations of waters (approx. 10 μmol/L at 
atmospheric equilibrium at 25C) (Badger et al., 
1998). However, diatoms along with other 
microalgal species have been found to be capable of 
concentrating CO2 (CO2 concentrating mechanisms, 
CCMs) within the cell (Tortell et al., 1997; Badger 
et al., 1998; Raven and Falkowski, 1999; Reinfelder 
et al., 2000; Giordano et al., 2005), which usually 
involves an extracellular carbonic anhydrase (CA) 
that facilitates the conversion of bicarbonate (HCO3̄) 
to CO2 (Nimer et al., 1999). Elevated CO2 levels 
have been found to down-regulate the capacity of 
CCMs (Giordano et al., 2005) or activity of 
extracellular CA (Burkhardt et al., 2001; Chen and 
Gao, 2003; Rost et al., 2003). Responses of diatoms 
to CO2 enrichment may differ according to their 
different environments or evolutionary histories. In 
particular, owing to the difference of buffering 
capability in freshwater and marine systems, 
freshwater and marine diatoms may respond 
differently to elevated CO2. Although the responses 
of marine diatoms to elevated CO2 have been 
studied (Riebesell et al., 1993; Tortell et al., 1997; 
Tortell et al., 2000; Burkhardt et al., 2001; Hu and 
Gao, 2001; Chen and Gao, 2003; Rost et al., 2003), 
few reports are found to be concerned with those of 
freshwater diatoms. Study of freshwater diatoms and 
their physiological responses to elevated CO2 is 
conducive to the evaluation of the effect of elevated 
atmospheric CO2 in freshwater ecosystem. 
Furthermore, the comparison of the responses to 
doubled CO2 by freshwater and marine diatoms is 
important in understanding their different 
adaptations to the elevating CO2. 

The present study intended to investigate the 
physiological responses of a freshwater diatom, 
Nitzschia palea Kützing, to doubled CO2, and then 
its responses were compared with those of a marine 
diatom, Chaetoceros muelleri Lemmermann 
reported in our previous studies (Hu, 2001; Hu and 
Gao, 2001). 

2 MATERIALS AND METHODS 

2.1 Samples and growth conditions 

Nitzschia palea Kützing were collected from the 
Institute of Hydrobiology, Chinese Academy of 
Sciences (Wuhan, China). Culture experiments were 
performed according to Hu and Gao (2001). The 
alga was grown in 500 mL Erlenmeyer flasks with 

450 mL DM medium (Beakes et al., 1988) and 
aerated with sterile filtered ambient (350 μl/L) or 
elevated CO2 (700 μl/L) air at 200 mL/min in plant 
growth chamber (E7 Conviron, Winnipeg, Canada) 
at 50 μmol photons/(m2s) and a 14 h light:10 h dark 
photoperiodic cycle. Temperature was fluctuation 
according to the photoperiodic cycle with the 
highest 26C at noon, and the lowest 22C at night. 
Aeration was used either in or above the culture 
medium. 

2.2 General analyses 

Cell density was estimated by measuring the 
optical density (OD) at 665 nm with a 
spectrophotometer (UV-1601, Shimadzu, Kyoto, 
Japan). A linear regression between OD665 and dry 
weight (DW) was made and OD665 was employed to 
determine the dry biomass in cultures. All cultures 
were initiated at OD665 of about 0.02. OD665 was 
monitored every 24 h until a stationary phase was 
reached. Specific growth rates (μ) were calculated as 
the slope of logarithmic dry biomass against the 
time (days). Chlorophyll a contents were determined 
according to Jeffrey and Humphrey (1975) with 
90% acetone extracts. The pH value was estimated 
with a pH meter (420A, Orion, Allometrics, Baton 
Rouge, Louisiana, USA). Samples (5 mL each) were 
processed with an ultrasonic cleaner (8892, 
Cole-Parmer Inc., Vernon Hills, Illinois, USA) at 
ambient temperature for 2–3 min without disrupting 
the cells then precipitated by centrifugation (680 g, 
10 min). Dissolved inorganic carbon (DIC) and 
dissolved organic carbon (DOC) in the cell-free 
supernatant medium were measured with a total 
organic carbon analyzer (TOC-5000A, Shimadzu, 
Kyoto, Japan). DIC speciation and concentration 
were determined according to Stumm and Morgan 
(1996). 

2.3 Photosynthetic activity 

Exponentially growing cells were harvested and 
re-suspended in fresh medium. Their photosynthetic 
activity was assayed by measuring the rate of O2 
evolution under different irradiances using a 
Clark-type O2 electrode (Hansatech Instruments Ltd, 
King’s Lynn, Norfolk, UK). The temperature was 
kept at 25C by a circulating water bath. Data were 
treated by non-linear fitting technique using model 
P=Pm  tanh (  I/Pm) + Rd (Henley, 1993), where 
P is the photosynthetic rate, and I is the light level. 
Ic, the light intensity at which net photosynthetic 
rate is zero, was calculated as Rd/. Ik, the light 
intensity at which photosynthesis is initially 



No.4          HU and GAO: CO2 enrichment on growth and photosynthesis in freshwater and marine diatoms 409

saturated, was calculated as Pm/. The ascending 
slope at limiting irradiances,, was calculated to 
assess the photosynthetic efficiency. 

 

2.4 Inorganic carbon-dependent photosynthetic 
oxygen evolution 

Cells were harvested by centrifugation at 1 500 g 
for 10 min at 25C, washed twice with CO2-free 
fresh medium and resuspended in CO2-free fresh 
medium buffered with 30 mmol/L Bis-Tris Propane 
(pH 8.0). Inorganic carbon-dependent, photosyn-
thetic oxygen evolution was measured using a 
Clark-type oxygen electrode (Hansatech Instruments 
Ltd, King’s Lynn, Norfolk, UK) at 25C. Cell 
suspension was placed in the O2 electrode chamber, 
illuminated at a photon flux density of 300 μmol 
photons/(m2s) and the cells allowed to reach CO2 
compensation concentration (as shown by the 
cessation of oxygen evolution). Then aliquots of 
NaHCO3 were added sequentially to the cell 
suspension to create increasing DIC concentrations. 
Parameters for the photosynthetic response to DIC 
were obtained by fitting net photosynthetic rates at 
various levels of DIC with the Michaelis-Menten 
formula: V=Vm[S]/(K1/2(DIC)+[S]), where K1/2(DIC) 
is the DIC concentration required to give a half 
maximal photosynthetic rate and Vm is the inorganic 
carbon-saturated photosynthesis rate. The CO2 
supply rate from spontaneous dehydration of HCO3̄ 
was estimated according to Miller and Colman 
(1980). 

Fig.1 Time course of dry weight (mg/L) of Nitzschia palea 
cultured under ambient (●, ▲) with elevated CO2 (○, ∆) 
aerated to the surface of cultures (●, ○) or to the 
bottom of flasks (▲, ∆) 

3 RESULTS 

3.1 Growth and changes in the medium 

As shown in Fig.1, elevated CO2 to 700 μl/L 
enhanced the growth of Nitzschia palea during the 
whole growth period. With enriched CO2 in the 
airflow to the surface of cultures or to the bottom of 
flasks, the maximum dry biomass were 4% and 20% 
respectively higher than the controls (P < 0.05, 
t-test). Specific growth rates of N. palea cultured in 
enriched CO2 were 0.40–0.45/day, which were 
significantly higher in comparison with 
0.29–0.37/day in the controls (P < 0.05, t-test). 

Fig.2 shows that the pH values of cultures aerated 
to surface increased by about 2.0 pH units during 
the whole growth period, while they only changed a 
little in those cultures aerated to bottom. However, 
the average pH values of the medium aerated with 
enriched CO2 were significantly lower

2.5 Statistics 

The data were expressed as the mean values ± 
standard deviation (SD). Statistical significance of 
the data was tested with one-way analysis of 
variance (ANOVA) or t-test, with the significant 
level set at 0.05. 

 

Fig.2 Changes of pH value, dissolved inorganic carbon (DIC), and dissolved organic carbon (DOC) in Nitzschia palea cultures 
aerated with ambient (●, ▲) and elevated CO2 (○, ∆) to the surface of cultures (●, ○) or to the bottom of flasks (▲, ∆)
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than the controls by an average of 0.32–0.42 pH 
units (P < 0.05, ANOVA), and the surface aeration 
reduced pH values more than subsurface aeration at 
the end of the stationary phase. The DIC 
concentrations in the medium increased with time 
and were elevated to a higher level by doubled CO2, 
in particular, with aeration to surface the increased 
extent of DIC concentrations was much greater. The 
dissolved organic carbon contents in the medium 
changed slightly but were reduced to a lower level 
with enriched CO2. 

3.2 Photosynthetic characteristics 

Fig.3 shows the relationship between photo-

synthesis and irradiance in N. palea cultured under 
ambient with elevated CO2. A photoinhibition at 
irradiances up to about 500 μmol photons/(m2s) was 
observed. Saturating irradiance for photosynthesis 
was low and the Ik values were 55.9–90.9 μmol 
photons/(m2s). Light compensation points were 
21.3–50.1 μmol photons/(m2s). Chlorophyll 
a-specific light-saturated photosynthetic rates (P m

chl a) 
and dark respiration rates (R d

chl a) changed within 
131.0–207.0 and 48.3–105.6 μmol O2/(mg chl a h) 
respectively, and chlorophyll a-specific apparent 
photosynthetic efficiency (chl a) ranged from 
1.5–2.7 [μmol O2/(mg chl a h)]/[μmol photons/(m2s)] 
(Table 1). 

 
Fig.3 Representative curves of chlorophyll a-specific photosynthesis versus irradiance for Nitzschia palea cultures aerated with 

ambient (●, ▲) and elevated CO2 (○, ∆) to the surface of cultures (●, ○) or to the bottom of flasks (▲, ∆) 

Table 1 Photosynthetic parameters of Chaetoceros muelleri and Nitzschia palea cultured under ambient with elevated CO2* 

Surface (μl/L CO2) Bottom (μl/L CO2) 
Photosynthetic parameter Species 

350 700 350 700 

C. muelleri 280.1±11.8 286.5±12.1 175.0±6.8 232.4±7.0 Pm
chl a  μmol O2/(mg chl a h) 

N. palea 131.0±7.7 141.3±7.6 207.0±7.6 138.6±7.4 

C. muelleri 2.5±0.3 3.9±0.5 2.7±0.3 4.7±0.4 chl a [μmol O2/(mg chl a h)]/[μmol 

photons/(m2s)] N. palea 2.3±0.3 2.3±0.3 2.7±0.3 1.5±0.2 

C. muelleri -52.7±10.1 -82.3±11.2 -22.1±6.3 -62.2±6.6 
Rd

chl a  μmol O2/(mg chl a h) 
N. palea -64.1±7.2 -48.3±7.1 -105.6±7.1 -76.3±6.9 

C. muelleri 112.8±4.7 74.2±3.1 66.0±2.5 49.6±1.5 
Ik  μmol photons/(m2s) 

N. palea 55.9±3.3 62.4±3.4 75.7±2.8 90.9±4.9 

C. muelleri 21.2±4.1 21.3±2.9 8.3±2.4 13.3±1.4 
Ic  μmol photons/(m2s) 

N. palea 27.4±3.1 21.3±3.2 38.6±2.6 50.1±4.5 

* Data of Chaetoceros muelleri from Hu, 2001; Hu and Gao, 2001. Data are represented in means ±SD (n=3). Chl: chlorophyll 

The doubling CO2 concentration in the airflow to 
the culture surface (lower DIC in medium) had few 
effects on light-saturated photosynthetic rates and 
photosynthetic efficiencies (P>0.05, t-test); however, 
bottom aeration with doubled CO2 (higher DIC in 
medium) caused them to decrease significantly (P < 
0.05, t-test). Dark respiratory rates decreased with 
the doubling of CO2, while elevated CO2 gave rise 
to the increase of Ik values. Light compensation 
points increased with the doubling CO2 

concentration in the airflow to the bottom of 
cultures, though the doubling CO2 concentration in 
the airflow to the surface of the cultures had few 
effects on it. 

The observed rates of photosynthetic O2 
evolution in N. palea cultured under ambient with 
elevated CO2 were compared with the theoretical 
rates of CO2 supply from the uncatalyzed 
dehydration of HCO3̄ at 25C, pH 8.0 (Fig. 4b). The 
rates of inorganic carbon-dependent photosynthetic 
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oxygen evolution exceeded the supply of CO2 from 
the uncatalyzed dehydration of HCO3̄, indicating an 
ability to use HCO 3̄  in N. palea at DIC 
concentrations below approximately 0.7 mmol/L. 
The observed rates of O2 evolution were greater 
than the theoretical rates of CO2 supply in N. palea 

at DIC concentrations below 0.24 mmol/L under all 
culture conditions. At saturating DIC concentrations, 
small additions of inorganic carbon would have no 
effect on the rate of photosynthetic oxygen 
evolution.

 

Fig.4 The observed rate (solid line) of O2 evolution in Chaetoceros muelleri (a: from Hu 2001; Hu and Gao 2001) and Nitzschia 
palea (b) cultured under ambient (●, ▲) with elevated CO2 (○, ∆) aerated to the surface of cultures (●, ○) or to the bottom 
of flasks (▲, ∆) and the theoretical rates (dot line) of CO2 supply from the uncatalyzed dehydration of HCO3̄ at 25C, pH 
8.0, in 4 mL of fresh F2AW or DM medium buffered with 30 mmol/L Bis-tris propane 

 

 

Fig.5 Photosynthesis CO2 assimilation as a function of DIC concentration for Nitzschia palea cultures aerated with ambient (●, 
▲) and elevated CO2 (○, ∆) to the surface of cultures (●, ○) or to the bottom of flasks (▲, ∆) 

The measurements were conducted at 300 μmol photons/(m2s) and 25C 

 
The cells of N. palea required 81.9–101.0 μmol/L 

DIC or 1.45–1.79 μmol/L CO2 to give half maximal 
photosynthetic rate at pH 8.0 (Fig.5, Table 2). The 
DIC–saturated photosynthetic rates were 
125.1–244.8 μmol O2/(mg chl a h), and aeration to 
surface with doubled CO2 resulted in higher levels 
of Vm values, while bottom aeration with doubled 
CO2 showed lower Vm values. Under doubling CO2 
concentration, the affinity for CO2 decreases as 
indicated by increasing K1/2(CO2) of photosynthesis. 

4 DISCUSSION 

The DIC concentration in seawater is high and 
relatively constant (2 mmol/L), whereas the DIC 
concentration in freshwater ranges from very high 
(1–10 mmol/L) in alkaline, hardwater habitats to 

less than 10 μmol/L in acidic, softwater habitats 
(Talling, 1985). The supply of inorganic carbon may 
limit photosynthesis and growth of phytoplankton 
under certain circumstances (Hein, 1997; Chen and 
Gao, 2003). During intense blooms, in particular, 
the growth of freshwater and marine phytoplankton 
can be limited by the CO2 supply (Riebesell et al., 
1993; Hein and Sand-Jensen, 1997; Ibelings and 
Maberly, 1998; Qiu and Gao, 2002; Schippers et al., 
2004a). Thus, atmospheric CO2 increase could 
potentially promote phytoplankton productivity 
(Schippers et al., 2004b). The growth of Nitzschia 
palea at varied concentration levels of CO2 
indicated that inorganic carbon might limit its 
growth when the phytoplankton population was 
dense.
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Table 2 Parameters for the responses of photosynthesis to dissolved inorganic carbon of Chaetoceros muelleri and 

Nitzschia palea cultured under ambient with elevated CO2* 

Surface (μl/L CO2) Bottom (μl/L CO2) 
Photosynthetic parameter Species 

350 700 350 700 

C. muelleri 298.9±4.1 326.8±4.8 399.9±5.6 577.8±5.5 
Vm  μmol O2/(mg chl a h) 

N. palea 135.6±3.8 244.8±3.9 209.7±4.9 125.1±5.6 

C. muelleri 74.9±1.2 92.7±2.3 85.4±1.6 88.4±7.8 
K1/2(DIC) μmol/L 

N. palea 81.9±4.7 92.4±1.9 84.9±1.6 101.0±1.9 

C. muelleri 0.69±0.01 0.85±0.02 0.78±0.01 0.81±0.07 
K1/2(CO2) μmol/L 

N. palea 1.45±0.05 1.64±0.03 1.51±0.03 1.79±0.03 

* Data of Chaetoceros muelleri from Hu, 2001; Hu and Gao, 2001. Data are represented as means ±SD (n=3). Chl: chlorophyll 

 

Schippers et al. (2004b) suggested that increased 
phytoplankton productivity because of atmospheric 
CO2 elevation was proportional to the increased 
atmospheric CO2, though it was reported that unlike 
terrestrial plants, phytoplankton would not show a 
significant response to the atmospheric CO2 increase 
(Raven, 1997; Raven and Falkowski, 1999; Tortell 
et al., 2000). Under eutrophic conditions, the CO2 
concentration in the water would decrease and the 
pH increase when carbon is assimilated by the 
species. Accordingly the air-water flux of CO2 
would be enhanced, and make the phytoplankton 
more responsive to increased atmospheric CO2 
(Schippers et al., 2004b). Our results show that the 
biomass of the freshwater diatom increased by about 
4%–20% in response to the CO2 rise. The increase 
in high air-water exchange rate (airflow to the 
bottom of flasks, 20%) was more significant than 
that in low air-water exchange rate (airflow to 
surface of cultures, 4%), which was in agreement 
with our previous finding in the marine diatom, 
Chaetoceros muelleri (31% and 11% respectively) 
(Hu, 2001; Hu and Gao, 2001). Schippers et al. 
(2004b) predicted doubling of atmospheric CO2 
could result in an increase of the productivity of 
10%–40%, and Hein and Sand-Jensen (1997) found 
15%–19% stimulation of primary production in 
response to elevated CO2 concentration. 

Although elevated CO2 enhanced the growth of N. 
palea and C. muelleri, they made different 
physiological responses to the doubling of CO2 
concentration. In contrast to the DM medium 
(freshwater, N. palea), the aeration with enriched 
CO2 did not decrease the pH values of the f/2AW 
medium (seawater, C. muelleri) significantly but 
resulted in an even greater increased extent of the 
DIC concentrations after the exponential phase (Hu, 
2001; Hu and Gao, 2001). Accordingly, 
enhancement of growth due to the enriched CO2 

occurred in different growth phases: for N. palea 
during the whole growth period, for C. muelleri 
after the exponential phase. Therefore, the growth 
rates of C. muelleri were not significantly different 
between the cultures with different CO2 treatments 
(Hu, 2001; Hu and Gao, 2001), consistent with the 
experimental findings of Tortell et al. (1997) in 
another marine diatom; while elevated CO2 
concentrations gave rise to higher specific growth 
rates in N. palea. It was indicated that the growth of 
C. muelleri was not limited by the availability of 
DIC before the late exponential phase, while the 
growth of N. palea was limited by the CO2 supply 
even with low cell density. In addition, the enhanced 
extent of biomass in C. muelleri by doubled CO2 
was greater than that of N. palea, which might be 
attributed to the higher photosynthetic efficiency 
(2.5–4.7, [μmol O2/(mg chl a h)] / [μmol photons m-2s-1)]) 
in the former (Table 1). 

The DIC concentration was high (>2.0 mmol/L) 
in the media of C. muelleri, and it had the ability to 
take up HCO3̄ (Hu and Gao, 2001), so its growth 
was not likely to be limited by the DIC 
concentration before the late exponential phase. 
When the cell density was rather high, doubled CO2 
increased the availability of DIC, thus the growth of 
the marine diatom would be stimulated in the 
stationary phase. The enhanced growth of the 
marine diatom should be related to the increase of 
photosynthesis (Pm and ) at elevated CO2. 
However, the DIC concentration was relatively low 
(< 0.2 mmol/L) in the media of N. palea, and the 
change of HCO3̄ concentration with doubled CO2 
was not as much as that in the media of C. muelleri, 
while the CO2 concentration was increased by 100% 
in the media. Therefore, an increase of the growth of 
N. palea might be mainly contributed to the doubled 
free (dissolved) CO2. In the present study the 
photosynthesis of N. palea was saturated with 
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external CO2 when the DIC concentration was as 
high as 0.7 mmol/L. It was indicated that the growth 
of N. palea was limited by the supply of CO2 before 
the late exponential phase especially with low 
air-water exchange rate. On the other hand, the DIC 
concentration in the culture of N. palea increased 
fast with time at high air-water exchange rate in 
particular, suggesting that N. palea was counted 
firstly on free CO2 to drive photosynthesis. It was 
evident that N. palea had a limited capacity for 
HCO3̄ utilization. The decrease of Pm and α for N. 
palea grown in doubled CO2 concentration with 
high air-water exchange rate might be related to the 
negative feedback from CO2 concentration, which 
was also covered in other studies (Xia and Gao, 
2003). 

In conclusion, the different physiological 
responses to elevated CO2 concentrations between N. 
palea in the present study and C. muelleri in our 
previous studies (Hu, 2001; Hu and Gao, 2001) 
might be related to their capacity for dissolved 
inorganic carbon utilization. N. palea (K1/2(DIC) = 
81.9–101.0 μmol/L) had a relatively lower affinity 
for DIC than C. muelleri (K1/2(DIC) = 74.9–92.7 
μmol/L). The photosynthesis of N. palea and C. 
muelleri were saturated with external CO2 when the 
DIC concentration was above 0.7 and 2.0 mmol/L 
(Fig.4), respectively, which also suggested that the 
latter had a greater capacity of HCO3̄ usage than the 
former. The growth of the marine diatom would not 
be limited by the supply of inorganic carbon due to 
its stronger HCO3̄ utilization ability when the cell 
density was relatively low, and thus elevated CO2 
had little effects on its growth. In contrast, the HCO3̄ 
utilization capacity was limited in the freshwater 
diatom, and the doubling of CO2 in the airflow 
would enhance the dissolution of CO2 and lower the 
pH values of cultures to a greater extent owing to 
the lower buffering capacity in freshwater media. 
Therefore, even if the cell density was low, the 
growth of N. palea would show a significant 
increase at the elevated CO2 level. It is anticipated 
that the influences of doubling of atmospheric CO2 
on the freshwater diatom would be more significant 
compared with the marine diatom at the ecosystem 
level. 

References 

Badger, M. R., T. J. Andrews, S. M. Whitney, M. Ludwig, D. 
C. Yellowlees, W. Leggat and G. D. Price, 1998. The 
diversity and coevolution of Rubisco, plastids, 
pyrenoids, and chloroplast-based CO2-concentrating 
mechanisms in algae. Can. J. Bot. 76: 1 052-1 071. 

Beakes, G. W., H. M. Canter and G. H. M. Jaworski, 1988. 
Zoospore ultrastructure of Zygorhizidium affluens and Z. 
planktonicum, two chytrids parasitizing the diatom 
Asterionella formosa. Can. J. Bot. 66: 1 054-1 067. 

Burkhardt, S., G. Amoroso, U. Riebesell and D. Sültemeyer, 
2001. CO2 and HCO 3̄  uptake in marine diatoms 
acclimated to different CO2 concentrations. Limnol. 
Oceanogr. 46: 1 378-1 391. 

Chen, X. and K. Gao, 2003. Effect of CO2 concentrations on 
the activity of photosynthetic CO2 fixation and 
extracellular carbonic anhydrase in the marine diatom 
Skeletonema costatum. Chin. Sci. Bull. 48: 2 616-2 620. 

Cole, J. J., N. F. Caraco, G. W. Kling and T. K. Kratz, 1994. 
Carbon dioxide supersaturation in the surface waters of 
lakes. Science 265: 1 568-1 570. 

Falkowski, P. G., R. T. Barber and V. Smetacek, 1998. 
Biogeochemical controls and feedbacks on ocean 
primary production. Science 281: 200-206. 

Giordano, M., J. Beardall and J. A. Raven, 2005. CO2 
concentrating mechanisms in algae: Mechanisms, 
environmental modulation, and evolution. Annu. Rev. 
Plant Biol. 56: 99-131. 

Hein, M. and K. Sand-Jensen, 1997. CO2 increases oceanic 
primary production. Nature 388: 526-527. 

Hein, M. 1997. Inorganic carbon limitation of photosynthesis 
in lake phytoplankton. Freshw. Biol. 37: 545-552. 

Henley, W. J. 1993. Measurement and interpretation of 
photosynthetic light-response curves in alga in the 
context of photoinhibition and diel changes. J. Phycol. 
29: 729-739. 

Houghton, J. T., L. G. Fiho, L. G. Meiro, B. A. Gallander, N. 
Harris and A. Kattenber, 1996. Climate change: the 
science of climate change. Cambridge University Press, 
Cambridge. 584p. 

Hu, H. and K. Gao, 2001. Effects of doubled atmospheric 
CO2 on the growth and photosynthesis of Chaetoceros 
muelleri. Acta Hydrob. Sinica 25: 636-639. (in Chinese) 

Hu, H. 2001. Studies on the characteristics of food 
microalgae and their relationships with varied CO2 
concentrations. PhD Thesis, Institute of Hydrobiology, 
Chinese Academy of Sciences, Wuhan. (in Chinese) 

Ibelings, B. W. and S. C. Maberly, 1998. Photoinhibition and 
the availability of inorganic carbon restrict 
photosynthesis by surface blooms of cyanobacteria. 
Limnol. Oceanogr. 43: 408-419. 

Jeffrey, S. W. and G. F. Humphrey, 1975. New 
spectrophotometric equations for determining 
chlorophylls a, b, c1 and c2 in higher plants, algae and 
natural phytoplankton. Biochem. Physiol. Pflanz. 167: 
191-194. 

Miller, A. G. and B. Colman, 1980. Evidence for HCO3̄ 
transport by the blue-green alga (Cyanobacterium) 
Coccochloris peniocystis. Plant Physiol. 65: 397-402. 

Nimer, N. A., M. X. Ling, C. Brownlee and M. J. Merrett, 
1999. Inorganic carbon limitation, exofacial carbonic 
anhydrase activity, and plasma membrane redox activity 



CHIN. J. OCEANOL. LIMNOL., 26(4), 2008                          Vol.26 414 

in marine phytoplankton species. J. Phycol. 35: 1 200- 
1 205. 

Qiu, B. and K. Gao, 2002. Effects of CO2 enrichment on the 
bloom-forming cyanobacterium Microcystis aeruginosa 
(Cyanophyceae): physiological responses and 
relationships with the availability of dissolved inorganic 
carbon. J. Phycol. 38: 721-729. 

Raven, J. A. and P. G. Falkowski, 1999. Oceanic sinks for 
atmospheric CO2. Plant Cell Environ. 22: 741-755. 

Raven, J. A. 1997. Inorganic carbon acquisition by marine 
autotrophs. Adv. Bot. Res. 27: 85-209. 

Raymond, P. A., N. F. Caraco and J. J. Cole, 1997. Carbon 
dioxide concentration and atmospheric flux in the 
Hudson River. Estuaries 20: 381-390. 

Reinfelder, J. R., A. M. L. Kraepiel and F. M. M. Morel 2000. 
Unicellular C4 photosynthesis in a marine diatom. 
Nature 407: 996-999. 

Riebesell, U., D. A. Wolf-Gladrow and V. Smetacek, 1993. 
Carbon dioxide limitation of marine phytoplankton 
growth rates. Nature 361: 249-251. 

Rost, B., U. Riebesell, S. Burkhardt and D. Sültemeyer, 2003. 
Carbon acquisition of bloom-forming marine 
phytoplankton. Limnol. Oceanogr. 48: 55-67. 

Schippers, P., M. Lürling and M. Scheffer, 2004. Increase of 

atmospheric CO2 promotes phytoplankton productivity. 
Ecol. Lett. 7: 446-451. 

Schippers, P., J. E. Vermaat, J. de Klein and W. M. Mooij, 
2004. The effect of atmospheric carbon dioxide 
elevation on plant growth in freshwater ecosystems. 
Ecosystems 7: 63-74. 

Stumm, W. and J. J. Morgan, 1996. Aquatic Chemistry, 3rd. 
John Wiley & Sons, New York. p. 171-185. 

Talling, J. F. 1985. Inorganic carbon reserves of natural 
waters and ecophysiological consequences of their 
photosynthetic depletion: microalgae. In: Lucas, W. J. 
and J. A. Berry eds. Inorganic carbon uptake by aquatic 
photosynthetic organisms. American Society of Plant 
Physiologists, Rockville, Md. p. 403-420. 

Tortell, P. D., G. H. Rau and F. M. M. Morel, 2000. Inorganic 
carbon acquisition in coastal Pacific phytoplankton 
communities. Limnol. Oceanogr. 45: 1 485-1 500. 

Tortell, P. D., J. R. Reinfelder and F. M. M. Morel, 1997. 
Active uptake of bicarbonate by diatoms. Nature 390: 
243-244. 

Xia, J. and K. Gao, 2003. Effects of doubled atmospheric 
CO2 concentration on the photosynthesis and growth of 
Chlorella pyrenoidosa cultured at varied levels of light. 
Fish. Sci. 69: 767-771.

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


