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As a result of human industrial development, carbon dioxide (CO,) is currently accumulating in
the atmosphere and dissolving into the oceans. Sequestration into the deep sea has been proposed
as a possible solution to this increasing atmospheric CO,, although the impact of such a program
on marine ecosystems is unknown. We examined the effects of increased CO, levels on the
growth of the olive flounder, Paralichthys olivaceus. Juvenile olive flounder 40 days post
hatching were exposed to two levels of CO, (3.60-7.55 and 4.05-11.46 kPa) in running seawater
for 26 days. During the exposure period, the pH and CO, levels of the water were measured, and
the numbers of dead individuals were counted in each aquarium. Following the exposure period,
the total lengths (mm) and body weights (mg) of the juvenile fish were measured. Both CO,
treatments significantly increased fish mortality compared to controls (19.87+£4.53% vs. 7.14%
and 75.96+1.36% vs. 7.14% for high and low doses, respectively). After the high CO, treatment,
total length (14.984+6.58 mm vs. 19.52+1.83 mm) and body weight (28.92+13.85 mg vs.
67.35+18.32 mg) of the exposed flounder were reduced compared to the control fish; however,
no significant differences in these values were observed after the low CO, dose. These results
suggested that CO, exposure inhibits growth in the juvenile stage and that CO,-enriched seawater
is toxic in the early life stages of olive flounder.
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Introduction

In recent years, the concentration of anthropogenic
carbon dioxide (CO,) in the atmosphere has been
rising rapidly (IPCC, 2001). It is estimated that more
than 50% of anthropogenic CO, is absorbed by the
oceans (Sabine et al., 2004). Increased CO, levels in
the oceans could decrease pH; indeed, a 0.3-0.5 unit
decrease in pH is expected over the next century
(Feely et al., 2004). As a result, the potential effects
of ocean acidification on marine ecosystems have
come increasingly into focus in recent years (Brower
et al., 2004; Gazeau et al., 2007; Michaelidis et al.,
2007; Iglesias-Rodriguez et al., 2008).

In addition, ocean sequestration has been proposed
as a possible way to reduce increasing anthropogenic
CO,, (Cole et al., 1995; Ormerod and Angel, 1996).
However, this extra CO, may negatively impact
marine ecosystems including marine organisms
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(Adams et al., 1997; Auerbach et al., 1997). Most
previous studies focused on the effects of CO;, on
shell-structured organisms such as phytoplankton,
shellfish and crabs; however very few studies have
examined the impacts of increased marine CO;, on
fish (Kikkawa et al., 2003; Lee et al., 2003; Ishimatsu
et al., 2004, 2008). Fish are important and essential
components of marine ecosystems, and they con-
stitute the main protein sources for people in many
countries. Successful recruitment to fishery stocks is
dependent on the growth and survival of early life
stages (eggs, larvae, and juveniles). Ocean acidifica-
tion appears to affect the recruitment dynamics of
fishes, and it is expected that the impact of CO, on
these stages could be more crucial than that on the
adult stage.

Although very few studies have examined the
effects of CO, on fish, most studies have focused on
adults or freshwater species (Fivelstad et al., 1999;
Ingermann et al.,, 2002; Fivelstad et al., 2007;
Kaufman et al., 2007). We investigated the effects of
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increased CO, levels on the juvenile stages of the
olive flounder, a marine species.

Materials and Methods

Experimental fish and rearing conditions

To investigate the effects of CO, on juvenile olive
flounder, we used a CO, exposure tank (80 L, high
CO, group), a natural seawater tank (80 L, control
group), and a mixing tank (80 L, low CO, group; Fig.
1). Carbon dioxide of 99.9% purity was added to the
water from a pressurized gas bottle at a flow rate of
300 ml/min. The control group received only natural
seawater with no CO, added (21 mL/min); the high
CO, group only received carbon dioxide enriched
water (21 mL/min); and the low CO, group received
a 1:1 mixture of natural seawater and CO,-enriched
water (21 mL/min). Water flow was kept continuous
using a siphon, and more than 30 L of water was
exchanged per day. Juvenile olive flounder (40 days
post-hatching) were reared in 30 L tanks (30 fish/
tank) at 20°C under a photoperiod of 14L:10D. The
fish were fed an artificial diet three times per day. All
experiments were conducted in duplicate.
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Fig. 1. Schematic diagram of CO,-exposure experi-
ment. Control groups were natural seawater flow (D),
high CO, groups were COs-airated seawater flow
(), low CO, groups were mixing seawater flow
with both of (D and 3 (). Arrow heads indicate
water flows.

The CO, concentrations were determined by the
single acid addition method described by Parsons et
al. (1984). Solubility values from Randall (1970)
were applied to convert the concentration of carbon
dioxide in mg/L to partial pressure in mmHg and then
converted to kPa. pH was measured using a pH meter
(Orion). pH and pCO, were measured every 2 days.
Dead individuals were counted to evaluate the
mortality over the 26 day exposure period. After 26
days, the remaining fish were measured for total
length (mm) and body weight (mg).

Statistics

All mortality, length, and weight data are expressed
as mean and standard error of the mean (SEM). SPSS
11.0 for Windows was used for the Kruskal-Wallis
test with a Bonferroni adjustment. A value of P<0.05
was considered statistically significant.

Results

The pH values reflected the CO, levels. During the
exposure period, the water pH ranged from 7.66 to
8.34 in the control group, 7.12 to 7.88 in the low CO,
group and 6.46 to 7.23 in the high CO; group (Fig. 2).
The ranges of water pCO, (kPa) remained constant
(0.10-0.13) in the control group and ranged from 3.60
to 7.55 in the low CO, group and from 4.05 to 11.46
in the high CO, group.

During the 26-day exposure period, 5 and 19
individuals died from the low and high CO, groups,
respectively, whereas only two individuals died from
the control group (Fig. 3). The mortalities for both the
low and high CO, groups were significantly higher
than those for the control group (19.87+4.53% vs.
7.14% and 75.96+1.36 % vs. 7.14%, P<0.05).

After the 26 day exposure period, the increases in
total length (14.98+6.58 mm vs. 19.52+1.83 mm)
and body weight (28.92+13.85 mg vs. 67.35+£18.32
mg) were significantly lower in the high CO, group
than the control group ( £<0.05).

Discussion

Our study demonstrated that CO,-enriched water is
toxic and that it increased the mortality of juvenile
olive flounder. Recent studies with young olive
flounder have reported median lethal concentrations
of CO, of 4.96 kPa in 24 h and 4.61 kPa in 72 h for
marine fish species (Grottum and Sigholt, 1996;
Kikkawa et al., 2003). However, these studies
examined the effects of CO, using constant levels or
relatively low levels over short exposure periods. In
the present study, we investigated the effects of high
and continuous CO; levels on juvenile stages. Using
the CO, sequestration model, Sato and Sato (2002)
reported that when CO, was released into the deep
sea at a depth of 2,000 m, CO, levels greater than 30
kPa of pCO, would occur. These extremely high
levels of CO, could induce high fish mortalities. The
effects of CO, levels (4.05-11.46 kPa in the high CO,
group) seen in the present study provide fundamental
data for further investigations using realistic natural
conditions.
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Fig. 2. Water pH (left) and CO, levels (right) measured during exposure period. Values are mean+SEM of
duplicate.
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Fig. 3. Cumulative dead individuals (left) during
exposure period and mortality (right). Values of
mortality were mean+SE of duplicates. Asterisks
indicate significant differences from controls (P<
0.05).
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Fig. 4. Effects of CO, on growth of juvenile olive
flounder; total length (left) and body weight (right).
Values are mean=+SE of duplicate. Asterisks indicate
significant differences from controls (£<0.05).

The causes of the high mortality rates induced by
elevated CO, levels arc not yet well understood.
Hayashi et al. (2004) reported that decreased blood
pH caused by increased CO, was not a direct cause of
mortality in olive flounder. Recently, Lee et al.
(2003) reported that depressed cardiac contractility
leads to death in yellowtail, Seriola quinqueradiata,
followed by hypercapnia. This suggests that decree-
sed oxygen supply is an important cause of death

not clear whether the increased mortality was because
the fish simply did not feed or whether the increased
CO, was directly toxic. Previous studies of freshwater
species showed that decreased growth caused by
increased CO, is dependent on the fish species as
well as on the size or developmental stage (Fivelstad
et al., 1999, 2003; Hossfeld et al., 2008). Ishimatsu et
al. (2008) reported that no published data are
available on the growth of fish larvae or juveniles
exposed to CO,. Our study demonstrated that in-
creased CO, levels inhibited the growth of juvenile
olive flounder.

In conclusion, increased CO, levels are toxic and
inhibit the growth of juvenile olive flounder. Our
study may provide fundamental data on the effects of
increased CO, on shallow-water fish species. Future
research should be conducted examining possible
CO, sequestration scenarios and effects on deep-sea
species using realistic temperatures and CO, levels.
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