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INTRODUCTION

The oceans have dissolved up to 50% of the anthro-
pogenic CO2 released to the atmosphere by the com-
bustion of fossil fuels, contributing to partial mitigation
of global warming (Sabine et al. 2004). However, the
dissolution of anthropogenic CO2 has dramatically
altered the inorganic carbon chemistry of seawater by
reducing the carbonate ion saturation and the pH
(Feely et al. 2004, Orr et al. 2005). Furthermore, simu-
lations based on ocean circulation models predict an
increase in atmospheric CO2 levels up to 2000 ppm by
the year 2300 and a corresponding decrease in surface
ocean pH by 0.77 units (Caldeira & Wickett 2003). The
global coastal ocean, which occupies less than 10% of
the total ocean surface (Wollast 1998) but provides
more than 90% of global fish catches (Pauly & Chris-
tensen 1995, Lindeboom 2002), is particularly sensitive
to ocean acidification. About 10% of the global ocean
pelagic, and 80% of the benthic, mineralization occurs
in the coastal ocean (Middelburg et al. 1993, Wollast

1998), contributing to extensive reduction of the dis-
solved oxygen, pH and carbonate ion concentration in
the water column (Thomas et al. 2004, Fabry et al.
2008, Koch & Gobler 2009). The upwelling of aged
subsurface waters from the adjacent ocean, which are
also relatively poor in oxygen and carbonate ion, helps
to enhance this pattern; in fact, eastern boundary
upwelling systems are significantly more acidic than
the rest of the surface ocean (Hauri et al. 2009). In
addition, the impact of continental runoff on the chem-
istry of the coastal ocean depends on the mineral com-
position of the drainage basins (Borges & Gypens
2010). In general, a freshwater stream draining a sili-
cate basin strongly affected by agricultural, industrial
and human sewages would produce a decrease of dis-
solved oxygen, pH and carbonate ion concentration in
the coastal ocean (Koch & Gobler 2009). According to
Salisbury et al. (2008), coastal upwelling and riverine
discharges can increase the concentration of CO2 in
coastal waters to values in excess of 1000 ppm and
with sub-saturating levels of carbonate ion. Dissolved
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oxygen, pH and carbonate ion levels in temperate
coastal waters are usually minimal during summer,
when the biogenic materials produced during the pre-
ceding phytoplankton spring bloom have decomposed
and many species of bivalves are spawning (Amaral
2009). In the particular case of the Iberian upwelling
system (SW Europe), a significant reduction of the
intensity and extension of the upwelling-favourable
season has been observed over the last 50 yr (Lemos &
Sansó 2006), which has produced a duplication of the
residence time of water in the Galician rias, a group
of large coastal embayments of the northern coast
(Álvarez-Salgado et al. 2008), and a concomitant
enhancement of mineralization (Pérez et al. 2010).

Previous studies have shown that reductions in pH
and in the concentration of carbonate ion in oceanic
and coastal waters can have a negative effect on
marine organisms (Fabry et al. 2008), eventually
affecting their survival (Raven et al. 2005). However, a
recent review by Hendriks et al. (2010) proposed that
marine biota may be more resistant to acidification
than expected. Most of the research efforts on this
issue have been focused on the exploitable marine cal-
cifiers with a special emphasis on the impact of ocean
acidification on calcification rates (Orr et al. 2005,
Gazeau et al. 2007, McDonald et al. 2009, Miller et al.
2009). For the particular case of marine bivalves,
Michaelidis et al. (2005) and Berge et al. (2006)
reported reduced growth rates for Mytilus spp. reared
under conditions of increased CO2 and reduced pH.
Furthermore, Michaelidis et al. (2005) also showed that
a prolonged reduction of seawater pH produces de -
creased respiration rates, increased protein degrada-
tion and acidosis of the haemolymph, which is buffered
by the dissolution of the CaCO3 shell. More recent
studies have shown that current and future increases
in CO2 concentrations may deplete or alter the compo-
sition of shellfish populations in coastal ecosystems
(Bibby et al. 2008, Kurihara, 2008, Miller et al. 2009,
Talmage & Gobler 2009).

Given that bivalves dominate the macrofauna of
many estuarine and coastal marine systems, under-
standing their physiological behaviour is crucial for
determining the productivity and energy flows in these
animals. Expected changes in environmental variables
can affect physiological processes in bivalves, modify-
ing the impact of these organisms in the ecosystem.
These effects need to be evaluated from an integrated
perspective, given the important role these organisms
play in terms of ecological structure and their value as
economic resources for fisheries and aquaculture in
many coastal areas. The potential for significant eco-
logical and economic impacts arising from the effects
of coastal ocean acidification on bivalves and the need
for further research on commercially important species

has been explicitly recognized (Fabry et al. 2008,
Melaku Canu et al. 2010, J. A. Kleypas et al. unpubl.
data).

The species targeted in the present study, the
clam Ruditapes decussatus, is widely distributed in the
Mediterranean and northeastern Atlantic, ex tending
from Mauritania to the English Atlantic coast (Sobral &
Widdows 1997). Aquaculture and intensive harvesting
of this species on natural banks occur mainly on the
Iberian Peninsula, France and other Mediterranean
countries (Amaral 2009). R. decussatus is the dominant
aquaculture product from southern Portugal (Matias et
al. 2009) and one of the most important species of
clams in the fisheries and extensive aquaculture sys-
tem of the Galician rias. Never theless, in recent de -
cades the natural populations have been subject to
overfishing, habitat loss, eutrophication and hypoxia
and have consequently experienced a dramatic de -
crease (Amaral 2009). Important recovery efforts, such
as new habitats, rehabilitation, transplant and sus -
tainable fishing practices, are currently being imple-
mented to increase the stocks of many species of
bivalves. The experiments presented in this work were
done on juvenile seed clams, which represent an
important life stage for shellfish populations, as reduc-
tions in the growth and survival of seed have the
potential to translate into declines of adult populations
(Arnold 2008).

The present study focused on analyzing the effects of
seawater acidification caused by increasing concentra-
tions of CO2 on juvenile Ruditapes decussatus. Three
levels of pH were tested: a natural (control) level and 2
levels reduced by –0.4 and –0.7 units, relative to the
pH of the control seawater. The response of the clams
was measured after 87 d of exposure to the 3 contrast-
ing conditions, in terms of their key physiological para-
meters, particularly (1) clearance and ingestion rate;
(2) oxygen consumption; (3) ammonia excretion; and
(4) oxygen to nitrogen (O:N) ratio.

MATERIALS AND METHODS

Biological material. Individuals of Ruditapes decus-
satus were obtained from broodstock conditioned at an
experimental bivalve hatchery in Tavira (Portugal)
operated by the National Institute of Biological Re -
sources (INRB, I.P./L-IPIMAR). At the beginning of the
experiment, the clams were approximately 1 yr old,
ranging from 7 to 9 mm shell length, 4.3 ± 0.3 mg (±SD)
dry weight (100°C, 24 h) and 13.7 ± 0.3% ash (450°C,
24 h).

pH acclimation system. Seawater was pumped
from the Ria Formosa lagoon (37° 7’ 17.73’ N,
7° 37’ 12.19’ W), passed through a sand-filter and aer-
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ated for 2 to 3 d before entering the rearing system, to
assure adequate oxygenation and stable pH during the
acclimation period. Three levels of pH were tested: the
natural seawater from Ria Formosa lagoon (control;
ΔpH = 0) and 2 levels of reduced pH (ΔpH = −0.4 and
ΔpH = −0.7 units as compared with the control). Each
level of pH had a separate 250 l header tank and pump,
supplying 3 replicate 15 l plastic acclimation tanks.
The seawater supply to the acclimation tanks was
manually regulated using PVC valves. A flow-through
system was used to minimize any interference from the
metabolic waste products of the organisms. Excess
water overflowed so that the volume in each tank was
renewed 3 to 4 times per day.

Carbonate chemistry of seawater was manipulated
in the reduced pH treatments by diffusing pure CO2

in open reactors (Aqua Medic – reactor 1000) installed
before the acclimation tanks. The flux of gas from
the pure CO2 bottles to the reactors was controlled
through a pH-stat system (Aqua Medic AT Control) by
opening or closing a solenoid valve when the pH read-
ings in the acclimation tanks deviated from the prede-
termined set-points by ± 0.1 pH units.

The acclimation period started on 7 July 2009, when
each replicate tank (3 per pH level) was stocked with
100 juvenile clams. The pH of the acidified treatments
was gradually reduced to the target values over the fol-
lowing 2 wk. The clams were fed with a 1:1 mixture of
2 microalgae strains, Tahitian Isochrysis aff. Galbana
(T-ISO) and Chaetoceros calcitrans, supplied in contin-
uous flow to each tank by a peristaltic pump (ISMATEC
MPC Process) to maintain a concentration of 19 to
20 cells µl–1, equivalent to a total particulate matter load
of 3.84 mg l–1 with 60% organic content. The seawater
used for the preparation of the diet was filtered with
a cartridge filter system with an effective pore size of
1 µm, and pre-treated with ultraviolet light. The diet
was maintained in an aerated tank to generate a homo-
geneous mixture and prevent  sedimentation.

Monitoring of the physico-chemical variables of
seawater. Temperature, salinity and pH of seawater
were continuously monitored during the experiment
using dedicated electrodes and the data-logger func-
tion of the controller. Automatic readings were vali-
dated against regular manual determinations with a
calibrated YSI 556 multi-probe. The pH electrodes
were standardized against Tris seawater buffers (ionic
strength of 0.7 M). Salinity readings were calibrated
with an AutoSal salinometer using IAPSO (Interna-
tional Association for the Physical Sciences of the
Oceans) standard seawater. Total alkalinity (TA) was
determined twice during the acclimation period, on
20 July and 23 September 2009, by automatic titration
with HCl past the endpoint of 4.5. Dissolved inorganic
carbon (DIC), partial pressure of CO2 in seawater

(pCO2) and the CaCO3 saturation state for calcite
(Ωcal) and aragonite (Ωara) were calculated from in
situ temperature and corrected pH and TA, following
the procedures described by Range et al. (2011).

Physiological experiments. The feeding behaviour
and metabolic activity of Ruditapes decussatus were
determined at the beginning of the acclimation period
(Day 2), under natural pH conditions and after 87 d of
acclimation at each of the 3 levels of pH considered
(ΔpH= 0.0; ΔpH= −0.4; and ΔpH= −0.7 units). Mortali-
ties during the acclimation period varied among tanks
(from 19 to 25%) but the final shell length was 12.51 ±
0.22 mm for all the pH treatments. Two size classes
were distinguished after the acclimation, according to
the modal size class (small: 10 to 13 mm and large:
14 to 20 mm shell length).

The physiological determinations of clearance,
ingestion, respiration and excretion rates were always
performed on 3 distinct pools of 5 (large) or 10 (small)
individuals, for each combination of pH level and size
class. Each pool was composed of randomly selected
individuals (within each size class) from 1 of the 3
replicate acclimation tanks at each level of pH. All the
experiments were done using the same seawater sup-
ply and diet used during the acclimation period, thus
ensuring that the relevant environmental conditions
(temperature, salinity, pH and food supply) were main-
tained. Subsets of the clams used in the physiological
determinations on Days 2 and 87 were subsequently
sacrificed for determination of dry tissue (100°C, 24 h)
and organic weight (450°C, 24 h). In all determina-
tions, the physiological rates were also standardized to
1 unit of organic weight (specific rates).

Clearance (CR) and ingestion rates (IR). The CR was
estimated from the reduction in suspended particle
concentration, measured as volume of particles (mm3

l–1), between the water surrounding the individuals
and the outflow of the experimental chamber, follow-
ing Filgueira et al. (2006). The clams (see ‘Physiologi-
cal experiments’) were placed in a 300 ml cylindrical
chamber with a water inflow in the lower part and
water outflow on the upper opposite side. The animals
were placed in the chambers in such a way that the
input flow was directed on the inhalant aperture and
that the exhalant aperture was directed toward the
water outflow, thus preventing re-filtration processes.
For each pH level, 2 chambers without individuals
served as a control for the calculation of the CR. The IR
was calculated as the product of CR and food concen-
tration.

Respiration rate (VO2). Respiration rates were deter-
mined by incubating the clams in sealed 100 ml Erlen-
meyer flasks containing seawater at each pH studied
(see ‘Physiological experiments’). Temperature was
maintained during the determinations by immersing
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the flasks in a isothermal bath. Two Erlenmeyers with-
out animals were used as a control for each treatment.
After approximately 30 min of incubation, when the
valves of the individuals were opened, the dissolved
oxygen concentration was monitored with a manual
probe (HACH HQ40). The process was repeated until
O2 concentrations fell below 30% of the initial value.
Respiration rates were calculated from the difference
in concentration between the chambers with and with-
out animals, respectively.

Ammonia excretion rate (VNH4-N). Ammonia excre-
tion rate was determined after placing the clams in
open Erlenmeyer flasks with 250 ml of filtered seawa-
ter (0.2 µm Millipore membranes) at each pH studied.
Temperature was maintained during the measure-
ments by immersing the flasks in an isothermal bath.
Two Erlenmeyers without animals were used as a con-
trol for each treatment. After 90 min, water samples
were collected from each Erlenmeyer flask and frozen
to –20°C until analysis in the laboratory,
according to the phenol-hypochlorite
method des cribed by Solor zano (1969).
Ammonia ex cretion rates were calculated
from the  difference in ammonia concen-
tration be tween the chambers with and
without animals. The ratio of oxygen
 consumed to nitrogen excreted (O:N) was
computed by atomic equivalents in accor-
dance with Widdows (1985).

Statistical analysis. The effects of vari-
ous factors (pH and size) on the variation
in physiological rates (clearance and in-
gestion rates, and metabolism) were com-
pared using analyses of variance. Homo-
geneity of variance was confirmed by
means of Bartlett’s tests. When appropri-
ate, multiple comparisons for means were
carried out on significant main effects and

interactions using Tukey’s tests (Snedecor & Cochran
1980, Zar 1984). Differences between means were con-
sidered statistically significant for p < 0.05.

RESULTS

Physico-chemical characteristics of the 
seawater supply

The pH-stat system was generally effective in main-
taining 3 clearly distinct levels of pH during the accli-
mation and experimental periods. There were, how-
ever, some consistent deviations in the observed pH
values from the planned differences between control
and reduced pH levels during the acclimation period
(Fig. 1). The carbonate chemistry of seawater in the
3 treatments is summarized in Table 1. Note that nat-
ural pCO2 levels of the Ria Formosa lagoon waters
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Fig. 1. Daily values (mean ± SE) for physico-chemical variables of seawater dur-
ing the acclimation period; (s) salinity, (d) ΔpH = 0.0, (z) ΔpH = –0.4, (j) ΔpH = 

–0.7 and (y) temperature

pH level Temperature Salinity pH TA DIC pCO2 Ωcal Ωara
(°C) (µmol kg–1) (µmol kg–1) (µatm)

20 Jul 2009 (n = 1)
CT 22.97 30.59 8.13 3917 3551 805 7.86 5.13
–0.4 7.84 3890 3727 1698 4.27 2.78
–0.7 7.46 3902 3934 4345 1.91 1.25

23 Sep 2009 (n = 3)
CT 21.60 ± 0.06 31.36 ± 0.31 8.16 ± 0.02 3910 ± 3 3500 ± 15.1 730 ± 36 8.61 ± 0.26 5.64 ± 0.17
–0.4 7.82 ± 0.02 3920 ± 3 3749 ± 8.4 1813 ± 71 4.44 ± 0.14 2.91 ± 0.09
–0.7 7.53 ± 0.04 3911 ± 6 3895 ± 24.6 3702 ± 345 2.41 ± 0.19 1.58 ± 0.12

Table 1. Seawater carbonate chemistry variables (mean ± SE) during the acclimation period. Temperature, salinity and  total alka-
linity (TA) were measured on each sampling date. pH was measured continuously during the experiment. Dissolved inorganic
carbon (DIC), partial pressure of CO2 in seawater (pCO2) and saturation state for calcite (Ωcal) and aragonite (Ωara) were cal -
culated from in situ temperature, corrected pH and TA. pH level: –0.4 and –0.7 indicate reduction in pH level as compared with 

control (CT). n: no. of tanks from each treatment sampled on each date
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were about twice the current atmospheric pCO2

levels. This means that the Ria Formosa lagoon
acted as a net source of CO2 to the atmosphere
during the experimental period. The elevated
pCO2 and pH of the pumped water was main-
tained by its extremely high TA, which kept
Ωcal and Ωara above the 100% saturation
threshold in the 3 treatments (Table 1). For more
details, see Range et al. (2011).

Physiological parameters

The physiological parameters determined for
the clams before the acclimation to 3 levels of
pH are shown in Table 2.

Clearance and ingestion rates

The 2-way ANOVA showed a significant
effect of pH and size on the clearance and inges-
tion rates of Ruditapes decussates juveniles.
Size was the factor that explained most of the
variance: 74.3 and 63.6% for both rates, respec-
tively (Table 3).

The 1-way ANOVA and Tukey’s post-hoc test
comparing both size classes (10 to 13 mm and 14
to 20 mm) at the 3 pH values studied showed
that the CR and IR were significantly affected by
size (p < 0.01) in all treatments. For the large
individuals (14 to 20 mm), the clearance and
ingestion rate of the clams differed significantly
between the control pH and the reduced pH
treatments (Table 2). The highest values for CR
and IR were observed in large clams accli -
matized at the control pH (624.3 ml h–1 and
391.4 µg organic weight [OW] h–1, respectively).
For small clams, the clearance and ingestion
rates in the extreme acidification treatment
(ΔpH = −0.7) were significantly lower than for
the other pH levels (ΔpH = −0.4 and ΔpH = 0.0),
which did not differ from each other (p > 0.05).
The largest specific clearance and ingestion
rates were observed in small clams (10 to 13 mm)
acclimatized at ΔpH = −0.4 and ΔpH = 0.0.

Respiration rate (VO2)

The 2-way ANOVA showed that only the pH
exerted a significant effect on the oxygen con-
sumption (ml O2 h–1) of Ruditapes decussatus
juveniles. This factor explains 33.2% of the total
variance (Table 3).
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The 1-way ANOVA (Table 3) and Tukey’s test
(Table 2) indicate that the respiration rate of Ruditapes
decussatus seed did not differ between the 2 reduced
pH levels. Oxygen consumption of clams in both size
classes did, however, differ significantly between the
reduced pH treatments and the control treatment
(approx. 0.26 ml vs. 0.54 ml O2 h–1). A similar pattern
was observed for the specific oxygen consumption (µl
O2 (mg OW)–1 h–1), with the largest values occurring
for control pH for each of the 2 size classes considered
(Table 2).

Ammonia excretion rate (VNH4-N)

The 2-way ANOVA showed a significant effect of pH
and pH-size interaction on the ammonia excretion rate
(VNH4-N) of Ruditapes decussatus juveniles (Table 3).
Significant differences between the 2 size classes
(Table 2, Tukey’s test, p < 0.01) were observed for R. de-

cussatus acclimated to the reduced pH treatments, but
not for the control pH treatment. An  inverse relation be-
tween pH level and ammonia ex cretion rate (VNH4-N)
was observed for both size classes, with minimal values
for pH control and maximal values for ΔpH = −0.7. A
similar trend was apparent for the  specific ammonia
 excretion (VNH4-N (mg OW)–1 h–1).

O:N index

The 2-way ANOVA indicated a significant effect of
pH, size and pH-size interaction on the O:N index of
Ruditapes decussates juveniles (Table 3). The O:N
index generally showed a consistent and significant
increase with the pH level (Table 2, Tukey’s test, p <
0.01), except for the largest size class, which did not
differ between the 2 reduced pH treatments. There
were significant differences between the 2 size classes
for all pH levels, although the direction of the effect
was not the same: small individuals showed larger val-
ues in the control and ΔpH = −0.4 treatments, but the
pattern was inverted in the ΔpH = −0.7 treatment. The
largest values were observed for the smaller size class
in the pH control treatment (approx. 369).

DISCUSSION

Atmospheric pCO2 values are generally used as
guidelines in ocean acidification experiments, but the
corresponding values for seawater carbonate chem-
istry are the primary measurements (Barry et al. 2010).
In the present study, we have used the simplest
approach to relate both of them, using published pre-
dictions of pH reductions and other changes in the car-
bonate chemistry of seawater estimated from changes
in atmospheric pCO2 (e.g. Caldeira & Wickett 2003,
2005, Feely et al. 2004, Orr et al. 2005). Although
widely used, this approach has limitations and it is
generally difficult to evaluate whether the pH reduc-
tions adopted are realistic at a local scale (Range et al.
2011). These concerns are particularly relevant in the
coastal ocean, where the physico-chemical charac -
teristics of seawater can be substantially different from
those found in surface waters of offshore regions
(Borges & Gypens 2010, Ishimatsu & Dissanayake
2010). Some valid alternatives have been proposed,
but they require previous knowledge about seawater
carbonate chemistry in the study area (Barry et al.
2010).

The most remarkable characteristic of the carbonate
chemistry of the water from Ria Formosa is the
extremely high TA of about 3900 µmol kg–1. Although
this value is within the range observed in inner coastal
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Table 3. Ruditapes decussatus. 2-way ANOVA testing the
physiological parameters in clams acclimated with different
pH values. ns = not significant; *p < 0.05; **p < 0.01; ***p < 

0.001

Source Sum of df Mean F-ratio
squares square

Dry weight
pH 36.0 × 10–3 2 18.0 × 10–3 3.7*
Size 4.0 1 4.0 846.8***
pH × Size 3.0 × 10–3 2 2.0 × 10–3 0.7ns
Error 57.0 × 10–3 12 5.0 × 10–3

Clearance rate
pH 85.6 × 103 2 42.7 × 103 9.2**
Size 410.2 × 103 1 410.2 × 103 87.9***
pH × Size 7.3 × 103 2 3.7 × 103 0.8ns
Error 56.0 × 103 12 4.7 × 103

Ingestion rate organic
pH 57.0 × 103 2 28.5 × 103 23.2***
Size 136.0 × 103 1 136.0 × 103 111.0***
pH × Size 5.9 × 103 2 3.0 × 103 2.4ns
Error 14.7 × 103 12 1.2 × 103

Respiration rate (VO2) 
pH 335.0 × 10–3 2 168.0 × 10–3 29.8***
Size 0.0 × 10–3 1 0.0 × 10–3 0.0ns 
pH × Size 7.0 × 10–3 2 3.0 × 10–3 0.6ns 
Error 68.0 × 10–3 12 6.0 × 10–3

Ammonia excretion rate (VNH4-N)
pH 23.2 2 11.6 74.7***
Size 0.1 1 0.1 0.6ns
pH × Size 13.0 2 6.5 41.8***
Error 1.8 12 0.1

O:N index
pH 100.4 × 103 2 50.2 × 103 73.5 × 103***
Size 0.1 × 103 1 0.1 × 103 0.2 × 103***
pH × Size 0.5 × 103 2 0.2 × 103 0.3 × 103***
Error 8.2 12 0.6
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waters of the southern Iberian Peninsula (e.g.
Cabeçadas & Oliveira 2005, de la Paz et al. 2007), it
greatly exceeds the TA value of 2300 µmol kg–1 char-
acteristic of the Eastern North Atlantic Central Water
that upwells in this area (Castro et al. 2006), which is
very close to the average open ocean value of
2325 µmol kg–1 (Gattuso & Lavigne 2009). This natu-
rally elevated TA of seawater, probably associated
with extremely alkaline continental runoff waters in
excess of 13 mmol kg–1, prevented under-saturation of
CaCO3 in the CO2-acidified treatments, avoiding any
significant impact of the carbonate supply side of calci-
fication on the growth of the clams. Instead, as sug-
gested in a recent study with lobster larvae that
reported a similar buffering mechanism (Arnold et al.
2009), the physiological alterations observed here
were most likely the result of acidosis or hypercapnia
interfering with normal homeostatic function.

Our results show that the levels of seawater acidifi-
cation tested in the present study (pH reduced by 0.4
and 0.7 units as compared with the natural pH levels of
the Ria Formosa lagoon) can significantly decrease the
feeding behaviour (clearance and ingestion rates) of
Ruditapes decussatus, a species of clam of great eco-
logical and commercial relevance. Furthermore, the
most extreme pH reduction was also associated with
decreased respiration rates and increased ammonia
excretion. Significant differences were also found in
the O:N index among clams acclimated to the 3 levels
of pH tested, with the clams from control pH treat-
ments showing the largest values. The values of the
parameters of feeding behaviour and metabolism
 measured in the R. decussatus seed before exposure to
seawater acidified with CO2 were similar to values
observed in previous studies (M. J. Fernández-Reiriz
unpubl. data).

The type of physiological response observed here —
reduced energetic input associated with increased
rates of nitrogen excretion and decreased respiration
rates (typical of environments with limited availability
of oxygen) — is generally indicative of limited energy
availability for growth and other physiological func-
tions. In fact, a trend towards lower values for the dry
and organic weights of the clams with decreasing pH is
apparent from Table 2. This pattern is more evident for
the larger size class (14 to 20 mm shell length) if
absolute values are considered but for the smaller size
class (10 to 13 mm) if percentages of change are con-
sidered. Bamber (1987) also reported reduced feeding
activity and depression of flesh weight for juvenile
Ruditapes decussatus under acidified conditions (pH <
7.0). However, he used seawater acidified with sul-
phuric acid and pH reductions that exceed all current
predictions for ocean acidification, which limits the
comparability and relevance of his results. Although

non-significant differences in net calcification and
growth rates were obtained by Range et al. (2011) with
our experimental design, note that they did not differ-
entiate between size classes.

According to Langenbuch & Pörtner (2002), ammo-
nia excretion rates cannot be seen independently of
the respective rates of oxygen consumption and
energy turnover, which are reduced during metabolic
depression, because less protein or amino acids are
being catabolized. Berge et al. (2006) reported growth
reduction in acidified seawater and concluded that this
is probably related to metabolic suppression, which
has also been suggested to be an important biological
impact caused by ocean storage of CO2 (Seibel &
Walsh 2003). According to Bayne & Thompson (1970),
a common response of organisms to stress is the use of
reserves of nutrients to maintain metabolic require-
ments, which may have increased above normal val-
ues. The ratio between oxygen consumption and
ammonia excretion rates, the O:N index, represents
the proportion of protein in relation to lipids or carbo-
hydrates catabolized for metabolic energy require-
ments. Accordingly, a high rate of protein catabolism
compared to lipids or carbohydrates is expressed by a
low ratio, which is generally indicative of a stressed
condition (Kreeger 1993, Amaral 2009). Widdows
(1985) demonstrated that index values below 30 lie on
the stress threshold for Mytilus edulis. Amaral (2009),
taking values below 30 as indicative of stress, found
significant differences in the O:N ratio of Ruditapes
decussatus from different locations within the Ria
 Formosa.

Other studies have shown some deleterious effects of
CO2-induced acidification on bivalve molluscs. Accor -
ding to Pörtner et al. (2005), the ability to internally
compensate during periods of acidosis incurs physio-
logical and energetic cost such as decreased growth,
respiration rate and protein synthesis. Similar to our
results, Bamber (1990) reported suppression of feeding
activity, growth suppression and loss of tissue weight
for the marine bivalves Ostrea edulis, Crassostrea
gigas and Mytilus edulis exposed to reduced seawater
pH. Also, Michaelidis et al. (2005), working on the
mussel Mytilus galloprovincialis, suggested that sea-
water acidification is associated with a reduction in
respiration rate, as measured by a reduction in the rate
of O2 consumption and increased excretion of ammo-
nia, indicating net degradation of protein. Berge et al.
(2006) found that decreased seawater pH reduced the
growth of Mytilus edulis. Talmage & Gobler (2009)
showed that levels of atmospheric CO2 similar to those
predicted for the 21st century may affect some species
of bivalves (Mercenaria mercenaria) more than others
(C. virginica). Similarly, Calabrese & Davis (1966) had
previously found increased tolerance to reduced pH
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for larvae of the oyster C. virginica relative to larvae of
the clam Mercenaria mercenaria.

The effects of seawater acidification on the different
physiological rates studied were consistently stronger
for the extreme pH reduction (–0.7 pH units). The re -
ductions in clearance (by –53.2 and –23.2%) and in -
gestion rates (by –60.6 and –38.8%) and the increased
rates of ammonia excretion (by +140.9 and +100.0%)
observed for Ruditapes decussatus seed acclimated in
seawater acidified with CO2 could eventually affect
future adult populations. Current rates of increase in
atmospheric CO2 levels have been predicted to lead
to a correspondent decrease in surface ocean pH by as
much by 0.77 pH units by 2300 (Caldeira & Wickett
2003).

The present study has shown that juvenile Ruditapes
decussatus are able to survive up to 87 d exposure to
extreme reductions of seawater pH (up to 0.7 units),
although some of their physiological parameters are
affected. Accordingly, all rehabilitation efforts in the
near future should also consider the capacity of the
individuals to persist in environments with increased
levels of CO2 (Beesley et al. 2008). A better under-
standing of the long-term effects of seawater acidifica-
tion is also clearly needed, particularly with respect to
changes in feeding behaviour, metabolism, growth
and reproduction.
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