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Abstract We present experimental data obtained with newly
hatched veliger larvae of the gastropod Concholepas
concholepas and juveniles of the mussel Perumytilus
purpuratus exposed to three pCO2 levels. Egg capsules of
C. concholepas were collected from three geographic loca-
tions in northern (Antofagasta), central (Las Cruces), and
southern Chile (Calfuco), and then incubated throughout their
entire intra-capsular life cycle at three nominal pCO2 levels,
~400, 700, and 1,000 ppm. Similarly, P. purpuratus were
collected from both Las Cruces and Calfuco and exposed to
the same pCO2 levels during 6 weeks. Hatched gastropod
larvae and mussel juvenile were fed with the haptophyte
Isochrysis galbana. Clearance and ingestion rates were

estimated for newly hatched larvae, and for juvenile mussel
these rates were measured at two observation times (3 and
6 weeks). Our results clearly showed a significant negative
effect of elevated pCO2 on the clearance and ingestion for
both C. concholepas larvae and P. purpuratus juveniles,
which dropped between 15 up to 70 % under high pCO2

conditions. The present study has also shown large variations
in the sensitivities of C. concholepas larvae from different
local populations (i.e. Antofagasta, Las Cruces, and Calfuco).
The influence of both corrosive upwelling waters and the
influence of freshwater discharges from Maipo River may
explain the minor negative effect of high pCO2 conditions in
hatched larvae from Las Cruces’ egg capsules, which would
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suggest that they are inherently more tolerant to ocean acidi-
fication (OA) than organisms that live on regions with a lower
pCO2 variability. The present study suggests the need for site-
specific studies and reveals the important effect of low pH
conditions on feeding activity. Furthermore, this study sup-
ports the notion that feeding is a key physiological process
susceptible to the effects of OA in marine invertebrates.

Keywords Acidification . Newly hatched larvae .

Gastropod .Mussel juveniles . Feeding

Introduction

Over the last two centuries, human activity has become an
additional force in the global climate system, as exemplified
by greenhouse gas emissions such as CO2 derived from the
burning of fossil fuels (e.g. Caldeira and Wicket 2003; Orr
et al. 2005). Although the ocean has partially absorbed the
anthropogenic atmospheric CO2, this has come at the expense
of a significant reduction in pH and the concentration of
carbonate ion ([CO3

−2]), a process known as ocean acidifica-
tion (OA). OA may promote changes in the carbonate chem-
istry of seawater (e.g. Sabine et al. 2004), resulting in a wide
range of effects in marine organisms such as alteration in
physiological processes (Kurihara et al. 2004; Fabry et al.
2008), changes in algal photosynthesis (Feng et al. 2009;
Egge et al. 2009), plankton community structure (Engel
et al. 2008; Huang et al. 2011), among others. Within the
various marine organisms particularly vulnerable to OA, cal-
cifying organisms, such as marine mollusks, are exceptionally
vulnerable (Byrne 2011; Gazeau et al. 2013). They have been
recognized for their great ecological and economic value, as a
food source for humans. In consequence, any impacts of OA
on sensitive life history traits of these organisms will poten-
tially lead to adverse ecological and economic impacts.

New scientific evidences suggest that pH drop might affect
significantly the physiology of marine mollusks (Chan et al.
2011; Navarro et al. 2013; Vargas et al. 2013) and, therefore,
their ecological functions and interactions with lower and/or
higher trophic levels (Widdicombe and Spicer 2008). The
general reported effects of OA have been associated to chang-
ing growth and calcification patterns likely to be related to an
altered energy budget allocation (Thomsen andMelzner 2010).
Calcification process seems to be strongly controlled by a
biological control. Previous studies conducted with mussel
species (e.g. Melzner et al. 2011; Thomsen et al. 2013) suggest
that shell growth upon ocean acidification scenarios can be less
negatively affected when food availability is abundant and
feeding is enhanced, considering the significant energetic effort
need to keep inner shell integrity. Therefore, feeding could be
one of the key physiological processes affected by OA.
However, there have been scarce reports about the effect of

OA on feeding behavior in both adult and/or juvenile/larval
stages of marine invertebrates (Stumpp et al. 2011; Barton et al.
2012; Vargas et al. 2013; Navarro et al. 2013).

The eastern boundary Humboldt Current System (HCS) off
Chile is characterized by spatial-environmental heterogeneity
in oceanographic conditions and ecological patterns (Thiel
et al. 2007). Coastal upwelling areas, such as found in
northern-central HCS, are predicted to be strongly affected
by OA and deoxygenation. Coastal upwelling waters have
low dissolved O2 and are CO2 supersaturated resulting in
lower coastal pH (Feely et al. 2008). In addition, non-
seasonal freshwater discharges flow into some areas in
Central Chile. Riverine waters are also acidic in comparison
with oceanic waters, due to its low alkalinity and high dis-
solved inorganic carbon and pCO2 (Salisbury et al. 2008;
Duarte et al. 2013). In consequence, marine mollusks
inhabiting intertidal coastal environments are exposed to wide
range of natural fluctuations of pH in their environment,
which may determine a level of tolerance based on their
natural range of exposure. Previous studies with mussels from
different geographic locations have evidenced a wide range of
negative effects, depending of the past environmental history
(Range et al. 2013). Nonetheless, the extreme range of pH
variability does not necessarily translate to extreme resistance
to future OA (Hofmann et al. 2011).

Here, we present a laboratory study focused on two eco-
logical important species of the rocky intertidal and subtidal
communities distributed along the Chilean coast, the small-
sized intertidal bivalve Perumytilus purpuratus and the eco-
nomically important carnivorous gastropod Concholepas
concholepas, known as “loco” (Chilean abalone). Both spe-
cies have been selected for this study based in their wide
latitudinal range along the Pacific coast (from 0° to 52°S for
P. purpuratus and from 12°S to 55°S for C. concholepas)
(Osorio and Bahamonde 1968; Stuardo 1979; Prado and
Castilla 2006). P. purpuratus also play a highly relevant
ecological role, forming conglomerated beds over intertidal
rocks and therefore affecting habitat conditions and the local
diversity of invertebrate species (Prado and Castilla 2006).
Furthermore, both species constitute important components of
the rocky intertidal food web (Prado and Castilla 2006). In
nature, females ofC. concholepas laid clumps of egg capsules
to rocky substratum where they remain cemented for about
3 months (Manríquez and Castilla 2001). Here, an intra-
capsular development period of 1 to 2 months is required for
hatching (Gallardo 1973).

Most studies on the impact of OA on invertebrates have
been relatively short term and mostly focused on one life
history stage. However, a majority of marine invertebrates
develop by means of benthic egg capsules and then on differ-
ent larval stages and/or juvenile stages. In the present study,
we have exposed juvenile stages of P. purpuratus and
egg capsules of C. concholepas collected from different
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geographic locations along a latitudinal range and environ-
mental histories to three different and constant pCO2 environ-
ments for many weeks (i.e. entire intra-capsular life cycle for
the gastropod larvae and for 3 to 6 weeks for the mussel
juveniles) (Fig. 1a). Then, we evaluated the ingestion and
clearance rates of P. purpuratus juveniles and newly hatched
C. concholepas veliger larvae originating from the treated egg
capsules in order to evaluate effects of OA on feeding behav-
ior of these species. We hypothesize in this study that physi-
ological responses of both species under high pCO2 condi-
tions are different depending on the geographic origin and
therefore environmental histories of exposition to low pH/
high pCO2 natural conditions.

Methods

Collection of Individuals

Newly hatched larvae of C. concholepas were obtained
from egg capsules collected in rocky intertidal habitats

(Antofagasta, 23°45′S, 70°26′W, exp I and II), and from egg
capsules recently laid by females maintained in captivity in
aquariums in Central Chile (Las Cruces, 33°30′S, 71°38′W,
exp III and IV), and from southern Chile (Coastal Laboratory
at Calfuco, 39°78′S, 73°39′W, exp V and VI). At Calfuco, as
soon as they were laid, the egg capsules were identified, and a
few days later, when the female had moved away from the
oviposition site, they were transferred to rearing conditions. A
similar procedure was carried out at Las Cruces, but once egg
capsules were accessible, they were transported under wet
conditions to Calfuco.

Juvenile individuals of P. purpuratus were randomly sam-
pled in the rocky shore of two of the three locations previously
mentioned: Las Cruces and Calfuco, accordingly to Osorio
(2002). After collection, all animals were maintained in fil-
tered seawater and translated to the lab in a thermobox within
2 h after sampling. Ninety individuals were cleaned, sized
(12±1.4 mm lengths), and then separated in three groups of 30
individuals each one and transferred to rearing conditions
under different pCO2.

Seawater CO2 Manipulation

In our study, three plastic 280-L tanks that were used as
acidification units to generate seawater to three nominal levels
of pCO2 were set: 400, 700, and 1,000 ppm, hereafter referred
to as “low,” “medium,” and “high” levels of pCO2. The pCO2

conditions chosen for the medium and high levels were se-
lected taking into account the rate of change projected by
the years 2070–2110 (i.e. based on rate of change in pH
predicted by the most extreme scenario [RCP8.5 scenario] of
atmospheric CO2 (Meinshausen et al. 2011). For the medium
and high CO2 treatments, CO2 concentrations were modified
by equilibrating the seawater with air containing different CO2

concentrations, as Findlay et al. (2008). Air/CO2 mixtures
were produced using a bulk flow technique, where known
flows of dry air (i.e. by compressing atmospheric air, 117 psi,
and passing through a 1 μm particle) and ultra-pure (i.e.
research grade) CO2 gas were supplied, via mass flow con-
troller (MFC), and mixed before equilibration with sea water.
Airflow in MFC was set manually to 5 L min−1 for both
treatments, and CO2 flow was set manually to 1.33 and
4.25 mL min−1, to produce CO2 treatments of approximately
700 and 1,000 ppm, respectively. The CO2 of blended gas was
monitored to allow fine regulation of CO2 through MFCs to
reach each target pCO2 in seawater. During the experiments,
seawater pH (total scale, pHT) were monitored in each tank
every 3 days in a 25 mL cell thermostatted at 25.0±0.1 °C for
standardization, with a pH meter Metrohm® using a glass-
combined double junction Ag/AgCl electrode following DOE
potenciometric method (DOE, 1994). Temperature and salin-
ity weremonitored during incubations by using a small CTDO
(Ocean Seven 305 Plus). Temperature averaged 13 °C in

Calfuco
39° 78’S
73° 39’W

Las Cruces
33° 30’S
71° 38’W

Antofagasta
23° 45’S
70° 26’W

C
H
IL

E

100 km

60 mi

55° S

18° S

Fig. 1 Study area showing the different geographic locations fromwhich
gastropods and mussels were collected for pCO2 expositions and feeding
estimates
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spring and from 15.4 to 16 °C during summer experiments
(Table 1). Total alkalinity (TA) was also measured using the
automated potentiometric titration method (Haraldsson et al.
1997). The pHT, AT, phosphate (Strickland and Parsons
1968), dissolved silicate (Strickland and Parsons 1968), tem-
perature, and salinity data were used to calculate the rest of
carbonate system parameters (e.g. pCO2, CO3

2−) and the
saturation stage of Omega aragonite (Ωarag) using CO2SYS
software (Lewis and Wallace 1998) set with Mehrbach solu-
bility constants (Mehrbach et al.1973) refitted by Dickson and
Millero (1987).

Experimental Rearing

Egg capsule rearing was achieved through two methodologies
developed to maintain them during the entire intra-capsular
developing period under contrasting pCO2 levels (i.e. 400,
700, and 1,000). The first methodology included a recircula-
tion system in which the seawater equilibration took place in
three large (250 L) plastic tanks, and electric pumps were
used to move the equilibrated seawater into the rearing
containers. A small opening (1 cm in diameter) was made
within the upper part of each rearing beaker and sealed with
100 μm mesh size to allow seawater overflow and to prevent
larval loss if hatching took place during the rearing. Seawater
overflow was accumulated within a plastic container in which
the rearing beakers were placed and then conducted by gravity
through a silicone pipe into the large equilibration tanks. This
rearing methodology was used with egg capsules collected in
Antofagasta. The second methodology included 5-L Plexiglas
containers filled once a day with equilibrated seawater gener-
ated in the large tanks (above). However, to maintain the
required pCO2 levels between seawater changes, a continuous
injection of a mix of air and CO2 was provided. This rearing
methodology was used with egg capsules collected in Las
Cruces and Calfuco. In both methodologies, the egg capsules
were cleaned regularly, and developing took place within the
described timing (ca. 2 months). Once maturity was achieved
and hatching egg capsules were recorded, they were removed
from the rearing containers to obtain the hatching larvae.
Since differences in egg capsule developing were not detected
and the contrasting pCO2 and pHT levels were achieved
similarly through both methodologies (Table 1), the conse-
quence or the type of egg capsule rearing was not analyzed in
the present study.

Individuals of P. purpuratus from both Las Cruces (n=90)
and Calfuco (n=90) were reared during a mean period of 3 to
6 weeks at the different pCO2 levels (low, medium, and high;
30 mussels per CO2 treatment) in three plastic 22-L containers
filled with 15 L of corresponding equilibrated seawater. The
continuous injection of air and the required CO2 was used to
maintain the experimental levels between water changes.
After water changes, the individuals were fed ad libitum

(>10 μg Chl aL−1) with I. galbana and seawater in each
bakers was renewed every day (from Monday to Friday)
during mean incubation time of 10 weeks (Table 2).

Feeding Experiments with Veliger Larvae

Once a week, the rearing containers were washed and the egg
capsules were carefully cleaned with the aid of a soft paint-
brush. Mature egg capsules of C. concholepas bearing near-
hatch larvae were easily recognizable by their brownish col-
oration (Manríquez and Castilla 2001), which under our rear-
ing conditions were obtained after about 2 months. The de-
tection of newly hatched larvae in the rearing containers
marked the end of the intra-capsular period (from ~6.5 to
~8 weeks). Mature egg capsules in process of hatching were
then removed from the rearing containers and placed in a
small petri dish with 0.5 μm filtered seawater. Under a stereo-
microscope, hatched larvae were carefully removed and trans-
ferred to experimental acclimation conditions. Experiments
with newly hatched larvae of C. concholepas hatched from
egg capsules from different locations were conducted on six
separate occasions (Table 1): 20–21 June 2011 (exp I,
Antofagasta), 02–03 August 2011 (exp II, Antofagasta), 18–
19 October 2011 (exp III, Las Cruces), 25–26 January 2012
(exp IV, Las Cruces), 13–14 April 2012 (exp V, Calfuco), and
15–16 April 2012 (exp VI; Calfuco). Naturally induced
hatched larvae of C. concholepas selected for the experiments
were transferred to 1,000-mL acid-washed polycarbonate bot-
tles filled with the filtered and equilibrated seawater from the
three different pCO2 treatments and fed with ~4,000 to 5,000
cell mL−1 (2.2±0.2 and 3.0±0.3 μg Chl aL−1) of the
haptophyte I. galbana sp. Care was taken to avoid air bubbles
in the bottles. Three control bottles without larvae and three
bottles with 30 newly hatched larvae (0.06 ind mL−1) for each
treatment (low, medium, and high pCO2 levels) were incubat-
ed for approximately 24 h and periodically rotated by hand to
avoid particle sedimentation. Bottles were immersed in a
container with flow-through seawater system used for main-
taining temperature fluctuation during a given experiment
within 1°. In all experiments, 300-mL subsamples for deter-
mination of chlorophyll a (Chl a) were 0.7 μm filtered and
dark extracted in acetone 95 % before measurement on a TD
700 Turner fluorometer (Strickland and Parsons 1968). The
remaining volume was gently poured through a 20-μm sieve
in order to check that incubated larvae were healthy and
actively filtering after the incubation period. Clearance (CR)
and ingestion rates (IR), measured as Chl a removal, were
calculated according to Frost (1975) modified by Marin et al.
(1986). Clearance and ingestion rates were calculated only
when the differences in prey concentration between control
and experimental bottles proved to be significant (t test:
p<0.05). Food availability (i.e. biomass) of I. galbana in each
CO2 treatment was estimated from the T0 subsample. For all
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experiments, there were no significant differences in food
availability (Chl a) among pCO2 treatments; ANOVA tests,
exp I–II (F2,12=<1, p>0.05), exp III–IV (F2,12=<1, p>0.05),
exp V–VI (F2,12=<1, p>0.05). However, variations on food
availability (Chl a) were evident between experiments (exp I>
exp II, exp III<exp IV, exp V>exp VI) (not shown).

Feeding Experiments with P. purpuratus

Feeding experiments were conducted with individuals from
both locations after ca. three (“time I”) and 6 weeks (“time II”)
of CO2 exposition (Table 2). Experiments with juveniles of
P. purpuratus were conducted on four separate occasions
(Table 2): 29–30 January 2012 (exp I), 02–03 February
2012 (exp II), 12–13 April 2012 (exp III), and 17–18 April
2012 (exp IV). Individuals belonging to each experimental
group were individually sorted into 140-mL acid-washed
DBO amber bottles filled with filtered seawater (1 μm) and
equilibrated with the respective CO2 treatment. Three control
bottles without P. purpuratus and ten bottles with one indi-
vidual for each treatment (low, medium, and high pCO2

levels) were incubated for approximately 4 h and periodically
rotated by hand to avoid particle sedimentation. Previous to
the experiment juvenile body mass (mb) was determined with
an analytical balance (±0.01 mg). Food availability varied
between 11.7 and 11.8 μg Chl aL−1, which correspond to a
mean cell concentration of ~20,000 cell mL−1 of I. galbana.
Bottles were immersed in a container with flow-through sea-
water system used for maintaining temperature fluctuation
during a given experiment within 1° (Table 2). After to sieving
through 80 mm (fecal material), 8 mL of all bottles were
measured directly on TD 700 Turner fluorometer (Strickland
and Parsons 1968). The length and maximal width of each
valve from each individual were estimated, and with these
measurements, wet and buoyant weight was then estimated
accordingly with Palmer (1982). Clearance (CR) and inges-
tion rates (IR) were measured as Chl a removal and were
calculated according to Coughlan (1969). For all experiments,
there were no significant differences in food availability
among CO2 treatments (Table 4). However, variations on food
availability were significant between consecutive observation
times performed in Calfuco: time I>time II (Table 4).

Statistical Analyses

Since experimental conditions (salinity, temperature, and food
availability) were statistically similar on each couple of ex-
periments performed with C. concholepas larvae at the three
locations, results will be pooled in one single observation per
location: Antofagasta, Las Cruces, and Calfuco. Such that
salinity, temperature, food availability, and clearance and in-
gestion rates of C. concholepas larvae were compared among
geographic locations and pCO2 treatments through a two-way

ANOVA tests. When significant differences were found, ei-
ther among locations or pCO2 concentrations, a least signifi-
cant difference (LSD) post hoc test identified the source of
such variability. A similar approach but to evaluate the role of
incubation time (i.e. time I and time II) and pCO2 treatments
was adopted to evaluate variability on clearance and ingestion
rates of P. purpuratus.

Results

Experimental Conditions

The experimental setup and average environmental and car-
bonate chemistry parameters recorded during experiments
with C. concholepas larvae are shown in Table 1. Saturation
states for Aragonite varied significantly among all the differ-
ent treatments and experiments (ANOVA, F2,12=107.3,
p<0.0001) and during the winter and spring incubations
(exp I to III) ranged from supersaturation (Ωarag=2.0) to
slightly undersaturated (Ωarag=0.8) (Table 1). Meantime, ex-
perimental setup, environmental and carbonate chemistry pa-
rameters recorded during experiments with P. purpuratus are
shown in Table 2. For incubations with organisms from Las
Cruces, pHT 25 °C was maintained at 8.08, 7.86, and 7.73 and
8.07, 7.84, and 7.71 for exp I and II, respectively, which
correspond to pCO2 levels of approximate 355, 661, and
916 and 372, 695, and 949 μatm, respectively. Saturation
states for Aragonite varied less in relation to larvae experi-
ments as well as undersaturation was never reached (Ωarag>1)
(Table 2).

Clearance and Ingestion Rate of Veliger Larvae upon High
pCO2

Statistic comparison of experimental conditions (“tempera-
ture,” “salinity,” and “food availability”) and clearance and
ingestion rates of newly hatched larvae of C. concholepas in
relation to “location” and “pCO2” levels are showed in
Table 3. Highest temperature (16.5±1 °C), salinity (34.6
PSU), and food availability (2.84±.2 μg Chl aL−1) were
recorded during experiments in summer with egg capsules
from Las Cruces (Fig. 2a, Table 1). These environmental
conditions varied significantly among experiments with or-
ganisms from different locations (one-way ANOVA, p<0.05);
however, all these variables remain similar upon the different
pCO2 treatments (two-way ANOVA, with non-significant
location×pCO2 interaction, F1,45=<1, p>0.05). These results
are highlighted in Table 3 since they support further evalua-
tions of CO2 effects on larval feeding traits. Maximum clear-
ance and ingestion rates were observed in newly hatched
larvae from egg capsules from Las Cruces, then, followed
by those from Antofagasta, and finally those from Calfuco
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(Fig. 2b, c). Although, larval size of newly hatched larvae
were slightly larger in Las Cruces and Valdivia than those

from capsules from Antofagasta, differences were not signif-
icant. Moreover, mean size of newly hatched larvae from
egg capsules from these different geographic locations
reared under contrasting pCO2 levels did not show differ-
ences in larval size (i.e. 250±6, 245±9, and 252±7 μm at low,
medium, and high pCO2 levels, respectively. Clearance rates
varied between 2.6±0.3 (Las Cruces) and 1.9±0.4 (Calfuco)
mL ind−1 day−1 (Fig. 2b). A similar pattern was observed on
ingestion rates, which varied between 6.8±0.8 (Las Cruces)
and 4.1±0.9 (Calfuco) μg Chl a ind−1 day−1 (Fig. 2c).
Estimates from the different feeding experiments with
Isochrysis diet clearly showed a significant reduction in clear-
ance rate, between ~15 up to 60 % from the control condition
at low pCO2 upon increasing pCO2 levels in seawater. This
negative effect of high pCO2 on larval clearance and ingestion
was more intense in veliger larvae from Calfuco (mean 14 %
of ingestion reduction at nominal 700 μatm) and Las Cruces
(mean 18 % of ingestion reduction at nominal 1,000 μatm)
(Fig. 2b, c). Indeed, both clearance and ingestion rates varied
significantly in relation to both variability factors, since the
interaction between geographic location and different pCO2

levels resulted significant on both clearance and ingestion
rates (two-way ANOVA, with significant location×pCO2 in-
teraction,F2,45=3, p=0.04 and F1,45=4, p=0.01, respectively)
(Table 3).

Fig. 2 a Comparison of the initial
food availability (μg Chl aL−1)
before CO2 equilibration for
feeding of newly hatched larvae of
C. concholepas; vertical bars
belong to total plankton biomass,
b individual clearance
(mL ind−1 day−1), and c ingestion
rates (μgC Chl aind−1 day−1) in
six experiments including three
CO2 treatments. Error bars denote
standard error

Table 3 Two-way ANOVA for each experimental conditions (tempera-
ture, salinity, pHT, and food availability) and clearance and ingestion rates
of newly hatched larvae ofC. concholepas in relation to the locations and
pCO2 levels (low [400 ppm], medium [700 ppm], high [1,000 ppm])

Variable Factor F value d.f. p value

Temperature Location 27 2, 45 .0001

CO2 11 2, 45 >0.05

Interaction <1 1, 45 >0.05

Salinity Location 18 2, 45 .001

CO2 <1 2, 45 >0.05

Interaction <1 1, 45 >0.05

Food Location 15 2, 45 .0001

CO2 <1 2, 45 >0.05

Interaction <1 1, 45 >0.05

Clearance Location 41 2, 45 .0001

CO2 35 2, 45 .0001

Interaction 3 2, 45 .04

Ingestion Location 65 2, 45 .0001

CO2 38 2, 45 .0001

Interaction 4 1, 45 .01
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Clearance and Ingestion Rate of Juvenile Mussels upon High
pCO2

Statistic comparison of experimental conditions (temperature,
salinity, and food availability) and clearance and ingestion
rates of P. purpuratus in relation to “time of exposition” (i.e.
3 or 6 weeks) and “pCO2 levels” is showed in Tables 4 and 5.
Temperature in observations conducted in early January to
April 2012 decreased from ca. 16.9 to 15.7 °C (Table 1).
Temperature and salinity did not vary significantly neither
between observation times and pCO2 levels (one-way
ANOVA, p>0.05). However, food availability decreased be-
tween both observations (times I and II) only for experiments
with P. purpuratus collected in Calfuco (one-way ANOVA,
p=0.0001) (Fig. 3a, Table 5).

Our results clearly evidenced that mussels significantly
decreased their clearance and ingestion rates, when they were
exposed to a high pCO2 level, with a reduction from 15 up to
more than 70 %. Significant changes were observed in clear-
ance rates in relation to pCO2 levels for individuals from both
geographic locations (“Las Cruces” and “Calfuco”), decreas-
ing from ~7,997 to 4,916 mL g−1 day−1 from low to high
pCO2 levels, respectively (Fig. 3). The effect of high pCO2

was even more intense with the time of exposition for indi-
viduals collected in Las Cruces (two-way ANOVA, with
significant time×pCO2 interaction, F1,54=6.2, p=0.004)
(Table 4). The effect of high pCO2 on ingestion rates
was only evident for individuals collected in Calfuco,
since for those collected in Las Cruces, we only found

significant differences at different exposition time, with a
decrease between observation times of ca. 19 % (one-way
ANOVA time, F1,54=4, p=0.05).

A frequency analysis performed on clearance rates of
P. purpuratus collected from both Las Cruces and Calfuco
evidenced that as time of exposition and pCO2 level increase,
most individuals reduce their feeding activity, since the
highest frequency is observed for lower ranges of clearance
rates, but even more, new ranges of low clearance rates
appears between observation time (Fig. 4).

Discussion

The periods of exposure used in our study for both gastropod
egg capsules and juvenile mussels (42 to 56 days) allowed a
better appraisal of the long-term effects on feeding perfor-
mance of these species, which may contribute to reconcile the
context of a permanent exposure under pCO2-driven OA
scenarios. During our study, our clearance rates estimates in
“control” treatment were in the mean range of published
values for other veliger larvae (~1.5 to 3.5 mL ind−1 day−1).
For instance, Baldwin and Newell (1991) found that veligers
of the eastern oyster Crassostrea virginica cleared auto-
trophic 14C-labeled cells at 2 mL ind−1 day−1. Vargas
et al. (2013) had previously reported clearance estimates
for newly hatched larvae of C. concholepas larvae of 0.4 up
to 7 mL ind−1 day−1, based on cell counts of natural food
assemblages. Nevertheless, differences in clearance may be

Table 4 Two-way ANOVA for each experimental conditions (size,
temperature, salinity, pHT, and food availability) and clearance and in-
gestion rates of juvenile P. purpuratus (Las Cruces), in relation to expo-
sure time (“time”) and three pCO2 levels (low [380 ppm], medium
[700 ppm], high [1,000 ppm])

Location Variable Factor F value d.f. p value

Las Cruces Temperature Time <1 1, 54 >0.05

CO2 <1 2, 57 >0.05

Interaction <1 1, 54 >0.05

Salinity Time <1 1, 54 >0.05

CO2 <1 2, 54 >0.05

Interaction <1 1, 54 >0.05

Food Time <1 1, 54 >0.05

CO2 <1 2, 54 >0.05

Interaction >1 1, 54 >0.05

Clearance Time 3.4 1, 54 >0.05

CO2 5 2, 54 0.01

Interaction 6.2 1, 54 0.004

Ingestion Time 4 1, 54 0.05

CO2 1.4 2, 54 >0.05

Interaction 1.3 1, 54 >0.05

Table 5 Two-way ANOVA for experimental conditions (size, tempera-
ture, salinity, pHT, and food availability) and clearance and ingestion rates
of juvenile P. purpuratus (Calfuco), in relation to exposure time (time)
and three pCO2 levels (low [380 ppm], medium [700 ppm], high
[1,000 ppm])

Location Variable Factor F value d.f. p value

Calfuco Temperature Time <1 1, 54 >0.05

CO2 <1 2, 57 >0.05

Interaction <1 1, 54 >0.05

Salinity Time <1 1, 54 >0.05

CO2 <1 2, 54 >0.05

Interaction <1 1, 54 >0.05

Food Time 54 1, 54 .0001

CO2 <1 2, 54 >0.05

Interaction <1 1, 54 >0.05

Clearance Time <1 1, 54 >0.05

CO2 18 2, 54 0.0001

Interaction 1.4 1, 54 >0.05

Ingestion Time 2.7 1, 54 >0.05

CO2 8 2, 54 0.001

Interaction 1.3 1, 54 >0.05
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associated with several factors, including field food concen-
tration, incubation temperature and, more importantly, differ-
ences in larval body size. Indeed, all feeding structures, such
as length of the prototrochal ciliary band, prototrochal cilia,
and the angular velocity of the cilia, scale with larval body size
(Strathmann and Leise 1979). Indeed, although larval size in
those individuals hatched from egg capsules from all locations
were not significantly different, individuals from Antofagasta
were slightly smaller than those from other locations.
Furthermore, similar than our finding, a recent study have
detected that levels of pCO2 do not affect morphological traits
of newly hatched larvae of C. concholepas such as larval size
during the egg capsule rearing. However, the same study
detected that larval size is significantly affected by the inter-
action between pCO2 levels with female nested within source
locality (Manríquez, personal communication).

Our clearance estimates for juveniles of P. purpuratus also
are in the relatively same magnitude with clearance rates
reported for juveniles and/or adults of other mussel species
(~0.15 to 0.46 L g−1 h−1). For instance, for Mytilus edulis,
Petersen et al. (2004) reported a clearance from 5.3 to

10 L g−1 h−1, and Denis et al. (1999) have reported for the
Mediterranean mussel Mytilus galloprovincialis a similar
clearance rate from ~0.2 to 0.4 L g−1 h−1. For another mussel
species in Chilean waters, Choromytilus chorus, Toro et al.
(2003) reported a clearance rate of ~0.7 to 2.2 L g−1 h−1.

During the last few years, several studies have reported the
impacts of OA on the growth and development of larval and
adult stages of shellfish (Miller et al. 2009). However, to date,
there are few reports regarding the effect of OA on feeding
behavior of marine invertebrates, especially on early life
stages (Vargas et al. 2013). It is evident from our experiments
that an important effect of CO2-driven OA is the radical
decrease in larval and juvenile feeding of both gastropod
and mussel species selected. Newly hatched larvae of the
gastropod C. concholepas and juvenile stages of the mussel
P. purpuratus decreased their clearance rate between 15 up to
70 % under high pCO2 in comparison to control conditions at
low pCO2 levels. However, the underlying mechanism by
which OA impacts the feeding process remains unclear for us.

Despite that feeding processes during early life stages of
marine invertebrates are likely to be more sensitive to OA than

Fig. 3 aComparison of the initial
food availability (μg Chl aL−1)
before CO2 equilibration for
feeding of juvenile P. purpuratus;
vertical bars belong to total
plankton biomass, b weight-
specific clearance (mL g−1 h−1),
and c ingestion rates (μgC Chl
ag−1 h−1) in two obseervations
(I and II) including three CO2

treatments. Error bars denote
standard error
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in adults (Findlay et al. 2008), there are few reports
regarding the effect of OA on feeding behavior of larval
invertebrates (Stumpp et al. 2011; Barton et al. 2012).
Recently, Vargas et al. (2013) reported a significant effect
of elevated pCO2 (~1,000 ppm pCO2) on the intensity of
C. concholepas larval feeding on natural food assem-
blages, which dropped by 60 %. Furthermore, these au-
thors also reported that high pCO2 induced changes in the
food selectivity of C. concholepas larvae, switching from
large diatom cells to small nanoflagellate and cyanobacteria.
In the present study, we have used as a single food source, the
nanoflagellate I. galbana, a small algal cell, which should be
selected under high pCO2 conditions, but clearance on this
small algal cell also decreased significantly under this
condition.

In recent years, numerous studies have demonstrated the
negative effects of OA on marine bivalves. During a long-
term exposure at high pCO2 (35 days), Navarro et al. (2013)
showed that Mytilus chilensis showed a significant reduction
in its clearance rate. Fernández-Reiriz et al. (2011) also found
a reduction in the feeding rate by the clam Ruditapes
decussatus. Recently, Range et al. (2013) reported a

significant decrease in the clearance rate of R. decussatus
during a long-term experiment under high pCO2 (i.e. 1,000
to 4,000 μatm). These authors used the same food item,
I. galbana, at similar food concentration (0.8 to14.8 μg Chl
a−1L−1). Food concentration is another important issue as
food availability has explicitly showed a potential counterac-
tive effect on marine organisms under elevated pCO2 condi-
tions (e.g. Holcomb et al. 2010, 2012; Melzner et al. 2011;
Thomsen et al. 2013). Nevertheless, Chl a concentration in
experiments with C. concholepas ranged from 2 to 3 μg Chl
a−1L−1, which is within the main range of Chl a concentration
observed for Chilean coastal waters (Yuras et al. 2005), and in
those conducted withP. purpuratus, mean Chl a concentration
was similar than used by Range et al. (2013), resembling a
bloom condition (i.e. 11 to 12 μg Chl a−1L−1). In conse-
quence, the decrease in larval filtration rate observed in our
study could be associated to other physiological constraints,
such as hypercapnia, which can also lead to additional meta-
bolic costs for many marine organisms (Cummings et al.
2011; Stumpp et al. 2011), as well as the effect of uncompen-
sated extracellular pH (Stumpp et al. 2012), affecting the
filtration rate in these organisms. In any case, our results also

Fig. 4 Clearance rate frequencies
(no. of individuals) observed in
two consecutive feeding
observation times (time I and time
II) conducted with juvenile
P. purpuratus collected in Las
Cruces (left) and Calfuco (right)
including three pCO2 treatments:
low (upper), medium (middle)
and high (lower)
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support the notion that feeding is one of the key physiological
processes affected by OA in marine invertebrates.

Substantial reductions of larvae ingestion occurred at mid-
high CO2 levels among larvae from different locations. This
was especially clear in the case of larvae from Las Cruces
where ingestion reached a significant reduction of 18±3 %
(Kruskall-Wallis test H=4, p<0.05) at nominal CO2 level of
1,000 μatm in relation to the control situation. Thus, the
present study has also shown large variations in the sensitiv-
ities of newly hatched larvae from different local populations
(i.e. Antofagasta, Las Cruces, and Calfuco). Consequently,
information about geographic variation is critical because
many morphological, life history, and metabolic traits show
variation across space (Beniash et al. 2010; Ramajo et al.
2013), which is often attributed to organism adaptation over
environmental gradients (Levins 1968). For example, (Pascal
et al. 2010) recorded that copepods associated with sediments
with higher CO2 concentrations were better adapted to hyper-
capnic environments than copepods inhabiting sediments with
lower CO2 levels. A similar hypothesis was proposed by
(Widdicombe et al. 2009) to explain the different tolerances
of two macrofauna communities to sea acidification.
Cummings et al. (2011) showed that the expression of the
chitin synthase (CHS) enzyme, which is a key in the synthesis
of bivalve shells, was upregulated in individuals of the
Antarctic bivalve Laternula elliptica exposed to hypercapnic
conditions, indicating some degree of adaptation to sea acid-
ification in this species. The coastal ecosystems of the Chilean
Southeastern Pacific coast is characterized by an almost linear
coastline (north of 40°S) and by strong pCO2 gradients be-
tween the atmosphere and the surface water, with high spatial
and temporal variability in the northern-southern direction
(Torres et al. 2011). Large upwelling areas are located north-
ward of 37°S and determine the monthly fluctuation in sea
surface temperature (SST) and pCO2 levels (Torres et al.
2011). Typically, quasi-permanent upwelling events, occur-
ring in northern Chile, such as in our study site, Antofagasta,
injecting low dissolved O2 and CO2 supersaturated waters in
surface waters along the coast, resulting in lower ocean pH,
resulting in a strong across-shore pH and pCO2 gradients,
similar than occurring in other coastal upwelling areas (e.g.
California Current System, Feely et al. 2008). However, in the
present study, C. concholepas from the Antofagasta region
were collected fromAntofagasta Bay, an area already reported
as an “upwelling shadow”; therefore, marine invertebrates in
this region commonly are not affected by low oxygen/high
pCO2 waters (Lagos et al. 2008). Nevertheless, other coastal
areas such as our site in Las Cruces in Central Chile are
affected by both upwelling and the influence of freshwater
discharges from Maipo River, where typically pCO2 levels
may increase as a response to organic matter remineralization
(i.e. terrestrial and anthropogenic) and its low buffer capacity
(Pérez personal communication). This local condition could

greatly influence the adaption potential for organisms under a
high pCO2 conditions. Indeed, the medium and high levels of
pCO2 (i.e. 712 to 1,067 μatm, respectively) represent a natural
condition which can be observed in Las Cruces (Lagos et al.
2013; Ramajo et al. 2013), especially in the site where egg
capsules were collected and where typically the Maipo River
plume arrive daily at the rocky shore (Vargas et al. 2006). In
consequence, this natural variability may explain the minor
negative effect of high pCO2 conditions in newly hatched
larvae from this local population, which indeed may
suggest they are inherently more tolerant to OA than
organisms that live on regions with a lower pCO2 variability
(e.g. Antofagasta). Finally, Calfuco is an area that is not
directly affected by both upwelling and/or river discharge
(Aguilera et al. 2013). The environmental history of pH ex-
posure at the different selected sites in our study (i.e.
Antofagasta, Las Cruces, and Calfuco) could induce differen-
tial physiological resilience of both C. concholepas and
P. purpuratus and may explain the differential responses upon
high pCO2 observed in this study. Similarly, Range et al.
(2013) showed large variations in the sensitivities of the
mussel M. galloprovincialis, the clams Chamelea gallina
and R. decussatus upon high pCO2, among different local
populations of the same species. Consequently, more attention
should be given to understanding geographic differences in
variability rather than differences in mean values in response
to OA. These results clearly suggest the need for site-specific
studies and local adaptive measures for supporting the eco-
logical and economic roles of these species under future
scenarios of climate change in South America.

Summarizing, our results highlight the negative effects of
OA on the feeding process of economically and ecologically
important marine species under projected rising atmospheric
pCO2 scenarios. In spite of the fact that this incubation period
encompasses a biologically relevant timescale, our approach
also must confront the inherent decoupling between experi-
mental periods and the timescale at which the OA process is
projected to occur in nature. In addition, OA in nature will act
simultaneously with other climate-related variables, including
ocean warming, and the extent of low oxygen minimum zone
in coastal areas (Doney et al. 2012). In consequence, these
coastal areas should be further studied to assess the mecha-
nisms determining the sensitivity of marine invertebrates un-
der those multiple stressors. This condition may imply even
worse scenarios, and it might have a larger effect on the
metabolic process of marine invertebrates in Chilean waters.
Finally, under high pCO2 scenarios, food quality can be
deteriorated as increased CO2 can stimulate carbon fix-
ation through photosynthesis and therefore reducing the
nutrient content relative to carbon (Engel et al. 2008). This
condition may have significant consequences for the consum-
er, as nutrient demand for somatic growth can be impaired
(Urabe et al. 2003)
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Considering that the gastropod C. concholepas supports
small-scale fisheries that rely on natural stocks (Leiva and
Castilla 2001) and P. purpuratus form dense beds that play
an important role as bioengineers on intertidal rocky shores
along Chilean coast (Prado and Castilla 2006), any negative
impacts associated with OA that affect this species may pro-
duce significant socio-economic and ecological disruptions to
the ecosystem and to the essential ecosystem services that it
provides for humans.
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