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a b s t r a c t
High latitudes are considered particularly vulnerable to ocean acidiﬁcation, since they are naturally low in carbonate
ions. The edible mussel Mytilus chilensis is a common calciﬁer inhabiting marine ecosystems of the southern Chile,
where culturing of this species is concentrated and where algal blooms produced by the toxic dinoﬂagellate
A. catenella are becoming more frequent. Juvenile Mytilus chilensis were exposed to experimental conditions simulating two environmental phenomena: pCO2 increase and the presence of paralytic shellﬁsh toxins (PST) produced
by the dinoﬂagellate Alexandrium catenella. Individuals were exposed to two levels of pCO2: 380 μatm (control condition) and 1000 μatm (future conditions) over a period of 39 days (acclimation), followed by another period of
40 days exposure to a combination of pCO2 and PST. Both factors signiﬁcantly affected most of the physiological variables measured (feeding, metabolism and scope for growth). However, these effects greatly varied over time, which
can be explained by the high individual variability described for mussels exposed to different environmental conditions. Absorption efﬁciency was not affected by the independent effect of the toxic diet; however, the diet and pCO2
interaction affected it signiﬁcantly. The inhibition of the physiological processes related with energy acquisition by
diets containing PST, may negatively impact mussel ﬁtness, which could have important consequences for both wild
and cultured mussel populations, and thus, for socioeconomic development in southern Chile.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
According to the current trend of increasing atmospheric pCO2, surface
ocean pCO2 could increase to levels near 1000 μatm by 2100 (Caldeira and
Wickett, 2003; IPCC, 2013), changing the content of dissolved inorganic
carbon (DIC) of the ocean as well as its speciation, including increments
in the hydrogen cations and ion bicarbonate, and the reduction of ion carbonate concentration in seawater (Feely et al., 2004).
Although pCO2 is not an isolated driver, it can act together with other
environmental drivers such as temperature, salinity, and oxygen content
(Breitberg et al., 2015; IPCC, 2013; Kavousi et al., 2016; Piggott et al.,
2015). Effects of such interactions have been observed for numerous
groups of marine organisms (e.g. corals, macroalgae, oysters, mussels,
crabs, and sea urchins), with a trend for greater sensitivity in early life
stages (Al-Janabi et al., 2016; Campanati et al., 2016; Gobler and
Talmage, 2014; Kavousi et al., 2016). The combined effect of two or
more factors can have signiﬁcant impacts on various processes such as homeostasis, metabolism, growth, reproduction, and calciﬁcation (Azevedo
et al., 2015; Ban et al., 2014; Navarro et al., 2016a; Boyd et al., 2018).
Marine mussels belong to a group of calciﬁer bivalves that have been
studied in the context of the impacts of acidiﬁcation and climate change
(Fabry et al., 2008). Navarro et al. (2013) and Duarte et al. (2014) described the effects of high levels of pCO2 on juvenile mussels (Mytilus
chilensis) from populations in southern Chile, concluding that growth
rate, net calcium deposition rate and total weight decreased signiﬁcantly when mussels were exposed to high levels of pCO2. These effects
may be explained by the changes in dissolved inorganic carbon (DIC)
speciation induced by an increase in pCO2 (e.g. reduction of the ion carbonate concentration) or by hypercapnia, which leads to intra - and extracellular acidosis, interfering with physiological processes (Duarte
et al., 2014; Kurihara, 2008; Raven et al., 2005).
Dinoﬂagellates represent a cosmopolitan group of phytoplankton,
some of which produce toxins and can form harmful algal blooms
(HABs) in different geographical areas (Hallegraeff, 2004). Future increased ocean acidiﬁcation may exacerbate the toxic threat posed by
the toxic dinoﬂagellate Alexandrium catenella, especially when combined
with nutrient limitation (Tatters et al., 2013). Suspension-feeding organisms, especially bivalves, exposed to toxic dinoﬂagellate blooms ingest
these microalgae and accumulate paralytic shellﬁsh toxins (PST) in their
tissues. Toxic dinoﬂagellate blooms are detrimental to aquatic organisms
(Shumway and Cucci, 1987; Gainey and Shumway, 1988a; Marsden and
Shumway, 1992; Bricelj et al., 1996; Bricelj and Shumway, 1998), and several physiological and behavioural effects, such as reductions in ingestion,
metabolism, and growth rates, have been described in marine copepods
and bivalves exposed to diets containing PST (Colin and Dam, 2007; Li
et al., 2002). The presence of PST toxins in southern Chile is associated
with blooms of the dinoﬂagellate Alexandrium catenella and represents a
serious risk to human health. Harmful algae blooms of this dinoﬂagellate
have occurred with almost annual frequency in the most southerly regions of Chile (Castro: 42°36′ S, 73°57′ W; Punta Arenas: 53°10′ S,
70°56′ W) and have recently extended northwards, reaching the coast
near Valdivia (39°53′ S, 73°26′ W). Mytilus chilensis is an important species for aquaculture, with a landing of ca. 300,000 tons per year in Chile
(SERNAPESCA, 2015). It is found between the Tirúa River (38° 20 S) and
the Straits of Magellan (53° 28′S; 70° 47′W), occupying extensive subtidal
and intertidal zones, and plays an important ecological role that partially
determines the structure of the associated macrofaunal community
(Duarte et al., 2006; Hernández and González, 1976). Due to its broad latitudinal distribution, M. chilensis is exposed to diverse environmental conditions, including exposure to HABs, making this species useful for
evaluating how various environmental drivers affect physiological processes. Mytilus chilensis is a suitable model species for the study of biological impacts of high pCO2 levels (Navarro et al., 2013) and the presence of
PST in the sea, because previous studies have shown that both of these environmental drivers (individually) can affect to this bivalve (Molinet et al.,
2010; Navarro et al., 2013).

This study evaluates the combined effects of two environmental
drivers that could occur simultaneously in southern Chile, namely a
pCO2 increase (associated with global climate change) and the presence
of PST, on the physiological performance (feeding, metabolism and
growth) of juvenile M. chilensis. We hypothesize that the combined effects of these two factors decreases the ﬁtness of M. chilensis expressed
in terms of the energy available for growth processes (scope for
growth).
2. Materials and methods
2.1. Collection and acclimation of mussels
Mussels (Mytilus chilensis) were collected (May 2012) from
suspended cultures in Huelmo Bay, Puerto Montt, southern Chile
(41°40′ S, 73°02′ W) and transported to the laboratory under controlled
temperature conditions. Specimens with a shell length range of
2.4–2.9 cm were selected; these were all juveniles in the sense that
they were not yet capable of reproduction. In preparation for physiological measurements, mussels were divided into two groups and acclimated for 39 days in 20 aquaria (4 L), each containing 9 individuals,
one group exposed to 380 μatm pCO2 (control), the other to 1000
μatm pCO2 (predicted future condition, IPCC, 2013). Temperature was
maintained at 14 °C by partially immersing the aquaria in thermostatically controlled water baths. Salinity was maintained at 30, and all experimental mussels were fed continuously (peristaltic pump) with the
microalga Isochrysis galbana (ca 1.5 mg L−1). Seawater was changed
daily with water pre-equilibrated to the above conditions.
2.2. Diets and experimental design
The dinoﬂagellate Alexandrium catenella (strain ACC02) was cultured in ﬁltered seawater (0.45 μm) at 14 °C and a 14:10 photoperiod
(light: dark), using L1 culture medium (Guillard, 1975). According to
Velásquez and Navarro (2014), strain ACC02 has an average toxin concentration of 10.3 ± 0.91 fmoles STX eq. cell−1. The microalga Isochrysis
galbana was cultured in ﬁltered seawater (0.45 μm) at 25 °C and a 14:10
photoperiod (light: dark), using f/2 culture medium (Guillard, 1975).
Following 39 days of acclimation to the two pCO2 treatments, mussels were exposed for 40 days to two combinations of pCO2 and PSTcontaining diets. For each treatment (380 μatm pCO2 + control diet;
380 μatm pCO2 + toxic diet; 1000 μatm pCO2 + control diet; 1000
μatm pCO2 + toxic diet) 5 mussels were placed in each of 5 replicate
aquaria. The control diet was 100% I. galbana, and the toxic diet
consisted of 70% A. catenella and 30% I. galbana (by weight). Both diets
were delivered continuously through a peristaltic pump (Masterﬂex
7524). In all treatments the diet offered represented a daily contribution
of 4% of the soft tissue weight of the mussel biomass in the tank, calculated as follows:
Mean dry weight of a mussel ¼ 130 mg; 4%dry weight ¼ 5:2 mg
Dry weight of 106 A:catenella cells ¼ 6:19 mg
Dry weight of 106 I:galbana cells ¼ 0:032 mg
Weight ofA:catenella
cells addedper day per mussel ¼ 0:7  5:2 mg

¼ 3:64 mg ≡ 0:59  106 cells
Weight of I:galbana
cells added per

 day per mussel ¼ 0:3  5:2 mg
¼ 1:56 mg

≡ 49:1  106 cells

Seawater in the mussel holding tanks was replaced daily by gradual
introduction of water from the equilibriation tanks (see below), maintaining the appropriate diet and pCO2 levels.

C. Mellado et al. / Science of the Total Environment 653 (2019) 455–464

2.3. Seawater equilibration system
Three polyethylene header tanks (250 L, referred to here as equilibration tanks) were ﬁlled with ﬁltered (1 μm) seawater taken from
the subtidal zone at Calfuco (39°44′S, 73°23′W) and adjusted to two
pCO2 levels, current atmospheric levels (approx. 380 ppm) and the
worst case scenario for the end of the century (approx. 1000 ppm) by
bubbling air or an air–CO2 mixture (Torres et al., 2013). During the experiments, water pH and total alkalinity were monitored in each tank
every 3 d. All pH measurements were done in a closed 25 mL thermostatic cell at 25.0 °C with a Metrohm 713 pH meter (input resistance
N1013 Ω, 0.1 mV sensitivity and nominal resolution 0.001 pH units)
and a glass combined double junction Ag/AgCl electrode (Metrohm
model 6.0219.100) calibrated with 8.089 Tris buffer at 25 °C; pH values
are reported using the total hydrogen ion scale (DOE, 1994). The overall
uncertainty in the measured pH values was estimated by Torres et al.
(1999) as 0.006 pH for surface waters (pH near 8) and b0.009 pH for
very acid waters (pH 7.2). Temperature and salinity were measured in
the equilibration tanks with a small conductivity-temperature-depth
instrument (Ocean Seven 305 Plus CTD, www.idronaut.it). Total Alkalinity (AT) was determinate in seawater samples by automatic titration
with HCl (Haraldsson et al., 1997) using CRM from Andrew Dickson Laboratory to constrain analytical uncertainties; Based in the results of
2017 Inter-laboratory Comparison of CO2 Measurements (coordinated.
Emily Bockmon and Andrew Dickson, unpublished data) we calculate
that the difference between our analysis (Carbonate System Laboratory
at CIEP) and Scripps Institution of Oceanography (CRM Batches 162 and
164) were approximately 0.1% which is considerate adequate
(Bockmon and Dickson, 2015).
The pH, total alkalinity (AT), phosphate (Strickland and Parsons,
1972), dissolved silicate (Strickland and Parsons, 1972), and hydrographic data were used to calculate the remaining carbonate system parameters and the saturation state of seawater with respect to aragonite
and calcite using CO2SYS software (Lewis and Wallace, 1998), set with
Mehrbach solubility constants (Mehrbach et al., 1973), as reﬁtted by
Dickson and Millero (1987).

2.4. Measurement of physiological variables
On each sampling date (days 40, 41, 50, 60, and 80) one mussel was
taken at random from each replicate aquarium for each treatment, i.e. 5
mussels per treatment, for physiological measurements. Mussels
reached a PST concentration of 128.0 μg STXeq./100 g tissue at the end
of the experiment at 380 μatm pCO2 and 85.6 μg STXeq./100 g tissue at
1000 μatm pCO2.
Clearance rate (CR) was measured in a static system in which the decrease in particle concentration in each experimental chamber resulting
from feeding activity was monitored periodically (Widdows, 1985). Before the measurement period, the experimental specimens were
allowed to acclimate for 30 min in the chamber, after which the algal
cells constituting the appropriate diet (1.5 mg L−1) were added. All experiments were conducted at 14 °C and salinity 30. Each experimental
mussel was placed in an experimental chamber (0.5 L), one mussel
per chamber, and the decrease in the number of particles was measured
after 30 min using a particle counter (Beckman Z2) ﬁtted with a 100 μm
aperture tube. The consumed cells were then replaced to reset the cell
concentration to the initial value, and the clearance rate (L h−1) for
the 30 min period calculated (Coughlan, 1969). This procedure was repeated 7 times and a mean value of clearance rate determined,
representing an overall clearance rate over a period of approximately
4 h. At no time was the particle concentration in the chamber allowed
to fall below 60% of the initial value. No pseudofaeces were produced
with the food concentration used. During each set of measurements, a
chamber without mussels was used as a control for each treatment to
account for natural changes in particle concentration (growth or algae
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sedimentation). The organic ingestion rate was calculated as the product of clearance rate and the organic content of the diet.
Absorption efﬁciency (AE) was estimated by the ratio method of
Conover (1966). Faeces were collected from each experimental mussel
after clearance rate measurements were completed. Samples of food
and faeces were retained on pre-ashed, pre-weighed Whatman GF/C ﬁlters (1.2 μm pore size), rinsed with ammonium formate (3%), dried to
constant weight at 100 °C, weighed, combusted at 450 °C for 3 h in a
mufﬂe furnace and weighed again to determine the organic and inorganic fractions. Absorption rate was calculated as the product of organic
ingestion rate and absorption efﬁciency.
Immediately after the clearance rate measurements were made, ammonia excretion (VNH4-N) and oxygen uptake (VO2) were determined
on the same individuals used for clearance rate determinations. Individual mussels were placed in sealed glass beakers (0.13 L) containing ﬁltered (0.45 μm) seawater. During each measurement set, one
additional beaker containing ﬁltered seawater, but without mussels,
was used as a control. After 2 h, water samples (5 mL) were taken
from each beaker for the determination of ammonia excretion using
the colorimetric method of Solórzano (1969) as modiﬁed by Widdows
(1985). Oxygen concentration was determined by the micro-Winkler titration method (Ohle, 1953) and the oxygen uptake by each mussel was
calculated as the difference between the oxygen content of the water in
the control and experimental beakers over a period of 2 h.
2.5. Scope for Growth (SFG)
Measurements of the energy available for growth, termed scope for
growth (SFG), provide a rapid and quantitative assessment of the energy status of the bivalve (Widdows, 1985). Scope for growth was calculated after converting VO2, VNH4-N and absorbed organic matter from
the diet to energy equivalents (J · h − 1): 1 mL O2 = 19.9 J; 1 μg
NH4-N = 0.0249 J (Elliott and Davison, 1975) and 1 mg of organic material from the diet = 21 J (McLusky, 1989).
2.6. Statistical analyses
The prediction that the combined effects of pCO2 and PST decreases
the ﬁtness of M. chilensis expressed in terms of energy acquisition was
tested by means of random-intercept linear mixed models (LMM) computed separately for each dependent variable. The models included diet,
time, and pCO2 as ﬁxed and fully crossed factors, and the identiﬁcation
of each aquarium as a random factor inﬂuencing the intercept (i.e. baseline level) of the model. The aquarium was included as random factor in
order to account for the repeated measurements conducted over time.
In addition, we modelled the temporal autocorrelation of errors as an
autoregressive (AR1) process. The effects parameters were estimated
by means of maximum likelihood. Residual-by-quantile, density, and
residual-by-ﬁtted value plots were graphically inspected as model diagnostics. Moreover, we assessed the degree of autocorrelation of errors
by means of Auto-Correlation Function (ACF) plots. These plots showed
minimum degrees of autocorrelation of residuals, always r b 0.2 (Pearson Product Moment correlation). Marginal and conditional coefﬁcients
of determination (pseudo-R2) were computed as estimators of variance
accounted for the ﬁxed factors and the entire model, respectively
(Nakagawa and Schielzeth, 2013). Each LMM was further analysed by
means of a Wald-test analysis of variance (ANOVA). After a signiﬁcant
term was detected in the ANOVA, we computed paired comparisons between the marginal means (i.e. averaging across the levels of the other
factors). In the cases of statistically signiﬁcant interactions, the paired
comparisons were conducted for a given factor within each level of
the other factor involved in the interaction. Tukey's multiplicity adjustment was used to reduce the Type-I error rate. All statistical analyses
were conducted in the R programming environment version 3.5.0
(R Core Team, 2018) – the ggplot2, dplyr, nlme, MuMIn, and emmeans R
packages were required to complete the statistical analyses.
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Table 1
Characteristics (mean ± SD) of seawater used to maintain Mytilus chilensis individuals during
the experimental period in the 250 L tanks equilibrated with air (approx. 380 μatm pCO2) or
air – CO2 mixture (approx. 1000 μatm pCO2). TA = total alkalinity; [CO2−
3 ] = carbonate ion
concentration; Ωca = omega calcite; Ωar = omega aragonite. From Duarte et al. (2014).
CO2 system variables

pH in situ (pH units)
Salinity (psu)
TA (μmol kg−1)
pCO2 in situ (μatm)
−1
[CO2−
)
3 ] in situ (μmol kg
Ωca
Ωar

Experimental pCO2 levels (μatm)
380

1000

8.06 ± 0.03
31.79 ± 1.88
2156 ± 86
371 ± 23
129 ± 14
3.1 ± 0.3
2.0 ± 0.2

7.67 ± 0.03
31.87 ± 1.87
2142 ± 93
977 ± 60
58 ± 7
1.4 ± 0.2
0.9 ± 0.1

Table 2
Summary of ANOVA on six physiological variables in mussels exposed to two levels of diet
(controls or toxic), pCO2 (380 and 1000), and sampled over time of exposure (after 40, 41,
50, 60, and 80 days) in a fully orthogonal experiment. Degrees of freedom (DF) are provided for the numerator and denominator (num and den, respectively) of each F-ratio.
Source of variation

Diet
Time
pCO2
Diet:Time
Diet:pCO2
Time:pCO2
Diet:Time:pCO2

3.1. Experimental seawater system

3.2. Physiological parameters
3.2.1. Clearance rate
The effect of the toxic diet on clearance rate was negative and
depended on the sampling time, these effects remained relatively similar between pCO2 treatments (Fig. 1). The ANOVA (Wald test) conducted on the linear mixed model (LMM) showed a statistically
signiﬁcant interaction between diet and time (Table 2). This interaction
was given by the statistically signiﬁcant and negative effects of the toxic
diet that were observed at days 40 and 41 (−0.61 [0.07] L h−1 and
−0.26 [0.07] L h−1, respectively, mean [standard error of the mean]);
but that became non-signiﬁcant after 60 days (Table S1). The ﬁxed factors in the LMM accounted for ca. 56% of the variation in clearance rate;
the entire model explained ca. 62% of the variation in this variable.

Diet
Time
pCO2
Diet:Time
Diet:pCO2
Time:pCO2
Diet:Time:pCO2

Clearance rate

Absorption
efﬁciency

Absorption
rate

Num

Den

F

p

F

p

F

p

1
4
1
4
1
4
4

6
64
16
64
16
64
64

30.519
1.387
0.049
13.653
0.005
1.527
2.052

b0.01
0.248
0.827
b0.01
0.945
0.205
0.098

3.21
8.02
46.64
2.72
12.70
17.68
4.47

0.09
b0.01
b0.01
0.04
b0.01
b0.01
b0.01

0.17
5.92
0.95
3.46
6.16
26.44
1.17

0.69
0.00
0.34
0.01
0.03
b0.01
0.33

DF

3. Results

The physical and chemical characteristics of the experimental seawater are summarized in Table 1, and were previously described in a
parallel study on the calciﬁcation rate of mussels (Duarte et al., 2014).
Values for salinity were very similar at both pCO2. The pH, carbonate
ion concentration and the saturation state of seawater with respect to
aragonite decreases with increasing pCO2.

DF

Ammonia
excretion

Oxygen
consumption

Scope for
growth

Num

Den

F

p

F

p

F

p

1
4
1
4
1
4
4

16
64
16
64
16
64
64

6.25
6.80
0.01
5.93
38.11
2.95
0.99

0.02
b0.01
0.93
b0.01
b0.01
0.03
0.42

0.07
2.31
19.28
9.56
0.02
16.61
1.24

0.80
0.07
b0.01
b0.01
0.91
b0.01
0.30

0.03
4.09
0.85
1.94
4.46
25.19
1.48

0.87
0.01
0.37
0.12
0.05
b0.01
0.22

3.2.2. Absorption efﬁciency
Absorption efﬁciency was dependent on sampling time, diet, and
pCO2 (Fig. 2). This observation was supported by the LMM and
ANOVA, which showed a statistically signiﬁcant interaction between
the three factors (Table 1). According to this second-order interaction,
we observed statistically signiﬁcant effects of the toxin at days 40 and
60 on the absorption efﬁciency of the mussels exposed to 380 μatm
(−9.2 [4.04] % and 16.5 [4.04] %), respectively (Table S1). On the other
side, we detected statistically signiﬁcant effects of the toxic diet at
days 50 and 80 (−14.1 [4.04] % and −11.1 [4.04] %, respectively) of
mussels exposed to 1000 μatm (Table S1). The ﬁxed factors accounted
for ca. 71% of the variation in absorption efﬁciency. The same proportion
of variance was explained by the entire model, suggesting a negligible
effect of sampling units on the variable of interest.

Fig. 1. Clearance rate in Mytilus chilensis juveniles exposed to toxic (PST) and control diets at 380 (a) and 1000 (b) μatm pCO2. Values represent mean ± standard error.
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Fig. 2. Absorption efﬁciency in Mytilus chilensis juveniles exposed to toxic (PST) and control diets at 380 (a) and 1000 (b) μatm pCO2. Values represent mean ± standard error.

3.2.3. Absorption rate
This variable showed temporal patterns that depend on the diet and
pCO2 treatments. Moreover, the effects of pCO2 and diet on absorption
rate were interdependent (Table 1; Fig. 3). First, the temporal variation
in the effects of the toxin was due to the signiﬁcant decrease (−0.21
[0.06] mg h−1, averaging across pCO2 treatments) detected at day 50
of exposure; no other statistically signiﬁcant effect of diet was observed
(Table S1). Second, the time-dependent effect of pCO2 was supported by
an initial increase in absorption rate (0.44 [0.07] mg h−1 day 40) and a
subsequent decrease (−0.44 [0.07] mg h−1 day 41) in this variable as a
result of the treatment (Table S1). Finally, and averaging across sampling times, the diet by pCO2 interaction was explained by contrasting
effects of the diet under 380 μatm (non-signiﬁcant) and 1000 μatm

(negative) on absorption rate (Table S1). The ﬁxed factors of the LMM
explained a 62% of the variation in absorption rate. The entire model
accounted for the same proportion of variation.
3.2.4. Ammonia excretion
The temporal patterns of ammonia excretion varied between
diet treatments and between pCO2 treatments (Table 1; Fig. 4). Similar
to absorption rate, the diet and pCO2 treatments interactively affected
ammonia excretion (Table 1). A statistically signiﬁcant diet by time interaction was supported by the signiﬁcant increase in ammonia excretion observed at day 40 of experimentation (10.4 [4.2] μg NH4-N h−1)
averaged across diet treatments (Table S1). Non-signiﬁcant decreases
were observed at days 41 and 50, and signiﬁcant decreases observed

Fig. 3. Absorption rate in Mytilus chilensis juveniles exposed to toxic (PST) and control diets at 380 (a) and 1000 (b) μatm pCO2. Values represent mean ± standard error.

460

C. Mellado et al. / Science of the Total Environment 653 (2019) 455–464

Fig. 4. Ammonia excretion in Mytilus chilensis juveniles exposed to toxic (PST) and control diets at 380 (a) and 1000 (b) μatm pCO2. Values represent mean ± standard error.

at days 60 and 80 (−12.6 [4.2] and −14.7 [4.2] μg NH4-N h−1, respectively) (Table S1). The temporal variation in the responses to pCO2
was due to the fact that the marginal effect (i.e. averaged across diets)
of this treatment was observed only at day 80 of exposure (−10.2
[4.2] μg NH4-N h−1) (Table S1). Lastly, we detected a pCO2-dependent
switch in the response of ammonia excretion to the diet: averaged
across times, the toxic diet had a signiﬁcantly positive effect on the excretion of the mussels exposed to 380 μatm, but a negative effect on
those exposed to 1000 μatm (7.6 [2.9] and −18.2 [2.9] μg NH4-N h−1, respectively) (Table S1). The ﬁxed factors in this model accounted for a
60% of the variation in ammonia excretion, whereas the entire model
accounted for ca. 62% of the variation in this response.

3.2.5. Oxygen consumption
Oxygen consumption varied over time, depending on the exposure
to toxic diet and also on the pCO2 treatment (Table 1; Fig. 5). Averaged
across pCO2 treatments, the marginal effect of the toxic diet was statistically signiﬁcant at days 40 and 80 of exposure (0.01 [0.006] and −0.02
[0.006] mL h−1, respectively) (Table S1). On the other side, and averaging across diet treatments, the marginal effect of pCO2 changed from
non-signiﬁcant (until 50 days) to signiﬁcantly negative at days 60 and
80 of exposure to the enhanced pCO2 (−0.04 [0.006] and −0.02
[0.006] mL h−1, respectively; Table S1). Diet and pCO2, as ﬁxed factors,
explained the 57% of the variation in oxygen consumption, and the entire model explained the 69% of the variation in this metric.

Fig. 5. Oxygen uptake in Mytilus chilensis juveniles exposed to toxic (PST) and control diets at 380 (a) and 1000 (b) μatm pCO2. Values represent mean ± standard error.
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Fig. 6. Scope for growth in Mytilus chilensis juveniles exposed to toxic (PST) and control diets at 380 (a) and 1000 (b) μatm pCO2. Values represent mean ± standard error.

3.2.6. Scope for growth
Scope for growth exhibited variable pattern over time, which was
dependent on the pCO2 treatments (Table 1; Fig. 6). This interaction
was caused by the signiﬁcant and positive effect on scope for growth detected at day 40, which switched to negative at day 41 (7.95 [1.2] and
−9.14 [1.2] J h−1, respectively; Table S1), and then increases remained
statistically non-signiﬁcant until the end of the experiment (Table S1).
The diet and pCO2 treatments interactively affected scope for growth
(Table 1). The statistical model explained ca. 61% of the variation in
scope for growth (both, ﬁxed factors and entire model).

4. Discussion
Various physiological responses have been described in marine invertebrates to a pCO2 increase, either alone or in combination with
other environmental drivers (Fernández-Reiriz et al., 2012; Le Moullac
et al., 2016; Wang et al., 2015), but there are no published studies of
the combined effects of PST and high pCO2 on the physiology of
suspension-feeding bivalves. Wang et al. (2015) found that increasing
temperature signiﬁcantly reduced clearance rate of the mussel Mytilus
coruscus, but elevated levels of pCO2 together with a temperature increase did not show a combined effect. This is consistent with
Range et al. (2014), who observed that clearance rate in Mytilus
galloprovincialis was unaffected by a pCO2 increase. Fernández-Reiriz
et al. (2012) showed that observed seawater pCO2 (pH reduced by 0.3
and 0.6 units, relative to the natural pH levels of Ria Formosa lagoon)
had no effect on feeding (clearance and ingestion rates) in
M. galloprovincialis juveniles. Similarly, in our study pCO2 did not affect
clearance rate during the acclimation (39 days) and the experimental
period (from day 40 to 80). Other studies have described negative effects of high pCO2 levels on clearance rate in bivalves. Navarro et al.
(2016a) found that clearance rate of M. chilensis was signiﬁcantly affected by pCO2 and temperature, but without interactions between
these drivers. Fernández-Reiriz et al. (2011) observed a reduction in
feeding in the clam Ruditapes decussatus at the highest experimental
pCO2 used (3702 μatm). Similarly, Xu et al. (2016) recorded signiﬁcantly
lower feeding values in R. philippinarum exposed to high pCO2 levels
than in clams at ambient pCO2.
The variable physiological responses of marine invertebrates to
changes in pCO2 levels described in the literature are probably

attributable to the wide range of natural environmental conditions
that individuals are exposed in their habitats. Since organisms live periods or its entire life at high pCO2 levels, they have to develop tolerance
to pCO2 variability (Widdicombe et al., 2009) or adequately synchronize
its development with the natural variability of pCO2. According to
Lardies et al. (2014), phenotypic adaptation to environmental ﬂuctuations frequently occurs as a result of pre-existing plasticity, whose role
as a major component of variation in physiological diversity is generally
recognized. In the case of our study, the experimental mussels were collected from Huelmo Bay, 50 km west of Reloncaví Sound, an area characterized by events of salinity drops which decreases Omega and
eventually turning estuarine water undersaturated with respect to calcium carbonate during the cold and rainy winter season (Alarcon
et al., 2015). During the warm period phytoplankton productivity
cause a seasonal drop in surface water pCO2 (Torres et al., 2011)
resulting in highly supersaturated surface water with respect calcium
carbonate. Most of the juvenile mussels development takes place
under condition of high temperature, omega and food availability (phytoplankton). However, intraseasonal and interannual climatic and
oceanographic variability processes are well known modulator this seasonal pattern (e.g. climatic anomalies as rainy/dry periods or changes in
meteorological or hydrographical processes that control the mixing and
advection of fresh water in the estuary) changing the timing, intensity
or synchronization between low salinity/temperature rise/food availability. The adaptation to such environmental variability could partially
explain the lack of statistically signiﬁcant differences in some physiological responses at contrasting pCO2 levels. The signiﬁcant interaction between diet and time was related to the initial negative effect and the
subsequent recovery of the clearance rate, behavior that has been described for different species of bivalves exposed to diets containing
PST (Navarro and Contreras, 2010; Wildish et al., 1998). After one day
of exposure to the toxic diet (day 41), M. chilensis showed a recovery
in feeding activity similar to that described for juveniles and adults of
the same species fed with Alexandrium catenella (Navarro et al., 2011;
Velásquez and Navarro, 2014). Conversely, oysters, clams, and scallops
are highly sensitive to PST toxins, which induce a reduction in
suspension-feeding (Bricelj et al., 1996; Gainey and Shumway, 1988b;
Lassus et al., 2004; Navarro et al., 2016b). However, the mussel Perna
canaliculus showed no reduction in clearance rate when exposed to
the toxic dinoﬂagellate Alexandrium tamarense for four days
(Contreras et al., 2012). There is considerable evidence that the feeding
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response of marine bivalves to toxic dinoﬂagellates, be it inhibition, an
increase, or no effect, is species-speciﬁc (Bricelj et al., 2005; Contreras
et al., 2012; Hégaret et al., 2007; Leverone et al., 2007).
Our data showed that the factor pCO2 affected signiﬁcantly absorption efﬁciency in M. chilensis. Similarly, Navarro et al. (2013, 2016a) reported that elevated pCO2 levels (1000, 1200 μatm) signiﬁcantly
reduced absorption efﬁciency in M. chilensis, suggesting deﬁciencies in
the functioning of the digestive system under hypercapnia. Le Moullac
et al. (2016) found that absorption efﬁciency in the oyster Pinctada
margaritifera showed no signiﬁcant differences in response to different
levels of pCO2 (426, 1198, and 3667 μatm pCO2), temperature (22, 26,
30, and 34 °C) or the interaction between the two factors. FernándezReiriz et al. (2012) found a signiﬁcant increase in absorption efﬁciency
in M. galloprovincialis caused by elevated pCO2 which may be related
to the optimization of certain digestive enzymes (amylase, glucosidase,
and peptidase) under conditions of reduced pH (Areekijseree et al.,
2004; Wojtowicz, 1972), facilitating nutrient absorption. In our study,
the absorption efﬁciency was not affected by the treatment of the
toxic diet independently, however the interaction diet and pCO2 affected signiﬁcantly absorption efﬁciency. Navarro and Contreras
(2010) observed a decrease in absorption efﬁciency in a different population of the same species during the ﬁrst days of exposure to a diet containing 50% A. catenella. Fernández-Reiriz et al. (2013) found a
signiﬁcant reduction in absorption efﬁciency when razor clams
(Tagelus dombeii) from a non-PST exposure ﬁeld site were fed a diet
containing PST. Absorption rate was also dependent of the interaction
pCO2 and diet, with signiﬁcant lower values in mussels fed toxic diet
at the higher level of pCO2 (1000 μatm), but not signiﬁcant different
values were observed at the control level of pCO2 (380 μatm).
It has been described that ammonia excretion increased signiﬁcantly
at high pCO2 in M. galloprovincialis and R. philippinarum, as a result of the
enhancement of protein metabolism which contributed to intracellular
pH regulation (Fernández-Reiriz et al., 2012; Michaelidis et al., 2005; Xu
et al., 2016). Regarding paralytic shellﬁsh toxin (PST), a signiﬁcant effect
on the excretion rate of M. chilensis has also been described by Navarro
and Contreras (2010), who associated this response with the capacity of
the mussels to degrade the PST toxin, which is a rich source of nitrogen
(Pérez, 1998). The present study shows that excretion rate was not affected by high pCO2 in M. chilensis. However, the interaction between
diet and pCO2, diet and time and time and pCO2 affected signiﬁcantly
the ammonia excretion of M. chilensis, showing the importance to include not only a single driver, but multiple drivers on the climate change
studies (Boyd et al., 2018).
Different responses in oxygen uptake have been described in various
bivalves exposed separately to high pCO2 and diets containing PST.
Fernández-Reiriz et al. (2012) found that acidiﬁed seawater (ΔpH =
−0.6) had no effect on oxygen uptake in M. galloprovincialis juveniles.
In contrast, Navarro et al. (2016a) described a decrease in oxygen uptake when M. chilensis was exposed to high pCO2, similar to Wang
et al. (2015), who reported a signiﬁcant effect of pH, temperature, and
their interaction on oxygen uptake by M. coruscus. Our results showed
that oxygen consumption was affected by pCO2 and also by the interactions between pCO2 and diet and time and diet, suggesting a more complex response of M. chilensis when exposed to more than a single
environmental driver. Shumway et al. (1985) found a reduction in oxygen uptake in the giant scallop Placopecten magellanicus and the clam
Spisula solidissima exposed to diets containing PST, even when there
was no decrease in suspension-feeding activity. In contrast, the presence of STX in the diet and its accumulation in the tissues of
M. chilensis did not affect oxygen uptake in the present study and also
according Navarro and Contreras (2010) and Navarro et al. (2014) for
individuals from two populations of the clam Tagelus dombeii which
were exposed to similar concentrations of A. catenella (ca.
210.000 cells L−1).
Although scope for growth in M. chilensis was positive for each combination of pCO2 and PST, the diet and pCO2 treatments interactively

affected scope for growth, reducing signiﬁcantly the amount of energy
allocated to growth. Other authors have obtained similar results for
other bivalve species when considering only pCO2 increases, e.g. the
oyster Pinctada margaritifera is unaffected by high pCO2 (Le Moullac
et al., 2016). Likewise, Wang et al. (2015) recorded positive SFG values
at different combinations of temperature and pH in the mussel
M. coruscus. In contrast, Xu et al. (2016) found that elevated pCO2 in
the seawater resulted in lower SFG for the clam R. philippinarum. The
presence of PST in the diet signiﬁcantly affected the SFG of mussels
(M. chilensis) from Huelmo Bay, which responded in a similar manner
to individuals from other populations of this species (Navarro et al.,
2014; Navarro and Contreras, 2010). The initial decrease in SFG of
M. chilensis exposed to PST was attributable to a lower clearance rate,
which is consistent with results for other ﬁlter feeders (Lassus et al.,
2004; Li et al., 2002). The recovery in scope for growth after exposure
conﬁrms the resistance of M. chilensis to harmful algae blooms events,
demonstrating its ability to incorporate A. catenella into its diet (Bricelj
et al., 2005; Fernández-Reiriz et al., 2008). A signiﬁcant effect of the factor time and/or of the interaction of time with the other ﬁxed factors
was found for most of the physiological variables measured (feeding,
metabolism, scope for growth), which can be explained by the high individual variability described for mussels exposed to different environmental conditions.
These ﬁndings are important considering the ecological and commercial importance of M. chilensis in the austral zone of Chile, where
today over 280,000 tons are produced annually in suspended culture,
and where harmful algal blooms are highly frequent.

5. Conclusions
The association between pCO2 and paralytic shellﬁsh toxin (PST)
may result in an indirect effect on mussel ﬁtness. In fact, this study
showed an inhibition of the processes associated with the acquisition
of energy in mussels exposed to a diet containing PST. Therefore, the indirect effect of the high levels of pCO2 combined with paralytic shellﬁsh
toxins (PST) on mussel physiology, limits our understanding to know if
this population will be able to adapt to the worst atmospheric scenarios
projected for the next century, and points out the need to investigate
the indirect effect that CO2 would have on marine organisms.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2018.10.399.

Acknowledgments
The authors are grateful to Barbara Cisternas and Jorge López for
their valuable assistance in experimental work and algal production.
We thank Dr. Ray Thompson for critical reading and constructive comments and the reviewers for their helpful advice for improving the manuscript. The study was mainly funded by the Programa de Investigación
Asociativa, PIA CONICYT-CHILE (Grant Anillos ACT-132). Additional
support came from FONDECYT Grant 1161420 to JMN and from Center
FONDAP IDEAL 15150003 - CONICYT.
References
Alarcon, E., Valdés, N., Torres, R., 2015. Saturación del carbonato de calcio en un área de
cultivo de mitílidos en el Seno Reloncaví, Patagonia norte, Chile. Lat. Am. J. Aquat.
Res. 43 (2), 277–281. https://doi.org/10.3856/vol43-issue2-fulltext-1.
Al-Janabi, B., Kruse, I., Graiff, A., Winde, V., Lenz, M., Wahl, M., 2016. Buffering and amplifying interactions among OAW (ocean acidiﬁcation & warming) and nutrient enrichment on early life-stage Fucus vesiculosus L. (Phaeophyceae) and their carry over
effects to hypoxia impact. PLoS One 11, e0152948. https://doi.org/10.1371/journal.
pone.0152948.
Areekijseree, M., Engkagul, A., Kovitvadhi, U., Thongpan, A., Mingmuang, M., Pakkong, P.,
Rungruangsak-Torrissen, K., 2004. Temperature and pH characteristics of amylase and
proteinase of adult freshwater pearl mussel, Hyriopsis (Hyriopsis) bialatus Simpson
1900. Aquaculture 234, 575–587. https://doi.org/10.1016/j.aquaculture.2003.12.008.

C. Mellado et al. / Science of the Total Environment 653 (2019) 455–464
Azevedo, L.B., De Schryver, A.M., Hendriks, A.J., Huijbregts, M.A.J., 2015. Calcifying species
sensitivity distributions for ocean acidiﬁcation. Environ. Sci. Technol. 49, 1495–1500.
https://doi.org/10.1021/es505485m.
Ban, S.S., Graham, N.A.J., Connolly, S.R., 2014. Evidence for multiple stressor interactions
and effects on coral reefs. Glob. Chang. Biol. 20, 681–697. https://doi.org/10.1111/
gcb.12453.
Bockmon, E.E., Dickson, A.G., 2015. An inter-laboratory comparison assessing the quality
of seawater carbon dioxide measurements. Mar. Chem. 171, 36–43.
Boyd, P.W., Collins, S., Dupont, S., et al., 2018. Experimental strategies to assess the biological ramiﬁcations of multiple drivers of global ocean change—a review. Glob. Chang.
Biol., 1–23 https://doi.org/10.1111/gcb.14102.
Breitberg, D., Salisbury, J., Bernhard, J., Cai, W.-J., Dupont, S., Doney, S., Kroeker, K., Levin,
L., Long, W.C., Milke, L., Miller, S., Phelan, B., Passow, U., Seibel, B., Todgham, A.,
Tarrant, A., 2015. And on top of all that … coping with ocean acidiﬁcation in the
midst of many stressors. Oceanography 25, 48–61. https://doi.org/10.5670/
oceanog.2015.31.
Bricelj, V.M., Shumway, S.E., 1998. Paralytic toxin in bivalve mollusc: occurrence, transfer
kinetics and biotransformation. Rev. Fish. Sci. 6, 315–383.
Bricelj, V.M., Cembella, A.D., Laby, D., Shumway, S.E., Cucci, T.L., 1996. Comparative physiological and behavioral responses to PSP toxins in two bivalve molluscs, the softshell
clam, Mya arenaria, and surfclam, Spisula solidissima. Harmful Toxic Algal Blooms.
405–408.
Bricelj, V.M., Connell, L., Konoki, K., MacQuarrie, S.P., Scheuer, T., Catterall, W.A., Trainer,
V.L., 2005. Sodium channel mutation leading to saxitoxin resistance in clams increases risk of PSP. Nature 434, 763–767. https://doi.org/10.1038/nature03415.
Caldeira, K., Wickett, M.E., 2003. Oceanography: anthropogenic carbon and ocean pH. Nature 425, 365. https://doi.org/10.1038/425365a.
Campanati, C., Yip, S., Lane, A., Thiyagarajan, V., 2016. Combined effects of low pH and low
oxygen on the early-life stages of the barnacle Balanus amphitrite. ICES J. Mar. Sci. J. du
Cons. 73, 791–802. https://doi.org/10.1093/icesjms/fsv221.
Colin, S.P., Dam, H.G., 2007. Comparison of the functional and numerical responses of resistant versus non-resistant populations of the copepod Acartia hudsonica fed the
toxic dinoﬂagellate Alexandrium tamarense. Harmful Algae 6, 875–882. https://doi.
org/10.1016/j.hal.2007.05.003.
Conover, R.J., 1966. Assimilation of organic matter by zooplankton. Limnol. Oceanogr. 11,
338–345. https://doi.org/10.4319/lo.1966.11.3.0338.
Contreras, A.M., Marsden, I.D., Munro, M.H.G., 2012. Effects of short-term exposure
to paralytic shellﬁsh toxins on clearance rates and toxin uptake in ﬁve species
of New Zealand bivalve. Mar. Freshw. Res. 63, 166–174. https://doi.org/
10.1071/MF11173.
Coughlan, J., 1969. The estimation of ﬁltering rate from the clearance of suspensions. Mar.
Biol. 2, 356–358. https://doi.org/10.1007/BF00355716.
Dickson, A.G., Millero, F.J., 1987. A comparison of the equilibrium constants for the dissociation of carbonic acid in seawater media. Deep Sea Res. Part A 34, 1733–1743.
https://doi.org/10.1016/0198-0149(87)90021-5.
DOE, 1994. In: Dickson, A.G., Goyet, C. (Eds.), Handbook of Methods for the Analysis of the
Various Parameters of the Carbon Dioxide System in Sea water. Version 2. ORNL/
CDIAC-74, Oak Ridge, Tennessee.
Duarte, C., Jaramillo, E., Contreras, H., Figueroa, L., 2006. Community structure of the
macroinfauna in the sediments below an intertidal mussel bed (Mytilus chilensis
(Hupe)) of southern Chile. Rev. Chil. Hist. Nat. 79, 353–368. https://doi.org/
10.4067/S0716-078X2006000300007.
Duarte, C., Navarro, J.M., Acuña, K., Torres, R., Manríquez, P.H., Lardies, M.A., Vargas, C.A.,
Lagos, N.A., Aguilera, V., 2014. Combined effects of temperature and ocean acidiﬁcation on the juvenile individuals of the mussel Mytilus chilensis. J. Sea Res. 85,
308–314. https://doi.org/10.1016/j.seares.2013.06.002.
Elliott, J.M., Davison, W., 1975. Energy equivalents of oxygen consumption in animal energetics. Oecologia 19, 195–201. https://doi.org/10.1007/BF00345305.
Fabry, V.J., Seibel, B.A., Feely, R.A., Orr, J.C., 2008. Impacts of ocean acidiﬁcation on marine
fauna and ecosystem processes. ICES J. Mar. Sci. 65, 414–432. https://doi.org/10.1093/
icesjms/fsn048.
Feely, R.A., Sabine, C.L., Lee, K., Berelson, W., Kleypas, J., Fabry, V.J., Millerno, F.J., 2004. Impact of anthropogenic CO2 on the CaCO3 system in the oceans. Science 305, 362–366.
https://doi.org/10.1126/science.1097329.
Fernández-Reiriz, M.J., Navarro, J.M., Contreras, A.M., Labarta, U., 2008. Trophic interactions between the toxic dinoﬂagellate Alexandrium catenella and Mytilus chilensis:
feeding and digestive behaviour to long-term exposure. Aquat. Toxicol. 87,
245–251. https://doi.org/10.1016/j.aquatox.2008.02.011.
Fernández-Reiriz, M., Range, P., Álvarez-Salgado, X., Labarta, U., 2011. Physiological energetics of juvenile clams Ruditapes decussatus in a high CO2 coastal ocean. Mar. Ecol.
Prog. Ser. 433, 97–105. https://doi.org/10.3354/meps09062.
Fernández-Reiriz, M., Range, P., Álvarez-Salgado, X., Espinosa, J., Labarta, U., 2012. Tolerance of juvenile Mytilus galloprovincialis to experimental seawater acidiﬁcation.
Mar. Ecol. Prog. Ser. 454, 65–74. https://doi.org/10.3354/meps09660.
Fernández-Reiriz, M.J., Navarro, J.M., Cisternas, B.A., Babarro, J.M.F., Labarta, U., 2013. Enzymatic digestive activity and absorption efﬁciency in Tagelus dombeii upon
Alexandrium catenella exposure. Helgol. Mar. Res. 67, 653–661. https://doi.org/
10.1007/s10152-013-0351-6.
Gainey, L.F., Shumway, S.E., 1988a. A compendium of the responses of bivalve molluscs to
toxic dinoﬂagellates. J. Shellﬁsh Res. 7, 626–628.
Gainey, L.F., Shumway, S.E., 1988b. Physiological effects of Protogonyaulax tamarensis on
cardiac activity in bivalve molluscs. Comp. Biochem. Physiol. C: Comp. Pharmacol.
91, 159–164. https://doi.org/10.1016/0742-8413(88)90182-X.
Gobler, C.J., Talmage, S.C., 2014. Physiological response and resilience of early life-stage
eastern oysters (Crassostrea virginica) to past, present and future ocean acidiﬁcation.
Conserv. Physiol. 2, cou004. https://doi.org/10.1093/conphys/cou004.

463

Guillard, R.R.L., 1975. Culture of phytoplankton for feeding marine invertebrates. Culture
of Marine Invertebrate Animals. Springer US, Boston, MA, pp. 29–60 https://doi.org/
10.1007/978-1-4615-8714-9_3.
Hallegraeff, G.M., 2004. Harmful algal blooms: a global overview in manual on harmful
marine microalgae. Monogr. Oceanogr. Methodol. 11, 25–49.
Haraldsson, C., Anderson, L.G., Hassellöv, M., Hulth, S., Olsson, K., 1997. Rapid, highprecision potentiometric titration of alkalinity in ocean and sediment pore waters.
Deep-Sea Res. I Oceanogr. Res. Pap. 44, 2031–2044. https://doi.org/10.1016/S09670637(97)00088-5.
Hégaret, H., Wikfors, G.H., Shumway, S.E., 2007. Diverse feeding responses of ﬁve
species of bivalve mollusc when exposed to three species of harmful algae.
J. Shellﬁsh Res. 26, 549–559. https://doi.org/10.2983/0730-8000(2007)26[549:
DFROFS]2.0.CO;2.
Hernández, J.M., González, M.L., 1976. Observaciones sobre el comportamiento de
mitílidos chilenos en cultivo suspendido. I. chorito (Mytilus chilensis), Hupe, 1854.
Investig. Pesq. Chile 22, 1–50.
IPCC, 2013. Climate Change 2013: The Physical Science Basis, Contribution of Working
Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change. Cambridge University Press, Cambridge, United Kingdom and New York,
NY, USA https://doi.org/10.1017/CBO9781107415324.
Kavousi, J., Parkinson, J.E., Nakamura, T., 2016. Combined ocean acidiﬁcation and low temperature stressors cause coral mortality. Coral Reefs 35, 903–907. https://doi.org/
10.1007/s00338-016-1459-3.
Kurihara, H., 2008. Effects of CO 2-driven ocean acidiﬁcation on the early developmental stages of invertebrates. Mar. Ecol. Prog. Ser. https://doi.org/10.3354/
meps07802.
Lardies, M.A., Arias, M.B., Poupin, M.A., Manriquéz, P.H., Torres, R., Vargas, C.A., Navarro,
J.M., Lagos, N.A., 2014. Differential response to ocean acidiﬁcation in physiological
traits of Concholepas concholepas populations. J. Sea Res. 90, 127–134. https://doi.
org/10.1016/j.seares.2014.03.010.
Lassus, P., Baron, R., Garen, P., Truquet, P., Masselin, P., Bardouil, M., Leguay, D., Amzil, Z.,
2004. Paralytic shellﬁsh poison outbreaks in the Penzé estuary: environmental factors affecting toxin uptake in the oyster, Crassostrea gigas. Aquat. Living Resour. 17,
207–214. https://doi.org/10.1051/alr:2004012.
Le Moullac, G., Soyez, C., Latchere, O., Vidal-Dupiol, J., Fremery, J., Saulnier, D., Lo Yat, A.,
Belliard, C., Mazouni-Gaertner, N., Gueguen, Y., 2016. Pinctada margaritifera responses
to temperature and pH: acclimation capabilities and physiological limits. Estuar.
Coast. Shelf Sci. 182, 261–269. https://doi.org/10.1016/j.ecss.2016.04.011.
Leverone, J.R., Shumway, S.E., Blake, N.J., 2007. Comparative effects of the toxic dinoﬂagellate Karenia brevis on clearance rates in juveniles of four bivalve molluscs from Florida, USA. Toxicon 49, 634–645. https://doi.org/10.1016/j.toxicon.2006.11.003.
Lewis, E., Wallace, D., 1998. Program Developed for CO2 System Calculations. ORNL/
CDIAC-105. Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory, U.S. Department of Energy, Oak Ridge, Tennessee https://doi.org/10.3334/
CDIAC/otg.CO2SYS_DOS_CDIAC 105.
Li, S.-C., Wang, W.-X., Hsieh, D.P.H., 2002. Effects of toxic dinoﬂagellate Alexandrium
tamarense on the energy budgets and growth of two marine bivalves. Mar. Environ.
Res. 53, 145–160. https://doi.org/10.1016/S0141-1136(01)00117-9.
Marsden, I.D., Shumway, S.E., 1992. Effects of the toxic dinoﬂagellate Alexandrium
tamarense on the greenshell mussel Perna canaliculus. N. Z. J. Mar. Freshw. Res. 26,
371–378. https://doi.org/10.1080/00288330.1992.9516530.
McLusky, D., 1989. Primary producers. The Estuarine Ecosystem. Blackie, Glasgow,
pp. 37–52.
Mehrbach, C., Culberson, C.H., Hawley, J.E., Pytkowitz, R.M., 1973. Measurement of the
aparent dissociation constants of carbonic acid in seawater at atmospheric pressure.
Limnol. Oceanogr. 18, 897–907. https://doi.org/10.4319/lo.1973.18.6.0897.
Michaelidis, B., Ouzounis, C., Paleras, A., Pörtner, H., 2005. Effects of long-term moderate hypercapnia on acid-base balance and growth rate in marine mussels Mytilus
galloprovincialis. Mar. Ecol. Prog. Ser. 293, 109–118. https://doi.org/10.3354/
meps293109.
Molinet, C., Niklitschek, E., Seguel, M., Díaz, P., 2010. Trends of natural accumulation and
detoxiﬁcation of paralytic shellﬁsh poison in two bivalves from the Northwest Patagonian inland sea. Rev. Biol. Mar. Oceanogr. 45, 195–204. https://doi.org/10.4067/
S0718-19572010000200001.
Nakagawa, S., Schielzeth, H., 2013. A general and simple method for obtaining R2 from
generalized linear mixed-effects models. Methods Ecol. Evol. 4, 133–142.
Navarro, J.M., Contreras, A.M., 2010. An integrative response by Mytilus chilensis to the
toxic dinoﬂagellate Alexandrium catenella. Mar. Biol. 157, 1967–1974. https://doi.
org/10.1007/s00227-010-1465-x.
Navarro, J.M., Aguila, B.L., Machmar, F., Chaparro, O.R., Contreras, A.M., 2011. Dynamic of
intoxication and detoxiﬁcation in juveniles of Mytilus chilensis (Bivalvia: Mytilidae)
exposed to paralytic shellﬁsh toxins. Aquat. Living Resour. 24, 93–98. https://doi.
org/10.1051/alr/2011105.
Navarro, J.M., Torres, R., Acuña, K., Duarte, C., Manriquez, P.H., Lardies, M., Lagos, N.A.,
Vargas, C., Aguilera, V., 2013. Impact of medium-term exposure to elevated pCO2
levels on the physiological energetics of the mussel Mytilus chilensis. Chemosphere
90, 1242–1248. https://doi.org/10.1016/j.chemosphere.2012.09.063.
Navarro, J.M., González, K., Cisternas, B., López, J.A., Chaparro, O.R., Segura, C.J., Córdova,
M., Suárez-Isla, B., Fernandez-Reiriz, M.J., Labarta, U., 2014. Contrasting physiological
responses of two populations of the razor clam Tagelus dombeii with different histories of exposure to paralytic shellﬁsh poisoning (PSP). PLoS One 9, e105794. https://
doi.org/10.1371/journal.pone.0105794.
Navarro, J.M., Duarte, C., Manríquez, P.H., Lardies, M.A., Torres, R., Acuña, K., Vargas, C.A.,
Lagos, N.A., 2016a. Ocean warming and elevated carbon dioxide: multiple stressor
impacts on juvenile mussels from southern Chile. ICES J. Mar. Sci. J. du Cons. 73,
764–771. https://doi.org/10.1093/icesjms/fsv249.

464

C. Mellado et al. / Science of the Total Environment 653 (2019) 455–464

Navarro, J.M., Labraña, W., Chaparro, O.R., Cisternas, B., Ortiz, A., 2016b. Physiological constraints in juvenile Ostrea chilensis fed the toxic dinoﬂagellate Alexandrium catenella.
Estuar. Coasts 39, 1133–1141. https://doi.org/10.1007/s12237-015-0061-1.
Ohle, W., 1953. Die chemische und die elektrochemische bestimmung des molekular
gelösten sauerstoffes der binnengewässer. Schweizerbart. Science Publishers,
Stuttgart.
Pérez, M., 1998. Efecto de las distintas concentraciones y fuentes de nitrógeno sobre el
crecimiento y toxicidad de Alexandrium catenella (Whedon & Kofoid) Balech 1985.
Thesis Escuela de Biología Marina, Facultad de Ciencias, UACh.
Piggott, J.J., Townsend, C.R., Matthaei, C.D., 2015. Reconceptualizing synergism and antagonism among multiple stressors. Ecol. Evol. 5, 1538–1547. https://doi.org/10.1002/
ece3.1465.
R Core Team, 2018. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing, Vienna.
Range, P., Chícharo, M.A., Ben-Hamadou, R., Piló, D., Fernandez-Reiriz, M.J., Labarta, U.,
Marin, M.G., Bressan, M., Matozzo, V., Chinellato, A., Munari, M., El Menif, N.T.,
Dellali, M., Chícharo, L., 2014. Impacts of CO2-induced seawater acidiﬁcation on
coastal Mediterranean bivalves and interactions with other climatic stressors. Reg.
Environ. Chang. 14, 19–30. https://doi.org/10.1007/s10113-013-0478-7.
Raven, John, Caldeira, K., Elderﬁeld, H., Hoegh-Guldberg, O., Liss, P., Riebesell, U.,
Shepherd, J., Turley, C., Watson, A., 2005. Ocean acidiﬁcation due to increasing atmospheric carbon dioxide. R. Soc. 1–68.
SERNAPESCA, 2015. Anuario estadístico de pesca. Valparaiso.
Shumway, S.E., Cucci, T.L., 1987. The effects of the toxic dinoﬂagellate Protogonyaulax
tamarensis on the feeding and behaviour of bivalve molluscs. Aquat. Toxicol. 10,
9–27. https://doi.org/10.1016/0166-445X(87)90024-5.
Shumway, S.E., Cucci, T.L., Newell, R.C., Yentsch, C.M., 1985. Particle selection, ingestion,
and absorption in ﬁlter-feeding bivalves. J. Exp. Mar. Biol. Ecol. 91, 77–92. https://
doi.org/10.1016/0022-0981(85)90222-9.
Solórzano, L., 1969. Determination of ammonia in natural water by the phenol hypochlorite method. Limnol. Oceanogr. 14, 799–801.
Strickland, J.D.H., Parsons, T.R., 1972. A Practical Handbook of Seawater Analysis. Bulletin
Vol. 167. https://doi.org/10.1080/00364827.1977.10411330 Ottawa.
Tatters, A.O., Flewelling, L.J., Fu, F., Granholm, A.A., Hutchins, D.A., 2013. High CO2 promotes the production of paralytic shellﬁsh poisoning toxins by Alexandrium catenella
from Southern California waters. Harmful Algae 30, 37–43.

Torres, R., Turner, D.R., Silva, N., Rutllant, J., 1999. High short-term variability of CO2 ﬂuxes
during an upwelling event off the Chilean coast at 30°S. Deep Sea Res. Part 1 Oceanogr.
Res. Pap. 46, 1161–1179. https://doi.org/10.1016/S0967-0637(99)00003-5.
Torres, R., Pantoja, S., Harada, N., González, H.E., Daneri, G., Frangopulos, M., Rutllant, J.,
Duarte, C., Ruiz-Halpern, S., Mayol, E., Fukasawa, M., 2011. Air-sea CO2 ﬂuxes along
the coast of Chile: from CO2 outgassing in central northern upwelling waters to
CO2 uptake in southern Patagonian fjords. J. Geophys. Res. 116, C09006. https://doi.
org/10.1029/2010JC006344.
Torres, R., Manriquez, P.H., Duarte, C., Navarro, J.M., Lagos, N.A., Vargas, C.A., Lardies, M.A.,
2013. Evaluation of a semi-automatic system for long-term seawater carbonate
chemistry manipulation. Rev. Chil. Hist. Nat. 86, 443–451. https://doi.org/10.4067/
S0716-078X2013000400006.
Velásquez, C., Navarro, J.M., 2014. Feeding and intoxication–detoxiﬁcation dynamics in
two populations of the mussel Mytilus chilensis (Hupé, 1854) with different histories
of exposure to paralytic shellﬁsh poisoning (PSP). Mar. Freshw. Behav. Physiol. 47,
185–195. https://doi.org/10.1080/10236244.2014.926619.
Wang, Y., Li, L., Hu, M., Lu, W., 2015. Physiological energetics of the thick shell mussel
Mytilus coruscus exposed to seawater acidiﬁcation and thermal stress. Sci. Total Environ. 514, 261–272. https://doi.org/10.1016/j.scitotenv.2015.01.092.
Widdicombe, S., Dashﬁeld, S.L., McNeill, C.L., Needham, H.R., Beesley, A., McEvoy, A.,
Øxnevad, S., Clarke, K.R., Berge, J.A., 2009. Effects of CO2 induced seawater acidiﬁcation on infaunal diversity and sediment nutrient ﬂuxes. Mar. Ecol. Prog. Ser. 379,
59–75. https://doi.org/10.3354/meps07894.
Widdows, J., 1985. Physiological procedures. In: Bayne, B.L. (Ed.), The Effects of Stress and
Pollution on Marine Animals. Praeger Publishers, New York, pp. 161–178.
Wildish, D., Lassus, P., Martin, J., Sualnier, A., Bardouli, M., 1998. Effect of the PSP-causing
dinoﬂagellate, Alexandrium sp. on the initial feeding response of Crassostrea gigas.
Aquat. Living Resour. 11, 35–43. https://doi.org/10.1016/S0990-7440(99)80029-1.
Wojtowicz, M.B., 1972. Carbohydrases of the digestive gland and the crystalline style of
the Atlantic deep-sea scallop (Placopecten magellanicus, gmelin). Comp. Biochem.
Physiol. A Physiol. 43, 131–141. https://doi.org/10.1016/0300-9629(72)90475-6.
Xu, X., Yang, F., Zhao, L., Yan, X., 2016. Seawater acidiﬁcation affects the physiological energetics and spawning capacity of the Manila clam Ruditapes philippinarum during
gonadal maturation. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 196, 20–29.
https://doi.org/10.1016/j.cbpa.2016.02.014.

