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Ashes settling into the sea from volcanic explosions expose suspension-feeding species to reduced seston quality.
Adults and juveniles of the mussel Mytilus chilensis were exposed for 15 days to the phytoplankton Isochrysis
galbana together with various concentrations of ashes. We then quantiﬁed impact on survival and physiology.
Although no individuals died during the experiment, by the end of the study clearance rates and oxygen consumption rates had decreased substantially, and tissue weight of mussels exposed to the highest ash concentrations declined substantially. Gills showed no physical damage, but did show abundant mucus secretion in
response to ash particles. Moreover, as the relative proportions of microalgae to ash in the diet decreased,
individuals showed increasing preferential ingestion of microalgal particles. Increased ash content in the
diet altered physiological rates and activated distinct particle selection with a high production of pseudofeces
and high energy costs, with potential long-term consequences.

1. Introduction
Periodic volcanic eruptions are natural phenomena that can produce global catastrophic eﬀects (Self, 2006), due to the emission of
large quantities of gas and ash particles into the atmosphere. Depending
on the magnitude of the eruption, the volcanic ashes can remain for
several weeks in the troposphere and for months in the stratosphere
(Klűser et al., 2013), with high dispersion around the world (Durant
et al., 2012; Vernier et al., 2013). The physical and chemical properties
of the elements expelled in these events, can lead to negative eﬀects on
the physiology of plants (Hirano et al., 1995), arthropods (Buteler et al.,
2011; Wolinsky et al., 2013), and ﬁshes (Newcomb and Flagg, 1983), as
well as on human respiratory health (Horwell and Baxter, 2006).
When ashes rain down along the coasts, they can cause displacement and massive mortality of benthic organisms (Jewett et al., 2010).
Suspended in the water column, ashes become a particularly serious
problem for many organisms, through abrasion (e.g. physical damage)
or by altering various physiological processes, such as respiration
(Newcomb and Flagg, 1983) or feeding (Shirakawa et al., 1984). With
juvenile salmon, for example, ashes adhere to the gills, damaging the
gill epithelium and making it diﬃcult for the animals to obtain oxygen
(Newcomb and Flagg, 1983). For freshwater zooplankton, ingestion of
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ashes has been shown to damage the digestive tract, again through
abrasion (Wolinsky et al., 2013). To our knowledge, similar studies
have not been previously reported for marine suspension-feeding invertebrates, even though the volcanic ash can obviously enter the water
column and become part of the available particulate material in suspension (seston). Suspension-feeding organisms– especially bivalve
molluscs—are therefore likely to be strongly aﬀected, since they are
forced to interact directly with the abrasive ash particles as they circulate seawater in their mantle cavity during the process of feeding
and/or respiration. In these animals, changes in the concentration and
quality of seston can strongly modify physiological processes, including
clearance rates, which are typically reduced at high seston concentrations (Newell et al., 2001). Moreover, high particle concentrations–particularly of inorganic particles (Bayne et al., 1993)–can
cause particles to be rejected as pseudofeces (Navarro and Velasco,
2002), a phenomenon with clear energetic costs: in addition to the
normal costs of suspension-feeding there are now added costs generated
by the selection and removal of particles in the form of mucous aggregations (Beninger and St-Jean, 1997a, 1997b; Beninger et al., 1999;
Beninger and Dufour, 1996; Kiørboe et al., 1980).
Alterations in diet particle composition may also aﬀect rates of
oxygen consumption (Hutchinson and Hawkins, 1992; Bayne and
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the natural environment.
Volcanic ash obtained from the Calfuco volcano explosion of April
2015 was collected by hand in July 2015 near Puente Chico, in the
Lakes Region of southern Chile (41° 27′ S, 72° 49′ W) and taken to the
laboratory. The ashes were forced through an 80 μm sieve, and particles
retained by the sieve were then discarded. The smaller particles that
passed through the sieve were then subdivided into diﬀerent size
classes. For this, we suspended the particles in distilled water and by
using diﬀerent times of decantation the particles were subdivided into a
number of size classes. The size fractions thus obtained were then dried
for 48 h in an oven at 60 °C. In this way we obtained a fraction with ash
particles 3–20 μm in diameter; this fraction was used in our experiments (see supplementary material 1).

Thompson, 1970), which, together with changes in other physiological
responses, may aﬀect both growth (Bayne and Widdows, 1978; Bayne
and Newell, 1983) and survival (Irlandi et al., 1997; Akberali and
Trueman, 1985). Pre-ingestion particle selection has been previously
demonstrated in some suspension-feeding molluscs (Beninger et al.,
2007; Levinton et al., 2002; Bougrier et al., 1997; Chaparro et al.,
2013), although which particles are ingested and which are rejected as
pseudofeces is in many cases still not clearly established (Rosa et al.,
2013). However, a high concentration of inorganic particles can activate pseudofeces production, thereby improving the quality of the
particles that are actually ingested in comparison to what is available
(Jørgensen, 1996). In this way, suspension-feeding organisms can regulate ingestion rates and improve the nutritional quality of ingested
material relative to what is available (Navarro and Widdows, 1997;
Ward and Shumway, 2004). Thus, faced with the persistent presence of
suspended volcanic particles, suspension-feeders could possibly distinguish between nutritive particles and volcanic ash particles and expend
extra energy in eliminating the latter as pseudofeces.
The Southern-Austral part of Chile is widely exploited for obtaining
mussel spat (Mytilus chilensis) and doing massive culture of this sessile,
suspension-feeding mussel (231,659 tons of these mussels were harvested in 2014; SERNAPESCA, 2015). In addition to the economic importance of this species, it also plays an important ecological role in
structuring macrofaunal communities (Acuña et al., 2012). The recent
volcanic eruptions in the area (especially that of the recent Calbuco
volcano eruption, April 2015, Delgado et al., 2017, Vidal et al., 2017)
have led to serious questions about the impact of ash particles on the
survival and physiological functioning of M. chilensis. Suspensionfeeding mytilids direct incoming particles towards the pallial cavity,
where they are retained by the gill ﬁlaments and then moved to the
ventral food grooves where they become embedded in a mucous cord.
Particles are then displaced along the food groove by cilia, and moved
towards the anterior region of the animal (Garrido et al., 2012; Navarro
et al., 2011). Once they reach the labial palps, the mucous cords are
disaggregated and particles are then either directed towards the mouth
for ingestion or rejected as pseudofeces (Beninger et al., 1999; Beninger
and St-Jean, 1997a). In this process, the labial palps play a major role in
determining which particles get ingested and which get rejected
(Garrido et al., 2012). Thus it is possible that by actively participating
in collecting abrasive volcanic material from the seston, the gills could
suﬀer some level of physical damage, which may in turn explain any
variations seen among individuals in clearance rates, changes in physical condition (e.g. tissue content), or survival.
In the present research we studied the impact of diets varying in
volcanic ash content on adult and juvenile survival of Mytilus chilensis
over a 2 week period of exposure. We also monitored individual variation in oxygen consumption and clearance rates along with changes in
individual biomass for animals fed the diﬀerent diets. We also quantiﬁed the capacity of these mussels to select between microalgae and
volcanic ash particles for ingestion or rejection, to assess their ability to
thereby improve the quality of the ingested food in comparison to what
is available in the water column. Electron microscope studies also allowed us to identify possible physical damage to the gills, caused by the
abrasiveness of the volcanic material retained during the clearance
process.

2.2. Survival and physiology of M. chilensis exposed to diets containing
volcanic ash
2.2.1. Survival of M. chilensis
An experiment was conducted to identify potentially lethal impacts
of volcanic ash particles on M. chilensis. Adults (n = 180 individuals,
5.2 ± 0.3 cm shell length) and juveniles (n = 180 individuals,
2.1 ± 0.3 cm shell length) were both tested. Both received as food a
mixture of phytoplankton (Isochrysis galbana), at a standard concentration of 50,000 cells mL− 1 (equivalent to 1.5 mg dry weight;
Navarro and Chaparro, 2002) and one of several diﬀerent concentrations of volcanic ash: 0 mg ashes L− 1 (control), 30 mg ashes L− 1,
60 mg L− 1, 90 mg L− 1, 120 mg L− 1 and 150 mg L− 1. The maximum
ash concentration tested in this study corresponded to the mass that
was found in a freshwater lake (Pire Lake) close to the Puyehue-Cordón
Caulle volcano following the 2012 eruption (Balseiro et al., 2014). For
our experiments we used 18 forty-liter aquaria for adults and 18
twenty-liter aquaria for juveniles, ﬁlled with seawater taken directly
from the natural environment (14 ± 1 °C and 32 ± 1 PSU) and ﬁltered as described below. The seawater was forced through ﬁlters of
20 μm, 5 μm and 1 μm and then sterilized with UV light before being
added to the aquaria. The seawater was changed in all aquaria each
morning. Food was added once each morning and again in the afternoon; any settled feces and detritus was removed during the next
morning before the new food was added.
Control adults and juveniles were distributed among 3 aquaria and
fed only a unialgal diet (I. galbana) for the full 15 day period. For all
treatments, particles were kept in suspension within the aquaria by
using a submersible pump and constant aeration.
2.2.2. Eﬀects on oxygen consumption rates (OCR) and clearance rates
(CR)
OCR and CR were determined at the end of the 15-day survival
study, to document physiological changes caused by exposure to volcanic ash.
2.2.2.1. Oxygen consumption rate (OCR). At the end of the 15-day
survival assessment study, OCR was determined for 12 adults and 12
juveniles subsampled from each treatment (72 adults and 72 juveniles
examined in total). Specimens were individually installed in hermetic
glass chambers ﬁlled with ﬁltered seawater (14 ± 1 °C and PSU
32 ± 1) that had previously been saturated with oxygen by
bubbling. The volume of seawater in each chamber varied between
150 mL and 1000 mL, depending on the size of the individuals being
tested. The aerated seawater was allowed to sit undisturbed for 15 min
before animals were added, to facilitate the escape of any remaining air
bubbles. The animals were then individually placed inside the
respiration chambers while the chambers were submerged under
water, to prevent the entry of air; the chambers were then sealed
while still underwater, for the same reason. Oxygen concentrations
were determined non-invasively every h for up to 3 h, using a PSt3
optimal oxygen sensor (PreSens Precision Sensing GmbH). Oxygen

2. Material and methods
2.1. Obtaining the experimental material
Adults and juveniles of Mytilus chilensis were obtained by divers in
the Caleta Amargo sector, Los Ríos Region, southern Chile (39° 52′ 30″
S, 73° 25′ 34″ W) during the southern hemisphere summer of 2016, and
taken to the laboratory, where they were kept for a maximum period of
1 week before being used in the experiments. The specimens were
maintained in a 200 L aquarium with circulating seawater, taken from
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2.5. Preferential selection of particles from the seston: index of electivity

concentrations were also monitored in 2 control aquaria with similar
conditions as the experimental aquaria, but without animals inside.
OCR was calculated as follows:

These experiments were designed to determine whether the mussels
could select against ash particles, and the extent to which the relative
concentration of ash and phytoplankton particles inﬂuenced this “index
of electivity”. Thirty adults of M. chilensis (50 ± 3 mm long shell) were
cleaned of epibionts and maintained in the laboratory in ﬂowing seawater for up to a week before being used in the experiments.
For these experiments, we used 6 one-L aquaria per treatment (total
n = 36), each ﬁlled with 1 μm ﬁltered seawater. The phytoplankton
Isochrysis galbana was added to each aquarium to attain an initial
concentration of 50,000 cells mL− 1 (equivalent to 1.5 mg dry weight;
Navarro and Chaparro, 2002). Animals were held at one of the following concentrations of volcanic ash: 0 mg ashes L− 1, 30 mg ashes L− 1, 60 mg L− 1, 90 mg L− 1, 120 mg L− 1 and 150 mg L− 1. The
seawater in each aquarium received constant aeration. One adult
mussel was then placed into each aquarium. Five minutes after the
animal began processing seawater through its mantle cavity we took 3
samples of seston near the inhalant area of each individual. Samples of
approx. 0.5 mL of water were deposited on microscope slides and then
photographed using a camera mounted onto a ﬂuorescence microscope.
For each sample, we took one photograph using epiﬂuorescence illumination and another with normal light. After 2 h, the experiment was
stopped; samples of the pseudofeces were then extracted from the
bottom of each tank and deposited into 5 mL Eppendorf tubes. The
contents were then diluted with 2 mL of ﬁltered seawater and stirred
vigorously to disperse the particles. Then, 3 sub-samples were taken
from each tube, put on glass microscope slides, and photographed with
either epiﬂuorescence or normal light. Photographs from the inhalant
area and from pseudofeces samples were taken with an Olympus BX41
microscope equipped with a Q-imaging camera, and the epiﬂuorescence
images were taken using a TRICT ﬁlter. Fluorescence microscopy allowed us to determine the amount of microalgae present in the pseudofeces, while the normal lighting allowed the identiﬁcation of ashes. Q
IMAGING 6.0 software was used to capture the images and the image
processor GIMPPORTABLE was used to identify and count the microalgae.
Both ash particles and microalgae were counted in the same area of
each sample. The resulting data were used to estimate the electivity
index (EI) (Jacobs, 1974, modiﬁed by Baker and Levinton, 2003),
which identiﬁes the degree of acceptance or rejection of organic and
inorganic particles by suspension-feeders. The EI was calculated as
follows:

OCR = (((C0 –Cf ) − PC) × Vol)/Time
Where:
OCR = oxygen consumption rate,
C0 = initial oxygen concentration in the chamber,
Cf = ﬁnal oxygen concentration in the chamber,
PC = mean value of oxygen within the control chambers,
Vol = volume (L) of ﬂuid in the chambers (discounting the mussel
volume), and
Time = hours between measurements.
2.2.2.2. Clearance rate (CR). At the end of the 15-day feeding period,
we collected 12 juveniles and 12 adults from each treatment (n = 72
individuals in total for each of the two groups). Each individual was
placed in either a 2 L or 4 L aquarium, depending on the size of the
specimens being tested (juveniles or adults). The aquaria were ﬁlled
with seawater (14 ± 1 °C and 32 ± 1 PSU) that had been previously
ﬁltered to 1 μm. Before introducing animals into the aquaria, enough
Isochrysis galbana suspension was added to achieve an initial
concentration of 50,000 cells mL− 1. The water in each aquarium was
aerated constantly, which also kept the phytoplankton in suspension.
For each quantiﬁcation of CR, we also sampled the water from two
control aquaria, which were identical with the others except without
animals inside.
Algal concentrations were determined using 50 mL subsamples from
each aquarium, both at time zero (start) and at 1 h intervals, up to a
maximum of 3 h or until the concentrations dropped by > 40% of the
initial concentrations. The number of particles per mL was quantiﬁed
twice in 0.5 mL subsamples using a Beckman Model Z2 Coulter Counter
equipped with an aperture of 100 μm. After each quantiﬁcation, the
remaining volume of the sample was immediately returned to the
aquarium of origin to minimize volume changes over time.
CR was expressed as L ﬁltered h− 1 g− 1 dry tissue weight for adults,
and as L ﬁltered h− 1 0.1 g− 1 dry tissue weight for juveniles and calculated according to Coughlan (1969).
2.3. Electron microscopy of gill lamella
To identify any physical damage to the gills caused by the volcanic
ashes suspended in the water column, pieces of gill lamellae were taken
on day 15 from 3 control individuals and from 3 individuals that had
been exposed to the highest ash concentration (150 mg L− 1) for the full
15 d, and prepared for scanning electron microscopy (SEM). Gill samples were dehydrated for 10 min at each of the following alcohol concentrations: 50%, 60%, 70%, 80%, 90%, and 95%, and were later
washed twice in 100% ethyl alcohol and then critical point dried using
a Hitachi model HPC-2 desiccator, with pressurized CO2 as a transitional ﬂuid. Samples were placed on aluminum studs (porta samples)
and plated with gold. Samples were then examined using a model LEO420 scanning electron microscope attached to a PC.

EI = −{(S − P)/[(S + P) − (2 × P × S)]}
where:
P = proportion of particles of interest in pseudofeces (speciﬁc
number of particular particles/total particles),
S = proportion of particles of interest in suspension (speciﬁc
number of particular particles/total particles).
The EI can range from −1.0 to 1.0. A positive value for EI indicates
that type of particle was preferably selected for ingestion (i.e., that
particle type was underrepresented in the pseudofeces compared with
the numbers found in suspension), while a negative value of EI indicates rejection (i.e., that type of particle was enriched in the pseudofeces compared with what was found in suspension). Values close to
zero indicate the absence of selection. In either direction.

2.4. Dry tissue weight
Dry tissue weights were quantiﬁed for all experimental and control
animals on d 15, at the completion of the experimental exposure period.
Shell lengths were recorded to the nearest 0.1 mm as the distance from
the anterior end of the shell to the posterior end, using digital calipers,
and the tissue was then carefully removed from each individual and
placed in pre-weighed, numbered aluminum foil containers. Samples
were then dried for 48 h at 60 °C and placed in a desiccator; dry weights
were later determined to the nearest 0.1 mg using an A & D Model GR202 Semi MicroBalance.

2.6. Clearance rate in diets containing diﬀerent proportions of microalgae
and ash particles
A total of 150 adults of M. chilensis were cleaned of epibionts,
measured to the nearest 0.1 mm in shell length, and maintained for one
week in aquaria with circulating seawater taken directly from the
natural environment. The individuals used in these experiments had
shell lengths of 50 ± 3 mm (n = 150).
344
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Fig. 1. Mytilus chilensis: The impact of volcanic ash on oxygen
consumption rates in adults, after exposure for 15 days to diets
containing a constant concentration of 50,000 cells I. galbana mL− 1
and diﬀerent amounts of volcanic ash. Each bar represents the
mean ± standard deviation per treatment (total n = 12 individuals per treatment). The diﬀerent letters on the bars indicate
signiﬁcant diﬀerences between means (p < 0.05).
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a parametric (ANOVA) or non-parametric (Kruskal-Wallis) test. Oneway analysis of variance (ANOVA) followed by Tukey tests were used to
determine whether the concentrations of ash particles in the seawater
altered CR signiﬁcantly (p < 0.05). The same analysis was used to
identify signiﬁcant diﬀerences between CR's depending on the variation
in the proportions of ash particles and microalgal cells in the experimental diets. The Tukey test allowed us to determine which diets resulted in signiﬁcantly diﬀerent CR's. The non-parametric Kruskal-Wallis
test was used to identify signiﬁcant diﬀerences in OCR between treatments.
t- tests were used to determine whether the EI values from the inhalant area (seston) and the pseudofeces samples diﬀered signiﬁcantly
from zero. Moreover, comparisons of dry tissue weights between the
experimental mussels at the end of 15-day exposure to diets containing
ash particles and those from controls, whose individuals were fed only
with microalgae, were made using a t-test.
All data were analyzed using the program STATISTICA version 7.

2.6.1. Preparation of diets and experimental aquaria
We prepared ﬁve diets with diﬀerent ratios of volcanic ash particles
to micro-algae as follows: 100:0, 75:25, 50:50, 25:75 and 0:100. Ash
particles that were used in preparing the diets for this experiment had a
spherical diameter of 3–20 μm. This range of sizes of ashes was obtained through a series of successive deposits and with diﬀerent settling
times, after diluting the volcanic material in fresh water. Phytoplankton
were obtained from mass cultures of Isochrysis galbana.
CR measurements were conducted as previously described. On this
occasion, we used an initial concentration of 50,000 particles mL− 1,
which consisted of a combination of volcanic ash particles and microalgae in the following proportions: 100:0, 75:25, 50:50, 25:75 and
0:100. The experimental volume of each aquarium was 4 L. For each
treatment were used 3 sets of 10 aquarium tanks each, with each tank
holding one adult mussel, approximately 50 ± 3 mm (n = 30) in shell
length. During each experimental event, we used 2 control aquariums
with the same characteristics of the experimental aquaria, but without
the animals inside. Constant aeration kept the particles in suspension.

3. Results
2.7. Standardization and transformation of variables
3.1. Fifteen day experiments in M. chilensis exposed to diets with volcanic
ashes

The measured physiological rates were converted to an individual of
“standard” dry tissue weight, in accordance with the following equation
(Bayne et al., 1987):

3.1.1. Survival
No adult or juvenile mussels died during the 15-day exposure
period, regardless of the proportion of ash particles incorporated into
the diet to which they were exposed.

Ys = (Ws/We) b × Ye
where:
Ys = physiological rate for a weight-standardized individual,
Ws = standard weight,
We = measured (actual) weight,
Ye = actual physiological rate without standardization and,
b = exponent of the regression between the physiological measurement and weight of the experimental specimen.
The following regression exponents were obtained from Navarro
and Winter (1982) for M. chilensis: 0.62 for CR and 0.74 for OCR.

3.1.2. Physiological measurements: oxygen consumption rates (OCR) and
clearance rates (CR)
Adult mussels, after 15 days of exposure to diets including volcanic
ash, presented signiﬁcant reductions in rates of oxygen consumption
(OCR) (Fig. 1) (Kruskal Wallis test; H = (5.47) 18.691, p = 0.002),
when
they
were
exposed
to
120 mg ashes L− 1
−1 −1
(0.133 ± 0.072 mg O2 h
g , p = 0.034) and 150 mg ashes L− 1
1
(0.131 ± 0.128 mg O2 h− 1 g−
p = 0.030). The control specimens
,
presented OCR's > 3 times higher, with an average OCR ( ± SD) of
0.421 ± 0.185 mg O2 h− 1 g− 1.
Adults showed signiﬁcant decreases in clearance rates (Fig. 2, 1-way
ANOVA, F (5.56) 3.689, p = 0.005) after experiencing the treatments

2.8. Statistical analysis
The Shapiro-Wilk test for normality and the Levene test for homoscedasticity were used to determine whether to evaluate our data using
345
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3.1.3. Gill lamella SEM observations
Scanning electronic microscopic analysis of gill lamellae from adult
mussels did not reveal any physical damage due to the abrasiveness of
the ashes (Fig. 5). However, we did identify a large amount of secreted
mucus on the gills of mussels that had been exposed to diets containing
150 mg ashes L− 1 (lamella from controls: Fig. 5a; lamella from mussels
exposed to 150 mg ashes L− 1: Fig. 5b). In some cases, volcanic ash
material was identiﬁed among the gill ciliature (Fig. 5c).

-1
-1
Oxygen consumption rate( mgO2 h 0.1 g )

with
the
highest
concentrations
of
volcanic
ash:
150 mg L− 1 (2.324 ± 1.157 L h− 1 g− 1) and 120 mg L− 1 (2.
390 ± 0.935 L h− 1 g− 1). The test identiﬁed Tukey HSD a posteriori
diﬀerences for the 120 mg L− 1 concentration (p = 0.015) and
150 mg L− 1 (p = 0.016) with respect to the control. In the latter, there
was an average CR 3.759 ± 1.188 L h− 1 g− 1 (n = 11).
For juveniles, in contrast to results obtained for adults, the level of
ash content in the diet produced no signiﬁcant diﬀerences in mean
oxygen consumption rates (Fig. 3; Kruskal Wallis test; H = (5.70) 2.519,
p = 0.773), although oxygen consumption was seen to decrease with
increased concentrations of volcanic ash particles.
For juveniles, although mean clearance rates (CR) decreased in the
presence of increased proportions of volcanic ash, the diﬀerences were
not statistically signiﬁcant (1-way ANOVA, F (5,64) = 0.130, p = 0.273)
(Fig. 4).

3.1.4. Variations in mussel dry tissue weight
Adult mussels showed signiﬁcant weight loss during the experimental period of 15 days (Fig. 6). These declines were recorded in
mussels
exposed
to
a
diet
with
120 mg ashes L− 1
(0.762 ± 0.220 g ind− 1; p = 0.050, n = 27) and 150 mg ashes L− 1
(0.706 ± 0.312 g ind− 1; p = 0.025, n = 27). Control mussels had an
average dry tissue weight of 0.849 ( ± 0.303) g ind− 1 (n = 24).
Juveniles from all treatments after 15 days of experimentation
showed a signiﬁcant reduction in dry tissue weight with regard to that
of the control individuals (Fig. 7; p < 0.05 for all treatments).
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One-way ANOVA showed signiﬁcant diﬀerences in CR between
diets (F (5128) = 4.999, p < 0.001). Thus, for diets containing a higher
proportion of volcanic ash, the mean CR decreased signiﬁcantly in
comparison to that of individuals feeding on those diets with higher
proportions of microalgae (Fig. 9). The Tukey HSD test indicated that
CR's were signiﬁcantly lower for animals feeding on the 100% ash diet
compared with values measured for individuals in the 50:50 algaeashes treatment (p = 0.036) and the 100% algae treatment
(p = 0.025). Mean CR for individuals fed the 70:30 ashes-algae
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Fig. 4. Mytilus chilensis. Eﬀect of volcanic ashes exposure for 15 days on the clearance rate
in juveniles. Each bar represents the mean ± standard deviation per treatment (total
n = 12 individuals per treatment). The diﬀerent letters above the bars indicate signiﬁcant
diﬀerences (p < 0.05).

Fig. 2. Mytilus chilensis. The impact of suspended volcanic ash on clearance rates in
adults, after they had been exposed for 15 days to diets containing a constant concentration of 50,000 cells of I. galbana mL− 1 and diﬀerent quantities of volcanic ash
particles. Each bar represents the mean ± standard deviation per treatment (n = 12
individuals per treatment). Diﬀerent letters at the tops of bars indicate signiﬁcant differences between means (p < 0.05).
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Fig. 3. Mytilus chilensis. The impact of suspended volcanic ash on oxygen consumption
rates in juveniles, after being exposed for 15 days to diets containing a constant concentration of 50,000 cel I. galbana mL− 1 and diﬀerent quantities of volcanic ash. Each bar
represents the mean ± standard deviation per treatment (total n = 12 individuals per
treatment). Diﬀerent letters above bars indicate signiﬁcant diﬀerences between means
(p < 0.05).
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Fig. 5. Mytilus chilensis. SEM photomicrographs from gill lamellae of mussels A) control, B) exposed to diet of 150 mg of
ash particles + microalgae, which cause the production of a
large amount of mucus. (C) Presence of volcanic ash on the
frontal cilia of a gill ﬁlament. Full arrow: mucous secretions.
Empty arrow: ashes on the gill. LFC: lateral frontal cilia, FC:
frontal cilia. GF: gill ﬁlaments.
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Fig. 7. Mytilus chilensis. Variations in dry tissue weight after juveniles had been exposed
for 15 days to diets containing diﬀerent levels of volcanic ash. Values are expressed as
percentage of the dry tissue weight of the controls. Each bar represents the mean ±
standard deviation (n = 30 individuals per treatment) # = animal from control. The
asterisks above the bars indicate values diﬀerent to zero (p < 0.05).

Fig. 6. Mytilus chilensis. The impact of suspended volcanic ash on the dry tissue weight in
adults after having been exposed during 15 days to diets containing diﬀerent levels of
volcanic ashes. Values are expressed as a percentage of the dry tissue weight of the
control mussels. Each bar represents the mean ± standard deviation per treatment (total
n = 30 individuals per treatment). # = animal treatment controls. * = indicates signiﬁcant diﬀerences from zero (p < 0.05).

(Wolinsky et al., 2013). The speciﬁc responses seem to vary with the
ash concentrations to which individuals had been exposed and the size
of the experimental animals or their feeding mechanisms. The small
freshwater cladoceran Daphnia commutata showed visible damage in
the stomach due to the abrasiveness of the volcanic ashes in experiments conducted using concentrations of only 5 mg ash L− 1 (Wolinsky
et al., 2013); these crustaceans appear not to have well-developed capacities for particle selection (Kirk, 1991; Jensen et al., 2001). In contrast, a number of suspension-feeding mollusk species have been found
capable of pre-ingestive particle selection (e.g. Cerastoderma edule,
Urrutia et al., 2001; Mytilus chilensis, Garrido et al., 2012), allowing
individuals to separate the material to be ingested from that which will
not be ingested. For this, mussels use principally their buccal palps,
which, by producing pseudofeces, are able to eliminate some of the
captured material without ingestion (Garrido et al., 2012; Navarro

treatment was signiﬁcantly lower than those recorded for individuals
fed the 50:50 ashes:algae (p = 0.013) or 70% and 100% algae
(p = 0.009) treatments.
4. Discussion
Our study revealed a number of detrimental impacts of volcanic ash
particles in diet on the growth and physiological energetics of M. chilensis.
Previous researchers have shown that exposure to volcanic ash in
the water column has negative eﬀects on a variety of animals, including
mortality via cuticular abrasion in arthropods (Buteler et al., 2011),
almost full loss of marine benthic communities (Jewett et al., 2010),
and signiﬁcantly decreased fecundities in cladoceran communities
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Aceptance

EI Algae
EI Ashes

outside, thereby avoiding their ingestion (Garrido et al., 2012).
Although none of the animals continuously exposed to ash-laden
diets for 15 continuous days died, we did record substantial declines in
mean mussel dry tissue weight. These losses were recorded for both
adults and juveniles, and were associated with substantially reduced
clearance rates and pseudofeces production. In adults, mean tissue
weights decreased up to 17% for mussels exposed to a concentration of
150 mg ashes L− 1, while juvenile mean dry tissue weights declined up
to 40% compared to that of control mussels, which were fed only on
microalgae. Such substantial weight losses could become life-threatening if ash particles remained in suspension for more than the 15 day
period used in our experiments. The presence of inorganic particles in
the diet appears to impact the suspension-feeding process in bivalves.
For example, when juveniles of the bivalve Mya arenaria were exposed
to suspended sediment at concentrations of 100 mg L− 1 and
200 mg L− 1, their growth rates were strongly reduced compared with
those seen in control animals that were fed only microalgae (Grant and
Thorpe, 1991). When Cerastoderma edule was fed with a principally
inorganic diet, they produced pseudofeces that also contained high levels of inorganic material; the organic content in those pseudofeces was
mainly mucus produced during suspension-feeding. The amount of
energy lost in producing this pseudofecal mucus depended on both the
rate of pseudofeces production and the inorganic content of the ﬁltered
material (Urrutia et al., 2001). If the amount of organic loss in the
pseudofeces exceeds the energetic beneﬁts of particle selection, resulting in a net loss of energy via excessive mucus production, it would
seem more beneﬁcial for the animals to simply reduce their suspensionfeeding activity than to continue with the process of active particle
selection (Urrutia et al., 2001). In general, mucus production costs in
bivalve suspension-feeders have been ignored when calculating the
scope for growth (Worrall et al., 1983; Bayne et al., 1987), probably
because the principal component of the mucus is water (see review
Davies and Hawkins, 1998). However, when substantial quantities of
pseudofeces are released by suspension-feeders (Bayne and Newell,
1983; Héral et al., 1983; Davies and Hawkins, 1998), the amount of
mucus in pseudofaeces is likely to be energetically costly. For example,
considerable net carbon losses were recorded for both Mytilus edulis and
Cerastoderma edulis when individuals were exposed to high seston
concentrations, due to the substantial quantities of mucous lost through
pseudofeces production (Prins and Smaal, 1989). This mucous cost due
to pseudofeces production typically accompanies ﬁltration activity in
high turbidity environments (Hawkins and Bayne, 1992). The very high
production of pseudofeces evidenced in our experiments is clear evidence of the high load of seston (Iglesias et al., 1992) to which individuals were exposed, and it helps to explain the substantial declines
in tissue weights exhibited by the mussels in our experiments.
In our experiments, adult individuals that were exposed to the
highest concentration of volcanic ashes presented signiﬁcant reductions
(nearly 35%, compared with control mussels) in their CR after 15 days
of experimentation. Similarly, Cheung and Shin (2005) recorded a reduction in the CR and OCR in specimens of Perna viridis, after these
mussels had been exposed for two weeks to diets containing concentration of suspended sediments as high as 1000 mg L− 1. Bricelj and
Malouf (1984) found that increasing the sediment load in the base diet
of the venerid Mercenaria mercenaria to 1 mg L− 1 caused a 1.3% decrease in CR, and also resulted in a substantial increase in pseudofeces
production. Similarly, the juveniles of the Chilean mussel tested in our
study showed CR reductions of up to approximately 25% when feeding
on all diets containing ash particles. In addition, when M. chilensis
adults were exposed to the highest ash concentrations tested in our
study, we recorded a signiﬁcant decline in mean oxygen consumption
rates with respect to those of the control individuals.
Field studies have also shown that high concentrations of suspended
solids cause physiological changes in feeding and respiration of bivalves
(Angioni et al., 2010; Grant and Thorpe, 1991). For example, exposure
of Mya arenaria to suspended sediments reduced rates of oxygen
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et al., 1992; Velasco and Navarro, 2002). Thus, the abrasive fraction of
seston, or part thereof, does not pass through the digestive system of
these mussels, which could explain why during our 15-day experiments
when mussels were oﬀered diets consisting of algae and diﬀerent proportions of ash particles, no juveniles or adults died.
Contact between volcanic ash and the gills of juvenile salmon
generated substantial mucus production, resulting in massive mortalities in Oncorhynchus tshawytscha and Oncorhynchus nerka, presumably through a dramatic reduction in gas exchange capacity
(Newcomb and Flagg, 1983). In contrast, we identiﬁed no physical gill
damage caused by volcanic ashes in our studies with M. chilensis.
However, electronic microscopy observations showed, particularly in
animals exposed to the highest concentrations of ashes, a high production of mucous secretions on the gill ﬁlaments. The increase of
mucous on the gills was very well correlated with the production of
abundant pseudofeces by mussels in the experimental containers. It is
well known that pseudofeces production requires substantial mucous
production, which the animals' palps use to eject particles to the
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production of pseudofeces (Velasco and Navarro, 2002).
Particle selection by suspension-feeding mollusks can optimize rates
of food and energy intake (Widdows et al., 1979; Shumway et al., 1997;
Espinosa et al., 2010; Iglesias et al., 1992). For example, some bivalves
can discriminate between diﬀerent species of microalgae (Shumway
et al., 1997), while others can detect diﬀerences in particle organic
content (Bayne et al., 1993; Kiørboe and Møhlenberg, 1981; Levinton
et al., 2002; MacDonald and Ward, 1994; Newell and Jordan, 1983;
Ward et al., 1997). In the present research, we identiﬁed clear feeding
selectivity, with volcanic ash particles being preferably chosen for rejection as pseudofeces and the microalgae preferably chosen for ingestion. The mechanism for such selection is still unclear. In suspension-feeder bivalves the physicochemical properties of particles appear
to be an important factor in the selection process. Newell and Jordan
(1983) hypothesized that particle selection is achieved using a chemosensory mechanism that dictates particle retention. For example,
with the bivalves Mytilus edulis and Crassostrea virginica feeding on
diﬀerent kind of microalgae, lectin aﬃnity and wettability (=contact
angle) were the strongest predictors of particle selection preferences
(Rosa et al., 2017). In concordance with the above, particle selection
and rejection by suspension-feeding bivalves seems to involve a speciﬁc
interaction between carbohydrates on the particle surfaces and lectins
within the mucus (Espinosa et al., 2009). Clearly the mechanism employed in capturing and selecting particles made possible the capacity
to do selection between the algae I. galbana and the volcanic ashes used
in our M. chilensis experiments. Based on the above, it seems likely that
certain physicochemical characteristics of suspended particles can account for the particle selection and rejection that we have identiﬁed in
our experiments on M. chilensis. Increased concentrations of volcanic
ash in the diet tended to generate a greater electivity for microalgae.
The gastropod Crepipatella dilatata behaves similarly, in that a decrease
in the relative proportion of microalgae to inorganic particles in suspension leads to relatively higher proportions of microalgae being retained on the gills for ingestion (Chaparro et al., 2013). In the case of
Cerastoderma edule, physiological sorting and selection mechanism have
been found to be especially eﬀective at seston concentrations of <
100 mg L− 1; and this selection ability is strongly reduced when seston
concentrations are higher (Navarro and Widdows, 1997), a situation
that is consistent with our ﬁndings for M. chilensis.
Many species have mechanisms that help them cope with environmental changes that may aﬀect them negatively, and thus cease to be
physiological slaves of the environment (Jørgensen, 1990). In summary, in our experiments, the presence of substantial volcanic ash
content in the diet was not a lethal stressor for the mussel M. chilensis, at
least during the 15-day duration of our study. However, there was a
clear negative impact on the individuals tested, in that oxygen consumption and clearance rates, and especially tissue weights, were
substantially reduced, especially at the highest ash concentrations
tested. Ashes did not seem to directly damage the gills in our study,
despite the sharp edges and abrasiveness of these particles, but their
presence in the diet forced the mussels to actively select particles, resulting in a high production of pseudofeces and a lower overall energy
intake; this translates into high energy costs associated with the generation of mucus used in forming the pseudofeces and the rejection of
this material to the surrounding seawater. The potential for longer
exposure times than the 15-day period tested in this study to result in
substantial mortality of juveniles and adults of this species remains to
be examined; newly metamorphosed juveniles may be especially susceptible, as they may have a less developed capacity to manage and
select particles during feeding, as documented in Perna canaliculus (Gui
et al., 2016).
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.marpolbul.2017.12.024.

Fig. 10. SEM photomicrograph of volcanic ashes used in our experiments, resulting from
the eruption of the Calbuco volcano, South of Chile, in May 2015.

consumption very quickly after the start of the exposure period when
they were measured within a short time after exposure, probably reﬂecting the physiological stress produced by the sediment in diets
(Grant and Thorpe, 1991). According to Widdows and Hawkins (1989)
and Hawkins et al. (1996), decreased metabolic rates would be an expected response of the animals when dealing with foods of low quantity
and/or quality. A similar energy-saving response has been reported for
Mytilus edulis when individuals adapted their metabolic rates due to the
seasonal changes in food availability (Hawkins et al., 1985). Similarly,
studies on the clam M. arenaria show a logarithmic decrease of OCR
with increasing environmental turbidity (Grant and Thorpe, 1991). In
our experiments, adults of M. chilensis showed signiﬁcant diﬀerences in
mean oxygen consumption rate in the treatments with higher ash
concentration with respect to those recorded for control individuals.
However, we did not see this result in the juveniles of that species.
In general, volcanic ashes are reported to have a vitreous consistency and sharp edges (Caneiro et al., 2011), as conﬁrmed by the
electron microscopic observations made in this research (Fig. 10). It
therefore seems reasonable to expect detrimental eﬀects on suspensionfeeding organisms once the particle concentrations exceed some level.
Nevertheless, our scanning electron microscopy observations showed
no physical damage to the gills of individuals exposed to diets containing volcanic ash. Although we found no evidence for any physical
damage to the gills, we did observe volcanic ash particles among the
ciliature, so there is still a possibility of damage from the abrasive eﬀect
of the ashes during the ﬁltration process, something that should be
examined in future research. Experiments with specimens of the greenlipped mussel Perna viridis that were exposed to suspended sediment for
14 days showed that an increase in concentration and in the size of the
particles in diet did more damage to the gills, especially on the frontal
ciliature of the lamellae. Also, the same authors recorded a depletion of
the cilia from ascending and descending lamellae, which appears to be a
consequence of the mechanical damage generated by direct contact of
the sediments with the front of the lamellar surface (Cheung and Shin,
2005). The extent of damage was also strongly related to sediment
particle size, with the largest particles (250 to 500 μm) causing a far
greater depletion of frontal cilia than particles of the smallest sizes
(particles < 63 μm) (Cheung and Shin, 2005). In our study, when individuals of M. chilensis were directly exposed to diets containing different proportions of volcanic ashes and microalgae, CR decreased
signiﬁcantly when ashes constituted over 70% of the diet. In M. edulis
(Bayne et al., 1989; Bayne et al., 1993; Beninger and St-Jean, 1997a;
Hawkins et al., 1996; Widdows et al., 1979) and other molluscs
(Cranford and Gordon, 1992; Grant and Thorpe, 1991; Iglesias et al.,
1992; MacDonald and Ward, 1994; Cucci et al., 1985; Velasco and
Navarro, 2002), CR decreased substantially when the animals were
exposed to high concentrations of inorganic material in the diet, possibly reﬂecting a strategy of reducing energy costs by reducing the
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