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A B S T R A C T

Biological interactions and environmental constraints alter life-history traits, modifying organismal perfor-
mances. Trematode parasites often impact their hosts by inducing parasitic castration, frequently correlated with
increased body size in the host (i.e., gigantism hypothesis), which is postulated to reflect the re-allocation of
energy released by the reduction in the reproductive process. In this study, we compared the effect of a tre-
matode species on shell size and morphology in adult individuals of the intertidal mussels Perumytilus purpuratus
(> 20 mm) collected from two local populations of contrasting environmental regimes experienced in central-
southern Chile. Our field data indicates that in both study locations, parasitized mussels evidenced higher body
sizes (shell length, total weight and volume) as compared with non-parasitized. In addition, parasitized mussels
from the southern location evidenced thinner shells than non-parasitized ones and those collected from central
Chile, suggesting geographical variation in shell carbonate precipitation across intertidal habitats of the Chilean
coast. In laboratory conditions, mussels collected from a local population in central Chile were exposed to two
temperature treatments (12 and 18 °C). Parasitized mussels showed higher growth rates than non-parasitized,
regardless of the seawater temperature treatments. However, the metabolic rate was not influenced by the
parasite condition or the temperature treatments. Our field and laboratory results support the parasite-induced
gigantism hypothesis, and suggest that both the thermal environment and geographic location explain only a
portion of the increased body size, while the parasitic condition is the most plausible factor modulating the
outcome of this host-parasite interaction.

1. Introduction

Marine molluscs serve as hosts to a diverse group of parasites and
diseases caused by agents including viruses, prokaryotes, fungi, proti-
stans, parazoans and metazoans (e.g. plathelminths) (Lauckner, 1983).
Parasites, especially trematodes, are widespread in intertidal ecosys-
tems, and usually require several hosts from the animal community to
complete their life cycle (Mouritsen and Poulin, 2002). All trematode
parasites use mollusc species as a first intermediate host, lodging in the
gonads or digestive tissue (Lauckner, 1983; Cremonte et al., 2015).
During this period, the parasite reproduces asexually and produces
large numbers of infectious stages known as cercariae infective stages,
which may occupy the volume of the host's reproductive tissue, a

phenomenon referred to as parasite–induced castration (Sousa, 1983;
Minchella, 1985). In some cases, this increased level of parasitic cas-
tration correlated with the growth rate of the host species (e.g.
Minchella, 1985; Mouritsen and Jensen, 1994; Ballabeni, 1995;
Gorbushin, 1997; Keas and Esch, 1997), led to postulate the parasite-
induced gigantism in the host (Mouritsen and Jensen, 1994; Gorbushin,
1997; Gorbushin and Levakin, 1999; Sorensen and Minchella, 2001;
Moore, 2002; Ebert et al., 2004).

Gigantism is frequently interpreted in terms of the redistribution of
the resources made available by parasitic castration - in the same host
(Baudoin, 1975). Studies suggest that resources of the infected host
allocated to reproduction, are then relocated to host maintenance and
growth, or deviated into parasite growth and reproduction (McCarthy
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et al., 2004). However, the occurrence and generality of gigantism in
mollusc–trematode associations have been discussed (see references in
McCarthy et al., 2004). For instance, the freshwater snail Helisoma
anceps does not show gigantism following parasitic castration by the
larvae trematodes of Halipegus occiduals, Echinostoma trivolis and Di-
plostomulum scheuringi (Fernandez and Esch, 1991). On the contrary,
the marine snail Hydrobia ulvae evidenced gigantism when infected by
parasites of the Microphallidae and Heterophidae families (Gorbushin,
1997). This variability suggests that the magnitude of the reallocation
of resources (and the gigantism) may depend on the life–history of the
host (Sousa, 1983), food availability (Mouritsen and Poulin, 2002) and
environmental conditions (Sorensen and Minchella, 2001).

Ecological theory and empirical evidence show that environmental
conditions strongly influence the evolution of life–history traits of the
populations (Stearns, 2002). Thus, hosts and parasites (and the result of
their interaction) could be affected according to the environmental
regime of the local habitat where the interaction occurs (e.g., Sorensen
and Minchella, 2001). For instance, several studies have indicated that
warmer environments are favourable to parasites, stimulating growth
rates, reproductive capacity and infective states, and reducing the
generational time (Poulin, 2006; Thieltges and Rick, 2006; Morley,
2011; Morley and Lewis, 2013). Additionally, high temperatures re-
sulting in low oxygen levels in seawater could stress the hosts, in-
creasing the disease susceptibility (Holmes, 1996). However, there are
few studies exploring the role of environmental variability in the mol-
lusc-parasite interaction, specifically on body size changes that could be
ascribed to the occurrence of parasite-induced gigantism in marine
molluscs (see Cressler et al., 2014; e.g. gastropods: Gorbushin, 1997;
Gorbushin and Levakin, 1999; McCarthy et al., 2004; Chapuis, 2009;
e.g. bivalves: Taskinen, 1998).

The Chilean coast is particularly suitable for the study of host-

parasite relationships across contrasting environments. For instance,
along the central-southern Chilean coast, the annual average of surface
seawater temperature (SST) ranges from 13.5 °C in Valparaíso (central
Chile, ca. 33 °S latitude) to 10 °C in Concepción (southern Chile; ca. 38
°S latitude) (Data available for the last 10 years [www.shoa.cl/nuestros-
servicios/tsm]). In addition, the mussel Perumytilus purpuratus
(Bivalvia: Mytilidae) inhabits the south-eastern Pacific mid-intertidal
rocky shores and forms dense three-dimensional matrices that provide
biogenic microhabitats for several intertidal species (Prado and Castilla,
2006). This broadly distributed bivalve is the first intermediate host for,
at least, three trematode species (Platyhelminthes: Trematoda) in-
cluding: 1) Prosorhynchoides carvajali (Bucephalidae); 2) Proctoeces sp.
(Fellodistomidae); and 3) an undetermined trematode, probably of the
Fellodistomidae family (Aldana et al., 2009; Oliva et al., 2010; Muñoz
et al., 2013a; b). All these trematode species are found in the sporocyst
stage in the reproductive tissue of adult P. purpuratus, whose posterior
stages of the life-cycle include intertidal and subtidal fishes as definitive
hosts (Aldana et al., 2009; Muñoz et al., 2013a).

Along the coast of central Chile, the undetermined trematode spe-
cies show the highest prevalence in P. purpuratus, reaching values close
to 2% (Muñoz et al., 2013b), but unpublished data show a variable
prevalence throughout central-southern Chile (between 1.7% and
13.1%). Recent studies showed no effect of the undetermined trema-
tode species upon the metabolism of P. purpuratus (Castro-Rojas et al.,
2015). However, less attention has been given to the potential effects of
this parasite on shell characteristics and the energetic budget (i.e. me-
tabolism and growth rate) of P. purpuratus, and how this effect interacts
with the environmental variability. In this sense, our aim was to com-
pare shell size attributes (i.e., shell length, weight, volume, thickness,
calcium carbonate content and biomass) between parasitized and non-
parasitized individuals, from two adult populations of P. purpuratus,

Fig. 1. Study sites along the Chilean coast (Quintay and Concepción), and variability in temperature, pH, salinity, total alkalinity, partial pressure of CO2, and
aragonite saturation state. Bars indicate ± 1 standard error. Asterisk represents significant differences between sites (p < 0.001).
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geographically distant with differences in Sea Surface Temperature
along the Chilean coast. In addition, we evaluated, under experimental
conditions, the role of temperature on growth rates and metabolism, by
exposing parasitized and non-parasitized mussels, collected from a
population in Chile, to two temperature levels (12 and 18 °C). As the
processes of calcification, metabolism and maintenance depend on
temperature, we hypothesize that gigantism and the size variables of
adult populations of P. purpuratus will interact with parasitism and
environmental conditions in each locality.

2. Materials and methods

2.1. Animal collection

During August and September 2017, we sampled 575 adult (mature)
individuals of P. purpuratus (Muñoz et al., 2013b) from the mid-inter-
tidal zone of two locations, central (Quintay, n = 349) (32°43′S) and
southern Chile (Concepción, n = 227) (37°08′S). These locations are
separated by ca. 800 km, and experience contrasting patterns of natural
variability in temperature occurring in the region (Fig. 1) (e.g., Gaitán-
Espitia et al., 2017). Since the parasite infection occurs only upon the
reproductive tissue of mature mussels, our study is based on the col-
lection of individuals larger than 20 mm in maximum shell length
(Muñoz et al., 2013b). Mussels were deposited in plastic bags, labelled,
and transported to the laboratory where they were frozen (−20 °C)
until their dissection to evaluate the prevalence of trematode infection
and shell morphology (see below). Additionally, adult individuals of P.
purpuratus were collected (n = 500) from central Chile (Quintay) and
transported to the laboratory (Universidad Santo Tomás, Santiago), for
7 d of acclimation. During acclimation, the animals were maintained in
several aquariums (9 L) with a natural photoperiod and aerated sea-
water (temperature = 15.2 ± 0.4 °C, pHNBS = 8.138 ± 0.164, sali-
nity = 33.77 ± 1.22 PSU), and fed ad libitum with commercial food
PhytoGreen-S (BrightwellAquatics ®). During the first day of acclima-
tion, the mussels were assayed for trematode infection. The procedure
consists of exposing mussels to physical conditions that trigger cercarial
emergence: warmed seawater (25 °C) and constant light (Castro-Rojas
et al., 2015). After emergence, the trematode species were identified by
examining the cercarial stage under a stereomicroscope, and comparing
their morphology with published descriptions (i.e., Muñoz et al., 2013a;
b). Mussels positively identified as hosting the same parasite species
(i.e., undetermined Fellodistomidae), were considered as parasitized
(n = 18). Another group of mussels (n = 18) that did not release cer-
cariae (i.e., non-parasitized controls) were maintained under the same
conditions mentioned above. At the end of the experiment, all the in-
dividuals were dissected to confirm the condition of parasitism. After
the emergence test and dissection process, 100% of the identified
parasitized mussels were found to be properly classified. All selected
mussels were marked using bee-tags glued onto the anterior section of
their shell (e.g., Ramajo et al., 2016).

2.2. Experimental setup

After the acclimatization period, the mussels were randomly sepa-
rated into groups of three individuals each and placed in 1 L aquaria
(n = 6 control and 6 parasitized groups, respectively). Each group
(replicate) of 3 parasitized or non-parasitized mussels, were randomly
placed at two temperature treatments of 12 and 18 °C, controlled using
a chiller (BOYU® model L350). These selected temperature levels re-
present the mean for winter and summer months (data available for the
last 10 years for Valparaíso, near Quintay [www.shoa.cl/nuestros-
servicios/tsm]). At the beginning of the experiment, all individuals
had similar shell length (28.1 ± 2.32 mm). The mussels were main-
tained under these temperature treatments for 35 d. During the ex-
periment, the seawater was renewed every day from a head-tank with
constant aeration. In each aquarium, the Temperature (°C) and Salinity
(PSU) were monitored every day, while pHNBS and Total Alkalinity (AT)
were monitored every four days (two replicates).

2.3. Measurement of environmental variables in field and laboratory
conditions

CTDO casts (Ocean Seven 304plus Logger, © Idronaut) were per-
formed in shallow waters (∼2 m in depth) in front of each rocky
platform to characterize Sea Surface Temperature (SST) and salinity
concentration variability at each study site in central and southern
Chile. Simultaneously, three water samples were collected and pro-
cessed for pHNBS using a Metrohm pH-meter (model pH mobile 826),
connected to a combined electrode (double juncture), calibrated using
Metrohm buffers (pH = 4.0, 7.0 and 9.0) at 25 °C in a temperature
controlled water bath (Torres et al., 2011). At the same time, discrete
samples of 500 ml of seawater were collected for Total Alkalinity (AT)
analyses, poisoned in situ using mercuric chloride (0.2 cm3 of a 50%
saturated solution), and maintained in dark conditions and ambient
temperature until analysis in the laboratory. Measurements of AT were
done using potentiometric titration which the Metrohm Titrando 888
(Haraldson et al., 1997). Temperature, salinity, pH and AT data were
used to calculate the carbonate system parameters (pCO2, aragonite
saturation [Ωar]). Analyses were performed using CO2SYS software in
MS Excel (Pierrot et al., 2006) set with Mehrbach solubility constants
(Mehrbach et al., 1973), refitted by Dickson and Millero (1987). Similar
carbonate system measurements were performed in the seawater of
replicates aquaria subjected to experimental temperature treatments. In
this experiment, temperature was the only variable that presented dif-
ferences between treatments, while the rest of the parameters were
constant throughout the experimental period (Table 1).

2.4. Parasitism effects on body size of P. purpuratus

For all P. purpuratus collected from the field, the effect of parasitism
on body size was evaluated through an allometric scaling relationship.
The mussel shell length (l), width (w), and height (h) were measured
with a digital caliper ( ± 0.1 mm), and the total weight was measured

Table 1
Environmental parameters (Mean ± SE) measured during experimental period. The values correspond to 2 discrete samples collected every week in each replicate
(n = 24 for treatment; n = 96 total). Asterisk represents significant differences between groups (p < 0.001).

Environmental parameters 12 °C 18 °C

Parasitized Non-parasitized Parasitized Non-parasitized

pH (25 °C) 8.15 ± 0.03 8.09 ± 0.05 8.04 ± 0.05 8.08 ± 0.04
Temperature (°C) * 11.3 ± 0.1 11.16 ± 0.07 17.6 ± 0.07 17.66 ± 0.09
Salinity (PSU) 34.4 ± 0.23 34.38 ± 0.23 34.27 ± 0.07 34.17 ± 0.07
AT (μmol Kg−1) 2254.5 ± 4.7 2268 ± 10.9 2239.2 ± 14 2268.3 ± 16.1
pCO2 (μatm) 545.9 ± 51.6 790.2 ± 180.3 667.9 ± 121.2 590.1 ± 115.6
Ω aragonite 2.88 ± 0.15 2.72 ± 0.2 2.9 ± 0.24 3.11 ± 0.21
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with an analytical balance (Mettler Toledo ± 0.0001 g). From these
measurements, the volume of each mussel was approximated to an el-
lipsoid volume: [(4π/3) × (l) × (w) × (h)] (Calvo-Ugarteburu and
McQuaid, 1998). Later, individuals were dissected to determine the
condition of parasitism, and the soft tissue weight and shell weight
were measured using the analytical balance. The shell thickness was
estimated using the relationship between shell weight and shell surface
area (Briones et al., 2014). The shell surface incorporated the possible
effect of the valve curvature (using shell depth or width as a proxy
variable) on the surface estimation, and was based on the formula of
shell surface proposed by Reimer and Tedengren (1996): [l (h2 +w2)0.5

π/2], where l, h, and w were the maximum shell length, height, and
width, respectively. The CaCO3 content of the mussel shells was esti-
mated by calcination at 500 °C for 4 h to remove the organic compo-
nents of the CaCO3 matrix (e.g., Watson et al., 2012). Calcinated shells
were stored in desiccators for 1 h and then weighed.

For P. purpuratus exposed to temperature treatments, growth and
metabolic rate (oxygen consumption) were quantified at the end of the
experimental exposure. Growth rate (mm d−1) of P. purpuratus was
estimated from changes in the maximum shell length between the start
and end of the experimental period (e.g., Osores et al., 2017). The
oxygen consumption was measured (as oxygen consumption, in mg O2

h−1 g−1) by using a Presens Mini Oxy-4 respirometer (e.g., Benítez
et al., 2018). The experimental animals were individually placed in
respirometer chambers filled with 70 ml of seawater and oxygen-sa-
turation through air bubbling (15 min). The measurements were per-
formed at a controlled temperature of 12 and 18 °C using an automated
temperature chiller. In each chamber, dissolved oxygen was quantified
every 15 s over the course of at least 60 min. Oxygen sensors were
previously calibrated in anoxic water using a saturated solution of
Na2SO3, and in water 100% saturated with oxygen using bubbled air.
The same chambers, without animals, were used for controls, and the
oxygen concentration did not decay more than 3%. Oxygen decay due
to back-ground noise was deducted from the individual measurements.

2.5. Statistical analysis

Natural variation in environmental parameters was compared be-
tween study sites from southern and central Chile using a one-way
ANOVA. We performed two-way ANOVA to test for differences in
maximum shell length of P. purpuratus between parasitized condition
and sites, regarded as fixed and random factors, respectively. The sites
were considered as random factors because our conclusions are not
limited at these levels (Bennington and Thayne, 1994). Analyses of

covariance (ANCOVA) were used to compare total weight, soft tissue
weight, volume, shell weight and CaCO3 weight between sites (Quintay
and Concepcion), and parasitized condition, with the maximum shell
lengths used as covariates. In the case of shell thickness, ANCOVA
analysis incorporated the shell weight as covariate while correcting for
shell surface. Previous to these analyses, all variables were log trans-
formed. We show the Least Square Means (LSM), the predicted response
of parasitized and non-parasitized, at the mean value of the covariate
for each morphological variable. The corresponding bivariate regres-
sion analyses and their parameters estimation is presented as supple-
mentary material. Finally, growth and metabolic rate of mussels were
compared between experimental temperature treatments and parasite
condition using two-way ANOVA. In all cases, a Tukey post-hoc analysis
was performed to determine significant differences between groups
(Zar, 1996). All analyses were performed using Minitab 14® ver 13.3.2.

3. Results

3.1. Environmental variability at study site and laboratory experimental
treatments

Both study sites exhibited contrasting environmental conditions in
pHNBS, SST, salinity, and Ω aragonite saturation state (Fig. 1). In gen-
eral, the site of central Chile (Quintay) showed higher SST, pH, salinity,
and Ω aragonite than the southern (i.e. Concepción) site. Under la-
boratory conditions, these environmental parameters remained stable,
only allowing for significant differences in seawater temperature be-
tween treatments (Table 1).

3.2. Parasite effect on adults of P. purpuratus

The prevalence of undetermined trematode in P. purpuratus was
11.1% and 18.5% for the central and southern site, respectively. The
shell length of the adult fraction of P. purpuratus (> 20 mm) (sexual
maturity in this species is reached at 10 mm), was higher in parasitized
than non-parasitized mussels, and this pattern was independent of the
collection sites (see Fig. 1 in supplementary material). The mature
portion of the population of P. purpuratus collected at both sites, also
showed geographic variability patterns, in which mussels from
southern Chile (Concepción) evidenced a significant increase in shell
length compared to those collected from Central Chile (Quintay; Fig. 2.
Table 2). Both factors operate additively, evidenced by a non-significant
Site × Parasite condition (p= 0.102, Table 2).

Comparing morphological variables between mussels with different
parasite conditions at the mean shell length (i.e., LSM value of the
covariate in ANCOVA), the total weight and volume increased sig-
nificantly in parasitized compared to non-parasitized mussels at both
study sites (Fig. 3A, D. Table 3). In addition, the total weight and vo-
lume of the mussels were higher in the southern site than in the central
site (Fig. 3A, D). The soft tissue weight was lower in parasitized than
non-parasitized individuals in both study sites. Additionally, the soft
tissue weight was lower in the central than in the southern population
(Fig. 3B. Table 3). Furthermore, shell weight was higher in parasitized
than in non-parasitized individuals at the central site, but in the
southern site, the individuals did not show differences between

Fig. 2. Total shell length of adults parasitized (gray bars) and non-parasitized
(white bars) individuals of P. purpuratus from central (Quintay) and southern
populations (Concepción). Bars indicate ± 1 standard error. Asterisk indicates
significant differences between parasitism condition (p < 0.001).

Table 2
Two-way analysis of variance (ANOVA) for shell length of Perumytilus purpur-
atus comparing between study sites (Central and South) and parasitized and
non-parasitized conditions.

Source of variation df MS F p-value

Site (S) 1 476 71.04 <0.001
Parasitized condition (Pc) 1 145.1 21.65 <0.001
S × Pc 1 17.8 2.65 0.102
Error 571 6.7
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parasitized conditions (Fig. 3C). The CaCO3 content was similar be-
tween parasitized conditions, but higher in the southern site than in the
central Chile site (Fig. 3E. Table 3). The total weight, soft tissue weight,
shell weight and volume correlated positively with the shell length of P.
purpuratus, but not the CaCO3 content (see Figs. 2 and 3 in supple-
mentary material).

Shell thickness was higher in parasitized individuals than in non-
parasitized individuals at the central site (Fig. 3F. Table 3), but an in-
verse pattern was recorded at the southern Chile site (Fig. 3F. Table 3).
In both sites, the shell weight scaled positively with the shell surface
(see Fig. 3 in supplementary material).

For the acute exposition period used in this study, the growth rate
was higher in parasitized than non-parasitized mussels, and this effect
was independent of temperature treatments (Fig. 4A. Table 4). How-
ever, oxygen consumption showed no difference between parasitism
and experimental temperatures (Fig. 4B. Table 4).

4. Discussion

Our field and laboratory results about mussel body size and growth
rates, respectively, support the parasite-induced gigantism hypothesis,
but the effect of the parasite on other traits associated with the shell of

Fig. 3. Least square means (LSM), the predicted value of the response variable at the mean value of the covariate (Shell Length) in ANCOVA. Responses are (A) total
weight, (B) soft tissue weight, (C) shell weight, (D) volume, (E) CaCO3, and (D) LSM of the shell surface of P. purpuratus from central (Quintay) and southern
populations (Concepción). Gray bars represent parasitized individuals and white bars, non-parasitized individuals. Asterisk indicates significant differences between
parasitism condition, and letter indicates significant differences between sites (p < 0.001).
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P. purpuratus (weight and thickness of shell) seems to be influenced by
the environmental factors of the site where the interaction takes place.
Thus, suggesting that the host-parasite interaction may be modulated

by seawater temperature that interplays, probably with carbonate
system variability (pH, alkalinity, saturation state) in local habitats
along the coast.

Trematode–induced gigantism in molluscs has been observed in
laboratory studies (Rothschild and Rothschild, 1939; McClelland and
Bourns, 1969; Mouritsen and Jensen, 1994). Nevertheless, field studies
have failed to show gigantism unambiguously (Sorensen and Minchella,
2001; McCarthy et al., 2004). These contrasting results may emerge
from the biological responses used to characterize this phenomenon.
For instance, most of the studies have focused on changes in the body
size, growth rate and/or the shape of the mollusc hosts (e.g. in snail:
Gorbushin, 1997; Gorbushin and Levakin, 1999; McCarthy et al., 2004;
Chapuis, 2009; in bivalve: Taskinen, 1998). However, less attention has
been given to variables such as shell thickness, biomass, and the cal-
cium carbonate content precipitated in the shell by the host.

Our findings agree with the phenomenon of gigantism (length, total
weight and volume of the mussel shells) induced by trematodes. These
results also agree with Bergmann's rule, increase in body size with in-
creases in latitude (central vs southern site), which has been reported
for free-living marine invertebrates (see Lardies and Castilla, 2001); but
our results highlight the additive effect of parasitism on the host size in
the latitudinal gradient. However, the shell weight and thickness of the
mussels varies significantly according to site and parasitized condition.
In marine molluscs, the shell is an important structure associated with
growth and survival (see Marin et al., 2012), its construction is

Table 3
Analysis of covariance (ANCOVA) results evaluation total weight, soft tissue weight, shell weight, volume, CaCO3 weight and
shell thickness of Perumytilus purpuratus between study sites (central and south) and parasitized condition.

Variable Hypothesis bP = bNP ANCOVA

Source of Variation df F p-value

Total weight (g) F(1, 565) = 0.55
P = 0.455

Site (S) 568 60.79 0.048
Parasitized condition (Pc) 568 3.84 0.006
S × Pc 568 1.59 0.213

Soft tissue weight (g) F(1, 539) = 1.21
P = 0.271

Site (S) 542 62.44 < 0.001
Parasitized condition (Pc) 542 7.55 0.006
S × Pc 542 2.54 0.111

Shell weight (g) F(1, 538) = 0.09
P = 0.763

Site (S) 541 13.57 < 0.001
Parasitized condition (Pc) 541 1.53 0.215
S × Pc 541 6.99 0.008

Volume (mm3) F(1, 657) = 0.001
P = 0.974

Site (S) 570 220.09 < 0.001
Parasitized condition (Pc) 570 5.98 0.014
S × Pc 570 0.001 0.974

CaCO3 weight (g) F(1, 78) = 0.02
P = 0.874

Site (S) 81 31.94 < 0.001
Parasitized condition (Pc) 81 1.34 0.249
S × Pc 81 2.35 0.129

Shell thickness F(1, 538) = 0.194
P = 0.659

Site (S) 538 15.96 < 0.001
Parasitized condition (Pc) 538 0.2 0.647
S × Pc 538 7.15 0.007

Fig. 4. (A) Growth and (B) metabolic rates of parasitized (gray bars) and non-
parasitized (white bars) of P. purpuratus from central site (Quintay), subject to
12 and 18 °C. Bars indicate ± 1 standard error. Asterisk indicates significant
differences between parasitism condition (p < 0.001).

Table 4
Two-way analysis of variance (ANOVA) for growth rate and oxygen consump-
tion of Perumytilus purpuratus collected from Central site (Quintay) comparing
between temperature treatments (12 °C vs 18 °C) and parasitized and non-
parasitized conditions.

Biological Responses Source of variation df MS F p-value

Growth rate (mm d−1) Temperature (T) 1 0.066 2.30 0.139
Parasitized
condition (Pc)

1 0.145 5.04 0.032

T × Pc 1 0.010 0.36 0.547
Error 31 0.028

Oxygen consumption (mg O2

h−1 g−1)
Temperature (T) 1 0.009 0.01 0.938
Parasitized
condition (Pc)

1 0.080 0.54 0.466

T × Pc 1 0.064 0.43 0.514
Error 31 0.148

M.R. García-Huidobro, et al. IJP: Parasites and Wildlife 9 (2019) 7–15

12



energetically expensive (Palmer, 1992), and the carbonate precipitation
can be affected by environmental variability (e.g. ocean warming: Yao
and Somero, 2014; ocean acidification: Kroeker et al., 2010). In this
sense, environmental factors, as well as ontogenetic and evolutionary
time, and the life history traits of the host and parasites could modulate
the multiple responses associated with this type of biological interac-
tion (Leung and Poulin, 2008).

Despite over 100 years of dedicated effort, the adaptive significance
of gigantism to the host and/or parasite is still poorly understood (see
Goater et al., 2014). There exist two hypotheses about adaptive sig-
nificance of parasite-induced gigantism, which make contrasting pre-
dictions. First, the host-benefit hypothesis predicts that host size will
correlate with the lifetime reproductive success of the infected host
(Minchella, 1985; Ballabeni, 1995). This hypothesis requires that in-
fected hosts have a reasonable chance to recover from the infection and
resume reproduction. Our result and other reports of digenea in P.
purpuratus do not provide evidence to support the hypothesis of
Minchella (1985). The minimum infection size is approximately 20 mm
of shell length (Aldana, 2007; Aldana et al., 2009; Castro-Rojas et al.,
2015; Montenegro et al., 2012; Muñoz et al., 2013a; b; Lienqueo, 2008),
and the sexual maturity of P. purpuratus is reached at 8–10 mm in shell
length (Lozada and Reyes, 1981), suggesting that the infection of P.
purpuratus is posterior to sexual maturity. Although in this study the
time of permanence of a parasite in its host and gonadal regeneration
during this time were not evaluated, we did not observe gonadal tissue
when the mussels were parasitized. Thus, mature individuals were able
to spawn before becoming completely castrated by the parasite. Later,
after the spawn, molluscs lose their reproduction capacity due to the
reduction of gonadal tissue, which allows them to allocate energy for
growth and/or resistance to parasites (Arakelova et al., 2003, 2004).

The second hypothesis is that host gigantism is beneficial only for
the parasite (Baudoin, 1975; Sousa, 1983). Here, the parasite sup-
presses host reproduction to make resources available for itself that the
host would have used for reproduction. Gigantism is then a by-product
of more energy being released by castration than the parasite can use at
that time (Ebert et al., 2004). For the gigantism to be an advantage for
the parasite, certain criteria must be met: (1) the energy destined for
host reproduction is used in parasite reproduction, (2) there must be
permanent castration of the parasite to the host, and (3) the increase in
size should be associated with greater survival of the host (Mouritsen
and Jensen, 1994; Sorensen and Minchella, 2001; Ebert et al., 2004;
McCarthy et al., 2004).

Under this scenario, our results show an absence of differences in
oxygen consumption between parasitized conditions and temperature
treatments, suggesting that the energy demand imposed by parasites on
the host does not generate a significant metabolic stress or the hosts are
able to reallocate energy to overcome the trade-offs, or that the parasite
has anaerobic metabolic pathways (Tielens, 1994; Hechinger, 2013).
Similar results have been found for P. purpuratus – undetermined cer-
cariae systems in the south of Chile (Concepción) (Castro-Rojas et al.,
2015), and in other molluscs (see Strurrock (1966) and Thorhill et al.
(1986) for Biomphalaria pfeifferi and B. glabrata parasitized with
Schostosoma mansoni, respectively). Regarding permanent castration by
the parasite, as previously mentioned, that there is no evidence to in-
dicate recovery of reproduction after the parasite is established.

Finally, continuing with the idea that gigantism is advantageous for
the parasite, where the increase in size should be associated with
greater survival of the host, our results indicate interesting findings. We
show that in the site experiencing low temperature, pH and aragonite
saturation conditions, the parasitized mussels were larger (length, total
weight and volume) than non-parasitized. Although a larger host size
generally brings higher rates of reproduction and survival (Roff, 2002),
in the context where gigantism is advantageous for the parasite, we
believe that other characteristics of the host that denote survival should

be considered, such as the environment where the host-parasite inter-
action develops (Sorensen and Minchella, 2001). For example, we
found that the weight and thickness of the mussel's shells were greater
in parasitized than non-parasitized in the central population, but in the
southern population, it was the opposite. A possible explanation for this
result may be related to the environment in which the calcification and
other biological processes are performed. Castillo et al. (2017) showed
that the mussel Mytilus chilensis triggers a differential gene expression in
acidified conditions more than the presence of pathogen Vibrio angu-
illarum. They mentioned that environmental scenarios with lower pH
and saturation states might up-regulate specific immune-related genes,
promoting the transcription of several molecules against the pathogen.
In this way, the energy released as a result of parasitic castration from
southern individuals of P. purpurpuratus (in low pH), makes a more
expensive immune response than parasitized individuals in the central
zone, and this cost is reflected in the thickness of the shell.

In addition, calcification is the process through which calcifying
organisms (e.g. mollusc) synthesise CaCO3 structures from dissolved
calcium (Ca2+) and CO3

2− ions in seawater (Weiner and Dove, 2003).
In acidic waters, the mussels may reduce the rate of calcification, due to
a reduction in the availability of inorganic carbon. A decrease in am-
bient levels of CO3

2− in seawater may increase the amount of energy
required by calcifiers to maintain the concentrations required for the
biosynthesis of shells (Beniash et al., 2010, Melzner et al., 2011; Li
et al., 2015), and thus, the energetic reassignment due to the effect of
the castrating parasites only allows elongation and not thickening of the
shell. The shell is a structure directly related to the survival of the
mussels, for instance, to confront durophagous predators (Marin et al.,
2012). From the point of view of the survival of the parasitized host, for
instance, in cold waters, acidic and low carbonate saturation states (e.g.
the southern site, see Fig. 1), the bivalves generate longer but thin shells
(e.g., Lagos et al., 2016; Osores et al., 2017), and the survival of the host
could decrease, and thus the result of the host-parasite interaction.

Although, we did not evaluate food restrictions, this factor may also
underlie our observed results. However, there is evidence that both sites
are upwelling centers with similar productivity (Henríquez et al., 2007;
Anguita and Simeone, 2015; Pérez et al., 2016). Thus, in field mussel
populations, the trematode and environmental variables may sig-
nificantly alter the shell characteristics of the host, their growth and
survival. Whether or not this phenomenon leads to adaptive con-
sequences for the host populations is a question that requires special
consideration at each site where host-parasite combination takes place
(Lafferty and Holt, 2003). Another enigmatic point is the physiological
mechanisms of energy reallocation in the mussels-trematode system,
which should be investigated in a laboratory using a multifactorial
approach that combines environmental variables (e.g. pH, temperature,
salinity, food, etc.).

In this study, we highlight the importance of considering the en-
vironmental context when studying the host-parasite interaction. The
implications of the gigantism hypothesis can be varied. For example, at
the ecosystem level, its suppose a greater demand of calcium carbonate
for parasitized mussels, which could affect the carbonate budget at
benthic ecosystems (e.g. Mischler et al., 2016; Vennatta and Minchella,
2018). An estimate of the abundance of P. purpuratus in central Chile
and south-central Chile between 20 and 25 mm in length, showed 700
and 324 individuals in 0.02 m2 respectively (Lagos et al., Unpublished
data). If we project the prevalence recorded for each locality (11.1 and
18.5% in central and south-central Chile, respectively), yield a rough
estimation of approximately 3453 and 2664 parasitized individuals, per
square meter, respectively, would be sequestering more calcium car-
bonate than their non-parasitized counterparts of the same size. This
suggest that despite the pervasiveness of parasitism in marine ecosys-
tems, their role upon the carbonate production and cycling deserve for
further attention.
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