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Abstract Shells of the ribbed mussel Aulacomya
atra from the Patagonian gulfs of San Matias and San
José (Argentina) are commonly bored by polydorids
and covered by serpulids and crustose coralline algae.
As the co-occurring mussel Mytilus edulis is neither
bored by polydorids nor covered by coralline algae, we
hypothesize that early or previous calcareous growth
would favour larval settlement and boring by poly-
dorids. Generalized Linear Model analyses showed
that polydorid boring is indeed positively correlated
with the abundance of serpulids and crustose coralline
alga. Infestation by polydorids is higher in larger,
older ribbed mussels due to their correspondingly
higher available area for larval settlement. Increasing
polydorid infestation adversely affects the condition
index of A. atra.
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Introduction

Both wild populations and marine cultured molluscs
are often covered by epibionts, such as algae, sponges,
bryozoans, barnacles, other molluscs, ascidians and
polychaetes (Carraro et al., 2012). There are many
reports of coralline algae influencing larval settlement
or recruitment of encrusting or boring species. Such
interspecific interactions may cause negative (Smyth,
1988, 1989; Steele, 1998) or positive (Gee, 1965;
Morse & Morse, 1984; Pearce & Scheibling, 1988;
Rowley, 1989; Whalan et al., 2012) effects.

The ribbed mussel Aulacomya atra (Molina, 1782)
is exploited by artisanal fisheries along the Patagonian
coasts (Ciocco et al., 1998). Polydorid infestation is a
matter of increasing concern for regional shellfisheries
(Ciocco et al., 2006). Diez et al. (2011) have recently
reported the polydorid polychaetes Polydora rickettsi
Woodwick, 1961 and Dipolydora cf. giardi (Mesnil,
1896) boring into shells of A. atra, which are often
covered by crustose coralline algae and serpulid tubes.
A similar positive correlation between the presence of
shell boring mytilid Leiosolenus patagonicus (d’Or-
bigny, 1842) and the boring polychaetes P. rickettsi,
Dodecaceria cf. choromyticola Carrasco, 1977 and
Caulleriella cf. bremecae Elias & Rivero, 2008 was
also locally observed on the oyster Ostrea puelchana
d’Orbigny, 1842 (Diez et al., 2014). As the co-
occurring mussel Mytilus edulis Linnaeus, 1758 is
neither bored by polydorids nor covered by the algae,
we hypothesize that such biogenic calcareous growth
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would favour Ilarval settlement and boring by
polydorids.

By using a generalized linear model (GLM)
analysis, we test the prediction that polydorid infes-
tation and the presence of epibiont (expressed by the
abundance of serpulid polychaetes and percent cover
by the algae) are positively correlated on shells of A.
atra and affected by geographic location and average
shell length.

Materials and methods
Study area and sampling

San José is a shallow, semi-enclosed gulf (817 km?;
mean depth 30 m) located on the northern Patagonian
coast in Argentina. It opens to the north into the much
larger San Matias Gulf (18,000 kmz) through a narrow
(6.9 km) mouth (Amoroso et al., 2011). During
January 2012, 186 specimens of A. atra were collected
at Puerto Lobos (42°S, 65°01'W) in the San Matias
Gulf and 164 specimens at Larralde (42°45'S,
65°02'W) in the San José Gulf, northern Patagonian
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Fig. 1 Aulacomya atra (Bivalvia, Mytilidae) sampling sites in

northern Patagonian gulfs: Puerto Lobos (San Matias Gulf) and
Larralde (San José Gulf), Argentina
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coast (Fig. 1). The ribbed mussels were collected by
scuba diving at about 15 m depth, taken to the
laboratory and maintained in aquaria with aerated
seawater until processing (up to 48 h). Maximum
valve length (mm) was measured, and the valves and
soft parts were separately weighted to calculate the
condition index (Lucas & Benninger, 1985).

Valves were examined under a stereomicroscope,
and the presence of polydorids serpulids and the cover
algae was recorded per individual. The abundances of
polydorids and serpulids were calculated as the
number of specimens and tubes, per individual,
respectively. Percent cover by the algae was deter-
mined using the Image J software on photographs of
each individual, and it was estimated as follows: O:
clean (absence of algae), 1: very slight (up to 20% of
cover), 2: slight (up to 40%), 3: moderate (up to 60%),
4: heavy (up to 80%) and 5: very heavy (up to 100%).

Both the presence/absence (binary data) and abun-
dance of polydorids (count data) as response variables
were evaluated by GLMs with binomial distribution
with a logit link function and Poisson distribution with
a log link function (Agresti, 2007), respectively.
Different models were used to test these variables
with regard to the predictor variables: locality, shell
length, host condition index, abundance of serpulids,
intensity of the algae infestation and the interaction
between these two epibionts. The Akaike information
criterion (AIC) was used to determine the best model
for the analysed dataset. Model selection was per-
formed with an IT approach using the AIC and model
averaging (Grueber et al., 2011). The AIC values and
the AIC for small samples (AICc) were calculated for
each model. From the AICc differences (Di), where
Di = AICCi-AICCmin, Akaike weights (wi) (Akaike,
1978) were obtained for all candidate models. Models
were ranked by their wi values for each dataset. The
model with the highest wi was considered the one with
the best supporting data. Model averaging was calcu-
lated using candidate models, which together account
for the 95% confidence level. The top model set was
averaged using a zero method (Symonds & Moussalli,
2011), where the best AIC model was not strongly
weighted. The global model was performed in R (R
Development Core Team, 2012) and the standardized
function to input variables is available within the ‘arm’
(Data Analysis Using Regression and Multilevel/
Hierarchical Models) package (Gelman et al., 2009).
Model selection and averaging were calculated with
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the MuMIn package (Barton, 2009). The predictor
variables in the top models were reported with their
relative importance weights, model-averaged param-
eter estimates, unconditional standard error and 95%
confidence intervals. Results were expressed in terms
of odds ratios. The odds were calculated as the
exponential of the coefficient of each parameter
corresponding to the averaging model.

Results

The presence and abundance of polydorids and crustose
algae were higher in A. atra valves from San José Gulf
than in those from San Matias Gulf. Conversely, valves
of A. atra with serpulid polychaetes were more
prevalent in San Matias Gulf (Table 1).

The presence of polydorid was positively correlated
with the abundance of serpulid polychaetes and the
percent cover by the algae (Table 2). Polydorids were
often reported boring into the serpulid tubes and the
algae (Fig. 2). The model analysis resulted in six top
models with AQAIC < 2 of the best model (Table 2).
Serpulid abundance and the percent cover by crustose
algae emerged as the most robust predictor variables,
with relative importance weights of 1.00 and a 95%
confidence interval that did not include zero (Table 2).
The probability of finding a ribbed mussel shell bored
by polydorids was 12 times higher in a valve heavily
covered by crustose algae than in a “clean” valve
(Table 2).

Polydorid abundance was also related to geo-
graphic location, shell length and condition index of
the host. Model analysis resulted in three top models
with AQAIC < 2 of the best model (Table 2), and all
explanatory variables considered in the global model
were included in at least one model in the top model
set. Geographic location, condition index and shell

length were the most robust predictor variables, with
relative importance weights of 1.00 and a 95%
confidence interval bounded away from zero
(Table 2). The probability of finding a ribbed mussel
hosting more polydorids in the San José Gulf was 0.3
times higher than in the San Matias Gulf. Polydorid
abundance also increased with increasing shell length
(Fig. 3). It would show for Puerto Lobos that
irrespective of shell length, the polydorid abundance
would be low, whereas for Larralde, there would be a
clearer relationship between size and number of
worms (Fig. 3).There was a negative relationship
between condition index and polydorid abundance
(Table 2), indicating a poorer physiological condition
in infested ribbed mussels (Fig. 4). However, serpulid
abundance was not significantly related to polydorid
abundance since it had a lower relative importance
weight (0.78) and its confidence interval included zero
(Table 2).

Discussion

GLM analyses showed that polydorid boring is indeed
positively correlated with the abundance of serpulids
and crustose coralline algae on the shells of A. atra.
Adults of many species of Polydora are known to bore
into various calcareous substrata, including shells of
commercially valued molluscs, such as oysters, scal-
lops and mussels (Blake & Evans, 1973; Sato Okoshi
& Takatsuka, 2001; Radashevsky et al., 2006; Cre-
monte, 2011). Polydorids are known even to inhibit
the settlement of other organisms with calcareous
structures, such as serpulid polychaetes (Martin &
Britayev, 1998) and coralline algae (Hartman, 1969;
Blake, 1975). We present and discuss a distinct
interaction pattern, in which polydorid infestation
was positively related to the abundance of serpulid

Table 1 The shell length range (in mm), presence (P) and abundance (A) (mean followed by range in parenthesis) of epibiont organisms
on the ribbed mussel Aulacomya atra from San Matias and San José gulfs, Northern Patagonian coast, Southern Atlantic Ocean

Locality N Shell length

mean (range)

Puerto Lobos (San Matias Gulf) 186
Larralde (San José Gulf) 164

89 (61-133)
99 (77-122)

Polydorid polychaetes Serpulid polychaetes Crustose
coralline
algae

P (%) A P (%) A P (%)

0.4 (0-8) 92 10 (0-67) 87
3 (0-53) 79 9 (0-122) 91
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Table 2 Predictor variables from top models for each response variable in the ribbed mussel Aulacomya atra

Response Parameter Coefficient Adjusted Confidence Relative
SE Interval importance
The presence of Intercept —3.1700 0.786 —4.710 —1.630
polydorid Percent cover 1 by algae 1.4200 0.889 —0.319 3.170 1
polychaetes Percent cover 2 x by algae 2.2000 0.852 0.526 3.870 1
Percent cover 3 x by algae 1.9800 0.890 0.232 3.720 1
Percent cover 4 x by algae 2.0900 0.919 0.293 3.900 1
Percent cover 5 x by algae 2.4800 0.811 0.892 4.070 1
Geographic location —0.2420 0.308 —0.847 0.362 0.54
Condition index 0.0658 0.177 —0.281 0.413 0.27
Abundance of serpulids* 1.0100 0.318 0.391 1.640 1
Shell length 0.0457 0.167 —0.282 0.374 0.22
Abundance of Intercept —0.32300 0.467 —1.2400 0.593
polydorid Percent cover 1 by algae —0.03790 0.545 —~1.1100 1.030 0.25
polychaetes Percent cover 2 by algae 0.00676 0.481 ~0.9490 0.936 0.25
Percent cover 3 by algae 0.07690 0.455 —0.8140 0.968 0.25
Percent cover 4 by algae 0.04050 0.538 —1.0100 1.090 0.25
Percent cover 5 by algae 0.26100 0.571 —0.8580 1.380 0.25
Geographic location* —1.21000 0.401 —2.0000 —0.425 1
Condition index* —0.75900 0.315 —1.3800 —0.143 1
Abundance of serpulids 0.18700 0.149 —0.1050 0.479 0.78
Shell length* 0.81000 0.398 0.0296 1.590 1

Coefficient estimates, their unconditional standard error (SE), 95% confidence interval (CI) and relative importance weights (w(i))
after model averaging are shown for each variable. Variables with * have a 95% confidence interval bounded away from zero
(significant results). Percent cover O by the crustose coralline algae and Puerto Lobos geographic location were the reference category

polychaetes and crustose algae. The evidence of a
relationship between larval settlement and the pres-
ence of coralline algae has been well documented
(Gee, 1965; Rodriguez et al., 1993; Roberts et al.,
2010). Additional calcareous substrates provided by
serpulid tubes would further increase the available
surface area, favouring the settlement of polydorids
with added protection on the ribbed mussel shells. The
settlement of polychaete larvae may be triggered by
chemical cues produced by coralline algae (Gee, 1965)
or by the microbial film on the algal surface (Lau &
Qian, 2001). Rough surfaces are known to attract more
clam larvae than smooth-surfaced tiles (Neo et al.,
2009). Day & Blake (1979) have also reported that
larval settlement of Dipolydora giardi is induced by
previously settled worms or by crustose algae, among
other offered substrates. Smyth (1989) showed that
infestation by Polydora sp. occurs randomly on
gastropod shells heavily encrusted by corallines. Thus,
our own observations strongly suggest that the

@ Springer

preference of polydorids for A. atra valves, contrary
to what happens with Mytilus edulis, is associated with
a previous or early calcareous cover by the algae. Such
interactions now need to be further assessed by
experimental studies of substratum preferences by
polydorid larvae.

The higher presence and abundance of polydorids
in A. atra from Larralde (San José Gulf) as opposed to
Puerto Lobos (San Matias Gulf) may be related to
varying geographic location conditions. Amoroso &
Gagliardini (2010) suggested that a combination of
circulation, tidal currents, coastal topography and
bathymetry in San José creates conditions for high
primary productivity and larval retention. The San
José Gulf is divided into western and eastern oceano-
graphic domains with distinct hydrographic regimes.
The western domain is connected with the San Matias
Gulf and is highly turbulent due to the formation of
vortexes and dipoles during the tidal cycle. The
eastern domain is less turbulent and more
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Fig. 2 Ribbed mussel Aulacomya atra shell infested by
polydorid polychaetes. A the crustose coralline alga was
removed of the upper half of the valve, showing the polydorid
polychaetes in their burrows, B crustose coralline algae (cca)
covering polydorid and serpulid tubes, C serpulid tubes bored by
polydorid polychaetes. Bar scales A1 cm, B 0.5 cm, C 0.25 cm

homogeneous, allowing for the “trapping” of terrige-
nous nutrients and marine larvae (Amoroso &
Gagliardini, 2010; Amoroso et al., 2011). Larralde is
located almost in the middle of the two domains,
slightly towards the East, where the oceanographic
characteristics would favour the time of the retention
of the polychaete larvae.

Polydorid abundance was also positively related to
the length of A. atra. Shell size is a major driver of
boring intensity (White, 1969; Diez et al., 2014), since
the longer exposure of older bivalves with corre-
spondingly larger shell areas would naturally lead to
higher infestation rates. It would show for Puerto

Fig. 3 Abundance of
polydorids polychaetes in
the ribbed mussel
Aulacomya atra versus the
shell length in A Puerto
Lobos (San Matias Gulf)
and B Larralde (San José
Gulf), Argentina
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Fig. 4 Abundance of polydorids polychaetes in the ribbed
mussel Aulacomya atra versus the condition index

Lobos that irrespective of shell length, the polydorid
abundance would be low, whereas for Larralde, there
would be a clearer relationship between size and
number of worms. Orrhage (1969) did not find P.
ciliata (Johnston, 1838) boring in shells of Litforina
littorea (Linnaeus, 1758) smaller than 10 mm. Small
abalone Haliotis shells are not infested by the sponge
Cliona celata (Hansen, 1970), and larger shells of the
snail Buccinum undatum Linnaeus, 1758 are more
likely to be infested by the barnacle Trypetesa lampas
(Hancock, 1849) than smaller ones (White, 1969).

In addition, worsening of the physiological condi-
tion of A. atra, expressed by lower condition indexes,
was significantly related to polydorid infestation
levels, a pattern also reported by Kent (1979) for
Mpytilus edulis and McDiarmid et al. (2004) for the
abalone Haliotis rubra Leach, 1814. Such negative
effect on the condition index of hosts may be attributed
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to the energetic cost involved in the deposition of extra
shell layers to repair the bored valves.

Our paper is the first to model the relationship
between surface fouling of A. atra shells with
encrusting coralline algae and serpulid shells with
polydorid infestation. We have provided sound corre-
lational evidence, through Generalized Linear Mod-
els, that a previous or early cover by calcareous
epibionts favours infestation by polydorid polychaetes
on shells of A. atra. Our models also showed that
infestation is affected by geographic location and shell
length and by its turn seems to affect the condition
index of hosts. Future experimental studies are still
needed to better assess such complex interactions.
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