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Summary: Understanding phenotypic plasticity of species at different spatial scales is vital in the current context of an
increasing pace of environmental changes. Through this knowledge, it is possible to predict their potential to adapt and/or
evolve in face of new environmental conditions such as climate change, and/or to understand their ecological range expan-
sion. In Patagonian rocky salt-marshes, one of the most abundant invertebrate species is the scorched mussel Perumytilus
purpuratus. In this system, this mussel can be found inhabiting both vegetated and non-vegetated patches, which differ in
critical environmental conditions. We performed a field study evaluating whether mussels growing in vegetated patches
differ in shell shape from those growing in adjacent non-vegetated patches. We sampled individuals from both patch types
and assessed their shell shape and size using geometric morphometrics. The results showed that mussels from vegetated
patches had shells that were more dorsoventrally expanded, anterodorsally restricted and globose in shape than those from
non-vegetated patches, which showed the opposite traits resulting in a more elongated shell. The differences found could be
driven by the different conditions of temperature, desiccation rate, wave action and population density to which mussels are
exposed in each patch type. These results revealed the striking phenotypic plasticity of shell form of this native species at a
fine-grained scale, which could be one of the explanations for its success in its ecological range expansion.
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Plasticidad fenotipica en una microescala geografica: el mejillin, Perumytilus purpuratus, que habita en las marismas
rocosas de la Patagonia

Resumen: Poder comprender la plasticidad fenotipica de las especies, a diferentes escalas espaciales, es fundamental en un
contexto de crecientes cambios ambientales. A través de este conocimiento, es posible predecir su potencial para adaptarse
y/o evolucionar frente a nuevas condiciones ambientales tales como el cambio climatico, y/o entender el modo en el que se
expanden o expandieron sus rangos ecolégicos. En las marismas rocosas patagdnicas, una de las especies de invertebrados
marinos mas abundantes es el mejillin Perumytilus purpuratus. En este sistema, se lo encuentra en parches vegetados y sin
vegetacion que difieren en condiciones ambientales criticas. Mediante un estudio a campo, evaluamos si los mejillines que
crecen en parches vegetados difieren en la forma de la concha de aquéllos que crecen en parches adyacentes sin vegetacion.
Para ello, se colectaron individuos de ambos tipos de parches y se evalud la forma y el tamafio de las valvas utilizando mor-
fometria geométrica. Los resultados mostraron que los mejillines de parches con vegetacion presentan conchas mas expandi-
das dorsoventralmente, con restriccion anterodorsal, generando una forma globosa en comparacién con la de los individuos
de parches sin vegetacion. Las distintas formas encontradas podrian deberse a las diferentes condiciones de temperatura,
desecacion, accion de las olas y densidad poblacional a las que estdn expuestos los mejillines en cada tipo de parche. Estos
resultados muestran la presencia de plasticidad fenotipica en la forma de las valvas de esta especie nativa a una microescala
espacial, lo que explicaria el éxito de esta especie en su expansion hacia nuevos ambientes.
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INTRODUCTION

Phenotypic plasticity is the ability for a single
genotype to modify its phenotypic characteristics in
response to biotic and abiotic environmental conditions
(Scheiner 1993). Assessing and uncovering the under-
lying causes of species phenotypic plasticity has been
one of the main challenges of developmental biology
and evolutionary ecology (Piersma and van Gils 2011).
How populations and species respond to modified en-
vironmental conditions is critical to their persistence
both now and into the future (Fox et al. 2019). Thus, this
kind of knowledge has become increasingly important,
particularly in the current context of an increasing pace
of environmental changes (Orr et al. 2005, Kroeker et
al. 2013). Through the understanding of this species
ability, it is possible to predict their potential to adapt
and/or evolve in face of new environmental conditions,
such as changing climate scenarios and/or ecological
range expansion (Gao et al. 2018). Therefore, a cen-
tral question regarding plasticity is how and which
organismal traits will respond to environmental vari-
ation and which environmental variables will induce
those responses (Schwenk et al. 2009). Further, since
environmental variation operates at different spatial
scales, it is important to assess organism responses to
environmental variables at different spatial scales (i.e.
fine-grained and coarse-grained) (Baythavong 2011).
These approaches will help to have a more complete
and accurate insight into how the environment influ-
ences species phenotypic plasticity.

The occurrence of phenotypic plasticity is wide-
spread in a variety of taxa of marine animals (DeWitt
and Scheiner 2004, Miner et al. 2005). Exposure to
environmental variation has been demonstrated to
induce differences in a wide range of traits, including
behavioural, morphological, physiological, biochemi-
cal, chemical and life history-related traits (reviewed
by Padilla and Savedo 2013). In the case of shell-
bearing invertebrates, morphological changes consti-
tute a well-known example of plasticity being related
to different environmental pressures such as predation
(Addison 2009, Bronmark et al. 2011, Scherer et al.
2016), competition (Covich 2010, Peyer et al. 2016,
Bourdeau et al. 2015), and those imposed by abi-
otic conditions (Melatunan et al. 2013, Marquez et al.
2018). Particularly, mussels are known to exhibit a
high level of phenotypic plasticity in shell morphology
(Soot-Ryen 1955, McDonald et al. 1991). For instance,
fluctuating asymmetry was found in the shell shape of
Mpytilus platensis from intertidal individuals compared
with subtidal ones, as a response to environmental
stress (Trivellini et al. 2018). Telesca et al. (2018)
found that salinity, temperature and food availability
fluctuations affect spatial patterns of shell shape vari-
ations in M. edulis and M. trossulus, lower salinities
increasing the shell elongation. The effect of food
availability and population density on shell form has
also been explored for M. edulis, which show narrow
shells with reduced food concentrations in high-density
experimental situations (Alunno-Bruscia et al. 2001).
Other environmental stressors such as substratum and

habitat type (Kirk et al. 2007, Mérquez et al. 2017),
wave movement (Steffani and Branch 2003), predation
(Seed 1969, Beadman et al. 2003, Kirk et al. 2007)
and population density (Seed 1968, Brown et al. 1976,
Cubillo et al. 2012) have been shown to induce phe-
notypic changes in many mussels species. However,
environmental influx on mussel shells is complex,
since various interacting factors may result in a variety
of shape patterns (Telesca et al. 2018). This high level
of plasticity of mussels in addition to their ecological
and economic importance has turned them into a model
system for studying phenotypic plasticity.

The scorched mussel Perumytilus purpuratus
(Lamarck, 1819) exhibits a wide distribution range,
with the presence of two phylogenetic clades (Trovant
et al. 2015) in both the Atlantic and Pacific oceans
and it spans over Chile-Peru (the northern clade) and
the Magellanic biogeographic provinces (the southern
clade, Briggs and Bowen 2013). Trovant et al. (2015)
hypothesized that the differentiation of the southern
clade originated from budding-off from range-edge
populations of the northern clade, which adapted to a
colder thermal regime with gradual expansion along
the coasts of Patagonia. A recent study along the Ar-
gentinean coasts revealed that the allometric trajecto-
ries of shell shape in P. purpuratus did not correlate
with latitudinal patterns of environmental variables
(Mérquez et al. 2018). Thus, the authors hypothesized
that the variation pattern of shell shape of this species
could be an adaptation to a specific habitat condition at
fine grained spatial scales which in turn allowed them
to expand their geographical distribution (Marquez
et al. 2018). Perumytilus purpuratus inhabiting the
Argentinean Patagonian coast provides an interesting
model system for testing that hypothesis. This mussel
dominates in abundance and coverage rocky intertidal
environments (Adami et al. 2013), such as rocky salt-
marshes (Sueiro et al. 2012), where it forms conspicu-
ous aggregations called scorched mussel beds. In the
specific case of rocky salt-marshes, which are charac-
terized by the presence of the austral cordgrass Spar-
tina densiflora Brong. (Bortolus 2010, Sueiro et al.
2011), mussels can be observed growing on both veg-
etated and non-vegetated patches (Sueiro et al. 2011).
However, while individuals from vegetated patches
show lower densities and form higher multilayer beds,
those growing on non-vegetated patches show higher
densities and form lower layer beds (Sueiro 2012).
Moreover, previous studies have shown that vegetated
patches provide shelter from desiccation and wave
erosion and reduce temperatures compared with non-
vegetated adjacent patches (Sueiro et al. 2011).

In this context, this work aimed to assess whether
the shell shape of the native bivalve P. purpuratus has
phenotypic plasticity at a fine grained spatial scale.
To achieve this goal, mussels were sampled from
vegetated and non-vegetated patches, and their shell
shape was compared. We predict that the shell shape
of individuals from vegetated patches will differ from
those of individuals inhabiting non-vegetated patches
given the differences in biotic and abiotic conditions
associated with the presence or absence of the plant.
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Fig. 1. — Map of the study area showing the distribution of the scorched mussel Perumytilus purpuratus (dashed line) and sampling sites
(crosses). At the right, photographs showing a rocky salt-marsh and details of the sampled patches.

MATERIALS AND METHODS

Fieldwork was performed in two rocky salt-
marshes with similar physiognomy located on Golfo
Nuevo coasts (Chubut, Patagonia-Argentina): Ca-
sino (42°36’S, 64°50’W) and Ambrosetti (42°50’S,
64°50°W, Fig. 1). A total of 822 bivalves were sampled
from vegetated and non-vegetated patches (Casino
vegetated, n=209, non-vegetated, n=217; Ambrosetti
vegetated, n=194, non-vegetated n=202; Fig. 1). The

Fig. 2. — Landmark (black dots) and semi-landmark (grey dots) con-
figuration to capture the outline shell shape of the scorched mussels
Perumytilus purpuratus. Scale bar = 1 cm.

distances between those patches were no longer than
one metre. The mussels were dissected and their shells
carefully cleaned and dried. For analysis, only right
shells were considered to avoid redundant information
in symmetric structures. Each shell was oriented with
its inner surface parallel to the plane of scanning and
then digitized with an Epson Perfection v350 scanner
with a 600 dpi resolution (Fig. 2).

Geometric morphometrics data

The landmark configurations on the images were
digitized using a software series named TPS (Thin
Plate Spline, Rohlf 2004). All individuals were digi-
tized by one observer (YGG) using the module Tps-
Dig2 (Rohlf 2016a). Landmarks are reference points
that are homologous among individuals (Zelditch et al.
2004) and allow the shape of the structures under study
to be captured. To capture contours between landmarks
we used semi-landmarks, which are then homologated
mathematically in an iterative process (“sliding”) us-
ing the module TpsRelw (Rohlf 2016b) by means of
an algorithm which minimizes the bending energy of
the TPS function (Mitteroecker and Gunz 2009). We
captured the shell shape using the following four land-
marks: (1) umbo located on the anterior end; (2) the
joint of the ligament with the dorsal contour; (3) the
maximum posterior bend; and (4) the intersection of
the dorsal contour at 90° of the line formed between
landmarks 1 and 2. In addition, 40 semi-landmarks
were used to determine the outlines along the shell.
The 10 first semi-landmarks (5-14) were located
between landmarks 1 and 2; the second 10 (25-34)
between landmarks 3 and 4; and the last 10 (35-44)
between landmarks 4 and 1. The same landmark and
semi-landmark configuration (Fig. 2) was used in P.
purpuratus by Marquez et al. (2018).

With Morphol software, the dataset with coordi-
nates of the aligned individuals was subdivided using
classifiers as vegetated or non-vegetated rocky intertid-
al areas per site. The effects of rotation, translation and
scale were eliminated by Procrustes analysis (Rohlf
and Slice 1990). We used the Procrustes coordinates
as shape variables to perform the multivariate statisti-
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Fig. 3. — Mean and standard error of shell size (centroid size) of the
scorched mussel Perumytilus purpuratus sampled from vegetated
(V) and non-vegetated (NV) patches in two rocky salt-marshes.

cal analyses (Klingenberg 2011). The centroid size of
individuals, defined as the square root of the sum of
the squared deviations of landmarks from the centroid
(Bookstein 1991, Zelditch et al. 2004), was used as a
proxy for shell size.

To evaluate and correct the putative allometric
effect (change in the shape associated with size incre-
ment), a multivariate regression of shape on centroid
size variables was performed (Bookstein 1991, Mon-
teiro 1999) for each rocky salt-marsh. To evaluate the
independence between the shape and size variables,
we carried out a permutation test with 10000 rounds
(Bookstein 1991, Zelditch et al. 2004). Centroid size
was examined using a two-way analysis of variance
that included the fixed effects of habitat (vegetated
and non-vegetated) and site (Casino and Ambrosetti
rocky salt-marshes) and any interaction between them.
Centroid size and model residuals were examined for
normality and homoscedasticity. Principal component
analysis was carried out to arrange the individuals on
maximum shape variation axes in order to be able
to describe this variation. Finally, to find the shape
components that maximize the separation between
vegetated and non-vegetated patches, a discriminant
analysis was performed, and the difference between
means was tested by the T? Hotteling test with 1000
permutations.

RESULTS
Variation in shell size and shape

The effects of habitat and site on centroid size
were statistically significant, with mussels from non-
vegetated patches showing higher values than those
from vegetated patches (Fg,;;=19.02, p<0.001) and
mussels sampled from Ambrosetti showing higher
centroid size than those from Casino rocky salt-marsh
(Fs21.1y=120.21, p<0.001; Fig. 3). The interaction term
was not significant (p=0.35).

The presence of allometry in the individuals
obtained from the two intertidal areas was proved
(p<0.0001; Fig. 4). Therefore, the shell shape analyses
were continued using the residuals of the multivariate
regression. This eliminated the allometric component,
which showed a 8.76% shape variation due to size
change. The same allometric pattern was observed at
the two sites; the smaller individuals had round shapes
characterized by a longitudinal compression with a
dorsal-ventral widening, while the bigger ones had
slender shells with a longitudinal elongation and a
dorsal-ventral compression (Fig. 4).

The allometric-free shell shape variations were
summarized in a scatter plot for the first three principal
component scores, which accounted for around 85%
of the total variation; the other principal components
were not taken into account because their contribu-
tion to variation was less than 5% (Fig. 5) (Zelditch
et al. 2004). Individuals from Casino and Ambrosetti
showed the same variation pattern in morphospace
(Fig. 5). Individuals at the positive extreme of PCI,
which was associated with globose shape, had an ex-
pansion in the dorsal-ventral area, a ventral displace-

Casino rocky salt-marsh
015 NV

Regrassion score!
-
8

Centroid Size

Ambrosetti rocky salt-marsh
015 NV

Regression score1

40 45 ] 55 60 B5 70
Centroid Size

Fig. 4. — Regression of shell shape onto centroid size, illustrating
allometric growth of shape of the scorched mussel Perumytilus
purpuratus sampled from vegetated (V) and non-vegetated patches
(NV) in the Casino and Ambrosetti rocky salt-marshes. The 95%
equal frequency ellipses are shown for vegetated (V) and non-veg-
etated (NV) patches and represent that each point has a probability
of 0.95 of falling within the ellipse. The shell diagrams represent the
shape change predicted from the average shape (grey wireframe) to
an increment of 30 scale factor of centroid size (black wireframe).

SCI. MAR. 84(4), December 2020, 393-401. ISSN-L 0214-8358 https://doi.org/10.3989/scimar.05040.16A



Phenotypic plasticity in the shell shape of P. purpuratus « 397

Casino rocky salt-marsh NV Ambrosetti rocky salt-marsh
0.10 010
S 0.05 N0.05
= &
] ‘™
'-.‘ O o .
| & 0.00 a 0:00
-0.05 -0.09
0.10 0.10,
__0.05 __0.05
R X
3 &
©20.00 I:_-'o_go
o ~
\ 0-0.05 0005
-0.19 01

.15 -0.10 -0.05 0.00 0.05 0.10 0.15 "-0.15 -0.10 -0.05 0.00 0.05 0.10
PC 1 (62.84%) PC 1 (59.3%)

Fig. 5. — Principal component analysis of shell shape of the scorched mussel Perumytilus purpuratus sampled from vegetated (V) and non-

vegetated (NV) patches in the Casino and Ambrosetti rocky salt-marshes. The percentages of variance explained by principal component axes

(PC) are in parentheses. The 95% equal frequency ellipses are shown for vegetated (V) and non-vegetated (NV) patches and represent that

each point has a probability of 0.95 of falling within the ellipse. Polygon graphs represent the global mean shape (grey outlines) to the extreme
shape (black outlines). This displacement is represented by a scale factor of 0.15 and —0.15 for the two locations equally.
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Fig. 6. — Discriminant analysis of shell shape of the scorched mussel Perumytilus purpuratus sampled from vegetated (V) and non-vegetated

patches (NV) in the Casino and Ambrosetti rocky salt-marshes. The classification of discriminant frequencies predicted by the iterative cross-

classification analysis between vegetated patches (grey bars) and non-vegetated patches (black bars) are shown. Strong grey bars show the
overlap. For better visualization, the changes are exaggerated by a scale factor of 3.
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Table 1. — Differences between means for shell shape of the

scorched mussel Perumytilus purpuratus sampled from vegetated

(V) and non-vegetated (NV) patches in Casino and Ambrosetti
rocky salt-marshes.

Site Hotteling T? Me(lil)alanobis P value
istance

Casino V vs NV 331.3 1.8 0.0001

Ambrosetti V vs NV 196.1 1.4 0.0001

ment towards the posterior part, a posterior constriction
and a slight displacement towards the anterior part in
the ligament insertion. In contrast, individuals towards
the negative extreme showed a speculate shell shape
variation. Individuals located at the positive extreme
values of PC2 had a shortening in the umbo area with
a slight displacement towards the anterodorsal part and
an expansion in the posterior dorsal-ventral area. On
the contrary, individuals from the negative extreme
showed an elongation of the umbo and a slight dis-
placement towards the ventral area with a shortening
in combination of the posterior dorsal-ventral area. Fi-
nally, individuals at the positive extreme of PC3 were
globe-shaped with ventral widening and a slight con-
traction in the posterior zone. In contrast, the individu-
als at the negative extreme were elongated, ventrally
compressed and widened in the posterior zone (Fig. 5).

For both rocky salt-marshes, the discriminant
analysis showed that shell shape ranges were differ-
ent between vegetated and non-vegetated patches in
a similar way. The mean shell shapes from vegetated
patches were significantly different from those from
non-vegetated patches (Table 1; Fig. 6). The mean shell
shape from the vegetated patches were more dorsoven-
trally expanded, anterodorsally restricted and globose
in shape than those from non-vegetated patches.

DISCUSSION

In the present field study, we found that the shell
shape of the native mussels Perumytilus purpuratus
inhabiting Patagonian rocky salt-marshes varies if
they grow at vegetated or non-vegetated patches. In
these rocky salt-marshes, the presence of vegetation is
conspicuous, the native cordgrass Spartina densifloras
being the most abundant plant species (Bortolus 2010,
Sueiro et al. 2011). The presence of this cordgrass,
which is considered a bioengineer organism, modifies
the three principal physical factors (temperature, desic-
cation rate, and wave exposure) that influence the body
size and shape of intertidal organisms (Levinton 2001)
with respect to adjacent non-vegetated patches (Sueiro
et al. 2011). Consequently, mussels growing within
vegetation experience different environmental condi-
tions than those growing on non-vegetated patches.
Likewise, given the presence on vegetated patches of
stems and leaves, which may offer shelter from preda-
tors, predation risk may be different from that on non-
vegetated patches. Furthermore, mussels within veg-
etated patches grow in lower densities and form beds
several layers thick (a mix of individuals and sediment
trapped by the plants), while individuals growing on
non-vegetated patches have higher densities and form

beds of no more than two thin layers (Sueiro 2012).
Thus, several ecological factors differ between the two
patch types inhabited by the mussels, and any one or a
combination of them could be driving the variation in
their shell form. Below we discuss in more detail the
main finding of our study.

Mussels sampled from vegetated patches have an
ecomorph in which the shells are more dorsoventrally
expanded, anterodorsally restricted and globose in
shape than those from non-vegetated patches, which
showed the opposite traits, resulting in a more elon-
gated shell shape. These findings are in line with those
of several studies showing how differences in biotic
and abiotic environmental variables can affect the shell
form of mussels (Seed 1968, Bergstrom and Linder-
garth 2016, Telesca et al. 2018). For instance, tempera-
ture is a critical abiotic factor influencing a number of
the biological processes that could drive differences in
shell morphology of several mussel species (Peyer et
al. 2016, Fitzer et al. 2015).

The mechanisms by which temperature affects shell
morphology are not entirely known. However, some
authors have proposed that variation could arise from
differences in physiological processes that are directly
or indirectly involved in shell morphology, such as
crystal morphology and growth (Wilbur and Saleuddin
1983), mineralization of shells (Barbariol and Razouls
2000, Stoeckmann 2003, Mestre et al. 2009) and/or
water retention (Helmuth 1998). In our study, individu-
als of P. purpuratus exposed to higher temperatures
(non-vegetated patches) showed a more elongated shell
shape than individuals exposed to lower temperatures
(vegetated patches). This result could be related to
the notion that elongated shell shapes retain a greater
volume of extra-corporeal water than spherical ones,
which in turn may ameliorate thermal stress under
higher temperatures (Kirby and Bayne 1994). Further,
this shell shape may compensate for higher water loss-
es imposed by the higher desiccation rates experienced
by individuals from vegetated patches compared with
those experienced by individuals from non-vegetated
patches. Another abiotic variable known to have a pro-
found effect on mollusc shell shape is wave exposure
(Steffani and Branch 2003). For mussels in exposed
habitats, where high hydrodynamic forces are imposed,
a more compact shell morphology has been reported
than those observed in mussels in sheltered habitats
(Steffani and Branch 2003). These observations there-
fore support the find of our study that mussels exposed
to higher wave action showed a slenderer shell than
mussels within vegetated patches.

Regarding biotic factors, although predation risk
has not been measured in the study system, it is worth
mentioning that Patagonian rocky shores are consid-
ered one of the most physically demanding intertidal
habitats (Bertness et al. 2006). Numerous studies have
suggested that their communities are overwhelmingly
driven by their extreme physical conditions instead
of predation effects (Bertness et al. 2006, Hidalgo et
al. 2007, Silliman et al. 2011) (i.e. a bottom-up pro-
cess). Therefore, predation may not play a significant
role in shell shape variation in our study system.
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However, numerous studies have demonstrated how
predation could play the main role in shell morphol-
ogy changes, especially in those environments where
this biotic pressure is key for structuring communities
(Seed 1969, Beadman et al. 2003, Kirk et al. 2007).
On the other hand, population density is probably the
most significant biotic factor affecting shell shape of
P. purpuratus. As mentioned, individuals growing in
higher densities and forming thin-layer beds (i.e. non-
vegetated patches) were elongated in shape. It is likely
that population density through physical compression
by surrounding individuals could become a restric-
tion to increase in lateral directions, determining that
mussels increase in length and tend to be narrower.
Conversely, mussels in less crowded conditions (veg-
etated patches) were not exposed to that type of lateral
compression, so they did not develop a shell with a re-
stricted dorsal-ventral shape but rather a globose shape.
It is well known that shell form is greatly influenced by
population density (Brown et al. 1976, Alunno-Bruscia
et al. 2001). These findings agree with those of sev-
eral studies reporting that high compression leads to
an elongate shape, whereas low compression results
in more triangular shape in mussels (Seed 1968, 1973,
Brown et al. 1976). Analogous situations have been
found in oysters (Tanita and Kikuchi 1957, Chinzei et
al. 1982), clams (Ohba 1956, Cigarria and Fernandez
1998), tunicates (Paine and Suchanek 1983) and barna-
cles (Bertness et al. 1998).

Several environmental factors could be driving
the differences observed in P. purpuratus shell shape,
which highlight that the influence of biotic and abiotic
environmental variables in shell morphology is com-
plex. The factors affecting the shell shape are probably
many and not mutually exclusive. Our results have re-
vealed the striking phenotypic plasticity of shell form
of this native species at a fine-grained scale. Shell mor-
phology has functional and fitness consequences that
may limit the distribution of molluscs (Levinton 2001).
Thus, developmental plasticity of this trait in response
to different environmental conditions might facilitate
its colonization of new habitats. The plastic response
observed in P. purpuratus could be one of the explana-
tions for the success of this species in its ecological
range expansion (Trovant et al. 2015). In fact, previous
studies have hypothesized that the variation pattern of
shell shape of this species could be an adaptation to a
specific habitat condition at fine-grained spatial scales,
which in turn allowed them to expand their geographi-
cal distribution (Marquez et al. 2018). Thereby, in the
context of geographical distribution, understanding
phenotypic plasticity of species is important in order
to get a more complete understanding of how species
expand their ecological ranges.
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