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ABSTRACT
Hydrodynamics are a major environmental factor on intertidal rocky shores. Morphological responses to
this factor are expected to strongly influence spatial distribution of species across environmental gradients.
We here analysed the shell phenotypic variability of the limpet Fissurella latimarginata using geometric mor-
phometric analysis. The limpets were obtained from a sheltered intertidal coastal area and a wave-exposed
environment. To determine whether the shell shape variation of the intertidal molluscs is linked to their
resistance to differential intertidal wave exposure, mesocosm studies were developed in a hydraulic flume
to explore the effects of hydrodynamic forces on this limpet species. A unidirectional current was used to
test the impacts of step-by-step increased current flow velocities for each limpet. The phenotypic variability
observed in the populations of F. latimarginata was associated with habitats characterized by contrasting wave
exposure. Limpets from exposed environments showed a flattened, round to laterally wider and posteriorly
narrower shell shape, larger foot and higher full limpet height, and were dislodged at higher velocities. A
more laterally compressed and peaked shape was found in limpets from sheltered areas and these showed a
lower resistance to wave action by dislodging at lower velocities.

INTRODUCTION

Rocky intertidal habitats are exposed to a greater magnitude of
hydrodynamic forces (Denny & Gaines, 1990), with daily and
seasonal variations that involve changes in the degree of immer-
sion, isolation, nutrient accessibility and exposure to different
levels of wave action (Newell, 1979; Truchot & Duhanel-Jouve,
1980). These spatial and temporal variations in wave action among
environments (Helmuth & Hofmann, 2001; Dahlhoff, Stillman &
Menge, 2002) have probably influenced the evolutionary strategies
of intertidal organisms (Prowse & Pile, 2005), resulting in distinct
behavioural, morphological and physiological responses (Goodrich,
1934; Trussell et al., 1993; Carvajal-Rodríguez, Conde-Padín &
Rolán-Alvarez, 2005; Pulgar et al., 2012; Le Pennec et al., 2017).
The ability of a single genotype to express different phenotypes in
different environments, a phenomenon known as phenotypic plas-
ticity, is a common response to spatial variation in wave exposure
(Trussell, 1997; Livore et al., 2018).

The shape and size of marine molluscs may be influenced by
biological processes, such as ontogenetic changes, environment
adaptation or long-term evolutionary processes (Márquez et al.,
2015, 2018). On the intertidal shores, differences in wave energy
(Etter, 1988; Trussell et al., 1993), substrate type (Keough, Quinn
& Bathgate, 1997; Vasconcelos et al., 2020), thermal amplitude
(Harley et al., 2009; Livore et al., 2018) and desiccation (Miller,
Harley & Denny, 2009; Márquez et al., 2015; Livore et al., 2018)
are strongly related to shape and body size, determining organ-
isms’ functional limits and species distribution boundaries across
environmental gradients (Livore et al., 2018). Consequently, nat-
ural selection is expected to favour traits that lower the risk of
dislodgement on wave-exposed coasts (Trussell, 1997).

Mobile intertidal molluscs can resist dislodgement by (1) mak-
ing use of sheltered environments, (2) having a shell shape that
reduces hydrodynamic forces and (3) adhering to the substra-
tum (Trussell et al., 1993; Trussell, 1997). Thus, it has been sug-
gested that a larger shell aperture is characteristic of wave-exposed
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Figure 1. Map showing sampling locations of Fissurella latimarginata on the rocky shores of Bahía de San Vicente, Talcahuano, Chile.

environments, where the risk of dislodgement is the main selective
pressure (Boulding & Van Alstyne, 1993; Queiroga et al., 2011);
shells become smaller and thinner with a larger aperture accommo-
dating a larger foot, allowing increased adhesion to the rock, an es-
sential feature for species inhabiting environments with strong wave
exposure (De Wolf et al., 1997). The larger the foot area, the more
resistance to dislodgement due to the waves (Etter, 1988; Trussell
et al., 1993; Le Pennec et al., 2017). Differences in size and aper-
ture area also affects vulnerability to thermal stress and desicca-
tion, and variation in these morphological traits may be associated
with adjustments to wind and wave exposure across microhabitats
(Atkinson & Newbury, 1984). Although trait–environment correla-
tion may suggest a link, experimental data are needed to determine
whether a phenotype is truly responding to variation in a specific
selection pressure (Le Pennec et al., 2017).

We here focus on a mollusc that has been extensively exploited
in the intertidal and shallow subtidal seabeds of Chile, the keyhole
limpet Fissurella latimarginata G.B. Sowerby I, 1835. The limpets of
the genus Fissurella (Vetigastropoda: Fissurellidae) are considered
keystone species in coastal marine ecosystems. In Chile, they play
a pivotal role in the community structure of rocky shores (Oliva
& Castilla, 1986) and form the basis of an artisanal fishery, hav-
ing formed part of the human diet since prehistoric times (Bretos,
1988). These molluscs are under intense human pressure along
the Chilean coast and this is especially so in north and central
Chile (Rivadeneira, Santoro & Marquet, 2010). Due to their spe-
cialized life history traits, limited habitat and the impact of hu-
man activity on limpet habitats, these intertidal grazers are vul-
nerable to environmental changes (Nakin & McQuaid, 2014). We
hypothesize that populations of F. latimarginata might show pheno-
typic variability in relation to environment, with dorsal and lateral
shell shape and body morphometry varying with respect to the type

of environment (i.e. exposed vs sheltered habitats), such that shell
morphology reflects differing levels of resistance to different hy-
drodynamic regimes. Our expectation is that larger shell apertures
allow a larger area of foot to be extended out of the shell; this is
an important feature to avoid dislodgement by resistance to higher
current velocities in exposed environments. The main goals of the
present study are (1) to explore phenotypic variability in the shell
shape of F. latimarginata in relation to the environment where speci-
mens were caught and (2) to test experimentally whether the mor-
phological characters shown to be linked to the type of environment
influence the capacity of limpets to resist differential flow velocities.

MATERIAL AND METHODS

Data collection

Between April and July of 2019, a total of 140 specimens of Fissurella
latimarginata were collected from the rocky shores of Bahía de San
Vicente, Talcahuano, central Chile. The sample included a wide
range of shell sizes and the habitats sampled were characterized by
different levels of wave exposure, ranging from highly exposed habi-
tats (near Faro Punta Huálpen; 36°44′58.754′′S, 73°11′37.217′′W)
to sheltered ones (Caleta Lenga; 36°45′46.372′′S, 73°10′30.792′′W)
(Fig. 1). Individuals were transported to the UCSC-Chile Marine
Biology Station of Lenga and maintained in recirculating seawater
tanks (open ocean water-circuit system) until they were transported
to the hydraulic laboratory to assess their performance in the flume
experiments (i.e. occurred within 24 h).

Morphometry and shape

Individuals were measured for total shell length (Ls; mm), shell
width (Ws; mm) and full limpet height (foot + shell; Hl; mm) using
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PHENOTYPIC VARIABILITY IN FISSURELLA

Figure 2. Schemes for dorsal (A) and lateral (B) shell shape data collection from Fissurella latimarginata, with black circles indicating landmarks and white
circles indicating semilandmarks. In the dorsal view (A), LM1 was identified on the anterior border of the axis that corresponds to the greatest total shell
length. A system of axes equally distant in 10° was used to obtain 35 semilandmarks and these were placed on the intersection of the fan and the shell border
of each sample specimen. In the lateral view (B), LM1 and LM2 were placed on the shell apex of each limpet and a fan composed of a system of axes equally
distant in 5° was superimposed to determine the position of 35 semilandmarks.

a calliper (0.01 mm) (Supplementary Material Fig. S1). Addition-
ally, using ImageJ v. 1.53 (Schneider, Rasband & Eliceiri, 2012), we
imaged the underside of the foot of each limpet while it was crawl-
ing on a transparent surface to estimate the limpet’s foot length
(Lf; mm), foot width (Wf; mm) and foot area (Af; mm2) (Supple-
mentary Material Fig. S1). A Pearson’s correlation was applied to
determine the strength of the relationship between pairs of the con-
tinuous variables Ls, Ws, Hl, Lf, Wf and Af. As a strong correlation
was found between Ls and all the other variables (see the section on
morphometry and shape in the ‘Results’ section), the effect of size
was removed through a normalization technique used to scale data
exhibiting an allometric growth (Lleonart, Salat & Torres, 2000).
All individuals were scaled and their shape adjusted to the shape
they would have in the new allometric size (Lleonart et al., 2000):

Y ∗
i = Yi

[
X0

Xi

]b

, (1)

where Y ∗
i is the theoretical value of Y if the limpet length were X0, Xi

is the body length of the individual i, X0 is the reference body length
(mean X) and b is the allometric parameter relating the dependent
variable Yi with the independent variable X (Y = aX b) (Lombarte
& Lleonart 1993; Lleonart et al., 2000). Equation (1) converts any
observed point (Xi, Yi) into a theoretical point (X0, Y ∗

i ) in such a
way that all observations taken at different values of Xi are nor-
malized to a unique X0, maintaining the particular shape factor for
every individual (Lleonart et al., 2000). Normality of the distribution
of the normalized variables was verified through the Shapiro–Wilk
normality test. Variations in normalized variables between habitats
with differences in wave exposure were tested through a two-sample
t-test (Zar, 1996).

For shape analysis, each shell was photographed for dorsal and
lateral surfaces using a standardized and homologous shell position
for all specimens to avoid differences in the nature of the anatomi-
cal structures between specimens. Imaging was performed using a
Canon EOS 5DS R digital camera with a Canon EF 35 mm f/1.4L
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Figure 3. Scatterplot displaying the strength, direction and form of the relationship between total shell length (Ls) and the variables foot area (Af) (A), full
limpet height (Hl) (B), foot length (Lf) (C), foot width (Wf) (D) and shell width (Ws) (E) for shores with differential exposure to wave action. Exposed conditions
are indicated by black circles and sheltered environments by red triangles.

II USM lens mounted on a Manfrotto tripod MT055XPRO3 to
maintain the same distance for all samples, thus ensuring the right
angle and the adequate height to stabilize and avoid image distor-
tion. In the dorsal view, the anterior–posterior axis along the largest
total shell length distance of each specimen was identified and land-
mark 1 identified as the most distant point of the anterior margin
on the border of the shell (Fig. 2A). Then, a fan composed of a sys-
tem of axes equally distant in 10° was used to position each speci-
men along such an axis and to ensure that the hole in the apex of
each shell coincided with the horizontal line of the fan (Fig. 2A). A
tps file for each specimen was created using tpsUtil v. 1.69 (Rohlf,
2017c) and the tpsDig2 v. 2.30 (Rohlf, 2017a) software was used
to acquire x and y coordinates for 1 landmark and 35 semiland-
marks placed on the intersection of the fan and shell of each sample
specimen image. All points (at the shell border) do not necessar-
ily represent homologous landmarks from a development point of
view but can be used to objectively decompose the shell shape of
limpets (Faria et al., 2017). These points are referred to as semi-
landmarks and can be used to capture information about curvature
(Gunz & Mitteroecker, 2013). For the lateral shape analysis, two
landmarks (LM1 and LM2) were placed on the apex of the shell
(homologous in all individuals in the analysis) and the line drawn
connecting these two points served as the basis for the identifica-
tion of the semilandmarks. Each shell was then superimposed onto
a fan composed of a system of axes equally distant in 5° and cen-
tred to the middle point of LM1 and LM2 (Fig. 2B). This system
allowed the collection through tpsDig2 of 37 landmarks and semi-
landmarks for each shell (2 landmarks located on the shell apex and

the remaining semilandmarks located all along the shell border).
For both the dorsal and lateral analyses of the shell, the pictures
were individually scaled.

To remove the effect of the distortions in the position, orienta-
tion and size (Angeles et al., 2014) of the landmark coordinates, a
generalized Procrustes analysis (Rohlf & Slice, 1990; Rohlf, 1999)
was used to adjust the landmarks and eliminate differences. This
way, the configurations of the landmarks are centred, standardized
(configuration of the landmarks scaled to unit centroid size) and
rotated to minimize the Procrustes distances between homologous
landmarks (Rohlf & Slice, 1990). To calculate and eliminate the
effect of total shell length on shape (allometry), a multivariate
(total) regression of the Procrustes coordinates on centroid size
was carried out and the residuals of this regression were used as
‘size-free’ variables (Klingenberg, 2016). To assess whether shapes
differ among environments, a multivariate analysis of variance
(MANOVA) with 1,000 random permutations of the residuals
among groups for significance testing was applied. Then, relative
warp analysis of superimposed images was conducted using tp-
sRelw v. 1.67 (Rohlf, 2017b). Each relative warp axis represents
a set of specific morphological characteristics, allowing specific
morphological attributes of species to be analysed directly (Rohlf &
Marcus, 1993; Farré et al., 2016). A principal component analysis
(PCA) on the covariance matrix of the ‘size-free’ Procrustes was
conducted to quantify the variance of the warps explained by the
PC axes (Rohlf & Marcus, 1993; Mitteroecker & Bookstein, 2011).
Thin-plate spline deformation grids showing shape variation along
the PC axes were implemented (Bookstein, 1997). The PCs that
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PHENOTYPIC VARIABILITY IN FISSURELLA

Figure 4. Variation in the five normalized variables for Fissurella latimarginata from shores differentially exposed to wave action. A. Foot area (Af i). B. Full
limpet height (Hl i). C. Foot length (Lf i). D. Foot width (Wf i). E. Shell width (Ws i). Exposed habitats are indicated by black shading and sheltered environments
by red shading, with the horizontal lines within the boxes indicating the median. The dots represent the original data points.

cumulatively accounted for up to 95% of the total variation were
retained (Collar & Wainwright, 2009). Canonical variate analysis
(CVA) was carried out on the reduced PCA matrix to summa-
rize the variation between factors maximizing their distances
(Mardia, Kent & Bibby, 1979; Tuset et al., 2016). Leave-one-out
cross-validation procedure was then applied to quantify the correct
classification (Lachenbruch & Mickey, 1968). The bias of the classi-
fication was determined with the Cohen’s kappa coefficient, which
estimates the improvement over chance of corrected classification
rates (Tuset et al., 2003). All analyses and graphical representation
were carried out in the R packages geomorph v. 3.0.7 (Adams, Col-
lyer & Kaliontzopoulou, 2018) and morpho v. 2.7 (Schlager, 2017)
in R v. 3.5.2 (R Core Team, 2018); the thin spline illustrations were
obtained using PAST v. 3.12 (Hammer, Harper & Ryan, 2001).

Laboratory-controlled water flow experiments

To test whether the geometric characteristics of limpet shells influ-
ence their capacity to resist differential flow velocities, a water flume
experiment was set up. For the laboratory-controlled water flow ex-
periments, limpets were first examined for evidence of damage (e.g.
chipped shells and failure to adhere to the substrate) and only ro-
bust, undamaged individuals that could withstand attempts to re-
move them by hand from the substrate were retained for the flume
trials. These were then tagged with nail polish, placed in a unidirec-
tional current provided by a 5 m long, 0.32 m wide and 0.8 m deep
flume (see Supplementary Material Fig. S2). Individuals were accli-
matized to a gentle water flow allowing them to firmly attach to the

substrate. The flow current flume was used to test the impacts of
step-by-step increased water speed on F. latimarginata collected from
both types of habitats (sheltered vs exposed). About 1,700 l of sea-
water was transported from the Marine Biology Station of Lenga to
fill two high-speed flume tanks. Flow was generated using a pump
mounted at one end of the flume and controlled by an adjustable
speed drive (Dayton Electronic, model 6K119).

Other aspects of the experimental procedure were adapted from
Le Pennec et al. (2017). Five maximum free-stream velocities were
measured and calibrated in the central part (to minimize channel
edge effect) at about three-fourths of the flume length using a
Vectrino acoustic Doppler velocimeter (Nortek, Rud, Norway): (1)
1.48 m s−1, (2) 1.67 m s−1, (3) 2.05 m s−1, (4) 2.39 m s−1 and (5)
2.44 m s−1. These selected velocities may not attain the maximal
speeds that can occur in field conditions but cover a wide range of
typical water speed velocities, as they are much higher than those
refereed in the works of Aguirre, Garreaud & Rutllant (2014) along
south-central Chile (27–42°S; speeds in the 15–25 cm s−1 range)
and Strub et al. (2019) along the southern Chile transition region
(38–46°S; speeds of c. 5–8 cm s−1).

Specimens were placed in the central part and at three-fourths of
the flume length and their spacing was estimated and tested to avoid
turbulence interference and physical interaction between the spec-
imens. A maximum of five specimens per trial ensured that each
individual shell was being forced by parallel flow. Each group of
five specimens faced a series of three flushes with the lowest free-
stream velocity (1.48 m s−1) and each flush lasting 20 s, with 30 s
resting time between each series. Limpets remaining in the flume
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Figure 5. Plot showing PCA of Procrustes coordinates for the dorsal view of Fissurella latimarginata based on PC1 and PC2. Black dots indicate specimens
from exposed environments and red dots indicate samples from sheltered habitats. The thin-plate spline deformation grids display shell shape, which ranges
from an expanded shape (red) to a contracted one (blue); shell outlines are oriented so that the anterior portion of the shell lies on the left.

(i.e. those that were not dislodged in the first set of flushes) faced the
next level of speed of the subsequent three flushes until all individu-
als either were dislodged or had resisted the maximum free-stream
velocity of 2.44 m s−1. Each individual went through this proce-
dure three times with an increase in the duration of each flush (20,
40 and 60 s, respectively) but maintaining the 30 s resting time be-
tween each flush. Limpets that did not attach during the acclima-
tization period in the flume were removed from the analysis; this
happened with around 7% of individuals (four from sheltered envi-
ronments and six from exposed habitats).

Dimensional analysis, based on the geometric variables of the
limpet and experimental fluid and flow properties, was used, and
the flow velocity at which a limpet detaches (ud) is proposed to be a
function of the following variables:

ud = a f (v, Hd, Af, Lf,Wf, Hl, Ls,Ws ),

where ud is the velocity (m s–1) of flow at which the limpet is de-
tached, a is a dimensionless constant, v is the kinematic viscos-
ity of seawater considered constant between experiments (0.946 ×
10–6 m2 s–1), Hd is the height (m) of flow at which the limpet is re-
moved, Af is the limpet’s foot area (mm2), Lf and Wf are the length
(mm) and width (mm) of the limpet foot, Hl is the full height (mm)
of the limpet, and Ls and Ws are the length (mm) and width (mm)
of the limpet shell. The dimensionless parameter a was included
to verify the relation between the geometric characteristics of the
limpet and the fluid and flow properties with the velocity. If the
detachment velocity shows a strong correlation with the geomet-
ric variables, then the value of a should be constant, meaning that
limpet geometry, and fluid and flow properties are capable of pre-
dicting the detachment scenarios. In contrast, a nonconstant value
of a suggests the presence of a source of forcing other than those re-
lating to limpet geometry, fluid or flow (e.g. internal limpet attach-
ment forces, such as foot strength). Thus, the subsequent velocity

formulation is given by equation (2):

ud = a v

(
1

Hd

) (
Af

LfWf

)(
H 2

l

LsWs

)
. (2)

Variations in the normalized variables and in the constant a be-
tween environments with differences in wave exposure were tested
per maximal velocity resisted by a two-sample t-test.

RESULTS

Morphometry and shape

The variable Ls was strongly related to the variables Ws [exposed
(Exp.): r = 0.94; sheltered (Shl.): r = 0.92], Hl (Exp.: r = 0.83; Shl.:
r = 0.75), Lf (Exp.: r = 0.73; Shl.: r = 0.73), Wf (Exp.: r = 0.67;
Shl.: r = 0.72) and Af (Exp.: r = 0.72; Shl.: r = 0.78) regardless of
the type of environment (Fig. 3). The normalized variables Ws i, Hl i,
Lf i, Wf i and Af i obtained after removing the effect of size showed
a normal distribution (P > 0.05; Supplementary Table S1). The
morphological normalized traits Ws i (t119.13 = 14.498, P < 0.001),
Hl i (t120.95 = 8.4674, P < 0.001), Af i (t105.97 = 7.4895, P < 0.001),
Lf i (t124.68 = 7.2945, P < 0.001) and Wf i (t122.7 = 6.9208, P < 0.001)
increased towards the wave-exposed habitats (Fig. 4).

Dorsal shape analysis

The MANOVA analysis of the dorsal view of the shell revealed sig-
nificant differences in shape in relation to wave exposure environ-
ment (F = 6.025, P = 0.001) but not sex (F = 1.412, P = 0.245),
free-stream velocity (F = 1.329, P = 0.243) or centroid size (F =
1.132, P = 0.324).

A total of four PCs explained 91.4% of variance (see Supple-
mentary Material Table S1). The first two PC axes explained 36%
and 28.4% of total variance, respectively (Fig. 5). The thin-plate
spline deformation grids for the dorsal view indicate that shell shape
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Table 1. Results of the interspecific classification of the dorsal and lateral views of the shells of Fissurella latimarginata based on environmental factors and sex
and using canonical variate analysis.

Predicted group membership (%)

View Factor/actual group A B Corrected classification (%) Cohen’s kappa

Dorsal Wave exposed (A) 68.52 31.48 68.42 0.368

Sheltered (B) 31.67 68.33

Lateral Wave exposed (A) 56.10 43.86 56.90 0.138

Sheltered (B) 42.37 57.63

Sex

Females (A) 85.08 14.93 60.34 0.125

Males (B) 73.47 26.53

In bold, the assignation percentage for correctly predicted group membership.

Figure 6. Plot of the PCA of Procrustes coordinates for the lateral view of Fissurella latimarginata based on PC1 and PC2. Black dots indicate samples from
exposed environments and red dots indicate specimens from sheltered habitats. The thin-plate spline deformation grids display shell shape, which ranges
from an expanded shape (red) to a contracted one (blue); shell outlines are oriented so that the anterior portion of the shell lies on the left.

changes from a more laterally compressed and posteriorly rounded
shape to a laterally wider and posteriorly narrower one along PC1
(i.e. from left to right in Fig. 5). Specimens from sheltered environ-
ments tend to have negative PC1 scores, whereas specimens from
exposed sites are characterized by positive PC1 scores. Positive PC2
scores are correlated with shells showing a more rounded shape,
while negative PC2 scores are characteristic of shells with an oval
shape. The overall assignment of Fissurella latimarginata individuals
in their original sample was correctly classified for 68.4% of the
total number of specimens, with the rate of misclassification being
31.6% (Table 1). Cohen’s kappa was 0.368, indicating that classi-

fication efficiency was 36.8% better than would have occurred by
chance alone (Table 1).

Lateral shape analysis

Since a significant relationship was noted between shape and
centroid size (R2 = 0.884, P < 0.001, permutations = 1,000), the
residuals of the regression between them were treated as ‘size-free’
Procrustes for the subsequent analysis. The MANOVA analysis
showed significant differences in lateral shell shape with respect
to environments (F = 2.896, P = 0.024) and sex (F = 2.782, P =
0.034). PC1 explained 40.4% of total variance and revealed a high
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Figure 7. Number of individuals of Fissurella latimarginata from the two environment types in relation to the maximal water velocity resisted.

morphological heterogeneity independent of wave exposure (Fig. 6).
Positive PC1 and PC2 scores are mostly correlated with shells hav-
ing a peaked shape and a narrower and arched apertural margin, all
characters typical of specimens inhabiting sheltered environments.
In contrast, negative PC1 and PC2 scores are associated with shells
having a more flattened shape and a wider and flatter aperture;
such individuals tend to be the most predominant form in exposed
environments. However, the CVA-based interspecific classification
showed no differences between environments (overall classification
accuracy = 56.9%) and sex (60.3%), and low classification effi-
ciencies (Cohen’s kappa was 0.138 and 0.125 for environment type
and sex, respectively) (Table 1). Morphologically, females showed a
more strongly defined lateral shell shape, when compared to males,
with the overall classification accuracy being 85.1% and 26.5%,
respectively.

Laboratory-controlled water flow experiments

Given the total shell length distribution analysed in the previous
section (see Figs 3 and 4), individuals from both environments in
the length range 50–65 mm Ls were selected for the trial in the
water flume.

Limpets from sheltered areas became dislodged at the lowest
free-stream velocity implemented in the experiments (1.48 m
s−1), while limpets from wave-exposed areas were dislodged from
2.05 m s−1 upwards (Fig. 7). Nonetheless, a high number of speci-
mens (n = 60) from both coastal areas resisted the maximal velocity
applied during the experiments (2.44 m s−1) (Fig. 7). Among the
limpets that remained attached after exposure to the highest flow
velocity, 40% of them were collected from sheltered areas.

Given the absence of individuals from exposed areas dislodging
at the lowest velocities of 1.47 and 1.68 m s−1 and the low num-
ber of individuals in general in the velocities 2.05 and 2.39 m s–1

(see Fig. 7), comparisons of the normalized variables and constant
a between environments were performed only for the maximal ve-
locity resisted (2.44 m s–1). At the maximal velocity, the normalized
variables (Ws i: t48 = 11.2, P < 0.001; Hl i: t50.4 = 5.65, P < 0.001;

Af i: t63.1 = 3.90, P < 0.001; Lf i: t57.2 = 4.15, P < 0.001; Wf i: t52.5
= 2.92, P < 0.001) showed higher values in wave-exposed habitats
(Fig. 8).

The constant a showed a normal distribution (Exp.: W =
0.97751, P = 0.6928; Shl.: W = 0.93808, P = 0.1209). At the
maximal velocity resisted (2.44 m s–1), no significant differences
were detected in the constant a between environments (t46.713 =
−0.93922, P = 0.352; Fig. 9). Thus, the limpet’s geometry, and fluid
and flow properties were capable of predicting the detachment sce-
narios showing a strong correlation between the detachment veloc-
ity and the variables.

DISCUSSION

The present results support the hypothesis that populations of
the limpet Fissurella latimarginata are characterized by different
phenotypes in different environments, in this case habitats with
differential wave exposure (i.e. sheltered vs exposed environments).
Ecological studies indicate that in the intertidal zone molluscan
morphological features, such as shell shape and body size, are
modulated by the effect of wave energy (Trussell et al., 1993; Denny
& Blanchette, 2000), with higher mean total shell lengths and foot
areas having been observed in gastropods living in exposed envi-
ronments (Carvajal-Rodríguez et al., 2005; Márquez et al., 2015).
The same trend was observed here for F. latimarginata, where limpets
with wider shells, greater height and larger feet (i.e. in length, width
and area) were found in more exposed areas. Our results indicate
that for the studied species, greater attachment, as afforded by both
a larger foot and wider shells, may be an effective strategy for resist-
ing dislodgement by wave action. In sea snails, contrasting patterns
were observed (Le Pennec et al., 2017). Shorter shells are likely to
provide greater access to protected cracks and crevices and are
also likely to be associated with lower drag coefficients than larger
shells (Trussell et al., 1993; Carvajal-Rodríguez et al., 2005). Among
the traits crucial for the survival of molluscs in the hydrodynamic
conditions characteristic of the intertidal zone are foot area, the
lateral shape (i.e. compression) of the shell, the relative shell height
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Figure 8. Variation in the five normalized variables at the maximal velocity resisted (2.44 m s–1) for shores differentially exposed to wave energies. A. Foot
area (Af i, cm2). B. Full limpet height (Hl i, mm). C. Foot length (Lf i, mm). D. Foot width (Wf i, mm). E. Shell width (Ws i, mm). Exposed environments are
indicated by black shading and sheltered ones by red shading, with the horizontal lines within the boxes indicating the median. The dots represent the original
data points.

and the outer shell apertural area (see Figs 5 and 6) (Trussell et al.,
1993; Le Pennec et al., 2017). On a small scale, this segregation with
respect to shell size offers ecological advantages, allowing intertidal
molluscs to thrive across a range of contrasting habitats, resulting in
the reduction of intraspecific competition (Livore et al., 2018). This
segregation has implications for physiology and survival, with com-
pensatory processes in individuals from wave-swept habitats; these
processes are evident from the variations in the energy allocated to
growth or reproduction between individuals living in sheltered and
exposed environments (Pulgar et al., 2012). In specimens living in
sheltered habitats, it is expected that maintenance costs will be low
relative to those in specimens inhabiting exposed sites; an increase
in foot weight has been observed in limpets from sheltered envi-
ronments during winter and, although no effects on reproduction
were observed, this increase in foot weight likely enables limpets to
remain associated with the substrate (Pulgar et al., 2012).

In the present work, F. latimarginata specimens from exposed en-
vironments present a round to laterally wider and posteriorly nar-
rower shell shape with a relatively large aperture suitable for ac-
commodating a larger foot needed to ensure attachment to the
substrate. On the other hand, F. latimarginata specimens inhabiting
protected coastal areas showed a more laterally compressed and
posteriorly wider shell shape. Regarding the lateral view, the mor-
phological variability found in the studied specimens did not allow
us to differentiate between both environments nor between females
and males. In this context, it is important to note that most of the
morphometric studies on limpets are based on the dorsal view of

the shell (Reisser, Marshall & Gardner, 2012; Carreira et al., 2017;
Faria et al., 2017). In other geographic regions, limpets with a more
pointed shape were reported on shores with higher insolation and
thermal stress (Hines et al., 2017), thus with less wave action. On the
Ubatuba (Brazil) shores, the limpet Lottia subrugosa showed similar
results to the present study for foot area, where limpets consistently
showed a proportionally larger foot on exposed shores (Vieira &
Bueno, 2019). Regarding full limpet height, our result is counterin-
tuitive because one would expect a shift to lower heights in exposed
environments. However, it should be noted that we measured the
total height of the limpet and not the maximum height of the shell.
The need to avoid dislodgment is probably the main factor affecting
limpet height on the Chilean shores.

Similar patterns have been observed for Littorina obtusata and Lit-
torina saxatilis, with individuals living in different conditions of wave
exposure showing contrasting shell shape and body size (Trussell
et al., 1993; Boulding, Holst & Pilon, 1999; Trussell & Etter,
2001; Carvajal-Rodríguez et al., 2005). Le Pennec et al. (2017), for
example, have reported that a small and fragile ‘wave ecotype’ with
a more globose shape was confined to wave-swept shores, whereas
a large and robust ‘crab ecotype’ with a more elongated shape
was found on less exposed shores. The presence of rounded shells
with a wide aperture (more oval shape) in wave-exposed coastal
areas may be due to physiological reasons, since larger muscles
are needed to ensure attachment to the substrate in areas subject
to harsh conditions (Goodrich, 1934; Wu, 1985; Trussell, 1997).
In contrast, shells with a more conical shape may accommodate
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Figure 9. Variation in the constant a at the maximal velocity resisted (2.44 m s–1) for shores differentially exposed to wave energies. Exposed habitats are
indicated by black shading and sheltered environments by red shading, with the horizontal lines within the boxes indicating the median. The dots represent
the original data points.

a larger body but a relatively smaller foot, an adaptation to
sheltered environments, as has been shown in intertidal littorinids
(Queiroga et al., 2011).

Our results shed light on the direction and magnitude of phe-
notypic variability in F. latimarginata populations in relation to the
resistance of individuals from both sheltered and exposed environ-
ments to dislodgement. Limpets from exposed environments were
dislodged at higher velocities and these were associated with a later-
ally wider and posteriorly narrower shell, a shape that can accom-
modate a larger and wider foot and can thus make possible a larger
contact area between the limpet and the substrate. In sheltered ar-
eas, limpets were dislodged at lower velocities, showing a lower re-
sistance to wave action; our results show that these limpets were
characterized by a more laterally compressed and peaked shape,
and a smaller foot area that decreases the contact area with the
substrate (i.e. to prevent water loss). Nonetheless, a high number of
limpets from sheltered environments resisted the maximal velocity
used in our study (2.44 m s−1). This may be a consequence of the
season when sampling was carried out. All the specimens used in
the water flume experiments were collected in autumn and winter.
As indicated previously, the foot weight in limpets from sheltered
environments may increase during the winter (Pulgar et al., 2012),
thus increasing their resistance capacity to wave action. Although
significant differences in Af i, Lf i and Wf i were found between en-
vironments for the maximum velocity resisted, a clear overlap was
observed (Fig. 8); this again is in agreement with foot weight in-
creasing in the winter.

Our results show that F. latimarginata is locally adapted to the
wave-swept conditions typical of exposed shores on the Chilean
coast. Several traits, especially foot area and limpet full height, as
well as the shell shape, are involved in the adaptation of this species
to these environmental conditions. Interestingly, this study shows
that limpets from sheltered habitats are resistant to high levels of
wave action; this may be a consequence of possible morpholog-
ical adaptations to compensate for the differences between envi-
ronments. However, the evident difference in capacity to resist dis-
lodgement was the most important factor separating the two habi-
tats. As we have shown, the use of a flume-controlled hydrodynamic

environment was useful to differentiate between individuals from
the two habitats. The use of experiments based on channel water
flows in studies on the shell phenotypic variability of marine mol-
luscs constitutes a step forward in determining whether a pheno-
type is truly responding to hydrodynamic variations independent
of other environmental factors potentially influencing the intertidal
zone (Le Pennec et al., 2017). The present study highlights the abil-
ity of F. latimarginata to resist harsh conditions regardless of the type
of environment.

SUPPLEMENTARY MATERIAL

Supplementary material is available at Journal of Molluscan Studies
online.
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