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Abstract

Morphometric studies are approached through different methods, among them geometric morphometry, such as contours
and landmarks. These methodologies gathered with classification methods, such as linear discriminant analysis (LDA) and
principal component analysis (PCA), extract information efficiently and capture inter or intraspecific grouping. Three key-
hole limpet species—Fissurellidea megatrema, Fissurellidea patagonica, and Fissurella radiosa—were contrasted through
morphometrics: shell shape with linear morphometrics and foramen shape through elliptic Fourier analysis, and landmarks.
The broad geographic range of F. radiosa allowed additional intraspecific analysis: three sampling sites, along the Southwest
Atlantic coast (42°19'S 64°19"W—-54°48"S 68°19'W), comprising two subspecies (F. radiosa radiosa and F. radiosa tixi-
erae). The aim of this study was to evaluate which measurements most contribute to the classification of the species and to
determine if the subspecies reflected a geographic pattern in the classification methods (LDA and PCA). The LDA revealed
two linear morphological variables to differentiate between the three species and between localities of F. radiosa. For the
subspecies (F. radiosa radiosa and F. radiosa tixierae), the LDA and PCA showed a biogeographic pattern related to the
distribution (Argentinean and Magellan provinces). We concluded that the morphometrics methods and both classification
analysis (LDA and PCA) capture information at the species and subspecies level and the foramen is the principal variable
that contributes as a taxonomic tool.
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Introduction

The Argentinean coast enables the study of several marine
biogeographic aspects considering its latitudinal extension
and the variability in oceanographic conditions. Two biogeo-
graphic provinces are represented in the Argentinean coast:
the Argentinean and Magellan (Balech and Ehrlich 2008).
The Argentinean biogeographic province extends from
30°S to 41°S—44°S, where northern winds and alternation
of warmer coastal with temperate-cold waters typify this
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province; and the Magellan biogeographic province which
extends from the Peninsula Valdés to the southern boundary.
Subantarctic cold waters and strong west winds are predomi-
nant in this region (Balech and Ehrlich 2008).

The wide latitudinal distribution of many species allows
analyzing if abundance, size, and morphology are related
to this distribution. In fact, studies in marine bivalves and
gastropods have evidenced shell shape variability across lati-
tudinal gradients showing high morphometric diversity in
different coastal environments (Stanley 1970; Graus 1974;
Vermeij 1978; Trussell and Etter 2001; Watson et al. 2012).
This diversity was also associated with environmental fac-
tors such as intertidal height, wave exposure, and pollution
(Tablado and Lépez Gappa 2001; Nuiiez et al. 2012; Soria
et al. 2017).

Geometric morphometric (GM) methods allowed splitting
the shell form in its two components: shape and size, and
preserved the geometry all through the analysis (Rufino et al.
2006). Outline or contour methods have been considered
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more suitable in the study of round type objects, such as
mussels (Krapivka et al. 2007). However, recent studies
apply landmarks and semi-landmarks, which are considered
a robust method (Rufino et al. 2006; Trovant et al. 2017,
Marquez et al. 2018). In populations with a wide geographic
range, GM methods have been successfully applied, detect-
ing inter or intra-specific variations (Ferson et al. 1985;
Innes and Bates 1999; Palmer et al. 2004; Costa et al. 2008;
Van der Molen et al. 2012). Gastropods with hard shells are
a perfect model in morphological analysis based on their
contour and linear morphometrics (Costa et al. 2008).

The family Fissurellidae has a wide geographic distribu-
tion, from the subtidal (Rico and Lépez Gappa 2006) to the
intertidal zone (McLean 1984a). Fissurellidea d”Orbigny,
1841 includes 11 species. In the Southwest Atlantic Fissurel-
lidea megatrema (d’Orbigny, 1841) is distributed from Rio
de Janeiro, Brazil to Puntas Ninfas, Argentina and Fissurel-
lidea patagonica (Strebel, 1907), which shows a wider dis-
tribution along the Southwest Atlantic, from the Uruguayan
coast to the south of Tierra del Fuego, Argentina (Pastorino
1995). The genus Fissurella Bruguiére, 1789 presents 214
species. Fissurella radiosa Lesson, 1831, inhabits from
Golfo San Matias, Argentina to the south of Cabo de Hor-
nos in Tierra del Fuego (McLean 1984a). Two geographic
subspecies were described: Fissurella radiosa radiosa dis-
tributed in the Magellanic biogeographic province (south of
Chile and Argentina) and Fissurella radiosa tixierae with
distribution in Golfo San Matias and Peninsula Valdés in
the Argentinean biogeographic province (McLean 1984a).
The shell of F. megatrema is characterized by an oval and
thin shape with radial ribs, foramen elongated and broad,
while F. patagonica shows an elongated, oval, and thin shell
with radial ribs and elongate-oval foramen (McLean 1984b).
The shell’s description of F. radiosa is associated with both
subspecies: F. radiosa radiosa presents a small to a medium
shell, low to mildly elevated, raised ribs, and an anteriorly
displaced foramen with a tripartite shape (McLean 1984a).
F. radiosa tixierae displays small shells with moderate to
strong elevation and narrow ribs. Tripartite foramen, slightly
anterior displace (McLean 1984a). The size and shape of the
apical perforation, or foramen, is a relevant feature in the
shell of fissurellids (McLean 1984a).

The main goal of this study was to evaluate which
morphometric measurement was relevant in the classifi-
cation of the species: F. megatrema, F. patagonica, and F.
radiosa. We analyze the shell and foramen shape through
linear and contour morphometrics. We also carried out a
landmark analysis for F. radiosa and evaluated if there was
a geographic pattern in the foramen shape, related with
the subspecies (F. radiosa radiosa and F. radiosa tixi-
erae). This allowed a comparison between methodologies.
We hypothesize that, given the oceanographic variability
along the Argentinean coast, the subspecies would present
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a clustering related to the biogeographic provinces and the
environmental factors that characterized them.

Materials and methods
Sample sites

The samples of F. megatrema and F. patagonica were
obtained from oceanographic campaigns on the scientific
ship ARA Puerto Deseado. Individuals of F. megatrema
were collected with a trawl net at the coast of Buenos
Aires province (Mar del Plata, MDP) on August 2014
(38°35'S 54° 54'W, n=22) while F. patagonica was col-
lected at the Patagonian coast (Rawson, R), on March 2013
(43° 22'S 64°55'W, n=17) (Fig. 1). Shells of F. radiosa
were obtained from the National Collection of Inverte-
brates of the Museo Argentino de Ciencias Naturales “Ber-
nardino Rivadavia” (MACN-In). Three sites were selected
along the Southwest Atlantic coast: Golfo San José (GSJ),
Chubut (42° 19'S 64° 19'W, n=29); Puerto Deseado (PD),
Santa Cruz (47°45'S 65°53'W, n=26) and Ushuaia (U),
Tierra del Fuego (54°48'S 68° 19'W, n=19) (Fig. 1). Envi-
ronmental parameters are described in Table 1.
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Fig.1 Map of the Southwestern Atlantic Ocean and the sampling
sites. From North to South: MDP Mar del Plata, GSJ Golfo San José,
R Rawson, PD Puerto Deseado and U Ushuaia
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Table 1 Oceanographic

S Sampling sites Biogeographical Species Temperature range ~ Salinity (UPS)*
parameters of sampling sites province (°C)*
MDP Argentinean F. megatrema 10-22 33.5
GSJ Argentinean F. radiosa 10-15 33.5
R Argentinean F. patagonica 10-15 33.5
PD Magellan F. radiosa 6-12 33.5
U Magellan F. radiosa 4-10 325

Temperature range is considered for surface temperature during worm and cold periods and salinity for the
horizontal distribution of annual surface salinity

*Baldoni et al. (2015)

Fig.2 Dorsal view of the shell:
a Fissurellidea megatrema, b
Fissurellidea patagonica and

¢ Fissurella radiosa. Lateral
view of d F. megatrema, e F.
patagonica and f F. radiosa.
Scale bar=1 cm

Geometric and linear morphometry of the shell

Individuals of F. megatrema and F. patagonica were dis-
sected, the shell was removed with a scalpel, and preserved
dry. Shells of F. radiosa, obtained from the museum, were
preserved dry, categorized in bags according to the sampling
site (Fig. 2).

The Geometric morphometry of the foramen of the three
species (F. megatrema: n=22, F. patagonica: n=17 and
F. radiosa n="74) was analyzed by photographs (took with
a Sony Cyber-Shot digital camera) of the dorsal side of the
shell positioned in a black background to maximize the con-
trast (Fig. 3a).

All the images were digitized with SHAPE—Chain-
Coder software package (Iwata and Ukai 2002), binarized
to obtain a chain code, and the curves corresponded to the
contour of the foramen for each specimen. The variation of
the shell’s shape was studied by an EFA, which consists in
decomposing a curve in a sum of ellipses related harmoni-
cally (Lestrel 1997). A total of 20 harmonics were used
to characterize the contour. The shape of each shell was

Fig.3 a Fissurellidea megatrema. Measurements considered for lin-
ear discriminant analysis: total length (T1), total width (Wi), anterior
(X1) and posterior length (X2) of the shell. Foramen length (Fl),
anterior (Aw) and posterior width (Pw). b Fissurella radiosa. Land-
marks (black dots) configuration for the general Procrustes analysis
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estimated to 77 coefficients of normalized elliptic Fourier
descriptors (EFDs) (four coefficients for each harmonic,
excluding the first three that were constant). The Principal
components (PC) were obtained from this analysis.

The linear morphometry was characterized by different
measurements using photographs of the shell uploaded to
the Adobe Photoshop CS6 software. A total of eight linear
variables were studied, considering the shell and foramen:
total length (T1), total width (W1i), anterior (X1), and pos-
terior length (X2), foramen length (F1), anterior (Aw), and
posterior width (Pw) (mm, +0.001) (Fig. 3a). The height
(H) was added as a lateral view analysis and was meas-
ured with calipers (mm, +0.001). The variables obtained
through the contour and linear analysis of the shell were
studied with a Linear Discriminant Analysis (LDA). The
T1 was excluded from the analysis, since it presented a
high correlation with other variables (X1 and X2), eluding
the probability of covering up relevant information.

The images of the shells of F. radiosa were landmarked
using TpsDig2 (Rohlf 2010) and TpsUtil software (Rohlf
2016). In each shell, four landmarks were selected round
the foramen: two in the maximum length (1,3) and two
in the center (2,4) (Fig. 3b). To remove variation of size,
position, and orientation, a least-squares Procrustes super-
imposition was carried out (Rohlf and Slice 1990). The
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Fig.4 a Linear discriminant analysis for the three species. Codes: red
Fissurellidea megatrema, green Fissurellidea patagonica, blue Fis-

surella radiosa. b Linear discriminant analysis for the three distribu-
tions of Fissurella radiosa. Codes: red, Golfo San José; green, Puerto
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variables obtained were analyzed with a Principal Com-
ponent Analysis (PCA).

Multivariate statistical analysis (MANOVA) was car-
ried out for each analysis. A test of Hotelling corrected by
Bonferroni was carried out for the LDA. In both analyses
(PCA and LDA), the assumption of multivariate normality
was tested with Shapiro—Wilk’s test and homogeneity of the
covariance matrix with a test of Box. The tests with p <0.01
were considered significant.

All statistical analyses were performed using the software
R (v. 3.4.3, R Core Team, 2017) and the packages MASS
(Venables and Ripley 2002), geomorph (Adams et al. 2020),
and Morpho (Schlager 2017).

Results
Morphological analysis between species

The analysis allowed separating individuals from the three
species (Fig. 4a). The first two linear discriminants (LDs)
explained the total variability for the three species. The
LD1 accounted for 98.29% of the variability while the LD2
accounted for 1.71% of the total variability. The morpho-
metric variables showed significant differences (MANOVA,
Wilk’s 1=0.01, F, 3,=113.67, p<0.001) among species.
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Deseado; blue, Ushuaia. Linear measurements: Total length (T1), total
width (W1i), anterior (X1) and posterior length (X2) of the shell. Fora-
men length (F1), anterior (Aw) and posterior width (Pw). Ellipses rep-
resent 95% confidence level
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The most relevant variables were X1 and X2, both in LD1.
X1 (— 1.81) positioned F. megatrema (red) and F. pata-
gonica (green) to the left of the graphic, while X2 (1.48)
located F. radiosa (blue) towards the right of the graphic.

Morphological analysis among localities

The analysis allowed the separation of the individuals from
the three localities (Fig. 4b). Graphic exploration of the LDA
(Fig. 4b) and PCA (Fig. 5), showed that both methods gen-
erated a similar analysis of variance for the data. The LDA
showed that the LD1 explained 79.01% of the variability
between localities and LD2 accounted for 20.99% of the
total variability. The morphometric variables showed signifi-
cant differences (MANOVA, Wilk’s 1=0.13, F, 3=12.31,
p <0.001) between sites. The most significant variable was
H, in LD1 (- 1.53), locating individuals to the left of the
graphic (GSJ, red). Another variable with considerable
importance was X1, as well as for LD1 (1.37), locating indi-
viduals with a posterior displaced foramen to the right of the
graphic (PD, green and U, blue).

The foramen shape variation was explained with the
first two PC that accounted for 89.96% of the total varia-
tion (Fig. 5). The clustering in the morphospace showed
significant differences for the localities (MANOVA, Wilk’s
4=0.31, F, ;4=6.35, p<0.001). Individuals at the posi-
tive extreme of PC1 showed a narrower and longer fora-
men shape (Fig. 5). In contrast, individuals positioned at the
negative extreme presented the opposite shape. Individuals
located toward the positive extreme of PC2 had an anterior

displacement of the foramen, differing from the individuals
at the negative extreme, which had a posterior displacement
(Fig. 5).

The individuals of PD and U (right of LDA and PCA
graphics) could represent to F. radiosa radiosa (Magellanic
region), while GSJ (left of LDA and PCA graphics) could
define to F. radiosa tixierae (Argentinean region).

Discussion

In fissurellids, the foramen is a taxonomic tool (size, posi-
tion, shape) and its shape could also be related to different
environmental conditions. Our results revealed a distinction
between Fissurella and Fissurellidea associated with two
morphometric measurements (X1 and X2) related to the
displacement (or position) of the foramen, in the shell. F.
megatrema presents a large and oval foramen that covers
more than one third of the shell length (McLean 1984b).
The foramen in F. patagonica is smaller and occupies less
than a quarter of the shell length (McLean 1984b), while
F. radiosa presents an elliptic foramen with a central wid-
ening and a slight anterior displacement (McLean 1984a).
Although these species are taxonomically classified, our
results (obtained by linear and contour morphometrics)
allowed us to define these two measures as the most impor-
tant taxonomically.

The great variability in shell shape of F. radiosa could be
associated with the wide distribution of F. radiosa along the
southwest Atlantic coast, as well as with the classification of

PC2
0.05
1

0.00
1

-0.05

Fig.5 Principal component analysis of Procrustes analysis. The
polygons indicate each population distribution of Fissurella radiosa.
Codes: red, Golfo San José; green, Puerto Deseado; blue, Ushuaia.

Morphological changes are included with the shape deformation
along the principal component 1 and principal component 2. Codes:
blue, positive extreme; red, negative extreme
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the subspecies -embracing the biogeographic provinces- as
it was described by McLean (1984a). The LDA showed that
the most relevant measurements were the displacement of
the foramen (X1) and the height (H) of the shell, while the
PCA determined that the displacement and the width of the
foramen were relevant. Intraspecific morphological differ-
ences may be associated with the transitional environmen-
tal conditions of the provincial limits. Individuals located
in Golfo San José could be associated with wider foramen
shapes, and as the temperature decreases, this structure
becomes narrower (Puerto Deseado and Ushuaia).

Several studies revealed spatial differences in shell mor-
phology of certain species coexisting in a transition zone, or
species that present a latitudinal range distribution (Marquez
and Van der Molen 2011; Teso et al. 2011; Van der Molen
et al. 2012; Avaca et al. 2013; Rufino et al. 2013). Malvé
et al. (2018) analyzed differences considering Argentinean
and Magellan provinces in the gastropod Trophon gever-
sianus (Pallas, 1774). The variability observed in the shell
slightly increased in higher latitudes and might be associ-
ated with seawater pH. Sepulveda and Ibafiez (2012) stated a
clinal variation in shell morphology of Acanthina monodon
(Pallas, 1774) along the southeastern Pacific coast show-
ing high biogeographical and latitudinal variation. Gordillo
et al. (2011) used Elliptic Fourier Analysis for the study of
morphological variation of the venerid Tawera gayi (Hupé,
1854) showing that contours allowed to differentiate the
three species of Tawera which exhibited ecophenotypic
plasticity. We concluded that the pattern observed (through
the contour and linear analysis) in F. radiosa is seemingly
related to the biogeographical province classification and
environmental conditions, suggesting shell morphologies
connected to the transition zone.

The diversity of morphometric methods used in this study
(linear morphometrics, contour, and landmarks) enable us
to approach the same objective and compare or complement
them. The foramen results to be the most relevant variable
and we reinforce its contribution as a taxonomic tool. Future
comparative studies, incorporating localities of interest and
environmental data, could contribute to further morphomet-
ric analysis.
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