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Abstract

Environments with strong gradients in physical conditions, such as rocky intertidal, induce
animal morphological strategies to face them. The gastropod Trophon geversianus inhabit
within the intertidal and subtidal habitats of Patagonian rocky shores. Although there is a
wide knowledge of the phenotypic differences of this species regarding habitats (i.e., inter-
tidal/subtidal), little is known about the interaction between habitat and latitude. Here, we
studied form variation (size and shape) by using 3D geometric morphometric of 7. gever-
sianus shells from alive gastropods and analyzed the phenotypic effect from micro-scale
(habitat), macro-scale (latitude), and the interaction habitat-latitude (site). Lastly, we tested
the classification accuracy of the shape variable for each predictor variable and a synthetic
variable (from a cluster analysis). We found that habitats and sites had the greatest influ-
ence on shape variation. Moreover, we found that the largest shell sizes were more likely
to be located in subtidal habitats. Also, the size differences between sites were not negligi-
ble. Finally, habitat demonstrated the highest classification accuracy for shape, even higher
than genetically determined (sex) and synthetic variables. We found that the gastropods
from the intertidal habitat presented a globular morph with shorter spire and larger rela-
tive size of the shell aperture, while subtidal gastropod showed an elongated morph, with
smaller aperture and longer spire. We present evidence of the complexity of size and shape
variation in 7. geversianus, highlighting that site-dependence on shape variation must be
considered in geometric morphometrics studies at a latitudinal scale.
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Introduction

Understanding the biological and physical factors which influence patterns of pheno-
typic variation has long fascinated evolutionary ecologists (Piersma and Van Gils 2011).
Evolutionists have long maintained that plasticity is central in the origin of phenotypic
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differences between species (Jablonka and Lamb 1995), because of its implication in evo-
lution’s most fundamental events: the origin of novel, complex traits and the origin of new
species (Pfenning et al. 2010). The environment is well known to alter phenotypic traits at
different geographical scales (Rice 2012). Therefore, rigid structures of marine organisms
contain considerable information about their history, including the changing conditions of
mineralization and environmental stress or disease (Okoshi 1996). Still, the influence of
micro scales, such as habitats (intertidal-subtidal) or intertidal levels (low, middle, high
tide levels; see Raffaelli and Hawkins 2012), and macro-scales, such as latitudinal clines,
continues to be poorly understood.

In general, species with large latitudinal distributions exhibit morphological variation
that could be a consequence of local adaptation (Johannesson 1986; 1996; Partridge and
Coyne 1997; Marquez et al. 2015) or phenotypic plasticity (Bourdeau et al. 2015) to dif-
ferent physical conditions. Mollusks present intra- and interspecific phenotypic variation
that correlates with environmental gradients of space or time, and it is considered to be a
response to these gradients (Vermeij 1972; Conde-Padin et al. 2007). A seminal study on
intertidal environments in mollusks previously described a relationship between size gra-
dients and physical stressors or predation and other biotic interactions (Vermeij 1972). For
example, a positive correlation between sea temperature and shell strength was described
along the distribution of the gastropod Nucella lapillus (Vermeij and Currey 1980). In
Acanthina monodon, morphometric phenotypes were related to wave exposure and hydrol-
ogy along with the species range of distribution (Sdnchez et al. 2011). A more recent study
of shell shape variation in Lottia subrugosa suggested that factors affecting limpet mor-
phology at large spatial scales may act at smaller scales as well (Vieira and Bueno 2019).
Studies of changes in shell shape at different environmental conditions carried out in the
gastropod Littorina saxatilis are interesting examples of evolutionary works (Grahame
et al. 2006): two different ecotypes (genetically determined phenotypes associated with
certain ecological conditions) were described as living in micro-scales, separated only by
a few meters. The “crab ecotype” presented a thick and elongated shell opened by a small
aperture, while the “wave ecotype” was characterized by a shell with a more compressed
spire, larger aperture, and smaller size (Johannesson 1986; Conde-Padin et al. 2007). More-
over, Grahame (2006) found those ecotypes in different areas of the UK, Spain, and along
the Swedish coast. On a small scale, work carried out on Siphonaria lessonii described
two ecomorphotypes in the high and middle intertidal levels of the same rocky intertidal in
Atlantic Patagonia (Livore et al. 2018) related to environmental stress caused by exposure
to air, wave action and variation in temperature in the micro-scale. Also, other marine gas-
tropod species reported shell form variation in response to biological and physical factors
(Crothers 1975; Irie 2005 Supplementary data in Marquez et al. 2015). Marine gastropods
on rocky intertidal shores exhibit substantial morphological variation that is often corre-
lated with strong environmental gradients, even on very small spatial scales (Trussell and
Etter 2001).

Environments with strong gradients in physical conditions, such as rocky intertidal,
require morphological strategies to face them. Rocky intertidal are unstable environ-
ments characterized by a wide range of ultra-violet (UV) radiation, temperature, and
wind (Denny and Wethey 2001; Raffaelli and Hawkins 2012). In North Patagonia,
desiccation is an order of magnitude higher than in other intertidal areas studied in
different parts of the world, due to low local rainfall (see Table 1 in Bertness et al.
2006) and persistent dry west winds, which flow relatively unobstructed (Crespi-Abril
et al. 2018), with high persistence and intensity (Paruelo et al. 1998). The muricid
gastropod Trophon geversianus (Pallas 1776) inhabits both the intertidal and subtidal
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Table 1 Principal results of the analyses of a) size and b) shape shell data

(a) Size data (b) Shape data

Vs daf p-value F V4 df p-value
Habitat 885.66 1 <0.0001 23.69 9.30 1 <0.0001
Locality 252.33 2 <0.0001 14.60 11.22 2 <0.0001
Sex 0.007 1 0.9329 1.26 1.53 1 0.0681
Site (Hab*Loc) 208.94 2 <0.0001 15.93 13.00 2 <0.0001
Size 10.63 8.28 1 <0.0001

Estimator (F and y ?), effect size (Z), degree of freedom (df), and p-value are shown. Locality and habitat
factors represent the effect of macro and micro-scale respectively, while site is the interaction between them

habitats of northern Patagonian rocky shores. This gastropod shows a continuous dis-
tribution along the South-Western Atlantic Ocean from Buenos Aires (38°00° S; 57°
32> W) to the Burdwood Bank (54° 30" S; 60° 30’ W) (Pastorino 1994, 2005). T. gever-
sianus reproduces through egg capsules, where the embryos develop until hatching
as crawling juveniles (Cumplido et al. 2010) and exhibits different phenotypic traits
related to particular environmental factors along with its distribution. Marquez et al.
(2015) described two ecomorphotypes without genetic differences between intertidal
and subtidal environments for this gastropod. However, subsequent works that stud-
ied the same species at a latitudinal scale did not consider this phenotypic variation
at the micro-scale level, and reported two additional ecomorphotypes corresponding
to Magellan and Patagonian biogeographic provinces, a positive correlation between
size and seawater pH, and rejected the possibility of ecogeographic rules (Malvé et al.
2016, 2018). Nevertheless, the ecogeographic rules, such as Bergmann’s and Allen’s,
which express the relationship between body size and environmental temperature,
demands a great number of morphological analyses before they can be rejected or
approved (Bergmann 1848; Mayr 1956).

As we mentioned above, the influence of geographic scales on the phenotype
remains in debate. Most marine species have been assumed to be demographically
open populations that are interconnected by high gene flow (Sanford and Kelly 2011).
However, increasing evidence shows that marine populations are less connected to
each other (Palumbi 2004; Levin 2006), highlighting the importance of studies on
short-scale variations (Livore et al. 2018; Vieira and Bueno 2019). Some authors claim
that local adaptation is more common than is supposed, whereas others state that phe-
notypic plasticity is ubiquitous (Sanford and Kelly 2011; Bourdeau et al. 2015). The
incorporation of micro-scale information in latitudinal analyses could be the corner-
stone to bring light to the underlying evolutionary processes.

Therefore, our aim was to analyze the shell shape variation in T. geversianus at two
different geographic scales: across different tidal or habitat levels (micro-scale: less
than 0.3 km apart), and latitudinally (macro-scale: more than 400 km apart). Specifi-
cally, we aimed to identify the most influential geographical scales (micro vs macro)
on shell form variation of 7. geversianus. We also aimed to assess whether intertidal
and subtidal T. geversianus ecomorphotypes were represented in a latitudinal scale;
and which physical condition was most influential in morphometric variation?
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Material and methods
Study area

The study area covered three localities with environmental heterogeneity along a latitudinal
gradient (410 km straight-line) of Patagonian rocky shores (Fig. 1): Golfo Nuevo (GN; 42°
47" S-64° 57" W), Bahia Camarones (CA; 44° 53’ S; —65° 39’ W), and Comodoro Rivada-
via (CO; 45° 57°S; 67° 32°W). The semi-enclosed GN is characterized by high salinity,
higher average temperature, and weak vertical water stratification related to low water
exchange (Rivas and Beier 1989; Rivas 1990). CA is a bay open to the sea but protected
by a tombolo in the south (Schillizzi et al. 2014). The point located in CO is an open ocean
shoreface, characterized by a high flow of water, intense wave energy, and strong winds
(Labraga 1994). Each site has different environmental conditions of air desiccation and
physical stress. Annual means of air temperature, surface irradiance, precipitation, winds,
air CO,, organic carbon, sea salt, surface sea temperature and fetch were recorded to ana-
lyze the ambient heterogeneity (Supplementary information 1). All physical variables were
acquired from the GES-DISC Interactive Online Visualization ANd aNalysis Infrastructure
(GIOVANNI) available by NASA’s Goddard Earth Sciences (GES) Data and Information
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Fig. 1 Locations and number of samples: Golfo Nuevo (GN), Bahia Camarones (CA), Comodoro Rivadavia
(CO). Abbreviations IN: intertidal, SUB: subtidal
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Services Center (DISC) (https://giovanni.gsfc.nasa.gov/giovanni/), except fetch, which was
calculated following Burrows (2008) as a proxy of the wave action at coastal sites. Fetch
was defined as the unobstructed length of water, in which wind from a certain direction
can blow over. The higher the fetch incises from a certain direction; the more energy is
imparted onto the surface of the water (Harborne et al. 2006). In this work, we considered
200 km as the “transition point”, i.e., a distance where the fetch is long enough to consider
waves fully developed (Harborne et al. 2006; Burrows et al. 2008). Lastly, we present a
descriptive analysis of physical variables across localities.

Sampling

During 2016, we randomly and manually collected 272 living adults, with a total length
between 1.5 and 6 cm, (see the adult size in Cumplido and Bigatti 2020), 203 females, and
69 males of T. geversianus snails along the 3 localities, approximately the same number
from shallow subtidal (SUB) and mid intertidal level (IN) habitats (see Fig. 1 for sam-
pling details). The distance between habitats (IN and SUB) within each locality did not
exceed 0.3 km, representing the spatial micro-scale. The linear distance between the farther
locality sites was approximately 410 km, representing the latitudinal macro-scale. Snails
of SUB habitat were sampled by freediving at 5-10 m depth, whereas snails of IN habitat
were collected manually during low tides. We denoted each combination of locality and
habitat as site, i.e., GN:SUB, GN:IN, CA:SUB, CA:IN, CO:SUB, CO:IN.

Geometric morphometrics

The shape of each snail was captured by the Cartesian coordinates of a three dimensional
(3D) configuration of 17 anatomically homologous points using the same protocol as
Mirquez et al. (2015), with the inclusion of one type II landmark (Supplementary informa-
tion 2). All specimens were measured by one observer (RANV) using a Microscribe G2X
digitizer. Landmark configurations were superimposed by generalized Procrustes analysis
(Gower 1975; Rohlf and Slice 1990). This procedure translates and rotates the landmark
configurations to a common origin and scales them to unit centroid size, which is defined
as the sum of squared distance of all landmarks from their centroid (Rohlf and Slice 1990;
Slice et al. 1996). We used the centroid size (hereafter size) of each snail as a good proxy
of shell size (Rohlf and Slice 1990; Zelditch et al. 2012). To improve the visualization of
the shell shape changes in 3D data, we used a surface-based technique for warping (Klin-
genberg 2011). In Landmark Editor software (Wiley et al. 2005), we deform surfaces from
3D coordinates of the starting and target shapes exported from Morphol version 1.06¢c
(Klingenberg 2008), using the thin-plate spline function.

Design and statistical analyses

We applied a linear model using Generalized Least Squares (GLS) to analyze the effect
of the macro (locality) and micro-scale (habitat)on size. Four effects were tested: local-
ity, habitat, sex, and the interaction between locality and habitat (hereafter site effect). As
well, we modeled the heteroscedasticity by adding the sites as a constant variance func-
tion structure (Zar 1999), and then we compared variation between sites. Furthermore, we
performed post hoc pairwise comparisons (Tukey’s test) between parallel levels of the site
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effect (i.e., between localities within habitats, and between habitats within localities). We
studied the association between size and environmental factors with the correlation coef-
ficient applied on each habitat separately because environmental factors were measured for
each locality (Nakagawa and Schielzeth 2013).

To study the association between shape (Procrustes coordinates) and size we conducted
a multivariate linear regression (Bookstein 1991; Klingenberg 2011) and analyze the allo-
metric effect. Then, the shape analysis was divided into two analytical procedures: differen-
tiation and classification. First, we performed a Procrustes Analysis of Variance (ANOVA)
to analyze the difference among sites (Goodall 1991; Collyer et al. 2015). The linear pre-
dictor had the same four factors mentioned above with the addition of size because the
allometry was relevant (Adams et al. 2013). Also, we analyzed the shape variance of each
site (estimated as Procrustes variance). We then performed a post hoc pairwise comparison
of Procrustes distance and variance between parallel levels of the site effect (Collyer et al.
2015). In addition, the effect sizes, and confidence interval of Procrustes distance com-
parisons were calculated by residual randomization in permutation procedure using two
alternatives null models: the model without the site effect (site-reduced model), and the
model without site and habitat effect (site-habitat-reduced model). This procedure allowed
us to characterize the complex phenotypic variation of the Trophon model. Lastly, the asso-
ciation between shape variation and physical variables was studied using the two-block
partial-least-squares (2B-PLS) analysis between localities within each habitat (Rohlf and
Corti 2000).

Second, we performed a Linear Discriminant Analysis for each of the previously known
effects (i.e., locality, habitat, sex, and site) to analyze the best shape classification. Jack-
knife cross-validation values were used to quantify and validate the results (Efron and
Gong 1983). We also, performed a model-based clustering with the first axes of the Prin-
cipal Component Analysis that explained at least 80% of the total variation (Fraley and
Raftery 2002). This procedure aims to find an “objective” conformational clustering and
whether these are attributable to any of the sources of variation analyzed. Additionally,
we used Bayesian Information Criteria to determine the model and the number of clusters
for the clustering analysis (Scrucca et al. 2016). Lastly, to evaluate the performance of the
objective clustering, we ran a cross-validated Linear Discriminant Analysis and compared
the average of classification success of this method with the classification based on the pre-
viously known factors.

Statistical analyses and fetch were performed in R statistical software (R Core Team
2020, version 4.0.3). The packages nlme (Pinheiro et al. 2020), emmeans (Lenth et al.
2020), car (Fox and Weisberg 2019), and DHARMa (Harting 2020) were used to perform
GLS and Tukey’s test; geomorph (Adams et al. 2020) was used for morphometric analysis;
and mclust (Scrucca et al. 2016) was used for cluster analysis.

Results

Physical variables

The descriptive analysis of physical variables showed that air temperature, surface irradi-
ance, wind, air carbon dioxide, organic carbon and sea surface temperature decrease with

the latitude (Supplementary information 1). In contrast, fetch follows the opposite pattern,
and the other physical variables did not show a clear pattern. The locality CO is notable for
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the extreme conditions, with the minimum and maximum records. In GN, organic carbon
(3.02E-6) was higher, with values three times greater than the other localities.

Size analyses

Principal results of size and shape analyses are reported in Table 1. The GLS analysis
showed differences in the interaction factor with no appreciable sex differences (Table 1a).
Post hoc comparison showed that snails of SUB habitat were larger than snails of IN habi-
tat within localities (Fig. 2a). The difference between localities within habitat showed a
complex pattern. For IN habitat, snails of CA and GN were the smallest, while CO the
largest. Concerning SUB habitat, snails of GN were the largest, while snails of CO showed
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Fig.2 Pairwise comparison of means between sites. (a) Distances between size mean values and confi-
dence intervals (95%) of the difference between sites. There are clear differences between size sites when
zero is not included in the confidence interval (b) Distance between shape means (black line inside each
box) and confidence intervals under site-reduced null model (95%, grey box), and site-habitat-reduced null
model (95%, dotted line box). Lines outside the boxes denote clear differences. Each comparison is pointed
out on the left. Abbreviations: Golfo Nuevo (GN), Bahia Camarones (CA), Comodoro Rivadavia (CO),
intertidal (IN) and subtidal (SUB)
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an opposite pattern with slight differences with snails of CA. In absolute numbers, snails
within habitat (IN- SUB) had a greater range of sizes than snails within localities (GN, CA,
CO; see Table 2).

In general, the variation was more noticeable in SUB than IN habitat for all localities
(Fig. 3a, Table 2). Concerning IN habitat, CA samples presented the higher variability with
clear differences from the other localities. On the other hand, GN was the locality with the
minimum variation. For SUB habitat, GN was the locality with remarkably least variation.
The other comparisons were statistically undetermined. Curiously, we found different lati-
tudinal patterns between intertidal and subtidal mean size. Intertidal mean size increases
with latitude, while the opposite was true for subtidal mean size, reaching a peak in GN.
Concerning physical variables, variation between IN localities was mainly influenced by
salinity (R2=0.60), fetch (R>=0.48), and air temperature (R2=0.40), whereas we did not
find any physical variables that influence SUB variation between localities (Table 3).

Shape analyses

Besides incorporating size into the general model, we performed a multivariate regression
for allometry visualization through the two factors (Supplementary information 3). The
relationship between shape and size was allometric (permutation test with 10 000 random
permutations, P=0.0001). Comparing between habitats the variation explained by allom-
etry was 6.78% (Supplementary information 3a), between localities was 7.89% (Supple-
mentary information 3b) and pooling between sites explain 3.7% of shell shape variation
(Supplementary information 3c). The shell shape variation related to bigger snails was
associated with a fusiform shape, the smaller relative size of the shell aperture, lateral com-
pression of the last whorl, and anterior movement of the apertural maximum height.
Procrustes ANOVA of shape showed a strong effect of the site factor on shape, where
the effect of the localities is slightly higher than the effect of the habitat (Table 1b). Con-
cerning post hoc comparison of sites under the null site-reduced model, CO locality
showed the greatest differences of shape between habitats, whereas the habitat-differences
of the other localities were not noticeable (Fig. 2b). For IN habitat, the northern locali-
ties (GN and CA) showed the smallest differences, while the remaining two comparisons
showed clear differences. In contrast, the main difference in SUB habitat was between CA
and GN, and the other comparisons did not show noticeable differences. Under the null
site-habitat-reduced model the habitat comparisons within localities become statistically

Table 2 Size summarized information: Range (lower and upper values), quantiles 25% and 75% (Q25 and
Q75), and mean values for size

Lower value Q25 mean Q75 Upper value  Variance (size)  Variance (shape)

CA:IN 13.45 2558 31.12 37.87 46.20 71.43 10.17
CO:IN 35.04 4292 46.61 49.85 56.82 23.74 6.94
GN:IN 24.25 28.69 30.77 32.83 38.70 9.00 8.30
CA:SUB 2524 3570 45.66 55.06 64.52 130.72 7.39
CO:SUB  26.03 5029 5299 57.62 7634 83.24 8.08
GN:SUB  49.01 59.05 6243 6629 7643 37.51 5.66

Variance for size and shape is also shown. Abbreviations: Golfo Nuevo (GN), Bahia Camarones (CA),
Comodoro Rivadavia (CO), intertidal (IN) and subtidal (SUB)
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Fig. 3 Pairwise comparison of variance between sites. (a) Distances between size variance means values
and confidence intervals (95%) of the ratio between sites. There are clear differences between size sites
when one is not included in the confidence interval (b) Distance between shape variances (black line inside
each box) and confidence intervals (95%, grey box). Lines outside the boxes denote clear differences. Each
comparison is pointed out on the left. Abbreviations: Golfo Nuevo (GN), Bahia Camarones (CA), Como-
doro Rivadavia (CO), intertidal (IN) and subtidal (SUB)

clearest: in addition to the shape changes between habitats described for CO, shape was
also modeled by the habitat regardless of the locality; i.e., there is one shape pattern for the
intertidal habitat and another shape pattern exclusively for the subtidal habitat (Supplemen-
tary information 4). As expected, the remaining comparison did not change under this null
model.

Analyzing the variance, there was a higher shape variation in localities of IN than
SUB habitat (Table 2), except for CO where this difference was not detectable. Follow-
ing the same pattern as the size, CA showed the greatest level of variation in IN habitat
(Fig. 3b). Pairwise differences between SUB localities were less conspicuous: GN was
the locality with the lowest variation, while CA and CO had a similar variation. The
physical variables showed a strong correlation (IN-R?=0.859, SUB-R>=0.771 for the
first dimension; see Table 3) and a similar pattern of association in both IN and SUB
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Table 3 Influence degree of
environmental variables in shell
size (R?) and shape variation
(loadings of each variable from Subtidal
two-blocks PLS) of intertidal and

Variables Size R? Loadings of
Dimension 1

subtidal samples Air temperature 0.19 0.0659
Surface Irradiance 0.30 0.2063
Precipitations 0.31 —0.0001
Wind 0.26 —0.0415
Air carbon dioxide 0.36 0.0265
Organic carbon 0.23 0.0001
Sea salt >0.01 0.0001
Sea surface Temperature 0.26 0.0962
Fetch 0.14 —0.9709
Correlation 0.77
Intertidal
Air temperature 0.40 0.0515
Surface Irradiance 0.19 0.1322
Precipitations 0.05 0.0001
Wind 0.27 —0.0308
Air carbon dioxide >0.01 0.0018
Organic carbon 0.34 0.0001
Sea salt 0.60 0.0001
Sea surface Temperature 0.27 0.0710
Fetch 0.48 —0.9868
Correlation 0.86

First dimension explained 99.49% and 99.72% of the subtidal and
intertidal total variation. Also, correlation between PLS scores was
reported for shape variation. Fetch is presented as a proxy of the wave
action at a coastal site (package ‘fetchR”)

habitat: the fetch (loadings or singular vectors: IN: —0. 99, SUB: —0. 97) was the varia-
ble with the strongest effect on shape variation. The irradiance showed certain influence
but modeled shape oppositely (IN: 0.13, SUB: 0.21).

The principal results of classificatory analyses are reported in Fig. 4. Except for sex,
all previously known factors classified snails with high accuracy: the overall classifica-
tion accuracy was 73.16% for sex, 89.34% for locality, 88.6% for site, and 95.59% for
habitat. Only CO: IN in site classification was correctly classified to one level of a cate-
gory (Supplementary information 5). On the other hand, objective analysis inferred that
shape is classified into three clusters. In this sense, one cluster was composed of 98% of
CO: IN, another cluster was composed of 81% of GN: SUB and two snails from CA: IN
and GN: IN, and the remaining snails belonged to the last cluster. The third cluster was
represented by rounded shells with wider apertures, while the second cluster was repre-
sented by shorter apertures and slender shells. Analyzing habitat shell shape differences,
we found that the intertidal snails showed a globular morph with shorter spire and larger
relative size of the shell aperture, while subtidal organisms showed an elongated morph,
with a smaller aperture and a longer spire. Finally, discriminant analysis using this clus-
ter as a classificatory variable showed an overall classificatory accuracy of 94.85%. In
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Fig.4 Shell shape represented by the first two principal components (PC1 and PC2), which together
explain 29.88% of the total phenotypic variation. Representation of different snails (circles, triangles and
squares) come from model-based clustering analysis showing the better classification. The wireframes plots
(inset right) and the computer tomography rendered shells (left) represent the consensus shape of each
group from the cluster analysis. Abbreviations: Golfo Nuevo (GN), Bahia Camarones (CA), Comodoro
Rivadavia (CO), intertidal (IN) and subtidal (SUB)

this case, one category was correctly classified by the discriminant analysis (the first
commented).

Discussion

The 3D geometric morphometric methods and computer tomography allowed us to
describe, with high resolution, the shell size and shape variations in Trophon geversianus
from different environments along central Atlantic Patagonia. In this sense, the site-
dependence on shape variation makes any generalization difficult; we found higher shape
differences between habitats and site. On the other hand, we found a clear pattern of size
variation; in each locality, the bigger sizes were located in the subtidal. Finally, sex was the
less influential factor for shape and size variation.

Gastropods present a wide phenotypic variation under a diverse spatial scale. For exam-
ple, Johannesson (1986) found intraspecific differences in the shell thickness and apertural
amplitude at a micro-environments level, while Vieira and Bueno (2019) found shell shape
variation in an intermediate spatial scale. Ecomorphotypes in gastropods related to ther-
mal tolerance, dehydration, and wave action were described even in smaller geographic
scales. For instance, in north Patagonia rocky shore intertidal, a spatial segregation related
to differences in desiccation tolerance was found in populations of the false limpet Sipho-
naria lesonii (Livore et al. 2018). Likewise, two ecomorphotypes of Trophon geversianus
related to dehydration, wave pressure, and predation were described in the same area: one
for the intertidal level and the other for the subtidal level (Marquez et al. 2015). In the
present work, the habitat (IN-SUB) was the most determining classificatory variable for
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shape, which resulted in the best average classification accuracy and a clear differentiation,
regardless of locality. In other words, habitat acts as a modeler of shape in the same way for
each locality. Additionally, CO snails showed a locality-dependence on shape differences
between habitats. In summary, the assumption of only two ecomorphotypes along a latitu-
dinal range underestimates the real complex patterns of 7. geversianus form.

Analyzing all the shell shape information, we found more variation and differences
between localities in intertidal samples than subtidal. Some works pointed out that cluster-
ing analysis of shape captured intrinsic variation corresponding to genetic factors (such as
sex or genus) (Vaux et al. 2017; Vrdoljak et al. 2019). Here, the complexity of the shell
shape information required three clusters. Hence, the most conspicuous classification cri-
terion was habitat, even more important than intrinsic factors such as sex or the artificial
factor from the cluster analysis. Our results indicate that in 7. geversianus, extrinsic fac-
tors are more decisive in modeling the shape variation than intrinsic ones. Considering
that stressful environments can facilitate a developmental expression of cryptic genetic
variation (Badyaev 2005), the fluctuating conditions of the intertidal environment could be
the trigger of the great variation found in the shape (Stearns 2000; Pohlmann et al. 2011).
Nevertheless, this type of interpretation is still under debate, since changing environments
might result in morphological stasis due to the energetic costs associated with stress toler-
ance (Parsons 1994). Our results suggest that the extreme environmental conditions that
snails are exposed to in the Patagonian intertidal promote shape variation.

As we reported, the environmental variables, their interactions, and their intensity along
the latitudinal gradient modulated size and shape variation in gastropods (Guerra-Varela
et al. 2009; Hollander and Butlin 2010). We found that size variation is influenced by
physical variables just in intertidal samples, particularly by salinity, air temperature, and
fetch. In marine gastropods, Melatunan et al. (2013) found that an increase in temperature
advantage the selection of smaller sizes, which can be more thermoregulatory effective.
Our results agree: we found the lower size in GN intertidal, the place with the higher air
and sea temperature. Moreover, we found the bigger intertidal snails in the locality with
the highest fetch: CO. As a possible explanation of this phenomenon, Vieira and Bueno
(2019) described that fetch stimulates the development of higher apertural sizes and, con-
sequently, the total shell size. Finally, we found the predicted Bergmann’s rule tendency
in the intertidal. Malvé et al. (2016) pointed out an inverse correlation between size and
pH along latitudinal localities on 7. geversianus. In contrast, we found evidence that the
pH model size variation only for intertidal samples, mainly associated with salinity, dis-
solved carbon, and, to a lesser extent, sea temperature. In this sense, the low magnitude in
which those physical variables change along the latitudinal gradient could be potentiated
by the increased concentration in the intertidal due to the desiccation, which might explain
why those variables become more relevant in intertidal than subtidal habitats for size vari-
ation. Also, some authors claimed that wave force is one of the main factors determining
intertidal organisms’ size (Vieira and Bueno 2019) and, in our study, size increased with
fetch. Nevertheless, there is no such trend in subtidal samples, where the higher sizes were
recorded in the northern locality GN, with lesser fetch. Overall, we highlighted the rel-
evance of both macro and micro-scale environments, and the different dependence on size
variation from physical variables. In this sense, we strongly recommend future studies to
determine the micro-scale origin of the snails collected at each site.

The physical variables studied contribute in different ways to the shell shape variation
in T. geversianus, where the most influential was the fetch. Johannesson et al. (1986) found
that wave action generates a dislodgment effect on the intertidal and, in consequence, a big-
ger muscular foot in the gastropod Littorina saxatilis. Besides, in a recent study performed
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by Vieira and Bueno (2019), the authors described that fetch caused wide aperture and
more conical shells that may be an effective strategy to the dislodgement effects in Lot-
tia subrugosa. We found wider apertures in the intertidal shells as in previous studies
(Marquez et al. 2015), particularly in the intertidal with the higher fetch, CA and CO, as a
possible response to the dislodgement effect. Our results suggest that these physical vari-
ables mainly influence the shapes of snails from intertidal habitats.

Phenotypic variation among populations distributed along different environments
could produce fixed ecotypes or even species (West-Eberhard 2003). In the present
study, we found clear differences in shape between intertidal of CO with the other two
intertidal localities. Nevertheless, the same comparisons did not show appreciable differ-
ences in subtidal habitat. The remaining comparison expresses an inverse pattern: the shell
shapes of northern localities (GN-CA) were different in subtidal but this difference was
not appreciable in intertidal habitat. Once again, we emphasize the complex pattern of the
shell shape variation that is not generalizable to the effect of simple variables, such as lati-
tude and habitat. Moreover, some authors explained this complexity as follows: in inter-
tidal habitats, invertebrates are exposed to a wide range of physical factors during the tides
(Dayton 1971; Denny and Wethey 2001), while the subtidal present more similar physical
conditions but harder predation forces (Bertness et al. 2006; Rechimont et al. 2013). In
the light of the evidence presented here, in future latitudinal works, we strongly encourage
including ambiental complexity, such as micro-scale, to study the shape variation.

Previous studies carried out on 7. geversianus in the same zone differ in the conclu-
sions with the current study: They described large shape patterns, one belonging to the
Argentinean and another to the Magellan biogeographic provinces, (Malvé et al. 2018), and
rejected ecogeographic rules using habitat-pooled samples (Malvé et al. 2016). In contrast,
we did not identify a latitudinal pattern in the shell shape of both intertidal and subtidal
samples and disagree with not considering the sample’s habitat-origin. Furthermore, we
highlighted the site-dependence on the shape as a key factor, neither latitude nor habitat
separately.

Some authors explained the latitudinal trend in size by developmental plasticity (Van
Voorhies 1996) or as an adaptive result (Partridge and Coyne 1997). However, we found
a complex latitudinal pattern that caused size changes. An adaptationist hypothesis of
the size latitudinal-trend would expect the same changes in both habitats since there are
no genetic differences between intertidal and subtidal snails (Mérquez et al. 2015). Also,
the shape differences between habitats without genetic differences support the plastic-
ity hypothesis (West Eberhard 2003). However, this is the second work in 7. geversianus
where the relationship between habitat and morphological traits is explored. In this sense,
a sharp conclusion about the evolutionary processes requires more evidence about genetic
pools in each site as well as including more sample sites. Future studies have to focus on
covering biotic pressures to continue unraveling the causes of phenotypic variation (Takada
and Rolan-Alvarez 2000; Templeton 1981).

Our main question about the most influential scale in the shell shape variation of T.
geversianus has an ambiguous answer: we found that the principal shape classification was
the habitat (even higher than an artificial cluster variable based on the shape) and differ-
ences between habitats were independent of the locality. The importance of the habitat as a
modeler of the shape is enhanced considering the closeness between the habitats (~ 0.3 km)
and the remoteness of the localities (~400 km). However, the site and locality strongly
influenced the shell shape variation. In this sense, we could not say that habitat ecomorpho-
types are more distinguishable than site ecomorphotypes, highlighting the site-dependence
on the shell shape variation in 7. geversianus. In conclusion, we emphasize the importance

@ Springer



718 Evolutionary Ecology (2021) 35:705-721

of having prior information on the sample’s origin. If analyses are carried out leaving out
important (and accessible) information, then a spurious classification may be obtained.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s10682-021-10125-w.
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