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(I WNddE) RESUMEN

Received: La gran variabilidad de los ambientes marinos en Chile esta asociada a la longitud
27/10/2022 de su costa, la cual estd regulada por diversos procesos oceanograficos que perfilan
la distribucion, abundancia y morfologia de las especies marinas. Tegula atra es un
Revised: gasteropodo marino de gran distribucion en el Pacifico sur, cualidad que le permite ser
18/11/2022 un buen modelo de estudio para evaluar la variacién de su tamano corporal respecto
a su distribucion latitudinal. Un total de 236 individuos fueron recolectados en seis
Accepted: sitios de muestreo entre 41,6 ° ~ 53,6 °S. La relacion entre el peso, la talla (media
20/11/2022 geomeétrica) y su distribucion latitudinal fue evaluada de acuerdo con regresiones de
Pearson y de cuantiles. En relacion con la latitud, se observo una correlacion positiva
Published online: y sustancial (Pearson) entre el peso vy la talla (p > 0,05) al desplazarse hacia el sur.
30/12/2022 Los resultados de la regresion de cuantiles reflejaron que tanto la pendiente como
el valor R? son significativos para la latitud con las dos variables analizadas (peso,
Editor en Jefe: media geomeétrica). Entre los factores que afectan al tamano corporal de T. atra, se

Dr. Américo Montiel San Martin sugiere una diferenciacion adaptativa de este género a diferentes temperaturas -lo
que ya se ha observado en especies antarticas-. Esto revela una interaccion entre la
ISSN 0718-686X latitud, la fertilidad y el suministro de alimento, condicion que se refleja en T. atra en
la ecorregion subantartica. Sin embargo, el estudio de las zonas intermedias en el sur
de Chile y la interaccion con otros factores abiéticos (por ejemplo, la profundidad)
puede dilucidar estas variaciones en el tamano corporal.

Palabras clave: Tamano corporal, sur de Chile, latitud, Tegula atra.

http://www.analesdelinstitutodelapatagonia.cl/



R PALACIOS et ol
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ABSTRACT

The great variability of sea environments in Chile is associated with the length
of its coastline, which is regulated by several oceanographic processes that outline the
distribution, abundance, and morphology of marine species. Tegula atra is a marine
gastropod greatly distributed in the southern Pacific, quality that allows it to be a
good study model to evaluate the variation of its body size regarding its latitudinal
distribution. A total of 236 individuals were collected in six sampling sites between 41.6°
~ 53.6°S. The relationship between weight, height (geometric mean) and its latitudinal
distribution was evaluated according to Pearson and to quantile egressions. Related
to the latitude, it was noted a positive and substantial correlation (Pearson) between
weight and height (p > 0.05) moving southward. The results from the quantile regression
reflected that both the slope and the R?value are significant to the latitude with both
of the analyzed variables (weight, geometric mean). Among the factors that affect
the body size of the T. atra, it is suggested an adaptive differentiation of this genus
to different temperatures- which has already been observed in Antarctic species. This
reveals an interaction between latitude, fertility and food supply, condition that is
reflected by T. atra in the Subantarctic eco-region. However, the study of intermediate
areas in southern Chile and the interaction with other abiotic factors (e.g., depth) may
elucidate these variations in the body size.

Keywords: Body size, Southern Chile, latitude, Tegula atra.
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INTRODUCTION

Body size is considered as one of the most important characteristics in organisms (Peters,
1983; West et al. 1997), hence the growing interest in understanding the processes that generate
spatial patterns in the body size in marine environment, especially in main gradients, such as
those associated to latitude (Blackburn et al 1999; Rex et al. 1999; Roy & Martien, 2007).

There are several remarks about the latitudinal variations in the physical and reproductive
condition that can be related to marine invertebrates. For instance, Thorson (1936) suggests
an increase of egg size in marine invertebrates as its latitudinal distribution increases (Marshall
& Keough; Laptikhovsky; Lardies & Castilla). Thus, he directly relates egg production by female
and the offspring size, creating a latitudinal cline. The latter relates body size and its latitudinal
increase, which has also been tested with “Bergmann’s rule" (Blackburn et al 1999). This
distributional pattern of the body size has been confirmed in a variety of terrestrial organisms,
such as mammals, reptiles and birds (Blackburn & Gaston; McQueen et al; Miller; Silva & Downing;
Olalla-Tarraga et al; Olson et al; Rodriguez et al) while in marine environments it has been
tested in fish, crustacean and molluscs (Da Rocha & Silva; Defeo & Cardoso; Dominguez-Petit et
al Frank; Lonsdale & Levinton; Marquet et al.; Monaco et al.; Roy & Martien; Spicer & Gaston). In
Chile, there are a small number of studies describing the existence of this kind of associations,
in spite of the particular geomorphology and extension of its coast by more than 55.000 linear
kilometres, where the 95% belongs to a set of archipelagos, islands and canals, which allows
evaluating possible tendencies in the body size of some marine invertebrate.

In southern Chile (between 42° ~ 56°S) lays the Patagonian Canals and Fjords System
(PCFS) (Montiel et al; Montiel & Rozbaczylo; Spalding et al). This coastline extension fosters
a great variety of habitats affected by different oceanographic processes that condition the
latitudinal distribution, abundance, and morphology of some invertebrate species (Avise; Avise et
al; Dawson; Wares et al.). Considering this habitat variability from PCFS, it is possible to observe,
in marine invertebrates, that morphological features can present high morphologic variations as a
response to environmental changes (Sanchez et al. 2011). For example, some investigations using
muricid gastropod Acanthina monodon as study model identified a pattern into the geometric
morphology of the shell, which was closely associated to its genetic divergence, especially in
southern PCFS (Sanchez et al. 2011).

Tegula atra (Lesson, 1830) is a gastropod from Trochidae family, which is characterized
for its wide distribution in Southeast Pacific, from Pacasmayo, Peru to southernmost Strait of
Magellan, Chile (54°S) (Reid & Osorio, 2000) and only in Falkland /Malvinas Island (51°S) in
the Atlantic (Carcelles & Williamson, 1951; Linse, 1999). Besides, T. atra presents a bathymetric
distribution from the intertidal to 10 m deep (Haussermann & Forsterra, 2010), where its
habitat is normally related to intertidal zones, associated to rocky bottoms (rock mass, cobble)
and to populations of brown macroalgae, especially Lessonia nigrescens, currently indicated as
L. spicata and L. berteroana (Gonzalez et al. 2012). In Northern Chile, in rocky shallow low-tidal
water, it is related to L. trabeculata holdfasts (Veliz & Vasquez, 2000; Villegas et al. 2008). This
association with macroalgae places it as a strong benthic herbivore, in addition to be considered
as one of the most abundant and frequent organisms in exposed rocky environments in northern
Chile (Vasquez & Buschmann, 1997; Vasquez et al. 1998; Veliz & Vasquez, 2000). Regarding its
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morphology, it can be stated that it has a semi-flat base, non-umbilicated, with smooth rounded,
half convex whorls, of purplish black colour and a pearl white interior (Aldea & Valdovinos, 2005
: Veliz & Vasquez 2000).

Considering previous information, it is important to determine the existence of body
size modifications in species that have a wide latitudinal distribution range and how these are
capable to affect its auto-ecology. Olabarria and Thurston (2003) studied a buccinid gastropod,
Troschelia berniciensis, describing an increase in body size in relation to the latitude, which can be
reflected in changes in the community structure, such as the growth in small-sized populations,
while the opposite happens in populations with larger heights. According to this, the relationship
between body size and abundance reveals how populations are distributed in the ecological
systems (Marquet et al. 2005; White et al. 2007). This condition emphasises body size variations
as an essential aspect in ecology, with important consequences for the community structure
and biodiversity.

In this context, T. atra has been selected as a suitable research model to evaluate if
the patterns described for the northern hemisphere occur in southernmost Chile, and how this
variation might change across the latitudinal distribution of the species.

MATERIALS AND METHODS

Tegula atra individuals were randomly collected in seven sampling areas between 42°S
and 54°S, which comprises two political regions in Chile: Los Lagos (north) and Magellan (south).
In the former two places were selected: Metri Bay (41.6°S) and Calbuco (41.8°S), while in the
latter four collecting areas were determined: Mornington Island (49.2°S), Fuente Sound (50.4°S),
Andres Channel (50.5°S), and Punta Santa Ana (53.6°S). This latitudinal distribution covers a
range of ~12° (Table 1, Fig. 1).

The samples were collected by scuba diving in depths that range from 1to 10 metres. Live
individuals were placed in containers with seawater at ambient temperature. Containers were
marked, classified by study area, and moved while being hermetically sealed to the Subantarctic
Marine Resources Investigation Center of Magallanes University in Punta Arenas city, for subsequent
analysis. Once in the laboratory, each T. atra specimen was used to obtain the morphometric
information required for the research.

The variables described on body size for this species were height and width of the shell
(cm), which were registered with help of a digital calliper to 0.01 mm precision, along with the
individual total weight (g), which was determined using an analytical balance (0.0001 g).

Statistical analysis

To evaluate the association between body size and latitudinal distribution of T. atra
population in a direct form, it was used the Pearson product-moment correlation coefficient
as descriptive statistics to the height and weight distribution, according to each sample area.
In addition to this, the analytical protocol suggested by Olabarria and Thurston (2003) was
used. This analysis method considers, initially, the determination of the geometric mean of the
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maximum height and width, which represents the body size in two dimensions. Accordingly, it gives
a normalization degree of the specific differences found in the shape of the shell. Moreover, the
geometric mean is able to correlate accurately the body mass and the linear dimensions of the
shell in gastropod molluscs (Jackson et al. 1996; Roy & Martien, 2001; Stanley, 1986). Moreover,
the geometric mean is able to correlate accurately the body mass and the linear dimensions
of the shell in gastropod molluscs (Roy, 2002). The data on height and weight were previously
transformed into Log, to lessen the heteroscedasticity (Olabarria & Thurston, 2003).

Subsequently, quantile regressions were carried out; this technique is characterised by
its tolerance to extreme values from the dependant variable and the data variability, giving an
objective evaluation to the body size tendency, regardless of the sample size (Scharf et al. 1998;
McClain & Rex, 2001). Also, it must be stated that the T. atra measured individuals were extracted
at random, without considering their stage as adults or juveniles; in consequence, the quantile
regressions take in account the variability introduced with the age component (factor) (Cade &
Noon, 2003; Koenker & Machado, 1999). This kind of regression has a coefficient of determination
R?, obtained by subtracting value 1from the absolute height of the original model’s deviation, by
the absolute deviations of the null model (Cade & Richards, 2001). The effect of the latitude in
the maximum heights of each individual was directly assessed using quantile regressions between
the latitude and several size measures from 5 to 95 quantiles, five by five.

Finally, a two-way of analysis of variance (ANOVA) was applied to evaluate the differences
between the described variables (total weight and geometric mean) and the latitudinal distribution
of the populations. When significant differences were observed, Tukey's HSD tests were applied
a posteriori, as pair-wise tests. Figures were generated using the R library factoextra, and the
fviz_pca_var and fviz_pca_biplot functions. All analyzes were performed with the routines
defined in the R version 3.6.1 platform (R Core Team, 2020).

RESULTS

It was observed that individuals from the southernmost study area (i.e., Magellan region)
averaged the heaviest weight (g) and height (cm) in relation to those found in the northernmost
study area (i.e, Los Lagos region, Fig. 2). Total weight (g) is the variable in which more differences
were observed between the northerner and southern populations of the study area. For example,
in MB, T. atra individuals averaged 13.27 + 1.27 g and in PSA 3115 + 2.68 g (Fig. 2a). At the shell
length the pattern is lost, since the specimens collected in MB (north) presented heights of 3.55
+ 013 cm, whereas the specimens from PSA reached 4.49 + 1.32 cm (Fig. 2b). Lastly, for the shell
diameter, this tendency is repeated with 2.37 + 011 cm in MB (north) and with 314 + 0.14 cm in
PSA (south) (Fig. 20).

Pearson correlation coefficient shows a positive and significant correlation (t= 7.2582,
df= 224, p < 0.0001) between the total weight (g) in T. atra individuals and latitude (Fig. 3a).
To the same degree, this tendency is repeated on the height (geometric mean) with a positive
and significant (t= 6.6805, df= 224, p < 0.0007) slope north southward (Fig. 3b). The analysis of
variance shows significant differences in the total weight (ANOVA, df=5, F= 2593, p < 0.0001)
and geometric mean of the height (ANOVA, df= 5, F= 28.81, p < 0.0001), in all six sampling
sites. The subsequent HSD-Tukey test for the total weight (@) variable identified that the PSA
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Fig. 2. Variation in
body size (+ CI) of T.
atra populations in
southern Chile. A)
Total weight (g), B)
height (cm) and Q)
diameter (cm). The
localities are arranged
from north to south.
Metri Bay (MB) and
Calbuco (CB), and
Magellan region;
Mornington Island
(MI), Fuente Sound
(FS), Andrés Channel
(ACh) and Punta Santa
Ana (PSA).

Fig. 3
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R2 p-value
Log,, total weight (g) 0.1455 <0.0001
Geometric mean 01372 0.0023
Quantile
Variables 10% 50% 85% 90%
Logarithm of biomass 0.0009 0.0526 0.0352 0.0329
p-value (0.9275) (<0.0001) (<0.0001) (<0.0001)
Geometric mean 0.0232 01013 0.0836 0.0981
p-value (0.2126) (<0.0001) (<0.0001) (<0.0001)

population scores the biggest differences, in relation to the populations in northern study areas
(MBand (B, p <0.0001), and even with the other T. atra southern populations (p < 0.0001) (Table
2). Regarding the geometric mean as an integration measure of the length and height of the
shell, it can be stated that the PSA population remains as the one that contributed in a larger
proportion to the differences in respect of the northern populations (MB, p < 0.0001; (B, p <
0.0001), and among the rest of the southern populations (MI, p < 0.00071; FS, p= 0.0005; ACh, p=
p <0.0001) (Table 2). Furthermore, it is observed that populations from MI, FS and ACh as a set,
statistically differ from both northern populations of the study area (p < 0.0001). Furthermore,
it is observed that populations from FS and ACh, statistically differ from the population of (B
(p<0.0001and p < 0.0001 respectively), but not with the population of MB (p > 0.05) (Table 2).

Quantile regression analysis

The quantile regression shows the existence of a significant and positive relationship in
both of analysed variables (Log,, weight and geometric mean) and the latitude. For all linear
regressions, both the slope and the R? value were significant. From these, the weight (g) is the
variable that shows the highest R? value (0.1455, Table 3). The quantile regression of this variable
shows high and significant slope values in high, and significant quantile values for slopes in the
50%, 85% and 90% quantile, where each of them is greater than 1. The same happens to the
simple linear regression slope (Table 4, Fig. 4a).

All quantile regressions have positive and significant slopes in 50%, 85% and 90% quantile,
and non-significant in 10% quantile (p > 0.0001). Moreover, it is observed that the slope grows
along the quantile, which means that the largest organisms (presumably the adults) in each
latitude show greater differences than those with medium size, and that the smallest organisms
do not have any difference in height (Table 4, Fig. 4b). This would determine that differences in
size are given by differences in growth rate rather than by the initial size.
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DISCUSSION

This investigation is the first study made on the body size variation of molluscs from
Southeast Pacific shallow waters. On this respect, the comparative analysis using data from shallow
sea is important to acquire a better understanding of the processes that controls the body size
distribution of ocean species (Roy, 2002). The results present an increase in height and weight
along with a latitudinal increase. Nonetheless, even when the increment was considerable, there
was no important relationship between the southern Otway Sound and the other three northern
areas of study (MB, (B and MI). The study of intermediate areas, particularly in Aysen region
-located between 45° ~ 48°S- would clarify the correlation between body size and latitude, two
important components when describing the distribution of the species’ life history (Olabarria &
Thurston, 2003; Roy & Martien, 2001).

Lately, research concerning phenotypical variation in relation to latitude in a large spatial
scale has been strongly biased to land ecosystems (e.g., Reaka, 1980; Roy & Martien, 2001).
Studies carried out in terrestrial invertebrates (e.g., butterflies), indicate that there is no relevant
relationship between body size and latitude (Hawkins & Lawton, 1995; Miller, 1991), the same
has been observed in marine invertebrates (e.g., bivalve, Roy & Martien, 2001). Nevertheless,
other studies have shown a body size increase with latitude, particularly in marine gastropods
(Frank, 1975; Olabarria & Thurston, 2003). Moreover, body size increment with latitude has been
also demonstrated in terrestrial invertebrates, such as flies and nematodes (James et al. 1995;
Van Voorhies, 1996). On the other hand, in this study area it was evaluated how the geometric
morphology of muricid molluscs such as Acanthina monodon varies with its latitudinal distribution;
then, this variation is an answer to the marked genetic diversity of the populations (Sanchez et
al. 2011), pattern that might be valid to T. atra, as well.

Some factors that might explain the gradients of corporal size in invertebrates are centred

on the temperature effects over body size and cell number, or on mortality patterns (e.g., Van
Voorhies, 1996; Spicer & Gaston, 1999), along with the dispersal ability of the species (Frank
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1975). In that regard, in bivalves with planktotrophic larvae it seems that environmental barriers
are important components in the latitudinal distribution of body size (Roy & Martien, 2001).
Notwithstanding, there is no evidence that demonstrate if geographic environmental barriers may
hold any importance to determine the latitudinal patterns in the gastropods body size (Olabarria
& Thurston, 2003). Species lacking larval dispersal mechanisms can be more vulnerable to body
size variations than species with a long pelagic larval stage. This was registered for the buccinidae
Troschelia berniciensis, which is a species with direct development (Olabarria & Thurston, 2003).
However, coastal species with planktonic larvae as Tegula funebralis, have shown a significant
increase in their height, together with latitude (Frank, 1975).

Sea snails from the Tegula genus present a slow, sporadic growth (Peppard, 1964). Thus,
T. atra would not successfully grow in the south were it not for its longevity, which allows it to
reach a bigger size. On the contrary, in the northernmost area, the growth rate is high enough
as to ensure an appropriate reproduction and to maintain abundant populations with smaller
specimens. The same observation was indicated for T. funebralis in the northern hemisphere
(Frank, 1975), which double its own size in a 36.5 to 48.8°N gradient.

There are different factors that would affect T. atra body size, including temperature,
predation, population density bounded to food supply, and rate of juvenile recruitment. The
measurement of each of these factors is essential to infer which has or have a greater influence
over the specie body size.

In relation to temperature, it has been described that intertidal environment present higher
variations. These variations directly affect the physiological behaviour of organisms. Investigations
from several Tegula species suggest an adaptive differentiation to diverse temperatures, which
is observed in the differences in protein synthesis (Somero, 2002), demonstrating the genus
acclimatisation to diverse distribution ranges (Salas et al. 2014; Tomanek, 2002). Furthermore,
other studies in Antarctic species from the Trochidae family- specifically Margarella antarctica-
reveal a positive correlation with latitude; variable that is also related with fertility and food
availability (Linse et al. 2006). The condition latter described is reproduced by T. atra in the
Subantarctic eco-region, taking into account the wide environmental variability of the area.

Another factor that could be conditioning body size differences in T. atra in southernmost
Chile (in relation to the populations located in 42°S) is the low predatory incidence found in the
south, particularly by organisms identified as predators of this species. For example, the starfish
Stichaster striathus has been proclaimed as an important predator of macro-invertebrate’s
communities, especially of those which are associated to Lessonia holdfasts (Vasquez, 1993), as
in the case of the T. atra; however, this predator species has not been observed in southernmost
Chile. Conversely, those starfish found in Subantarctic waters, such as Cosmasterias lurida- which
includes 25 invertebrate species in its diet (Rios & Mutschke, 2009) do not interact directly with
T. atra populations, and it is a minor specie in its diet (Garrido, 2012). Besides, some studies
carried out in the Atlantic Patagonian coastline indicate that the main dietary items of the C
lurida are composed by several species of Mytilidae (Zaixso, 2004), organisms that are largely
found in the T. atra range of distribution in southern Chile.

/ 10




E———, variacion latitudinal del tamanio corporal de Tegula atra

Considering the dietary habits of T. atra, the main food resource is brown algae, especially
from the order Laminariales (Gonzalez et al. 2012; Vasquez & Buschmann, 1997; Vasquez et al 1998;
Veliz & Vasquez, 2000; Villegas et al. 2008). It is important to highlight that these macroalgae
species present a distinctive seasonality in Los Lagos region (Buschmann et al 2004), with a
strong decrease of biomass in wintertime (e.g., 100% adult mortality of Macrocystis pyrifera),
which would be restricting the supply of food for invertebrate herbivores. This situation forces
them to utilize their energetic resources during those periods of low algae abundance, which
would affect their physical condition. This seasonal nature of the kelp forests does not occur in
southernmost Chile (i.e., Magellan region), where the populations have annual stability (Palacios,
2012).

In many species of marine gastropods, there have been described strong morphological
variations throughout an environmental gradient (Sepulveda et al. 2012), a situation that could
be reflected in the large environmental heterogeneity of the PCFS, producing isolation and a
morphological differentiation among the populations (Lee & Boulding, 2009). Similarly, it would
affect the body size variation of T. atra, as a recruitment determinant, and contributing new
individuals to the population. Also, it has already been reported a differentiation in the reproductive
strategies of some gastropods throughout a latitudinal gradient. For instance, in southern Chile, it
has been observed a change in Creppipatella dilatata larval development, recognizing an indirect
development cycle and a second alternative of direct development, presenting nurturing eggs
and less, but bigger juveniles (Gallardo, 1977). This pattern would be replicated by T. atra, and
thus explaining the body size differences exhibited between the populations from southernmost
regions and those from MB and (B (i.e., Los Lagos region).

Finally, it is important to evaluate intermediate areas, and the interaction with other
abiotic factors (e.g., depth), which may elucidate even more this pattern of body size variation
in populations of T. atra distributed throughout Southern Chile.
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